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ABSTBACT

In this series of Experiments we exami'ned the behaviour 6f laboratory rats in a daily
time-place learning task. The rats received two daily sessions (one at 09:30, aﬁd a sécond at
15:30) in a large, clear, test chamber. A lever was mounted on each of the foﬁr chamber walls.
Each rat could work for food on one lever during‘09:30_sessi<')ns and on a different lever during
15:30 sessions. |

Over the course of Experiment 1 the rats clearly learned which lever would p-rovide'food
during 09:30 and 15:30 sessions. In Experiment 2, we examined the affect skipping 09:30 and
15:30 sessions had on the rats’ time-place behaviour. In the 09:30 sessions which followed a
skipped 15:30 session the rats continued to expect food at their 09:30 levers. However, in the
- 15:30 sessions which followed a skipped 09:30 session the rats incorrectly éxpected food at fheir
09:30 le\;ers. These results suggest f/hat; (1) receiving a 09:30 session, and not the passage of |
time, was necessary for the rats to anticipate the location of food in 15:30 sessionsv,vand 2)
receiving a 15:30 session was not necessary for the rats to anticipate thg location of food during
09:30 sessions. |

These results suggest that the rats’ learned to press one lever during their first session of |
.each‘day and to then presﬁs a second le§er during their second session of each Kday. | We calléd |
this a daily route ;vtrqtegy. As the rats’ time-place behaviour was not disrupted when 15530.
séssions were skipped, some event other than 15:30 sessions must have been capable of resetting
the rats route each day. | |

In Experiment 3 we determined where the rats expected food during probe sessions at

11:45, 13:00, and 14:15: At 11:45 the rats mainly pressed their 15:30 levers. This is also

consistent with the use of a daily route strategy. However, at 11:45 the rats pressed their 15:30
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levers relatively less, and they pressed the two levers which never provided food relatively more,

-than they did during baseline 15:30 sessions. This effect was also evident in the pr;be sessions
at 13:00 and 14:15, but it’S magnitude decreased tﬁevcloser' the probe session was in time to
"15:30. 'fhis result s'uggésts that a secc;nd timing system had weak, but detectable, control over
the rats’ ti_me—place behaviour.

. In Experiments 4a&b we demonstrgted that the rats did not solely rely on thg daily
transitions of the colony light-dark cycle to reset their route each day. Additionally, in

'Expgriment 4c we derﬁonstrated that the rats did nof solely rely on'the occurrence of e’ithér the
transitions of thé colony light-dafk cycle or a 15:30 sessiqn t(; reset their daily routes. Later,

v Experiment‘S showed that the occﬁrre_nce ofa 15A:3O session was ﬁot even sufficient for the rats
to reset their daily routes. We suggest that the rats reset their daily roﬁtes when a.foo_d-
entrained circadian phase timer éttained some fixed phase aﬁgle each bday‘.

We also 'prop'ose.that the daily route employed by the rats in the present time-place
learning task is an exemplar of ordinal timing -- the knowledge of the order of a set of events
within a period of time. We contrast the temporal information provided by ordinal timing with
that prbglided by the more well knowﬁ phase and interval timing. We then suggest that ordinal,

phase, and interval timing prdvide anima1§ with representations éf time at the ordinal, interval,

and ratio levels of measurement respectively. Finally, wé suggest that animals posses these three »

timing systems because each system is specifically adapted to enable animals to anticipate a

specific type of spatiotemporal regularity.
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_Introduction' .

" Many animals have prey, mates, or predators whose locations in space vafy predictively
over time. Animals that were able to exploit moving resources or predators efficiently would
have attained a fitness advantage over conspecifics who lacked this é.bility. Consequently, I
suspect that many animals posses cognitive mechanisms that enable them to abstract, anticipate,

~and exploit, biologically important events that display spatiotemporal regularity. To éxamine
this idea, iaboratory and field work has been,con‘ducted to examine if, and how, animals track
food availability as it varies in space over time. This ability is called time-place learning (for a
review of this concept seeA Wilkie (1995)). This thesis examines time-plaée learning in the
laboratory rat. The long-term goal of this research is to develbp a model system for the
investigation of the tinﬁng systems that control time-place behaviour.
There is a growing body of field evidence of time-place learning in birds. Rijnsdorp, |
Daan, and Dijkstra (1981) studied kestrels’ daily huhting activity. Thesé birds prey mainly on
v_olés whose surface foraging trips display a pronounced, roughly 2 h;, ultradian rhythm.
Rijnsdorp et ,al. found that kestrels restn'cied their hunting flights to the times-of-day when vole
surface activity was at its highest. They ‘also fouﬁd that when a kestrel was successful hunting in
an area, it tended to return and hunt in that area 24 hr later. Daan and ”Koene (1981) Astudied
oys?ercatchers’ foraging flights from their inland roostsAto nearby tidal mudflats. Although these
~ birds could not see the ﬂéts from their roosts, they flew to the flats just before the mussels were
exposed by low'tide. This observation suggests that the oystercatchers tracked the tidal cycle.
Other work has demonstrated time-place learning in invertebrates. For example, Wahl (1932, as

cited in Gallistel, 1990a) trained bees to visit one feeding station from 09:00 to 10:30 and to

visit a sécond station from 15:30 to 17:00.




‘Recently Wilkie, Carr, Siegenthaler, Lenéer, Liu, and Kwok (iri press) found that a '
variety of generalists foragers including pigeons, gulls, and crows flocked in anticipation ofa
reocéun‘ing mid-day increase in the amouﬁt of food discarded by humans at two outdoor
locations. This finding suggests fhat the ability to track the location of food over time is not
restricted to specialist foragers. Taken together, these field studies suggest that time-pléce
learning may play an important role in the foraging activities of a wide variety of animals.

Timing in Laboratory Animals
A great deal of laboratory work has examined timing in animals. This work suggests
that animals posses af least two different classes of endogenous timing systems: interval timers
and circadian phase timers. These two‘ timing s&stems provide animals with two 'differeht tpes
vof temporal information (Church, 1984; AsChoﬁ’, 1989; Gallistel, 1990a; Wilkie, 1995).
| Interval Timers

v‘Muc‘:h work has demonstrated that rats and pigeons posses a remarkably precise ability to
anticipate events which tend to occur a ﬁxedv amount o.f time after some extérnal event. For a
review of this literaturevsee Gallistel (19§0a, chapter 9). The classic example of this form of .
timing is the temporal control exhibited by animals responding on fixed interval schedules
ranging in length from a few seconds to many hours (Ferster & Skinner, 1957). The formal
properties of this form of timing are well described by Scalar Timing Theory (Gibbon, 1991). In
brief, when estimating temporal intervals of different lengths anjmals. tend to time a stable,
‘animal-unique, prépbrtion too fast or too slow, and the standard deviation of their timing
estimates is a fixed proportion of the length of the intervél being timed.

Information processing and connectionist models of interval timing have been developed

* (Church & Brodbent, 1990). In the information processing model, the passage of time is
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captured by the accumulation_bf pulses emitted by a pacemaker. In the connectiohisi model, the
| time of the beginning and end of an interval is represented by recordiﬁg the status of a bank of
| endogenous oscillators of raﬁging periodicities. The length of the interval is then calculated by
subtracting the time at the end of tile interval frorﬂ the time at which the interval began. -

. Significant external cues control the opgration of _intg:rval timers as they stop, reset,. and
restar_f timing (Roberts & Holder, 1984; Holder & Roberts, 1985). - These characteristics give
ihterval timers stopwatch-like properties (Wilkie, Saksida, Samson &. Lee, '1994).

Circadian Phase—Timer§
Other work suggésts that animals posses one or more circadian (24 Hr) ﬁming systéms.

For example, a Wide variety of animals use a circadian timing system to anticipate daily meals (
(Mistleberger, 1994), and to control their daily sleep-awake cycle (Binkley, 1990). Other work )
has shown that bees (Gould, 1980), desert ants, (Wehner & L;anfranconi, 198.1) and homing
pigeons, (Keeton, 1969; Foa & Saviozzi, 1990) use a circadian clock to perform suﬁ-co'mpass
né_wigation. A third line_ of Qork has shown that régardless of the initial time of training, a rat’s

| tendency to display previous learning is maximal 12;'24 and 36 hr post-training (Wansley &
HblloWay, 1975; Holloway & Wansley, 1973). Many workéré have suggested that the
circadian timing inherent in these behaviours is provided by the phase ahgle of circadian
biological rhythms or their zissociated pacemakers (Aschoff, 1989; Crystal, unpublished
manuscript; Daan & Koene, 1981; Enright, 1970; Gallistei, 1990a; Stephan & Kovacevic, 1978,
and Mistleberger, 1994). This type of timing is therefore referred.to as circadian phase-timing
(Church, 1984; Gallistel, 1990a). |

In both invertebrates and vertebrates a wide variety of physiological and behavioural

variables vary with a 24-hr periodicity (for reviews see Aschoff, 1989; Mistleberger & Ruéak,




1994; Hall, 1995; Jacklet, 1985; Turek, 1985). Certain exogenous cues (Zietgebers) with a
roughly circadian periodicity adjust, or 'entréin, endogenous oscillators within the circadian
timing system so that each oscillator has the same periodicity as it’s entrailling cue. Two major
Zletgebers are the light- -dark cycle (LD cycle) and periods of food avallablllty Each of these
Zeitgebers appears to entrain a separate circadian pacemaker (Rosenwasser & Adler 1986;
Meijer & Rietveld, 1989; Mistleberger & Rusak, 1994; Mistleberger, 1994). Circadian
oscillations (e.g., the sleep-awake cycle) always attain the same phaee relationship with their
enlraining cue. This enslxres that a given phase angle of an endogenous oscillator always |
coincides with the same phase angle of it’s exogenoué entraining oscillator. When a Zietgeber is
removed (e.g., an anilnal is held in constallt light lLL)), endogenous oscillators persist but often .- '
attain a periodicity slightly different‘from 24 hr. This self-sustaining rhythmicity is taken to
reflect the inherent periodicity of the circedian pacemaker(s) driving the oscillatory system.
When in this state, an oscillator is said to be irl free-run. If a free-running »oscillator has
periodicity less than 24 hr it will reach a certain phase angle progressively.earlier each day.
Conversely, if a free-running oscillator has a periodicity greater than 24 hr it will reach a certain
phase angle progressively later each day. If a Zietgeber is phase advanced.(occurs earlier each
day), or phase delayed (occurs later each day), the oscillator(s) it controls .driﬁ in the direction
of the phase shift and le-entrain to the Zietgeber. See Binkley (1990) for.a more detailed
treatment of entrainment. |
Although the mechanisms envisioned vary depending on the type of circadian phase-
timing (see Gallistel, 1990a; Mistleberger & Marchant, 1995), all phase timing moclels propose

that the circadian temporal information inherent in circadian phase-timing is provided by the

phase angle of an entrained endogenous circadian oscillator, or it’s associated pacemaker.




