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Time-Place Learning 
 

Time–place learning (TPL) refers to the ability to secure resources when they are 

available under specific temporal and spatial contingencies (Crystal 2009). Many 

environmental aspects show circadian variation. Predators often establish hunting 

routes and many resources, like food and mates only become available on certain 

times of the day (Daan and Koene 1981; Rijnsdorp et al. 1981; Silver and Bittman 

1984). This given, TPL is believed to be functional in optimizing resource 

localization and exploitation as well as predator avoidance in the circadian 

environment, decreasing energy expenditure and increasing survival chances. 

Although this is mainly a hypothetical explanation as to why animals possess TPL 

ability, an evolutionary relevance is strengthened by the fact that TPL has been 

shown in many species including bees (Gould 1987), ants (Harrison and Breed 

1987), fish (Reebs 1996), birds (Krebs and Biebach 1989), rats (Boulos and 

Logothetis 1990) and recently mice (Van der Zee et al. 2008). 

Evidence suggests that TPL can depend on the circadian system. This circadian TPL 

suggests an unexplored link between the circadian system and associative 

memory.  

 

The notion that time of day can be relevant in cognitive functions arose long 

before the concept of circadian clock systems was established. Beling published 

her first study on “Zeitgedachtnis”, time memory, studying sun compass 

orientation in honey bees (Beling 1929). In 1950, Kramer did rather similar 

experiments in starlings. He showed that these birds also use an internal time of 

day mechanism to select the appropriate orientation relative to the position of an 

artificial sun (Kramer 1950). These findings, of a functional internal timing in 

vertebrates, helped in the breakthrough of biological clock concepts (Aschoff 

1954; Pittendrigh et al. 1958). Since then we gained much insight into the 

physiology and molecular determinants of the circadian system itself and on the 

manifold behavioral and physiological processes under circadian control. 

 

In mammals, a central nervous system based pacemaker, located in the 

suprachiasmatic nuclei (SCN), tracks light and dark information and is connected 
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 1 with many peripheral, organ based oscillators (Dibner et al. 2010). On a cellular 

level, circadian rhythms are predominantly controlled by clock genes and their 

protein products, which are expressed in virtually all cells in the body. In short, 

CLOCK (Circadian Locomotor Output Cycles Kaput) and BMAL1 (Brain and Muscle 

ARNT-like protein 1) form a heterodimeric complex which acts as a transcription 

activator for PER (Period) and CRY (Cryptochrome) proteins. PER and CRY dimerize 

and translocate back into the nucleus to inhibit the CLOCK-BMAL1 transcription 

factor, forming a closed transcriptional-translational feedback loop (Ko & 

Takahashi, 2006). 

In external 24h light-dark (LD) cycles the circadian system results in entrained 

daily rhythms in the body. In constant external conditions, these rhythms show a 

free running pattern of about 24h (circadian). The circadian sleep-wake cycle, 

regulation of hormonal, body temperature and feeding rhythms are well-known 

examples. General cognitive- and memory performances have also been shown to 

vary over the circadian cycle (for review see Carrier and Monk 2000). In line with 

this, disruption of circadian rhythms due to age, shift work and shifts of the LD 

cycle (jet lag) have been associated with impairments of cognitive function 

(Antoniadis et al. 2000; Biemans et al., 2003; Cain et al. 2004b; Craig and 

McDonald 2008; Devan et al. 2001; Fekete et al. 1985; Folkard et al. 1985a,b). 

 

Besides governing innate rhythms in physiology and behavior, it is believed that 

circadian oscillators can provide phase information to brain systems involved in 

cognition, like memory, which allows time to be used in adaptive mechanisms 

(Enright 1970; Enright 1975; Gallistel 1990; Mistlberger et al. 1996). It is believed 

that time of day information derived from an internal oscillator can be ‘stamped’ 

in memory as a contextual feature to form associations with other contextual 

features and to be used in decision making processes. Such a mechanism can only 

function when a clock can be consulted continuously to record time-stamps, and 

to check whether coded time-stamps match the actual time of the day. This 

‘continues consulted clock’ function is thought to underlie cTPL as well as the 

adaptive time of day compensation in sun compass navigation demonstrated in 

several insect and bird species (Budzynski et al. 2000; Frisch 1950; Hoffmann 

1960; Keeton 1974; Kramer 1950; Merlin et al. 2009). 
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Terminology 

In order to avoid confusion, it is necessary to explain/define some terminology 

regarding TPL. TPL is also referred to in the literature as time-place discrimination 

or time-place association. Two types of TPL paradigms can be found in the 

literature: Interval- and daily TPL paradigms. Interval TPL paradigms are 

specifically designed to study interval timing (the ability to keep track of elapsed 

time). In such paradigms, animals typically receive a single test session each day 

(with multiple trials/location switches), and these sessions can occur at varying 

times of the day. For example, animals can learn to anticipate the switch when 

first food is provided only at location ‘A’, while after ‘X’ amount of time food is 

provided only at location ‘B’. Rats can learn an interval time-place task with at 

least four different feeding locations and with unequal intervals between 

rewarding locations (Thorpe and Wilkie 2002). In daily TPL paradigms, typically the 

location of a resource depends on the time of day, and animals are trained over 

multiple days with multiple sessions per day on fixed time-points, so that they 

learn to visit or avoid specific locations on specific times of the day. 