Labbratory Demonstrations of Daily Time-Place Learning
Laboratory time-place learning tasks examine if, and how, ‘animals exploit a food-source

that varies in space over time. In daily time-place learning tasks the location of food depends
on the time-of-day. For example, animals might be required to exploit a food source that is
‘a\./ailable_ at one location at 09:30 and at a second location at 15:30.

| Daily time-place learning has beenl extensively studied in.birds. Biebach, Gordijn and -,
Krebs (1989) studied daily time-place learning in garden warblers. The birds lived in a lérge
apparatus which co.nsisted of a central area and four surrounding roofns. Lighting was provided
ona 12:12 LD cycle. Food v\}_as available in each of the four surrounding rooms for one 3 hr
interval during the 12 hr light period. Food was available in the rooms in the same order every
day. For example, each day a giveh bird might be able to obtain food in Room 1 from 0600 to
0900, in Room 2 frqm 09:00 to 12:00, in Room 3 from'12:00 to 15:00, and in Room 4 from ‘
15:00 to 18:00. The garden warblers quickly learned t‘o enter the correct room at the correct
time-of-day. The birds maintained this pattern of room entries on a test day when food was
made available in all the rooms throughout the entire day. This result suggests that their room
entries were controlled by an endogenous timing mechanism.

The warblers’ pattérri of room entries also persisted tllle day after theyi were switched to

a LL cycle and food was made available in all four rooms throughout the entire day (Biebach,
Falk & Krebs,‘ 1991). Over the next few days the warblers’ pattern of room en;[riés attained a
periodicity of 23 hr. This caused the warblers to enter each room progre‘ssi\‘;/ely earlier each day.

This result strongly suggests that the warblers’ room entries were phase locked to a circadian

phase timer that was going into free-run.




In another experimént Biebach et al. (1991) phase advanced light onset by 6 hr. (i.e.,
lights came on 6 hr early and went off 6 hr early). This manipulatiori caused a partial shift (mean
of 2.6 hr) in the birds’ pattern of room entries on the next day. Over the next few déys their
‘ .pattem of room entries gradually advanced by 6 hr. This result suggests that the warblers’ time-
place behaviour was controlled by a circadian phase timer refentraining to the new LD cycle.

Saksida and Wilkie (1994) investigated daily time-place learning in pigeons. They
.adopted a different procedure than Biébach et al. (1989). Pigeons were transported to a large, |
clear, square testing chamber twice per day; once between 09:00 and 10:00 and at-second time
betwéen 15:30 and 1.6:30. The birds were 'well orientated in space as a numBer of salient distal
spaﬁal cues were visible from within the chambgr. A pecking key was. mgunted on each of the
four chamber walls. Pecks to one key produced grain in ﬁéming ‘se‘s.sioris and pecks to a
different key produced grain during afternoon sessions. Pecks fo the other two keys were‘ ’
recorded but had no cénsequences. Each session began with a brief period of variable length
during which key pecks were.recorded but no food was available. Anticipatory key pecks
during this period wére used to infer where the pigeons expected food. The pi'geons. learned to
peck the correct key in morning and afternoon séssioﬁs. When either morning or afternoon
sessions were skipped, the ‘birds still_anticipated the location of food during the following
session. This rules out a strategy based solely on alternating between the two keys which
provided food and sﬁggests instead that the pigeons w/erévusing some form of endogenous
timing mecﬁanism.

Saksida and Wilkie pe/rformed various lighting rﬁa_nipulations similar to those employed

by Biebach et al. (1991). The results of these manipulations suggested that their pigeons also |

_useda circadian phase timer to track the location of food over the course of a day. For
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example, _placing the birds in LL. initially had no effect on their performance. However, over the
next few days their ability to anticipate the location of food in the morrﬁng and afternoon
sessions gradually declined. Similarly, a 6-hr phase advance of the colony LD cycle c’aﬁsed a
srﬁall decline in their performancé on the first day. Accuracy then declined over fhg'next six .
sessions.

Despité the clear evidence of (;aily time-place learning in bifds there is little- published
evidence of this behaviour in mammals. This is surprising as mosf of my knowlédge_ of the
formai ﬁ;operties, and neurobiology, of circadian rhythms is based on the study of laboratory
rodents. Daan, Leiwakabessy; Overkamp, and Gerkema (1954) outlined some unpublished
work using house mice (C57B1). They usgd a procedure similar to that of Biebach et al. (1989).
Mice lived in a central cage connected to four outer_l cages. Each of the outer cages contained a;
running wheel. Wheel revolutions in each room only prodﬁced food duﬁng one 3-hr interval of
the light period. Food was available in the cages in the same order every déy. Thé mice learned
to enter each room at the correct time-of-day. When their lighting was switched ﬁ'om‘LD to
LL, and food was made available in all the rooms throughout the entire day, the miée’s patterh ‘ '
of room entries initially conformed to the usu.al pattern of food availability. Their room entries
then gradually fell out of ph;1se over the next 5 days. This result strongly suggests that their
room visits were controlled by a cifcadian phase timer that was going'into frée-run.

Bqulos and Logothetis (1990) examined time-place learning in the laboratory rat. The
rats lived in circular light-tight chambers. Food was provided at one lever at one time-of-day

and at a second lever at a second time-of-day. Intact rats and rats with ablated suprachiasmatic -

nuclei (SCNX) were tested in LL .a'nd LD. ‘Fewer than half of the rats correctly anticipated the L

location of both daily meals. The SCNX rats acquired the task to varying degrees, but the intact
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animals housed in a stable LD cycle perforrned the taski best. Asthe ‘SCN is the site of the LD-
entramed pacemaker in the rat (Meljer & Rletveld l989) dally time-place learmng in the rat
may be primarily controlled by a food entrainable c1rcadian phase timer. However as Boulos -
and Logothetis did not include any tests to prove that the1r rats were not using an alternation
strategy to track the locatlon of food itis 1mpossrble to be sure that therr rats were usrng a
circa_dian phase-timer. ‘ " | |
_I\/I‘istleberger(l994) describes_ an‘ unpublished i_nvestigation ol’ daily time-placell'earning in
rats. He trained intact and SCNX rats to bar press for food at two’locations in an open arena.

One lever provided food in morning sessions and a second lever provided food in afternoon

’ ,sessions. Again less than half .of the rats discriminated between the morning and afternoon

" sessions.

-+ In summary, there is clear evidence suggesting thatvpigeons and garden warblers can - '

acquire a daily time-place learning task. Additionally, these birds appear to' use a circadian

'A'phase-trmlng system to-track the locat1on of. food over the course of a day. There is weaker but |
' ~suggest1ve evidence for this learmng ab111ty in mammals “The present ser1es of experiments was

’ conducted to further examine daily time—place leammg in the rat. In these studies I used a |
- procedure srmllar to that employed by Saks1da and Wilkie (1994) In Expenment 11 found that -

_ rats can track the locatlon of food over the course of two da1ly sessions. T then conducteda

series'of experiments to' characterize the mechanism controllmg the rats’ time-place behaviour. -




Experiment 1: Acquisition Traihing and the First ﬁaseline Period
| \ Method
Subjects.
| Four male hooded Long Evans rats bbtained from Ché.rles'River, Quebec served as

éubjects. : The rats were experimentally naive, approximately 90 days old at the beginning of the
experiment, énd weighed between 400 and 420 g. The rats were maintained at a minimum of
90% of théir ﬁee—fee;ding weight (adjusted for age) and received free access to water except
duﬁng the experimental sessions. The rats- were fed 45 mg Noyes reward péllets during
experimental sessions and standard fat chow during post-session feedings.

The rats lived individually in opaque plastic cages linedﬁx’vifh Sani-Cell bedding. They
~ were periodically given a variety of paper producté to build nests. ‘'Unless stated otherwisé, _
colony light onset was at 07:30 and light offset was at 19:30 producing a 12:12 LD 'cydle. The
subjects received two daily enrichmént sessions duriﬁg which they c;.ould interacf socially,
explore, and manipulate objects. Daily enrichment is a»standard component of my animal care
program. Throughout this séries of experiments the animals were cared for in strict accordance
‘ witﬁ Canadian Council on Animal Care guidelines.

Apparatus

The fats were tested inﬁ large Plexiglas chamber (length = 40 cm, width = 40 cm;
hejght =42 cm). The testir;g chamber was located on a bench in a small (length = 3 m, width =
2 m), well lit testing room. From within the testing box the subjects could_ see a variety of distal

spatial cues including a PC and monitor, a door and door frame, and various geometric shapes

cut from construction paper that were mounted on the walls of the testing room.
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A leVer was mounted in the mgddle of each of the four walls of the testing chamber.
Each lever was placed 10 cm above the chamber floor. A brass food cup was mounted ‘adj‘acent
to each lever. Each lever operated a switch which recorded lever presses. Four reward peile_t
. hoppers were mounted onA the top of the test chamber. When operated, the hoppers dispensed
45 mg Noyes f_eward pellets into the food cup mounted adjacent to their assoéiafed lever. A
small covered cue light was mounted above each lever. Data collection and equipment control
was carried out by a Turbo C++ program running on a nearby networked PC.
The enrichment chgmbér measured 90 cm (length) by 63 cm (width) by 175 cm (height),
/and had three interconnected levels. The enrichment chamber framewofk was made of painted
wood and the sides and floors were made of Wire mesh or sheet metai. All solid 's"urfaceé were
lined with,sani-ceil bedding and various play objects were placed on the floors. Water was
freely available in the enrichment chamber.
Prpcedure
Initially the éubjécts were exposed individually to the testing chamber. During these 30
min sessions every lever press resulted in the delivery of a reward pellet into the adjacent food
cup. After six éf these sessions all the rats were steadily pressing all four levers fdr food.
Reward pellets were then provided on a variable ratio (VR) schedule. The VR Was gradually .
ingreased until all the subjects were pressing steadily on a variable ratio 15 (VRiS).
Acquisition training then began. Tﬁe rats were transported as a group from the colony

room to the enrichment chamber at 09:30 and 15:30, 5 to 7 days per week. The rats were then

taken one at a time, and in a quasi-random order, from the enrichment chamber to the testing

chamber.
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Iﬁ the testing chamber each rat could press fér food on one lever -during 09:30 sessions
(his 09:30 lever) and oﬁ a second, diﬂ‘erenf, lever during 15:30 sessions (his 15:30 \lever). This
was counterbalanced across the rats.. A session began when a rat pressed any lever. This turned
on fhe four cue lights. The onset of the cue lights was‘ followed by a period of variable length
(range 4 to 40 sec) during which lever presses were recorded but no reward pellets were given.
The rats’ bar presses during this initial nonrewarded period served as the dependent variable. I
reasoned that these responses could be‘used to infer where the rats expected food to bé available
that session. This expectation was expressed in tﬁe form of a mean percent of all res‘ponses
score for each of the three types of levers: (1) co.r;ect lever in that session (MPCorr), (2)
correct lever in thé alternate daily session (MPAlt), or (3) the incorrect 1e_vefs which ne\;ér
provided food (MPInc ). This score was calculéted fo_r each type of léver by dividing the
number of responses to the lever(s) by the total number of resﬁonses to all thé léveré and then
multiplying this ratio by IOO.A These three scores were calculated for éach rat for every session.

Every initial nonrewarded period was followgd by a 10 min rewarded period during
which the designated lever provid;ad reward pellets on a VRIS.’ When each rat ﬁnishea a session
he was transported back to the enrichment box. After all the rats were tested they were returned
to their home cages where they received a post-session feeding. The rats received their po‘st-..
Sessibn feedings an average of 20 min (range 2 to 38 min) after the end of their experimental
sessions. One or 2 days per week were rest days. ‘On rés't.days the rats remained in their home
- cages and were fed when they usually received their standard post-session feedings. -
Acquisition Training and the First Baseline Period took place over 14 weeks. During

*this time three changes were made to the general procedure. First, during the initial 6 weeks of

traihing there was a positive correlation between the length of the initial nonrewarded period and
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the rats’” MPCorr séores. This observation suggested that the rats were patrolling the tést
~ chamber (and pressing many levers) before they stérted to press on the lever that they expected
wpuld ‘provide food. This was not surprising as rats have demonstrated similar patrolling
behaviour in other contexts (Cowﬁn, 1977, Wilkie, Mumby, Needham, & Smeele, 1992). 1
attempted to discard these patrolling responses by adding a 10 .s time-out period after the initial
- lever press which started each session. This time-out period was added at the beginning of
Week 7 Resl;onseé during this time-out period were not recordéd and did not produce food.
The usual nonrewarded aﬁd rewarded periods followed the fime—out period. Secondly, on Week |
11 the enrichme_nt éhamber was changed to a smaller Plexiglas bpk which meaéured 62 cm
(length) by 55 cm (width) by 25 cm (height). The new box had a wire mesh ‘li\d and was lined
~with sani;cell bédding; The new enﬁchment box contained many pl'ay-objects aﬁd again water
was freely available. Finally, during Week 1_2 the} rats were handled by novel experimenters:
From Week 13 onwards ’;he original experimenter handled the rats.
| | Resqits
Figure 1A presents the rats’ overall MPCorr scores.(in 7-day’ blocks) during the 09:30
and 15:30 sessions over the acquisition and first baseline periods. During Week 1 the rats’
MPCorr in the 09:30 and 15:30 sessions was roughly 25%. This indicates that injti@lly the rats
could not anticipate the futtlre location of food in 09:30 or 15:30 sessions. However, over the
' following weeks the rats clearly learned the locéﬁon of food in both 09:30 and 15:30 sessions.
The rats’ weekly MPCorr passed 50% correct in 09:30 sessions during Week 4. A MPCorr of -
50% represents chance perfoﬁnance if the rats only learned which two levers prp?ided .food.
After Week 4, the rats’ 09:30 MPCorr exceeded their 15:30 MPCorr by roughly 10% dﬁring 9

of the following 10 weeks. By Week 7 the rats were clearly anticipating the location of food in




Figure 1.

13

A) The rats’ weekly overall 09:30 and 15:30 MPCorr scores over the 14 week
acquisition and first baseline period. B) The rats’ mean 09:30 and 15:30 MPCorr
scores during week 1 and week 14. Asterisks indicate the corresponding mean is
greater than a conservative (50%) estimate of chance performance, p<.05.
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09:30 and 15:30 ’sessiens and-during Week 8 their 09:30 and 15:30 MPCorr appeared to |
asymptote at roughly 90% and 80% respectively. The increase in the rats’ 09:30 and 15:30 '
MPCorr on Week 7 is likely due to the addition of the 10 sec time-out period. The transient dip
' in the rats’ 09:30 and 15:30 MPCorr during Weeks 11 and 12 may be the result of the change in
.their enrichment environment and handling.

These observatlons were confirmed by the results of a repeated-measures ANOVA.on
the weekly overall MPCorr scores. Session time (09 30 or 15:30) and training (Week 1to
Week 14) _served as repeated-measures. This analysis revealed a significant effect of training, F -
(13.39) = 16.14, p<.001, a significant effect of the time of a session, F' (3) = 33.72, p <-.02, and a
non-significant training by time of session interaction, ¥’ (,3,~39) =<1, p<77. Figure 1B presents
the rats’ MP‘Corr, MPAlt, and MPInc scores for 09:30 and 15:30 sessions during Weeks 1 and
14. During Week 1, the rats clearly could not anticipate where food would be available in 09:30
and 15: 30 sessions. In contrast, during Week 14 the rats’ mean MPCorr scores in 09:30 and
15:30 sessions were 94.12 (SEM = 1.44) and 82.48 (SEM = 6.08) respectlvely During Week
14, the rats’ MPCorr was significantly greater than a conservative estimate (50%) of chance
pefforménce in both 09:30 and 15:30 sessions, (one sample t-test fer 09:30 sessions, #(3) = 30.63
, p<.001, and for 15:30 sessions #(3) - 5.34, p<.014).

The rats’ individuai acquisition curves are presented in Figure 2. Initially every rat
performed at near chance (25%) levels. -During training all the rats learned the location of food
in bothA09v:3O and 15:30 sessions. With the exception of Rat 2 in 15:30 sessions, during Week 14
‘each rat’s overall MPCorr score was significantly greeter than a conservative (50%) estimate of

chance performance in both 09:30 and 15:30 sessions, (one sample t-tests, all p’s <.05).

’
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Figure 2. Weekly overall 09:30 and 15:30 MPCorr scores over the 14 week acquisition and
first baseline period for each rat. Asterisks indicate the corresponding mean is
greater than a conservative (50%) estimate of chance performance, p<.05.
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!

Consistent with their overall performance, each rat appeared to anticipate the location of food
best in the 09:30 sessions. ,
Discussion and Four Possible Underlying Mechanisms

Experiment 1 clearly demonstrated that the rats could learn the location of food in 09:30
and 15:30 sessions. I initially reasoned that the rats could have employed at least four different
mechanisms to discriminate between ‘trhe two daiiy sessions. |
A circadian phase-timer me;:hanism

The rats could have used a circadian phase-timer to anticipate the location of food in
09:30 and 15:30 gessions (i.e., food is at location A when the circadian phase-timer is at phase
angle A, and food is at location B when the circadian pﬁase-timer is at phése angle B). A
schematic representation of this strategy is presented in Figure 3A.

An interval-timer mechanism

The rats could have used an interval timer started by some salient event that océurred
reliably at the same time each day to anticipaté the location of food in 09:30 and 15:30 sessions.
The onset of the colony lights each day could serve this function (i.e., food is at locatibn A2hr
after light oﬁset and food is at location B 8 hr after light onset).. A schematic representation of
this strategy is presented in yFigure 3B(). AltematiQely, as the amount of time betv;/een sessions
is not equal, thé rats could have used an interval timer started by some event in each session to

discriminate between the 09:30 and 15:30 sessions (i.e., 12 hr precede food at location A,

whereas 6 hr precede food at location B). A schematic representation of this strategy is

presented in Figure 3B(ii).
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Figure 3. Schematic representations of the four mechanisms that I suspected
rats could use to perform the daily time-place task.
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An alternation mechanism

Rats readily employ an‘alternatio'n strategy in -T-maée tasks and can perform well even
when arm choiceg are separated by many hour.s (Liveséy & Livesey, 1981). Therefore, the rats -
could have anticipatedl the location of f;ood during 09:30 and 15:30 sessions by leaminé alternate
between the two levefs which provided food (i.e., Location A then Location B then Location A
etc.). A schematic representation o,f this strategy -is presented in Figure 3C.
. A contextual cue mechanism

The rats could have learned to press their 09:30 levers in the presence of one set of
contextual cues and learned to press their 15:30 levers in the pr‘esen’ce of another set of
contextual cues (i.e., S200:30 -> food is at Location A, SPs.30 > food 1s at Location B). These
_cues could include general colony noise, laboratory températuré, or daily colony maintenance. A

schematic representation of this strategy is presented in Figure 3D.

Expériment 2: Skipped 09:30 and 15:30 sessions
To determine whether the rats were using one of the above four mechanisms to track the

mlocatioh of foodiover the course of a day, I first examined what effect skipping 09:30 and 15:30
test sessions had on. their time-place behaviour. |
| Predictions made by the four Possible Mecﬁanisms

In the circadian phase-timing based mechanisrﬁ the rats’ time-place behaviour is
controlled by the phase angle of an endpgenous 24 hr clock. Therefore, a rat using a phase
| timer to track the location of: food should not be affected by a skipped 09530 or 15:30 session. |
I described two possible inter.val-t'ir‘ni.ng mechanisms. Tﬁese mechanisnis can be

differentiated on the basis of the event which starts timing. In the first mechanism, the timer is
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started each day by some reoccumng event (snch as light onset) and in the second mechanism
_the timer is started by some event 1n the test sessions. A rat usmg the first type of 1nterva1-
timing r_nechanism should not be aﬁected by a s_klpped 09:30 or 15:30 session as the cue which
~ starts the timer 'each day would presumably not be disrupted, fA.'rat using the second type of
interval-tirning mechanisrn shoulid be irnpaired vvhen either 09 300r 15:30» sessions are ski'pped
as the cue ’which starts and stop.s timing (an event during expe_riniental sessions) did not occur. ;

» In ‘-thealternation based mechanism the location at which ‘food is expected 1s based solely
‘on the last location \yhere food vvas obtained. " Therefore, a rat usmg an Jaltemation b_ased '
strategy would be dramatically effected if either 509;30 or 15:30:session was skipped: If a
, "09 30 session was skipped the Tat would expect food at his 09:30 lever at the beginmng of the :' :
| following 15: 30 session, and if a 15:30 session was skipped the rat would expect food at his
15:30 lever at the beginning of the. following 09:30 session. | |
The contextual cue rnechanism ‘relie_s soleiy on _the presence of some diﬁ'erent exogenous
‘ 'stimulus or stimuli during 09:30. and 15:30 sessions. Therefore, if the rats were using an
exogenous cue _mechanism, simply ski_pping 09:30 or 15:30 sessions would have no effect on
"vthei'r ability to ;anticipate the:loc.a‘tion of _food dnring'the next session. '
| ) . Method
Subjects & Apparatils |
The subjects and apparatu‘s: were the same-as thos\e nsed in Experimentjl', .
Procedure | - |

Durin'g baseline days the rats were handled exactly as 'they were during Experiment 1.