In this thesis we focus on daily TPL. Thus when we refer to TPL, more specifically 

we refer to daily TPL. In the literature, daily TPL is sometimes referred to as 

circadian TPL, however, when we refer to circadian TPL (cTPL), we refer to daily 

TPL with the use of a circadian strategy. This distinction is necessary because 

animals may use multiple strategies to solve a TPL paradigm, as will be explained 

in the next paragraph. 

 

Multiple strategies for TPL 

We mentioned that TPL can depend on the circadian system (in this case we refer 

to cTPL). This is only true if animals use a so called circadian strategy to master the 

paradigm. Alternatively, three non-circadian TPL strategies have been identified 

(Carr and Wilkie 1997). These strategies will be explained here along with 

methods to identify these non-circadian strategies. 

First, animals may use the so called contextual cue strategy. This is a non-timing 

strategy by which animals simply learn to visit or avoid location A in the presence 

of one (set of-) contextual cue(s), while they learn to visit/avoid location B in the 

presence of another (set of-) contextual cue(s). To exclude the possibility for 

animals to use this strategy, any discriminating contextual cues (differences 

between sessions) should be excluded by a proper research setup and practice. 
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 1 Second, animals may use an ordinal strategy. In this case animals remember the 

sequence of (daily) events, e.g. first visit location A, then B. This strategy is also 

referred to as an alternation strategy and can also be viewed as the establishment 

of a (daily) route. Two variants of the ordinal strategy are identified: A timing- and 

a non-timing variant. In case of the timing variant, the sequence is reset daily, 

while this is not the case in the non-timing variant. The use of an ordinal strategy 

can be identified by skipping sessions. Note however that skipping the last session 

of a day will not identify an ordinal strategy when the timing variant is utilized. 

Animals will show normal location visits in the first session of the next day 

because the sequence has been reset. Thus, to identify the use of an ordinal 

strategy, without further distinction between the two variants, the first session(s) 

of a day need to be skipped. Instead of visiting the second session location, 

animals will visit the wrong (skipped) first session location in case an ordinal 

strategy is used. 

Third, animals may use an interval timing strategy. In this case specific delay 

periods relative to one or more external cues are encoded as discriminating cues 

to know which locations to visit or avoid. For instance, animals may learn that 

short (or concrete after X amount of time) after lights-on, they should visit 

location A, while longer after lights on (or concrete after Y amount of time) they 

should visit location B. Because external cues can start/stop/reset timing, interval 

timing is also referred to as a stopwatch like mechanism. Interval timing is 

thought to be utilized to track intervals in a second-to-minutes range (Buhusi and 

Meck 2005; Crystal 2009; Wilkie 1995), but some studies have suggested that 

intervals of several hours can be tracked (Pizzo and Crystal 2006). According to the 

classical pacemaker accumulator theory, the circadian system may be implicated 

in interval timing as well. However, recent advances have challenged this view 

(Buhusi and Meck 2005; Staddon and Higa 1999; Wearden 2004; Yin and Troger 

2011). Interval timing has been shown to be independent of the SCN and Cry1,2 

clock genes (Lewis et al. 2003; Papachristos et al. 2011) and thus seems to be 

independent of the circadian system. To rule out the possibility that animals use 

this strategy for TPL, any distinctive external cues should be ruled out from 

experimentation, for instance by testing under constant light conditions to 

eliminate light-dark transitions. Previous test sessions may also start/stop/reset 

interval timing (intersession interval timing). Similar to the ordinal strategy, this 

possibility can easily be ruled out by performing session skips. 



Chapter 1  

14 

 

Only when the above non-circadian strategies have been experimentally ruled 

out, one can conclude that animals must use a circadian timing strategy. In this 

case TPL is based on an internal clock, independent of external cues. The 

endogenous nature of cTPL can further be shown by identifying known oscillator 

characteristics, like persistence in constant conditions, and known limitations 

imposed by the circadian system (Crystal 2009). 