However on every fourth or ﬁﬂh day a 09 30 or 15: 30 session was sklpped The type of

session skipped (09: 30 or 15: 30) was determined according toa quasr-random schedule When
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a session was skipped the rats were transported to the enrichment chamber at the usual time.
They remained in the enn'éhment chamber for 45 min, and then they were t‘ransport‘ed backto .
their home cagés. In their home cages they received their usual post-sessidn meal plus
additional food to compensate for their missed experimental session. This protocol ensured that
on skip-session days the rats received the same amount .of food at roughly the same times-of-day
as they did during baseline sessions. Experiment 2 lasted 40 days duriﬁg which the rats received
32 5aseline days, four skif)ped 09:30 sessions,‘ and four skipped 15:30 sessions. |

| Results »

The rats’ daily overall MPCorr scores in the 09:30 and 15:30 sessions of Experimént 2
are presented in Figure 4. During the baseline 09:30 sessions the rats’ MPCorr v?as 82.59 (
SEM = 5.11), and during the baseline 1}5:30> sessions their MPCorr wasl83. 17 (SEM = 5.53).

| Therefore, Quring Experiment 2 there was no evidence of the rats’ previous tendency to perform
best in the 09:30 sessions. | | | |

Inspection of Figure 4 reveals that skipping a 15:30 session had littlé impact on the rats’
MPCorr in the following 09:30 séssion. On the other hand, skipping a 09:30 séssion causéd a
dramatic decrease in the rats’ MPCorr during the following 15:30 session. In fact, the four |
lowest overall MPCorr scores during Experiment 2 were oBtainea in the 15:30 sessions
following a skipped 09:30 session.

i The rats’ .overall MPCorr, MPAIlt, and MPInc scores in the 09:30 and 15:30 sessions
immediately before a skipped session, in the sessions immediately after a skipped session, and in
the second session after a skipped session are presented in Figure S. Usiqg this method of data

presentation, it is again evident that skipping a 15:30 session had no effect on the rat’s MPCorr-

in the following two 09:30 sessions: In all three types of 09:30 sessions, the rats’ MPCorr
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~ Figure 4. The rats’ daily overall 09:30 and 15:30 MPCorr scores during Experiment
: - 2. Missing data points correspond to skipped sessions. .
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~ Figure 5. The rats’ overall 09:30 and 15:30 MPCorr scores (+ SEM) in Experiment 2
‘ during the sessions immediately before the skipped sessions, during the sessions
~ immediately after skipped sessions, and during the second sessions after skipped
sessions. ' -
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remained high while their MPAIt and MPInc remained vel'y low. In contrast, in the 15:30
sessions following a slcippéd 09:30 session, the rats’ MPALt increased and their MPCorr
decreased. In other Words, in the 15:30 sossions whicl1 followed a skipped 09:30 session, the
rats displayed é gre_atly‘increased prefererlce for their 09:30 levers and a greatly reduced
preference for their l5:3Q levers. The effect of skipping a 09:30 session was not permanent.as
the rats; MPCorr rleturned to 80-90% during the second‘l5:30 seésion after a skipped 09:30
 session.

These obServatlorls were confirmed statistically with a repeated-measures ANOVA on
tho rats’ MPCorr scores. The time of a session (09:30 or 1'5:30), the type of session (session
before a skipped session, session immediately after »a skipped session, or tlxe second session after
a skipped ses’sion), and skip replication (1st, 2nd, 3rd, or 4tl1) served as repeated-measures.

This analysis revealedva significant effect of the time of a session, F'(5,3) = 118.45, p<.003; a
signiﬁcant effect of the type of session, F(z,s),.=‘9.44, p<.015, and a non-significant effect of skip
replication, F (o) <1,‘n/s. The orlly significant interaction found wés that between the time of a
session and the type of seésion, F ()= 25.66, p<.002. ‘This interaction confirms that the effect
| of skipping a session depended on time of the skipped ses'sionv |
The rats’ overall MPAIt in the 15:30 sessions followmg a skipped 09:30 session was
s1gmﬁcantly hlgher than their overall MPAlt in the preceding and following 15:30 sessions
(paired t-tests versus the preceding 15:30 session, ¢ (;) = 4.79 p <.018, and versus the following |
15:30 session, ¢ (3) = 4.73, p<.019). Their overall MPCorr in the 15:30 sessions following a

skipped 09:30 session was also significantly lower than their overall MPCorr in the preceding

and following 15:30 sessions (paired t-tests versus preceding the 15:30 session, 7 3)=693.p -

<.007, and following 15:30 session, # (3) = 6.77, p<.008).
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* Discussion

.Experiment 2 found that when a 15:30 session‘wa.s skipped, the rats were still able to’
antiqipate the location of food in the following 09:30 session. Howevc‘ra when a 09:30 session
was skipped, the rats incorrectly expected food at their 09:30 lever during the following 15:30
session.

This outcome is not consistént with the operation of any of my four pr_(;posed
. mechanisms. As the rats we;e impaired wheﬁ 09: 30 sessions were skipped but unimpaired when
15:30 séssions were skipped, I can rule out control by a simple aiter_nation étrategy.' The usual
contextual cues were present during the 15:30 sessions vwhich followed the skipped 09:30
sessions, so primary confrél by contextual cues can élso be ruled out. This leaveé the
endogenous timing mechanisms. Primary control by a circadian phase-timer can be ruled out
' because when 09:30 sessions were skipped, the rats incorrectly expected food at their 09:30
levers during the following 15:30 session. Additionally, the rats did not primarily use either of
the two proposed interval tinﬁﬁg strategies. First, I can rule out control by an interval timer
started by an external cue (such .as light onset) as the rats Were impaired in the 15:30 sessions
which followed a skippéd 09:30 session. | I can also rule out control by an interval timer started
by some event during each session as the rats were impaired when 09:30 sessions were skipped,
but unimpaired when 15:30 sessions were skipped. |

At this point the mechanism employed by the rats was best characterized as a daily route

strategy: They learned to lever press for food at one location Adun'ng their first session of each
day, and to lever press at a second location during their second session of each day (i.e.,A

Location A then Location B, each day). 1t is the daily nature of this strategy that differentiates

it from an alternation based strategy. This daily route strategy is similar to Krebs and Biebach’s
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(1989) notioﬁ of a fixed route as the rats had to receive a 09:30 session to be able to anticipate
the locatioq of food in the following '1 5:30. session. |
Second Baseline Period
' After completing Experiment 2, the rats réceived fwo weeks of baseline training. Figure
6A presents \the rats’ overall MPCorr scores for the 09:30 and 15:30 sessions during the two
week baseline period. The rats continued to anticipate the location of food in both the 09:30
and 15:30 sessions and again there was no difference between their performancé in the 09:30
and 15:30 sessions. Their overajl MPCorr was 85.0 (SEM = 4.97) in the 09:30 sessions \and
85.57 (SEM = 4.30) in tl;e 15:30 sessions. The rats’ overall MPCorr score was significantly
greater than a conservative estimate (50%) of chance éerformance in both the 09;30 and 15:30
gessions (one sample t-test for -09:30 sessions, #(z) = 11.85, p<.002, and for 15:30 sessions #(3)
=6.88, p<.007). |
| . Each rat’s overall MPCorr for the 09:30 and 15:30 baseline sessions is presented in
Figure 6B. With the exception of Rat 4 in 09:30 sessions, evefy rat clearly continued to
anticipate the location of vfood in 09:30 and 15:30 sessions, and this waS confirmed statistically
with one:sample t-tests against a conservative (50%) estimate of ghance, (allp’s '<.05);
{ . ’ . o

Experiment 3: Interpolated Probe Sessions at 11:45, 13:00, & 14:15

Experiment 2 suggeéted that the rats §vefe primarily using a daily route strategy to track
the locatibn of food over the course of a day. This strategy entailed lever pressing at one
location during their first session of each day and lever pre'ssi;lg at a second location dﬁdng their
second session of éach day. A

.As the baseline 09:30 séssions and the 15:30 sessions which followed a skipped 09:30

session were both the rats’ first session of the day, they should have been treated identically if



Figure 6.
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A) The rats’ overall 09:30 and 15:30 MPCorr scores (+ SEM) during the Second
Baseline Period. B) Each rat’s mean 09:30 and 15:30 MPCorr scores during the
Second Baseline Period. For A and B, asterisks indicate the corresponding mean -
is greater than a conservative (50%) estimate of chance performance, p<.05.
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the rats Were solely using a daily route strategy to track the location éf food. This was clearly
not the case.: In the 15:30 sessions which followed a skipped 09_:30 session the rats did not

favor their 09:30 levers as strongly as they preferred their 09:30 levers in baseli;le 09:30 sessions .
(63.6 (SEM =9.7) versus 82.59 (SEM =5.11)). Or from the other point of view, during the
15:30 sessions which followed a skipped 09:30 session, the raté pressed their 15:30 levers
relatively more than they usually pressed their 15:30 levers in baseline 09:30 sessions (22.2.
(SEM =7.13) versus 7.4 (SEM =4.6)). 1t appears that the rats were not complétely tricked when
09:30 sessions were skipped. | ’

The ordinal position of these two types of sessions was the same (first in the day), but
they differed in the time-of;day at which théy occurred (09:30 versus 15:30). It therefore
seemed reasonable to propose that the rats’ expectationtof the future location of food was based
on two types of information; (1) a daily route strategy which had primary .con_trol over the rats’
time-place behaviour, and a(2) secondary .timing mechanism which had rélatively weak control
over the rats’ time-place behaviou'r‘; |

| ~In Experiment 3 I loo‘ked for further evidence’ of behavioural control by a secondary
timing mechanism. I did this by rhéasuring v?here the rats; expected fc;bd 1.15 hr, 2.30 hr, and
3.45 hr after the end of the 09:30 session. The 09:30 sessions typically ended at 10:30. If the |
rats’ expéctation of where food w<;ul‘d be available was determined solely ~by a daily route
| strategy, they should prefervtheir' 15:30 levers equally 1.15, 2.30, 3.45, and 5 hr after a 09:30
session. If, however, the rats’ expéctatiop of where food would be available was partially

determined by the status of an endogenous tirﬁirig system, their preferences for their 15:30 levers

-should display a temporal gradient: They should prefer their 15:30 levers least at 11:45 (when

the daily route strategy and timing mechanism predict food at the 15:30 and 09:30 locations
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respectively) and their preference for their 15:30 levers should then increase the closer the probe
session is in time to 15:30 (when the daily route strategy and timing mechanism botﬁ predict |
food at the 15:30 loéation).
Method
Subjects and Apparatus
The subjects and apparatus were the same as those used in Experiments 1 and 2.
Procedure |
* Over the course of the next 24 days the rats received 15 baseline days and nine probe
days. Baseline and probe days weré presented in three 8-day blocks. Each 8-day block
contained a probe session at each of the brobe times (11:45, 13:00, a'nd‘ 14:15) and 5 baseline
days. The sessions were presented in a quasi-réndom order, and probe days wére alwayé |
separated by at least one baseline day. On probe and baseline days the rats recei@d their 09:30
and 15:30 test sessions and post-session meals as per usual. On probe days the rats alsd
receive(i a single brief probe ses's.ion at rlbl :45, 1300, or 14:15. During the probe sessions the
rats were transported to the enrichment and testing chamﬁers as per uspal. When a rat was
placed in the testing chamber his first lever press turned on the cue light above each of the
lever.s. The onset of the cue lights was followed by a 40 s périod during which lever presses
were recorded but no food was I;rovided. At the end of this nonrewarded period the cue lights
were ef(tin'guished and the rat was taken back to the enrichment chamber. After all the rats were
tested they were returned to their homé cages. No food was given during the prpbe sessions.
The propofti‘on of the rats’ responses that were on their 09:30 (MP09:30), 15:30

(1\/[P15f30), and incorrect levers (MPInc), in the nonrewarded period at the beginning of every

session served as the dependent variable. These scores were calculated for each type of lever by
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dividing the number of responses to the lever(s) by the total numbér of responses to all the
levers and then multiplying this ratio by 100. These three sc.ores were calcuiated for each rat for
every session.