 

Time memory: Circadian retention paradigms vs. cTPL paradigms 

Evidence that animals remember time of day is provided by behavioral paradigms 

that involve a training (stimulus encounter) followed by a retention test. In such 

experiments, animals show optimal retention when training and testing times 

match, indicating memory for the time of training. A basis for this knowledge was 

provided by Kamin who reported retention in a passive avoidance paradigm to be 

minimal one hour after training compared to the retention after 24 hours, or even 

19 days after training (Kamin 1957). Why retention would be enhanced after a 

long interval compared to after a short interval was difficult to explain and the 

phenomenon, still known as the Kamin effect, has long been misinterpreted as a 

weak transition point in the processing of short-term memory into long-term 

memory. 

In 1973, Holloway and Wansley discovered that the Kamin effect was actually the 

result of a circadian periodicity in memory retention. They showed that, 

independent of the time of day at which training occurs, retention is always 

optimal 24 hours later, or multiples thereof (Holloway and Wansley 1973b; 

Holloway and Wansley 1973a; Wansley and Holloway 1976). Next to passive 

avoidance, such periodic retention effects were also shown for active avoidance 

(Holloway and Wansley 1973b; Cain et al. 2008), appetitive motivated learning 

(Wansley and Holloway 1975), fear conditioning (Chaudhury and Colwell 2002), 

conditioned place preference (Ralph et al. 2002; Valentinuzzi et al. 2008), and 

conditioned place avoidance (Cain et al. 2004a). However, it should be noted that 

not all mammals show this pattern (Oklejewicz et al. 2001). 

Note that the retention paradigms described above do not require animals to 

remember the time of training. Apparently animals remember time of day 

automatically. Therefore, Gallistel proposed that animals automatically encode 

time, together with place and the nature of biological significant events (Gallistel 
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 1 1990). Although periodic retention deficits suggest time-memory, they do not 

necessarily implicate that animals learn an association between a stimulus and 

circadian phase. An alternative interpretation is that behavioral output (e.g. 

freezing) has been entrained by the stimulus pulse in the same way circadian 

rhythms can be entrained by other time-cues (zeitgebers), such as LD transitions. 

However, when an animal is trained to go to different places at different times of 

day, as in TPL paradigms, more than entrainment of an oscillator must be 

involved: an association between time and place must have been learned 

(Biebach 1989). In cTPL paradigms, memory of time is displayed directly by active 

choices. Animals are stimulated to remember the time because time discriminates 

between correct and incorrect choices. The correctness of a choice depends on 

correct memory and retention of time, based on previous encounters.  

 

In summary, animals may use different strategies for TPL. The use of a circadian 

strategy is of special interest. cTPL presumes that an internal clock, and time 

derived from it, can be used by higher cognitive brain systems in adaptive 

experience based behavior. Correct location choices in cTPL implicate knowledge 

of current time of day (internal clock consultation), training times being stored as 

a contextual cue in memory (time-stamping, time-memory) and an association of 

these contextual time-points with spatial features and the nature of the event to 

guide behavior. These features make cTPL a unique circadian system dependent 

learning and memory ability. However, much remains to be discovered regarding 

the origin of the underlying circadian clock mechanism and its connection with the 

memory system. cTPL provides the means to investigate this connection. This will 

be the focus of the final section of this chapter. 

 
 

Putative mechanism underlying cTPL 
 

The internal circadian process underlying cTPL currently remains elusive. The SCN 

(central pacemaker) would be a first educated guess. Via neuropeptidergic, 

nonsynaptic pathways the SCN is connected to brain regions involved in learning 

and memory (Van der Zee et al. 2009 and references therein). One of the major 

output systems of the SCN is the neuropeptidergic Vasopressin (AVP) system. AVP 

released in the third ventricle reaches numerous brain regions involved in learning 
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and memory, including the hippocampus. AVP receptors are expressed in the 

hippocampus, and AVP is able to induce LTP in various subregions of the 

hippocampus (Dubrovsky et al. 2003). The AVP neurons of the SCN and the 

formation of time memory are regulated by cholinergic input (Hut and Van der 

Zee 2011), by which the SCN may provide a time cue to support the formation of 

time-place associations in the hippocampus. Both the AVP system (Van der Zee et 

al. 1999) and cholinergic signaling in the SCN (Van der Zee et al. 1991) are 

strikingly age-sensitive. Aged rats show age-specific alteration in the AVP and 

cholinoceptive systems in the SCN (Biemans et al. 2003), predicting age-related 

impairments in cTPL performance. Taken together, the SCN seems a good 

candidate as the circadian clock underlying cTPL. 

 

An alternative candidate for circadian regulation of TPL is the FEO (Stephan 2002). 

Despite many lesion studies this oscillator has not yet been fully localized 

(Davidson 2006). Currently the FEO is thought to be comprised of a network of 

interconnected brain structures (Carneiro and Araujo 2009). cTPL has also been 

shown in experiments that did not involve food (Widman et al. 2004), arguing 

against the FEO as the timing mechanism behind cTPL. Another identified 

oscillator is the methamphetamine sensitive circadian oscillator (MASCO) 

(Hiroshige et al. 2009), but it has been hypothesized that both the FEO and the 

MASCO may be a manifestation of the same oscillator induced by arousal (Cain 

and Ralph 2009). Together, these known oscillators may drive the circadian 

expression of many potential time cues for cTPL. 

Several criteria may narrow the search: 1. Potential candidate time cues should 

obey the characteristic of being expressed in a circadian pattern. 2. As the 

hippocampus is the key region for learning and spatial memory, the cue should be 

able to reach the hippocampus through either synaptic or hormonal routes. 3. In 

turn the hippocampus should be receptive for the time cue. Given these criteria, 

next to the already discussed SCN derived AVP, potential candidates may be 

hormones like leptin, ghrehlin, corticosteron, glucagon and insulin (Carneiro and 

Araujo 2009; Lukoyanov et al. 2002), or neurotransmitters like dopamine 

(Aragona et al. 2002). In addition, non-hormonal metabolic signals, like free fatty 

acids, ketone bodies and glucose could function as a food driven hourglass timer, 

for instance, through depletion of glycogen stores or through SIRT1, an NAD(+)-

dependent deacetylase which is known to modulate CLOCK-BMAL1 activity (Asher 
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 1 et al. 2008). In addition, multiple time signals and underlying oscillators and/or 

metabolic hourglass mechanisms may influence subjective timing, as for instance 

seen in the regulation of sleep (Daan et al. 1984). 

 

Recent studies have shown that the hippocampus harbors its own clockwork. 

Clock genes are expressed in most regions of the hippocampus (CA1, CA3, DG) and 

peak expression of some clock genes seems to coincide with times at which 

memory is consolidated (Feillet et al. 2008; Jilg et al. 2010). Moreover, memory 

deficits have been shown in clock gene knockout animals (Feillet et al. 2008; Jilg et 

al. 2010; Lyons et al. 2006; Sakai et al. 2004). Recently, memory formation and 

consolidation were shown to depend on the circadian reactivation of the 

cAMP/MAPK/CREB pathway in hippocampal neurons (Eckel-Mahan et al. 2008). 

Although the circadian expression of clock genes (Per2) has been shown in 

isolated hippocampal slices (Wang et al. 2009), MAPK cycling seems to be driven 

by the SCN (Phan et al. 2011). In the SCN, activation of the MAPK pathway is light 

responsive (Butcher et al. 2002; Obrietan et al. 1998). It has been hypothesized 

that training might function similarly in hippocampal neurons as light activation 

and clock resetting functions in SCN neurons; inducing a unique, temporally 

specific molecular profile in memory-specific neuronal ensembles (Gerstner et al. 

2009). Indeed, BMAL1 is negatively regulated by MAPK (Sanada et al. 2002), 

providing a molecular clock resetting mechanism by training. Interestingly, next to 

‘place’ cells in the hippocampal CA1 and CA3 region, ‘time’ cells have recently 

been identified and shown to track the elapsing of an interval (Macdonald et al. 

2011; Shapiro 2011). It is likely that this hippocampal clock may not only be 

entrained by training (event encounters), but is also modulated by internal cues 

like SCN and FEO outputs, thus integrating multiple time-signals. 

 

Taken together, the SCN (LEO), the FEO, and the hippocampus, as well as 

rhythmically expressed hormones like corticosterone are major candidates to be 

involved in cTPL. Therefore the studies described in this thesis have focused on 

these candidates and the results may provide a first step to clarify the 

neurobiological mechanisms underlying cTPL. 
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Outline of the thesis 

 

Chapter 2 adds to this first introductory chapter, as both chapters were part of a 

single published review. Chapter 2 provides a more in-depth literature overview 

describing the long road towards a functional laboratory TPL paradigm for mice 

and the first results using this setup on an earlier investigation of Cry1 and Cry2 

clock gene deficient mice. The finding that cTPL depends on Cry1 and/or Cry2 

clock genes led to the question whether cTPL specifically depends on Cry genes, or 

on other clock genes as well. In Chapter 3, we therefore studied TPL in Per1 and 

Per2 double mutant mice. 

The circadian system as a whole is known to be particularly sensitive to time-cues 

of light and time-restricted food availability. There is considerable evidence 

suggesting that these different zeitgebers entrain dissociable circadian systems. 

Therefore, in chapter 4 we studied the sensitivity of cTPL to timing manipulations 

with light as well as food. Furthermore, in our search to locate the main internal 

clock used in cTPL, we investigated the role of two major clocks, namely the SCN 

master pacemaker in the brain, and the peripheral adrenal clock. We lesioned the 

SCN and removed the adrenals to investigate their requirement for cTPL in mice. 