Results |

F igure 7 displays the total number of leyer-presses recorded during the probe sessions in
each of fhe three 8-day blocks of sessions. As the length of the; prdbe sessions was held constant
‘at 40 s, the rats’ rate of lever pressing clearly decreased o'Vgr the three blocks of probe trials. N
This effect Was examined with a repeated measures AN OVA on the total number of responses
recorded for each rat during each 'of the three blocks of probe sessions. The bloék of probe
sessions (one through three) served as the repéated measure. This analysis failed to conﬁrf_n a
main effect of probe block, (F(z) = 2.99, p<.13). Along with this marked, although riot
statistically significant, decrease in responding the rats’ lever choices became erratic over the
céurse c;f the second and third block of probe sessions. As a result the réts did not display a
consistent preference for any type of lever at any probe time during the second and third block
of probe sessions. Consequentially, the results of the second and third block of probe sessions
were not included in the following analysis. )

. Figure 8 presents the rats’ overall MP09:30, MP15:30, and MPinc scores during the 24
baseline O9:30’se§sions, 15 baseline 15:30 sessions, and the first probe sessjon at each probe -
time (11:45, 13:00, and 14:15). There were 24 b;aseline 09:30 ses;ions and only 15 baseline
15:30 sessions because the nin'e 15:30 sessions which followed an interpolated probe session
were not treated as baseline sessions. During the baseline 09:30 sessions the rats continued to

mainly press their 09:30 levers. During the first probe at 11:45, the rats mainly pressed their

15:30 levers. However, during this probe session the rats pressed their 15:30 levers
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* Figure 7. The total number of responses recorded durihg the probe sessions in each
of the three 8-day blocks of sessions in Experiment 3. '
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Figure 8. The rats’ overall MP09:30, MP15:30, and MPInc scores during the first block of
probe sessions in Experiment 3. Asterisks indicate the corresponding mean
igreater than a conservative (50%) estimate of chance performance, p<.05.
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proportionafely less (52.0 (SEM = 13.5) versus 83.3 (SEM = 4.89)), and their incorrect levers

propoﬁionatcly more (34.8 (SEM = 8.9) versus 8.5 (SEM = 1.5)) than they did during baseline
15:30 sessions. This decreased preference for their 15:30 levers and increased preference for
their incorrect levers Was also évident in the first probe sessions at 13:00 and 14\: 15. However, -
the size of this effect decreased the closér the probe session was in time to 15:30. During the
baseline 15:30 se.ssions the rats continued to mainly pfess their 15:30 levers.

These .observations were confirmed statistically by the results of a repeated measures
ANOVA on the rats’ MP15:30 scores. The time of a session (09:30, 11:45, 13:00, 14:15 and
15:30) se&ed as the repeated measure. This analysis revealed a signiﬁcan"c effect of the time of
a session, (F(4,12) = 7.27, p<.004). One-tailed paired t-tests confirmed that the rats responded
proportionately less on their 15:30 le{/ers during 09:30 and 11:45 sessions than they did during
baseline 15:30 sessions, (#(3) = 11.32; p<.001, and #(;) = 2.46, p<.05. respectively).

" Discussion

Once the rats received food at their 09:30 ievers they did not expect foéd to be available
at that location for the rest of that day, éven during the interpolated probé session at 11:45.

Thjs constitutes further support for the daily route strategy. However, during the first 11:45
probe session the rats did not prefer their' 15:30 levers as strongly.as they did during the baseline
15:30 sessions. Instead, they displayed an increased preference for their incérrect levers. The
rats’ preference for their 15:30 levers 'then‘increased, and their preference for their incorrect

levers then decreased, as the time of the probe session approached 15:30. This outcome is

consistent with my suggestion that the rats’ expectation of where food would be available was

determined, at least in part, by the status of an endogenous timing mechanism. When the output

- of this timirig mechanism differed from that of the daily route, as was the case in probe sessions
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at 11:45, the rats displayed a reduced preference for their 15:30 levers and an increased
‘prveference for their incorrect levers. Thié increased prefe'renée for levers which had not
provided food for over 175 testing days is irite'restiﬁg, and may reﬁect explorafory sampling.

DUring‘the second and third block of probe tests the rats lever i)ressed less frequently
and they did not display a clear preference for any type of lever at any probe time. As there \;vas
1o change in the rats’ behaviour during baseline 09:30 and 15:30 sessions during this time, it
appears that the rats learned to discriminate betwqen probe sessions and baseline sessioﬁs. | The
6nly difference between probe’ seSsions: and the initial unrewarded period vof baseline 09:30 and
15:30 sessions was the time-of-day at which they occurred. Perhaps then, the rats learned to
defect probe seésions on the basis of their unusual time—of-occunence, and consequently they
did not expect food to be available at aﬁy location during my second and third block of probe

sessions. If this is the case, it is remarkable how quickly this discrimination was acquired.

Experiment 4a: Constant Light

At this point it is usgful to characteﬁze in greater detail what I knevx} about the daily
route strategy employed by the rats. Iknew that the rats began each“dﬁy expecting food .to be
'available at their 69330 levers (Experiménts 1, 2, and 3). Then, after the ra;ts received food at
their 09:30 levers, they expected that food would be available next at their 15:30 levers
(Experiments 1, 2 and 3). This shift in lever preférencé occurred as early in the day aé 11:45. If
the rats did not receive a 09:30 session (but did receive their morning post-session meal), they
continued to expect that food would be availéble next ét their 09:30 lévers until at least 15:30 |
@xpedment 3). This suggests that receiving food at their 09:30 levers, and nét the passage of

time, was necessary and sufficient for the rats to expect food at their 15:30 levers during 15:30-
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sessions. However, when 15:30 sessions were skipped, the rats corréctly expected that food
would be available »atv their 09:36 levers during the following 09:30 session. This means that
receiving food at their 15:30 levers was nof necessary for the rats to éxpect food at their 09:30
levers vduAring 09:30 sessions. I therefore suspected that sorrie other event was éapable of
“resetting” the rats daily route each day.
This reset function could conceivably be triggered either end;)genou‘sly or eXogenously;
If the rleset was triggered exogenously the external trigger stimulus would likely be the most
‘ salient, temporally reliable stimulus available to the rats. I reasoﬁed that ‘the daily onset and
| offset of the colony lights was the best caﬂdidate. Alternatively, if this déily reset was triggered
endogenously, the internal trigger would likely be provided by a circadian phase.-timef If this
were the case, the rats’ time-place behaviour would not be immediatély effected by the
manipulation of any exogenous cue.
To test whether the rats’ daily sequénce was exogenously reset by the onset or offset of
thé colony lights ea.chu;day, I detefnﬁned whether housing the rats in coﬁstant light (LL)
disrupted their ability to discriminate betweeﬁ 09:30 and 15:30 sessions. If placing the animals.
in LL immediately caused them to expecf food at their 15:30 levers during the first 09:30
session after the switch to LL, I would have strong evidence that the daily coloﬁy LD cycle
served as the necessary daily reset stimulus. Also, if the rats wéfe immediately irhpaifed When '

they were switched to LL whilst continuing to receive 15:30 sessions, I would also know that

receiving a 15:30 session was not sufficient to make the rats reset their daily routes.
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Method
Subjects and Apparatus |
The subjects and apparatus were the same as those used in Experiments 1, 2 and 3.
'Procedqre
The rats received 5 days of LD sessions. During this time, the rats received their usual |
09:30 and 15:30 test sessions and ppst—session meals.‘ The colony was lit according to the usual |
12:12 Lb, 07:30 onset schedule. After the 15:30 test session on Day 5 the colony lighting was
- switched to LL for the next 9 days. Duriné the LL period the rats received their usual 09:30 and
,15:30 test session§ and post-session meals. |
Results
Figure 9a presents thé rats’ daily overall 09:36 and 15:30 MPCorr scofes duriﬁg the 5-
day LD period and 9-da$1 LL period. During the LD périod»the rats continued to anticipate the
location of food in both 09:30 and 15:30 sessions and again their MPCorr was roughly equal
durihg 09:30 and 15:30 sessions. Their overall MPCvorr was 89.4 (SEM = 3;27) in 09:30
} - sessions and 88.4 (SEM = 1.32) in thg 15:30 sessions. The rats® overall MPCorr score during
, the LD period Wa; significantly greater t_han a conservative estimate (50%) of chance
perférmance in both the 09:30 and 15:30 sessions (one sample t-test for 09:30 sessions , #(3) =
| 12.07, p<.001, and for 15:30 sgssions 1(3) =29.16, p<.001).
During the LL period, the fats continued to anticipate the location of food in both 09:30
and 15:30 sessions. During tl;e first 3 days of the LL period the rats appeared to be completely
unaffected by ;he lighting manipulation. Over the next few sessipns, their performance appeared_

to become more variable, but at no point over the entire LL period did the rats’ MPCorr during

09:30 or 15:30 sessions drop below 60%. During the LL period their overall MPCorr was 90.4




Figure 9.
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A) The rats’ daily overall 09:30 and 15:30 MPCorr scores during the 5-day LD
period and during the 9-day LL period in Experiment 4a. B) The rats’ overall
09:30 and 15:30 MPCorr scores (+ SEM) during the LD and LL periods in
Eiperiment 4a. Asterisks indicate the corresponding mean is greater than a
conservative (50%) estimate of chance performance, p<.05,
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(SEM = 4.16) in 09:30 sessions and 86.4 (SEM = 2.82) in 15:30 sessions. The rats’ overall
MPCorr score during the LL period wé.s also significantly greater than a c':onservative‘estimate
(50%) of chance performénce in both 69:30 and 15:30 sessions, (one éample t-test for 09:30
sessi;)ns , {3) =9.7, p<.003, and for 15:30 sessions #(3) = 12.92, p<.002). .