Since both hippocampal dependent associative (what-where-when) memory, as 

well as circadian rhythms show a markedly decline with age, cTPL is predicted to 

be particularly age-sensitive. TPL may therefore be a suitable model for aging and 

neurodegenerative disease. In chapter 5, we investigated TPL for the first time in 

the context of aging, using a longitudinal setup.  

Finding the neurobiological correlates of cTPL will shed light on the underlying 

mechanism. In chapter 6 we investigate the SCN, hippocampus, cortex, and the 

paraventricular thalamic nucleus for potential markers involved in cTPL, by 

comparing TPL trained mice (sacrificed at a TPL test-session time-point) with 

home cage control mice. Finally, in chapter 7 we discuss the main results and 

conclusions in relation to each other and in the framework of existing literature. 

Based on what we have learned so far, we suggest targets for future studies to 

further unravel the mechanisms behind cTPL. 

 

The reference list of this chapter is grouped with the references list of the next 

chapter and can thus be found at the end of chapter 2. 
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The road towards a novel TPL paradigm for mice: a literature 

overview 
 

From insects to birds to mammals 

The first Time-Place Learning (TPL) experiments were conducted studying 

honeybees. It was found that honeybees can be trained to collect food at any time 

of the day (Wahl 1932), at multiple times (Koltermann 1974), and at different 

places at different times (Finke 1958). This plasticity implies that honeybees have 

a circadian oscillator at their disposal that allows for a continuous monitoring of 

the passage of time (Pittendrigh et al. 1958). Indeed, foraging behavior in bees 

was found to show underlying oscillator characteristics, like phase shifts, 

entrainment and limits of entrainment (Beier 1968; Renner 1959; Frisch and 

Aschoff 1987). Moore et al. showed evidence for cTPL in honeybees under 

laboratory conditions, thereby excluding a number of potential environmental 

cues which may have allowed for a contextual cue strategy (see chapter 1), like 

circadian temperature-, humidity-, and light intensity fluctuations and position of 

the sun (Moore et al. 1989). But TPL in single, individually kept bees was never 

shown and also the use of ordinal- or interval timing strategies has never been 

ruled out in order to conclude cTPL (i.e. TPL based on an internal clock). 

 

Convincing evidence for cTPL came from experiments in birds. Field studies had 

already demonstrated anticipatory behavior regarding feeding schedules in 

kestrels (Falco tinnunculus). Individual kestrels showed an increased probability to 

hunt in the same area 24 hours after having caught prey (Rijnsdorp et al. 1981; 

Wilkie et al. 1996). In a laboratory setting, Biebach and coworkers individually 

kept garden warblers (Sylvia borin) in a cage with four connected feeding rooms. 

The 12h light phase was divided into four three-hour episodes in which entry to 

one of the feeding rooms was rewarded by food. Following an entry, all rooms 

were closed for five minutes, trapping the birds in the chosen location. This served 

as a punishment for wrong, non-rewarding location choices. Within ten days, the 

garden warblers made about 75% correct (rewarding) choices. This pattern 

persisted when all rooms were rewarded and kept open, indicating time-place 

associated memory (Biebach 1989). Conclusive evidence for cTPL was provided by 

Wenger and coworkers using starlings in a similar setup. In constant light 
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 2 

conditions, the learned time and place associated feeding pattern was shown to 

free-run for almost a week, showing an important underlying oscillator property 

(Wenger et al. 1991). 

Since Garden Warblers and starlings are both insectivorous birds, it was 

questioned whether the cTPL shown in these birds is specific for species that 

depend on a food source that shows daily fluctuations in availability. To test this 

idea, Falk investigated TPL in two related weaver bird species: an insectivore 

(Ploceus bicolor) and a granivore or seed-eater (Euplectes hordeaceus). Although 

the granivorous birds learned faster, they showed disrupted performance both 

after a session skip (all doors kept closed) and after a 6h LD advance, suggesting 

that these birds used a non-circadian TPL strategy. In contrast, location visiting 

patterns of the insectivorous birds were unaffected by the session skip. After the 

6h LD advance these birds showed a phase advance in their feeding pattern that 

was less than six hours, consistent with expectations based on an underlying 

circadian oscillator. In conclusion, these results suggest that not all species may 

have evolved cTPL ability. 

 

TPL in mammals 

TPL in mammals was first demonstrated using Long Evans rats, showing that rats 

can anticipate food at the correct location when it is made available at two 

different locations depending on the time of day (Boulos and Logothetis 1990). It 

was known that SCN lesions, known to abolish LD entrainment and free-running 

circadian rhythms, did not interfere with food anticipatory rhythms or with the 

persistence of food anticipation during food deprivation (for review, see Boulos 

and Terman 1980). Therefore TPL was also investigated in SCN lesioned rats. 

These rats were able to master the task and this provided first evidence that TPL, 

like food anticipation, may be independent of the SCN (Boulos and Logothetis 

1990). Although the used strategy was not investigated, these findings were later 

confirmed by Mistlberger using male Wistar rats in a T-maze that were food 

deprived to 85-90% of ad libitum feeding weight. SCN intact- and SCN lesioned 

animals performed equally well. Moreover, session skips and an LD shift (day-

night inversion) indicated that both groups used a circadian strategy. The authors 

suggested that an alternative internal oscillator, presumably a food entrainable 

oscillator (FEO), was used as a time source (Mistlberger et al. 1996). 
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Others had difficulties to show cTPL in rats. Carr and coworkers repeatedly found 

that Long Evans rats used an ordinal timing strategy, even when they tried to 

make an ordinal strategy unreliable by structural random session skips. They 

hypothesized that animals tested in a two sessions and two locations TPL setup 

may be more prone to adapt an ordinal strategy, because than animals can simply 

alternate between locations (or learn to avoid always the previous rewarding 

location). Nonetheless, Long Evans rats also showed ordinal TPL in a three 

sessions and three locations TPL setup (Carr and Wilkie 1997; Carr and Wilkie 

1999; Carr et al. 1999). Thorpe and coworkers also reported ordinal timing in this 

strain (Thorpe et al. 2003). Surprisingly, in multiple paradigms, Long Evans rats 

have also been reported not to show circadian retention deficits (Cain et al. 

2004c; McDonald et al. 2002), indicating that this may be a strain specific deficit 

for time memory. On the other hand, Pizzo and coworkers found that Long Evans 

rats used primarily an interval timing strategy, but with evidence for a partial 

circadian strategy (Pizzo and Crystal 2002). This indicates that these rats may not 

be unable to use a circadian strategy, but may less readily- or have more difficulty 

to do so. 

 

Decisive factors for TPL 

Lukoyanov and coworkers underlined the role of food deprivation in TPL. They 

investigated whether Wistar rats could show TPL in a non-food reinforced time-

place task. They used a Morris water maze in which the platform changed location 

between morning and afternoon sessions. Surprisingly, rats only learned the task 

when they were food deprived, receiving 60% of the daily ad libitum food 

consumption. Ad libitum fed animals and animals that were only food deprived to 

receive 90% of daily ad libitum food consumption did not perform above chance 

level. Although the use of an ordinal- or interval timing strategy was not excluded 

experimentally, the authors suggested that food deprivation enables access to the 

necessary temporal information from the FEO (Lukoyanov et al. 2002). 

Widman and colleagues broadened this view. They had shown earlier that an 

increased response cost can trigger TPL. Female Sprague Dawley rats showed TPL 

when they had to climb for food in a vertical maze, while rats tested in a 

horizontal maze did not. Moreover, the number of rats showing TPL increased as 

the height was increased (Widman et al. 2000). However, in this experiment the 

rats were still food deprived to 80% of ad libitum feeding weight. In a following 
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experiment, the group of Widman used ad libitum fed male Sprague Dawley rats 

in a Morris water maze. Again, without food deprivation or an increased response 

cost, the rats did not show TPL, replicating the earlier findings of Lukoyanov et al. 

(2002). A second group of rats was also tested under ad libitum feeding 

conditions, but this time the response cost was increased by adding a weight belt 

to the rats. Now the rats did show TPL. Although the authors did not exclude the 

possibility that animals used an ordinal or interval timing strategy to solve the 

task, the authors argument that activation of a food system (FEO) is not 

specifically necessary for TPL. The authors suggested that food deprivation also 

forms an increased response cost (relative effort). They hypothesized that either 

the FEO or the SCN can be used as a consulted clock for TPL, and that access to-, 

or activation of these systems is facilitated by an increased response cost 

(Widman et al. 2004). In line with this, Aragona and coworkers showed that TPL 

could be facilitated in a two sessions and two locations lever pressing study, 

simply by placing a water bottle in between the levers (Aragona et al. 2002). This 

may also be explained by the response cost hypothesis proposed by Widman et al. 

because animals now had to walk around the water bottle if they had initially 

chosen a wrong (non-rewarding) lever (location). 

Thus a high response cost seems to facilitate TPL, presumably because it 

stimulates animals to not make incorrect decisions. TPL has however also been 

demonstrated in experimental setups involving a low response cost and without 

food deprivation, using a palatable food resource (Means et al. 2000; Thorpe and 

Wilkie 2007). This suggests that a low response cost may be partly compensated 

by an increased reward value. From another perspective, increasing the reward 

value (by using a palatable food reward or more severe food deprivation) 

indirectly increases the response cost, because the satisfaction of a subjectively 

more intense craving is delayed when animals have initially chosen a non-

rewarding location and have to switch between locations. 