Thefefore, changing the colc;ny-lighting to a LL schedule did not éppeaf to cause an
immediate éhange in the rats’ ability to anticipate the location of food in either 09:30 or 15:30
sessions. This is clearly seen in F igure 9B. This impression was supported by the results of a
repeated-measures ANOYA. - The time of a s.ession (09:30 or 15:30) and the lighting_condition
(LL or LD) served as repeated-measures. This analysis revealed that there was no main eﬁ‘ept
of the time of a session, (¥(3,3) = 2.52, p<.22), nor was there a main effect of lighting condition,
(F(1,3) <1, p<.91). Although the rats’ 15:30 MPCorr was slightly depressed in LL, the time of a

session and the lighting condiﬁon did not interact. sighiﬁcantly, (F(13) <1, p<.58).
| Discussion | |

The rats appeared to be largely unaffected by the change fo a LL lighting schédule as
thére was no difference between their mean 09:30 or 15:30 MPCorr scores in the LD and LL
periods. However, the raté MPCorr scores did appear to become more variable from the third
day onwards in the LL period. Additionally, their 15:30 MPCorr decreased slightly in LL. |

| When viewed together the results of Experiments 2 and 3 suggest that the co-occurrence
of both the daily LD cycle and a 15:30 test session was not necessary for the rats to expect food
af their 09:30 levers during 09:30 sessions. But was the occurrence of ei’ther sufficient, and the
occurrence of at leasf one of them necessary, for the rats to reset their daily routes‘? I addressed

this possibility in Experiment 4¢c.
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Free-Food and Reacquisition Period
Due to a vacation the rats did not receive their daily test sessions for the 2-week period
following the compl_etion of Experiment _4a._ During this time the rats remained in their home
cages and they received free access to food and water. At the end of the two wéek free-food
period, the rats were retumgd fo their original feeding schedule and they received 19 days of
reaquisition a.nd baseline training. |
Figure 10 presents the rats’ daily overall 09:30 and 15;30 MPCorr scores during the
réacquisition‘perviod. The rats reacquirgd _the task very quickly and by day 9 their overall
MPCorr scores in the 9:30 and 15:30 §essions appeared to have asymptoted. This training effect
Was cénﬁrmed by the results of a repeated-measures ANOVA in whjch training days a through
19) and the time of session (09:56 or 15:30) served as a repeéted-measures. This analysis
revealed no main effect of the time of a session, (F(;3)=1.63, p<.30)> and a main effect (;f
training, (F(13.54) = 2.74, p<.003). The time of a éession and training did not interact, (F(1s,s4) =
1..10,:p<.39). |
During the last 11 days of the reacquisition period, the rats’ overall M]?Corr was 88.0
(SEM =2.90) in 09:30 sessions and 84.1 (SEM = 2.58) in 15:30 sessions. During tfﬁs‘time, the
- rats’ overall h/[PCén scores was significantly greater than a éonséfvative estimate (50%) of

chance performance in both 09:30 and 15:30 sessions, (one sample t-test for 09:30 sessions, #(3)

= 13.1, p< .001, and for 15:30 sessions #() = 13.21, p<.001).
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~ Figure 10. . The rats’ daily overall 09:30 and 15:30 MPCorr scores during the reacquistion
- period.. R L S E I
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Experiinént 4b: Replication of the Constant Light Manipﬂlation
In Experiment 4a I found that switching the rats’ lighting from a LD to a LL schedule
did not immediately effect their overall ébility to anticipate the location of food in 09:30 and
15:30 test s\essions.’ However in LL; (1) the rats’ 1\4PCorr scores seemedbto become more |
variable, and (2) their 15:30 MPCorr was slightly depressed. To determine whether these are
reliable phenomena I re-exaﬁﬁned the effect LL had on the rats’ time—place behaviour.
Method
Subjects and Apparatus - | : : N
The subjects and apparatus were the same as tho»se'vused in Experiments 1, 2, 3, and 4a..
Procedure |
After the.reacquisition training the rats were switched to a LL schedule. The rats were
then held in LL for 8 days. During the LL. period the rats received their 09:30 and 15.:30 test
sessions and post-session meals as per usuel. I thenv returned the colony to the original 12:12,
07:30 onset, LD cycle for a further 4 days. |
-Results
Figure 11A presents th.e rats’ daily overall 09:30 and 15:50 MPCorr scores for the last 6
days of the reaquisition period, the 8-day LL .period, and fer the ﬁrsf four day§ after the .rats
were returned to LD. Du'ring the LL peried, the rats continued to anticipate the locat_ien of food
in both.09:30 and ,15:30 sessions, but again tfleir MPCorr Was depressed dering 15:30 sessions |
(see Figure 11B). As in Experiment 4a the rats appeared to be lérgely unaﬁ'ected by the change

~ to LL for the first 3 days. Then their performance became more variable over the next few

sessions. Dhring the LL period their overall MPCorr was 87.83 (SEM = 5.47) in 09:30 sessiens

and 76.2 (SEM = 11.36) in 15:30 sessions. The rats’ overall MPCorr score during the LL




Figure 11.
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A) The rats’ overall 09:30 and 15:30 MPCorr scores during the 6-day first LD
period, during the 8-day day LL period, and during the 4-day second LD period.
B) The rats’ overall 09:30 and 15:30 MPCorr scores (+ SEM) during the first
LD, LL, and second LD periods in Experiment 4b. For A and B, asterisks
indicate the corresponding mean is greater than a conservative (50%) estimate of
chance performance, p<.05. '
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penod was agam s1gn1ﬁcantly greater than a conservatwe estimate (50%) of chance performance
in 09 305essrons but not in 15:30 sessmns“ (one sample t-test for 09:30 sessions t(3)— 6.91 p< ‘»

.007, and for 15:30 sessrons t(3) 2. 3 , p<. 11) When the: rats were returned to LD they -
»_ continued to ant1c1pate the location of food in 09:30 and 15:30 sessions, and their MPCorr
dunng 15:30 sessions retumed to near normal levels “Their mean MPCorr i in the second LD '
perrod was 88 9 (SE]\/[ 4. 7) in 09:30 sessions, and 83 6 (SEM 2. 95) in 15:30 sessions. Both . |
of these scores represent performance s1gmﬁcantly greater thana conservatlve (50%) est1mate of
chance performance (1(3) 8.11, p<.005, and t(3) =11. 38 , p<.002 for the 09:30 and 15:30
sessions respectxvely)
It appeared that I had agaln found that changmg the colony llghtlng toalL. schedule d1d
not cause a dramatrc change in the rats ability to anticipate the locatron of food in either 09:30
~or 15:30 sessions This lmpression w‘as-conﬁrmed by the results of a repeated measures'
ANOVA The time of a session (09:30 or 15 30) and the llghtmg condltron ( LD1, LL, or LD2)
| served as repeated measures. ' This analys1s revealed that there was no main effect of the trme of
- a sess1on'(F(1,3) =‘4.48, p< .125), nor was there a main effect of 11ght1ng condition, (F(26) =<1, |
p<.53). Additionally, the session time and the lighting condition did not interact,(F(z6) = 1.13,
p<38) i | | |
- Discussion |
The rats’ 09:30 l\/IPCor'r did. not-inrnlediately decline when they were held' inLL. .
,A Therefore, I again found that the rats’ daily route 'was not necessarily reset,by' the daily
transitions of the LD cycle However, I again found that housing the rats in LL led to srnall

decrease in the1r 15:30 MPCorr Although this eﬁ‘ect falled to meet statlstlcal 51gmﬁcance in

Expenment 4a, it appears tobea rellable phenomena




| | >4

" Ihave suggested that the rats’ time-place behaviour was panially.eontrolied by a
'secondary timing system. It 1s unlileely that thls secendary tiriﬁng system Qag a light-ehtrained ‘
. phase timef for ehree re_asoﬁs. First, housing the rats in LL for 9 ciays did not lead to a
significant gi_isrupti‘oﬁ of their time-plaee behaviour.; Ciearly if the rats; time-place.behavi'our was"
controlled by a lightfentrained bhase 'eimer,. placing-the escillater in free-run sheuld cause a
detectable disruption 1n tl‘le.r‘ats’ t_i_rﬁe-piace behaviour which iherea'sed ﬁas- the LL pe.ri‘odi |
progressed. This was clearly not the case. Secondly, if t_h‘is secondary timipg 'sjistem was a
light-entrained 'phase fimer it is not clear why she rats were more affected in 15:30 than 09:30
sessions when they were switched to LL Thirdly, p‘revioa's work has s_uggestee that rats can
acquire a daily-time place task With ablateci SCN (Boulos & Logotﬁetis; 1990; Mistleberger,
1994). This suggests that rats may use a food_—entrain_ed ehase tirriing system in daily time-place
learriing tasks. P'erhaps then, the ratsf secondary tinﬁng syste;ﬁ was a food-entrained é_hase ‘ _
timing system. As the food and light-entr‘ainedi pacemakers appear te_ be weakly coupled in the -
rat (Mistleberger, 1994), the small decrease in the rats’ 15:30,MPCo§r_ could theh be due to
inference from a‘ free-running light-entrained oscillator. Fuﬁﬁer work is 'clearlly_needed to

address this issue.

Expei‘imen_t 4c: Constant Ligh’f And Skii)ped 15:30 _Sessions
To te‘st whether the occurrence of either she daily transitions of the LD cycle ora15:30 |
- test session was neeessary for the rats.t'(') reset their dai‘lry routes,'I examined the eﬁ‘eet skipping -
15:36 sessions while in LL had en the rats’ ‘.ti.me-pl‘ace behavioer. If While housed in LL, the rats

- pressed their 15:30 levers during the 09:30 sessions which followed a skipped 15:30 session, I

would have strong evidence that the rats relied solely on the occurrence of either a 15:30 session
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or the daily transitions of the LD cycle to reset their routes each day. If the rats’ were not
impaired when 15:30 sessions were skipped in LL, I would know some other event -was éapable
of reseting the rats’ route each day. |

Method
Subjécts and Apparatus
The subjects and apparatus were the same as thoseused in Expeﬁments 1,2, 3, 4a and
4b. | |
| Proéedure
The second LD period in Experiment 4b served as the four-day baseline period in
Expeﬁmeﬁt 4c. On the fifth day the rats skipped their 15:30 sessions and they were held in LL
that night. The knext day the rats received thei; usual 09:30 test sessicfn, skipped their 15:30
session, and they were held in LL again that night. The following déy, the rats received their
- 09:30 and 15:30 test sessions and their lighting returned to the usuai 12:12LD cycle. When the:
rats skipped 15:30 sessions they were treated as they were on probe déys in Experiment 3.
Results
Figure 12 presents the rats’ overall'69:30 and 15:30 MPCdrr ;cores during fhe last four
days of the second LD period in Exp_eriment 4b and during the 2 days during which théy were
held in LL and skipped their 15:30 sessions. During the LD period the fats’ ovérall 09:30
MPCorr was 85.8 (SEM = 5.1), and in the 09:30 sessions after the réts skipp;d their 15:30
sessions and were heid inLL their overall MPCorr was 932 (SEM - 4.7). The rats’ MPCorr

scores in these two types of 09:30 sessions did not differ significantly, (t(s) = 1.15, p<.34)..

Without a daily LD cycle and without a 15:36 session, the rats were clearly still able to

anticipate the location of food in 09:30 se_ss'ions‘.




Figure 12.

* The rats’ daily overall 09:30 and 15:30 MPCorr scores during the 4-day \

baseline period, and durmg the two days when they were held inLL and
sk1pped their 15: 30 sessions.
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.Discus_sion
The rats were clearly able to antlcipate the locatron of food in 09:30 sessions when they

skipped their previous 15:30 session and d1d not receive their daily 12 hr period of darkness
Clearly the occurrence of either of these two events was not necessary for the rats to reset their
routes each'day. Asl out_lined above, the ‘_rats’ daily route could eonceivably have been reset
endogenously or exogenously. As I‘found that the two major exogenous temporally reiiable -
cues available to the rats did not serve as}necessary reset triggers, at least two potential
remaining reset meChanistns~exist. F irstly, their daily route eonld ha\ie been reset each da}i by
another unknown eo'ntextual cue: Altematively, their daily route could have been reset by an |
endogenous circadian nhase-timer I took care to remox/e any temporally rehable exogenous
‘cues other than light onset, test se551ons and post-session meals Additlonally, the rats recelved |

“test sessions 5 or 7 days per week over a period of more than half a year. Laboratory conditions :
varied tremendously over the course of each week and over the ..courseof this series of
:experiments'.. Therefore, 1 believe itis nnlikely that the rats daily route'could be reset by some.
unknown temporally reliable contextual cue. Consequently, I suspect that the rats’ daily route
was reset when a circadian phase-timer reached a set phase angle each day. As the rats’ time-
place behaviour was not dramatically inip'aired when they were housed in LL for 9 days, this

reset function was probably performed each day by' a food-entrained phase timer.

Experiment_ 5: Interpolated Probe Sessions At 19:00
The results of Experiments 4a-c suggest that the rats did not rely on 15:30 test sessions -
or the dally transitions of the LD cycle to reset their da11y route: when elther or both, of these

events did not occur the rats Stlll expected that food would be available at their 09:30 levers'in
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' 09: 30 sessrons Thrs suggests that some other mechamsm was capable of resettmg the rats ’

,routes each day I have suggested that th1s process may 1nvolve a food entrarned phase tlmer

But was the occurrence of a 15 30 session suff Scient for the rats to reset thelr dally route? To -

,» 'address thls r]uestlon I examlned where the rats expected food at 19: OO in two types of probe
| ‘sess1ons Dur1ng the ﬁrst type of probe sessron the rats recerved therr 09:30 and 15: 30 s sessrons o
‘ post -session meals‘ and a probe sessmn at l9 OO .Durmg the second type of probe sessron the V‘
'-r‘ats recle.ved the1r 09:30 sess1ons skzppedithelr 15:30 sesswn's rece1ved-both post-sessron.
,rneals and a probe sessron at 19 00 I reasoned that as long as the rats dally route was, not
- reset by the mechamsm that I detected 1n Experrments 2 and 4a-c before 19 OO each day, they
‘ B would mamly press therr 15 30 levers dur1ng the probe sessrons at 19 OO whrch followed a

' ‘.sklpped 15: 30 session. . However I env151oned two- p0551ble outcornes in the probe sessions at
'.‘19 :00 whrch drd follow a 15 30 sessron If the occurrence of a 15 3t) sessron was suﬁicrent for

.X(

v' . the rats to reset the1r darly routes they would prefer the1r 09 30 levers at 19 OO Altematrvely, if ,
| the occurrence of a 15 30 sess1on was not suﬁ'rc1ent for the rats to reset thelr darly routes they
would prefer therr 15 30 levers at 19 OO | i
| ' Method
Sub_]ects and Apparatus |
The subjects and apparatus were the‘sameas those used i in Errperrments 1 2,3, 4a 4b
i and4c ) o | e & |
’-»Procedure fj o

Expenment 5 lasted 14 days Throughout tlus penod the rats were held in the1r usual

' '12 12 07 30 onset LD cycle 0ver th1s l4 day penod the rats recerved 10 baselrne days and 47

' probe days On baselme days the rats recelved the1r 09 30 and 15: 30 sessions and post-sess1onal' ‘
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meals as per usual. On two of the probe ,_days thé rats received their 09:30-and 1;5:30 seésions
aﬂd two p;>st-session meals; plus ‘prob.e sessions at 19:00. 4‘ dn “tlhe other ‘tw-o bfobe dayé the rats ;
received their oé:éo sessions, skipped their ‘15:30‘ Sessions, received their two usual péstfséssion
meals; jand then probe sessions at- 19:00. When.15:30 sessions were skipped the rats were .
treated as they \&ere .on probe days in Experiment 2. Dun'ng thé .p.-robe segsiohs at 19:CO th.e'rats

were treated as they were in probe sessions in Experiment 3. The rats’ MP09:30, MP15:30, and

* MPInc scores during the initial unrewarded period of each session served as the depenident

variable.
Results -
Figure 13 presents the rats’ MP09:30, MP15:30, and MPInc séo'res_.in the baseline 15:30

sessions and in both types of probe sessions at 19:00. The rats’ overall MP15:30 was 75.7 (

SEM = 3.9) in baseline 15:30 sessions, and this is greater than-a COn‘serVatiye'_(SO%) estimate of

chance performance, (#(3) = 6.7, p<.008). Therefore, the rats clearly'c'ontvi.riued to‘anticipate the
location of food in the baseline 15:30 sessions during Experiment 5.
The rats’ overall MP15:30 score in'the. probe sessions at 19:00 whichfoll}owed a15:30.

session was 66.4 (SEM = 10.1), and their overall MP15:30 score in the prdbe sessions at 19:00

‘which did th'folldw a 15:30 session was 69.1 (SEM = 6.6). Therefore; (1) in both types of

probe sessions at 19:00, the rats preferred their 15:30 levers, and (2) the rats’ overall MP15:30

~ scores in both types of 19:00 sessions were slightly lower than their overall MP1 5:30 score in

- baseline 15:30 sessions.

It therefore appeéred that the rats’ preference for their 15:30 levers at 19:00 did not
depend on whether they received a 15:30 session that day. To examine this impressién, I used a

paired t-test to compare the rats’ MP15:30 scores during each type of probe sess‘vion'.‘ ‘The rats™
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Figure 13 The rats’ overall MP09:30, MP15:30, and MPINC scores in the baseline 09:30
and 15:30 sessions, in the probe sessions at 19:00, and in the probe.sessions at
19:00 after the rats sklpped their 15:30 sessions. . Asterisks indicate the .
* corresponding mean is greater than a conservative (50%) estimate of chance
performance p<.05. -
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preference vfor their 15:30 levers clearly did not differ in the two types of probes sessions, (¢ (3) =
.7, p<.88).
Discussion
During both types of probe .sés'sions at 19:00 the rats expected that food would be
available at their 15:30 levers. Clearly receiving a 15:30 session was not sufficient for the .rats to
reset their daily fouies. This suggests that the daily reset mechanism that I detected in
Experiments 2 and 4a-c wés a necessary cbmponent of the rats’ daily roﬁte strategy.
" Although the rats clearly preferred their 15:30 levers at 19:00, their overall MP15:30 -
scores during both type of 19:00 probe sessions were slightly lower than their overall MP15:30 |
score during baseline 15:30 sessions. As the 19:00 probe sessions occurred 3.5 hr later in the

day than 15:30 sessions, this reduction in the rats’ preference for their 15:30 levers at 19:00 may

_reflect the operation of the secondary timing mechanism that I detected in Experiments 2 and 3.




GENERAL DISCUSSION

This series of éxperifnents examined if, z;nd»how, rats‘tracl.c the location of a food soi;rce' |
as it varies in space over the course of é day. Food was available at one location during moming :
sessions (2 hr after iight onset‘),’ and at 2 second»ioéation during aﬁernoon sessioné (8 hr after
light onsét). The rats clearly léamed the location of food in botﬁ morning and afternoon |
sessions. Tﬁe rats primarily employéd a daily route strategy to track the location of food. This
sfrategy entailed lever pressing at one location during the first session of each day, and lever
pressing at a secoﬁd location during the second séssion of eacfl day. This strategy displayed the
following propenieé. Receiviqg a morning test éession, and not the passage. of time, was
ﬁecéssary and sufficient for the rats to expect food at their afternoon location during afternoon
sessions. However, the rats did not use afternoon sessions to res'etA their roﬁtes each day. Nbr
did they use the daily transitibﬁs of the Lb cycle to reset their routes each day. The rats’ daily
route may have been reset by some cqntéxtual cue other than the LD cycle. But as 1 outlined
" above, I suspect that this mechanism is ﬁnlikely. 'It is more likely that the rats reset their routes
when a food-entrained ci;cadiaﬁ phase-timer reached va set phaSe angle each day. A sphematic
representation of this 'm‘echanism is preseﬁted.in Figure 14

Ordinal Timing

I propose that the daily route employed by thése rats can be thought of as an egemplar of
ordinal tjming, or the knowledge of the order of a set of events within a given period of tirhe.
Admittedly, ordinal timing does not provide an animal with complex tenipor_al knowledge.
Hdwever, this ability does allovx; an animal to anticipate and exploit events whjcﬁ oécur reliably

in time. In this regard, ordinal timing is not different than phase or interval timihg as they all tell

an animal when something will occur. In other words interval, phase and ordinal timing Aall solvé




S -Figuré 14 :
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A)A Schematic 'ré‘pr‘e's’ent’étion of the o'r‘dinal' 'pinliné mechanism that rats |
employed to‘track the location of food in the present daily time-place task. By A" .

schematic ,repr'esent_ation of the sgcoridary,‘ food-entrained phase timer, the rats
used to track the location of food in the present daily time-place learning task. -
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thev same basic broblem. What doés differ across ordinal, phase, and interval timing is tlic
- richness, or complexity, of the representation of time that they each provide an animal. T have
found Gallistel’s (1990a;1990b) computational-representational approach very useful when |
characterizing these typesb of tinﬁng. Accordingly, wheﬁ Isaya cognitive system represents
temporal inforﬁlation, I mean that there is a formal correspondence betweén the operétioné of
the tinﬁng system and the tempqral prop/erties of the resource it vis tracking. Because of this
formal cor;esporidence between the operations of the représentiné and represented systems, or
Junctional isomorphism, an animal is able to perform combinatorial operations within each
timing system to generate the temporal information necessary for the animall to anticipate and
exploit femporally gradea resources. Furthermore, by determining the bco‘mbinator'ial operations
which may be validly employed within each system I can, (1) pharacteﬁzé the temporal
information provided by ordinal, phase, and interval timing, and (2) ascertain the relative
richness of the repres’éntation of time prqvided By. these three types of timing. -
Levels of Timing
The most impoverished representation of time is baptured-by the proposed ordiﬁai timing
system. With an ordinal timing system an animal can only learn th\e order of events within a
fixed period of ‘time. This period of time can range from a day, as in the present series of
experiments, to a few minutes, as in Terrace"s simultaneous chaining paradigm (Terrace, 1993). "
Within this timing system the only valid combinatorial opérations are equals (=), and earlier than
(<) or lat;r (&9 ‘than. Consequently, the ordinal timing system provides an éﬁimal with a

representation of time which is at the ordinal level of measurement (Stevens, 1951).