 

Gallistel stated that whenever an animal encounters a biological significant event, 

it automatically creates a tripartite memory code consisting of the nature of the 

event, when the event occurred and where the event occurred (Wilkie 1995; 

Gallistel 1990). The difficulties with demonstrating TPL in rats have raised doubts 

regarding this theory. A study by Thorpe et al. suggests that instead of 

automatically coding tripartite memory codes on the encounter of important 



Chapter 2  

24 

events, animals may automatically create bipartite memory codes, i.e. time-event 

(and event-place under some circumstances). Thorpe et al. hypothesize that these 

bipartite codes may later be transformed into tripartite memory codes, but only 

under high response cost conditions (Thorpe and Wilkie 2007). Indeed, rats 

readily show time of day discriminations using go/no-go designs in which the 

value of the reward differs between sessions, without a distinction between 

different locations (Means et al. 2000; Thorpe et al. 2003). In such designs, 

animals demonstrate time memory by showing a shorter reaction time at 

session(s) with a higher reward value. Because a distinction between locations is 

not necessary in such setups, only bipartite memory codes (time-event) are 

required, while (c)TPL theoretically requires tripartite memory codes (Thorpe and 

Wilkie 2007). Such what-where-when memories resemble the contents of human 

episodic memories, but may not so readily be formed in animals. 

 

Decisive factors for cTPL 

The distinction between TPL and cTPL is not always apparent in the literature, 

because the used strategy is not always investigated. Therefore, little is known on 

the decisive factors for the utilization of particular strategies. Differential 

conclusions on the used strategy for TPL within the same strain of specie, indicate 

that the adapted strategy may not only depend on the used organism or strain, as 

was concluded from a comparison between seed- and insect eating bird species 

(Falk 1992), but on other factors as well. For instance, while cTPL was shown in 

Wistar rats (Mistlberger et al. 1996), Pizzo et al. reported the utilization of an 

ordinal strategy by this strain. The authors argument that, although rats may have 

information on time of day available, they do not readily use this information 

when other strategies are available, and that, when only two locations and two 

times have to be distinguished, ordinal timing may be the easiest solution to 

adapt (Pizzo and Crystal 2004). However, Mistlberger et al. (1996) had showed 

cTPL using a two sessions and two locations setup, indicating that other 

operational factors must play a role in the adaptation to a specific TPL strategy. 

 

Theoretically, subjective reward- and response cost values may not only 

determine whether animals show TPL, but also influence the used strategy. When 

the stakes are high, memory should be optimal and fault proof. The circadian 

strategy is theoretically the most reliable strategy because it does not depend on 
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external cues which can be unreliable or remain unnoticed. For instance, with an 

ordinal strategy, a missed feeding opportunity (similar to a session skip) would 

result in visiting all following locations at the wrong time of day, which may result 

in less or no resource collection, increased energy expenditure and/or higher risk 

of encountering a predator. In expense, a circadian strategy, may be more costly 

on brain resources to create and/or maintain, and may therefore only be 

recruited when ‘the stakes’ are relatively high. As Falk already stated, perhaps the 

granivorous weaver birds, showing non-circadian TPL, learned faster because they 

learned less (Falk 1992). From another perspective, it makes sense that the brain 

does not recruit circadian timekeeping mechanisms for insignificant events. In 

addition, thresholds of subjective reward- and response cost values will likely 

differ between species and even individuals. This may account for some of the 

discrepancies found in the literature regarding whether animals showed TPL or 

not and regarding the used strategies. Thus, although speculative, higher reward- 

and response cost values may not only induce TPL (Widman et al. 2004) and the 

formation of tripartite memory codes (Thorpe and Wilkie 2007), but also the use 

of a circadian strategy (cTPL). 

 

Taken together, previous TPL studies have identified two critical factors to induce 

TPL: A reward to induce goal directed behavior and a response cost to stimulate 

animals to make correct choices. Both of these factors seem to add to the 

significance or motivational value for an animal to encode the time-place 

contingency, and to use a circadian strategy (cTPL). Recently, these principles 

have been implemented in a novel TPL paradigm for mice (Van der Zee et al. 

2008). This paradigm will be described in the following section along with the first 

obtained results using this setup. 
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A novel TPL paradigm for mice 
 

Despite the extended literature on TPL in rats, albeit with differential conclusions, 

the lack of studies in mice was surprising and perhaps partly based on the absence 

of a suitable paradigm. This inspired our group to design a novel TPL paradigm for 

mice. The rational was to induce a conflict between a positive reinforcer (food 

reward) and a negative reinforcer depending on the time of day. The latter was 

implemented by applying a mild foot shock through a grid located in front of the 

food reward (see figure 1A). Mice had to step on the grid to be able to acquire the 

food reward. To motivate the mice to search for food, they were food deprived to 

85% of their ad libitum body weight. As such, the paradigm emulates the natural 

situation in which hungry animals seek food while different feeding locations can 

be predictably safe or unsafe to visit depending on the time of day. We decided to 

use three times of day (sessions) in a three-arm maze. For example, a mouse was 

tested at 9:00, 12:00 and 15:00 o’clock. In each of the three daily test sessions, 

mice had to learn to avoid one of the three baited arms, i.e. the one in which they 

would receive the mild foot shock when trying to reach the food reward. For 

example, at 9:00 this was in the left arm, at 12:00 in the middle arm, and at 15:00 

in the right arm. A session was performed correctly if the arm with the foot shock 

was visited last or fully avoided after first having visited both correct locations. 