Circadian phase-timing provides an animal with a more complex representation of time

than an ordinal timer. With a circadian phase-timer an animal can learn the order of events
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within a fixed pefiod of time (the periodicity of the osciilatbf), ahd the.f)hase angle of events
from an arbitrary z.ero‘p\oin't of the oscillatof. An arbitrary zero-po‘iﬁt is necessary as a circadian
phaée-timér dée_s not have a trueA Zero point. COhgequentially, equal differences betvs}eén the
- phase angles of events corr‘e’spohd to équal differences between their time;of-occurfeﬁcé.
However, it is impossible to use phase information to determine that sbme' eVént i.svson.le‘
propo;'tion. later or earlier in time thaﬁ anéther évenvt, For example‘,. consider tlllréAe"e’;/e"rvlts A B,
and C, which oc‘cdfat phase ahgieé of 60°, ‘120°,!'a'h‘d‘ '18(‘)0 re.spe‘ctively.from somebarbit:ra__fy' pdiﬁt
' inan oscillgtor.l .With this info;;natipn I know thét the émount of tirrie,_Bétwéen:A and B is équai
to the amount of time betWeeﬁ B-and C. ;Howgvelvr,..a‘_s the, phése angles pf A, B and Cvuar'e ‘based‘:
on an arbitrafy zéro i)oint; is .impos'siblé’tc_) say that event C occurs three tiihgs léi.er in iime than |
event A. Because éf these properties, equals (=), eariief than (‘<) and late.r'ihjaﬁ (>), and addition
(+) and sﬁbtraction (-), are .él‘l valid combinatorial operations within this timihé sj;stém.
Consequentially,‘ circaidién phage-tinﬁng provides an animal with a representat'ion‘ of t'irh_eﬂ which |
is at the interval level of measurement (.Stevéns, 1951).

An interval ﬁmér p;bﬂ/idgs‘an ahi;nal with the most complex representétip_n éf time. With
an interval timer an anirrialicﬂzan the time of égcurréﬁce of aﬁ event fronllfan); .deﬁn'ed point ti.n
* time. Timing from.’értly pcl)int‘ in ‘tim;e:;i‘s« posSib_lé with an interval timer as it'ha; a »tfue zero point.'v
Within tﬁis timing sjrsféfn éqﬁéls'@j, earlier than (<) and later than (>), addition'(i‘ ) and
subtraction (;), and muiﬁplication (x) and diQision (/) are all validAc.omb-in‘cllt;)r‘ial opéraﬁéns.
Intefval timing is therefOre at the ratio level of measurement (Stevéns_, 1951).

Furthermoré, I suggest t.h'a't.rwhen an animal encounters a femporally gfaded biologically .
important event, it anticipates and exploits the’ resource using the t’imin’g system (ér set of

systems) best suited to representing, and therefore predicting, the event. For example, if the
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occurrence of an event is best predicted by the amount of time that has passed since another
event, an animal will use‘e.m interval timer to anticipéte and exploit the event. If the occurrence
of an event is best predicted by the time-of-day at which it'oqcurs', an animal will use a circadian |
phase tirﬁer to énticipa_te and exploit the eveﬁt. And ﬁnally; if the occurrence of an event is best
predicted by its ordiﬁal position in a recurring sequence of events', an animal will use an ordinal
timer to anticipafe and exploit the event. Finally, in situations where tv‘vo or mére tirriing
systems (or sets of systems) are equally predictive, the least computationally comblex timing
system gains primary i)ehavioral control.

How does this model account for the present data and the previous work on daily time-
place learning in rodents andv birds? Préviou§ investigaﬁons of daily time-place learning with
- garden warblers and pigeons found ;(hat these birds used a phasé timer to track the location of
food in é daily time-place task (Biebach & Krebs, 1989, Saksida & Wiikie, 1994). There iis also
s'.ome evidence that rodents also use a p'he;se tirﬂer in daily time-place learning tasks (Boulos &
\ _

Logothetis, 1990; Daan et al. 1994; Mistleberger, 1994). However, I found that rats used a
| daily route, and not a phase timer, in é daily time-place task. This diﬂ'erence is ﬁnlikely solely
due to task differences as the design employed in this study is almost identical to that employed
by S.aksida and Wilkie (1994). It is.certainly possible that rats.used a daily roﬁfe in the present
study out of necessity as fhey do not posses tﬁe robust circadian phasé-tirhing ability
demonstrated by birds. However, I_believé the more likely, and intriguing; explanation is_ that

rats are capable of phase t'iming but they used a ordinal timer in the present task as it is

specifically designed to abstract the order of events within a period of time -- the essential

terriporal characteristic of food availability in the present time-place learning task.
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' To test whether rats are capable of ns'ing a phase timer to track a spatiotemporal
regularity, I are currently examining how rats aoquire 2 modified daily time;place task.i _In the
new task, rats receive three types of training days; morning session only days,‘ afternoon session
only days, and morning and aﬁemoon'seSSion (iays. This task is not solvable with an ordinal
timér (e.g., daily route) but it is solvable with a phase or interval timer. ’i‘herefore, if the rats ‘»
learn to anticipate the location of food in moming and oftemoon sessions, and if their time-place
behaviour displays the properties of a ohase timer (i.e., sélf-sustaining, and phaoe shifts in
lresponse to Zeitgeber shifts), I will know that rats do posses a phase timing system which they
cim use to anticipéte daily spatiotemporal regularities in food availability.
| Other work in this lab supports my suggestion that when tracking a resource over time,
animals use the timing system thatrbest abstracts the temporal nature of the resonroe. This work
used the periodic time-})lace learning tqsk. In this task a subject receives test sessions in a 4
lever (or key) box at any tirne-of day. At the beginning of each session food is available at one -
location for a certain nenod of time. Food is then available at a second location for another
period of time and so on throughout the course of the test session. Typically.in these
/ é)iperiments each of the four levers (or keys) have produced food in succession. This time-place
‘ \ _
task is not best performed with a circadian phase timer as test sessions are short in longth and
occur at various times—of;the-day. Additionally, the use of only an ordinai timer (e.g., a fixed
routo) would not be the most efficient strategy in this time-place task as it would not allow an
animal to anticipate the transition points when food moves from one location to another.

Clearly, the periodic time-place learning task is best solved with an interval timer.

I have examined periodic time-place learning in pigeons and rats in sessions ranging in

length from a few seconds to 60 min (Wilkie et al. 1994; Carr & Wilkie, in prep). Both pigeons
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and rats were able td track ;the location-olf. food throughout these test séssioris‘. Their behaviour |
- appeared to be controlled by an interval timer as they were able to anticipéte thé.tré_l'nsition
poiqts when food moved from one location to another. Additionally, the subjects were abie to

st/op and .restart timing (Wilkie ef al. 1994), and their timing pérformarice displayed the scalar
property across sessions of diﬂ‘erént lengths (Carr & Wilkj'e, in prep). Togetﬁer, Zthese' results -
strongly suggest -that rats aqd pigeons do use an intgwal timer to track the loc_at’ilo»n of food in
'thg periodic time-place taskt _Again, it appears that when animals are tracking. thé,locafibn of
.t“ood in spa_Ce over tiﬁié, they employ the timing system which provides them with’ the best -
‘ predictive ability. | | | |
lWhile the rats’ _time-place behaviouf in the present éxperiments was primarily controlled
by an ordinal timer, I found tﬁat a second timing system had partial behavioural cont.rél.. I
suggested that this system was a food-entrained phase timer... The concurrent use of -rnng)re than
] oﬁe timing system i's alsQ consistent with my @ultiple t’ir'ning system model. .In the present task,
- the location of food could be ﬁredicted by the ordihﬁl,_ phase, and interval ti;hirig systems. '»
| However, ‘the rats primarily used the orciirial systerﬁ és'it was the best bredictor of the locatiOn.
of fbéd. The other timing syé_tems wére also vab-l_e track ltllle lséation of foo&, .bu\'t aé thei'r;‘
- p;edictive ability wés rélafively 10wer; their _beha\./iour’al control was correspondingly weak'..‘

As I outlined above, 'previous Work with pigeoﬁs (Saksida & Wilkie, , 1.994) and gérdeh
warblers (Krebs & Biebach, 1989) suggested that these birds primarily used a phase timer to
track the location of food in a daily time-place-task. However, both pigeons and garden
warblers béhaved like their time-place behaviour was partially controlled by a daily-route
strategy. .For example, when the piéeons did_lnot'r_eceive their morning session, they dispiayed

an increased tendency to peck theif morning keys during the afternoon sessions which followed
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‘ a skipped morning session (mean increase =25%, range 16% to 41% increase). This suggests
that the pigeons were partially controlled by a daily route strategy similar to the strategy
primarlly employe_d‘by the rats in the present study. The garden warblers displayed a similar o
. effect. In one experiment the warblers were preyented from entering any'rooms dnring the first .‘
3 hr period of a day. Dur1ng this penod the first room in their daily sequence usually prov1ded
‘ food After the locked period, all the rooms were unlocked and the warblers could then receive
food in any room. At this time-of—day food was normally only available in the second room yet |
ﬁve of -the nine birds clearly preferred 'the first room. This results suggests that the warblers’
time-place behavlour was alsopartially controlled by a daily route. Consequentially I are left
with the impression.that behavioural control by more than one timing system is the‘norm rather ,
than the exception. - |
Among others" Sutherland and Dyck"(l984) have proposed that rats posses multiple
spatlal nav1gat10n ‘mechanisms. These include praxis (response based) tax1s (local cue based)
and map based spat1a1 navigation mechamsms They also suggested that when faced w1th a
- spatial problem, rats use the spat1al strategy whrch best ﬁts the characteristics of the problem,;
when a task can only be solved usmg a praxis strategy that is the strategy rats adopt, whereas if -
the task can only be solved using a mappmg strategy, that is the strategy rats adopt |
Addltronally, the representatron of space employed in the spat1al Strategres descnbed by
Sutherland and Dyck range from'minimal (in the praxis strategy) to very comple)r (in the‘_map
"strategy).“ . |
The correspondence between my worlt in the temporal doma‘in‘ and Sutherland and
Dy'ck’s 'work in the spatial .domain is striking and unlikely coincidental. It"appears that. spatial

and temporal cognition in animals are not the products of a single general process mechanism,
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nor are they the product of general process spatial and temporal mechanisms. Instead, animals
posses a battery of different problem solving mechanisms within the temporal and spatial

domains. - All the mechanisms within" each domain perform a similar function (e.g., they allow an

-animal to anticipate a temporal regularity or to navigaté in space), but each mechanism is

adapted to solve a particular fype of problem. For exarhple, interval timers are designed .to time:
the _amouht of time between events, whereas ordinal timgrs are designed to abstract the order of
events within a period of timé.’ - Perhaps these dedicated mechanisms are the products of
énvirdhmehtai selection. pressﬁres 6n 'an:i_mais to §olvé é variety of speéiﬁc broblems over the

course of evolution (Cosmides & Tooby, 1994). Consistent with this analysis, Sherry and

~ Schacter (1987) have suggesfecf that I should expeét animals to pdsses multiple dedicated

systems within each general problem domain as a singlé system which solves one problem well

is, because of its’ specialized nature, poorly suited to solving different types of problems.
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