After habituation steps, wild-type C57Bl6 mice readily learned this task, reaching 

an average performance of approximately 80% correct choices in just five days 

(figure 1B). Moreover, session skips (to identify the use of an ordinal strategy) and 

testing under a constant light condition (to identify the use of an interval timing 

strategy) revealed that the animals were using a circadian strategy (Van der Zee et 

al. 2008). 

 

This was the first time cTPL was shown in mice, opening up new possibilities to 

examine the neuronal substrates underlying cTPL, as well as presumably involved 

clock genes. Various mice, knockout for specific clock genes, can now be tested 

behaviorally for the functional involvement of these genes in a time of day 

dependent memory test. In following section, we will review the first published 

results investigating Cry1 and Cry2 double knockout mice. 
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TPL in wild-type and Cry1,2 double knockout mice 

cTPL offers the possibility to study clock genes on a functional, behavioral level. 

We introduced clock gene deficient mice in the context of TPL, and showed that 

young Cry1-/-Cry2-/- (referred to as Cry1,2) double knockout male C57Bl6 mice 

were unable to master the paradigm (Van der Zee et al. 2008). Performance 

stayed around chance level (figure 1B). Wild-type mice included in this experiment 

(of same sex, age, and strain) successfully mastered the paradigm (figure 1B). 

Session skips under either LD or LL conditions did not affect performance of wild-

type mice, replicating the use of a circadian strategy in the used setup. 

 

 

 
Figure 1 Schematic drawing of the TPL maze. Food is placed behind a metal grid on which mice have to stand to 

reach it, providing the possibility to administer a mild footshock (A). Learning curves of wild-type and Cry1,2 

double knockout mice. Wild-type mice readily learn to avoid the “time-of-day dependent” negatively reinforced 

location. In contrast, Cry1,2 knockout mice cannot master the task and remain at the 33% chance level (B, 

adopted from van der Zee et. al., 2008). Symbols: green indicates a baited arm, and red indicates arm with 

footshock delivery. Note that the symbols represent one particular configuration of reward and penalty during 

one of the three daily training sessions. This configuration shifts predictably according to time of day of the 

training session. Days 1-13 show performance during habituation steps. Error bars and shaded areas indicate 

SEM. 

 

 

This finding, that cTPL is Cry dependent, confirmed the circadian nature of cTPL 

and the functional role of Cry genes in circadian rhythms. These results however 

raise a relevant question. Other studies have shown that animals can use 

alternative non-circadian strategies to solve a daily TPL task. Given that Cry1,2 

deficient mice have a distorted internal clock thus raises the question why these 

mice did not use a non-circadian strategy, like an ordinal- or interval timing 
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strategy, to master the paradigm. The possibility that these animals had a general 

learning deficit was ruled out by control experiments that showed intact spatial 

memory and association abilities (contextual fear conditioning and spatial learning 

in a Y-maze; Van der Zee et al. 2008). Clearly the used setup initially induces cTPL, 

as seen in wild-type mice. Nevertheless, feedback from the testing (repeated 

mistakes leading to foot-shocks) theoretically should have led Cry1,2 animals to 

abandon this unreliable strategy for one that produces better outcome. Several 

reasons may explain why this did not occur. First, animals may only abandon the 

circadian strategy if the internal circadian clock signal gets too weak, as with 

aging, but not when the memory system gets a clear (but distorted) signal as may 

be the case with young Cry1,2 knockout mice. Second, session skips may have led 

animals to mark the ordinal strategy as unreliable as well, resulting in sticking with 

the circadian strategy. Indeed sessions were already skipped during habituation 

and on the third day of actual testing. Third, total test duration may have been 

too short. If the testing would have continued for a longer time (without session 

skips), the Cry1,2 knockout mice may have switched to a non-circadian strategy. 

Finally, although interval timing has been shown to be independent of Cry genes 

(Papachristos et al., 2011), this has not been confirmed for the ordinal strategy. 

Future studies may confirm if Cry1,2 double knockout mice can learn TPL using a 

non-circadian strategy. 

 

Taken together, these first results demonstrated that the time of day signal as 

used in our TPL paradigm must originate from an underlying Cry dependent 

(circadian) timing mechanism. This finding led to the question whether cTPL 

specifically depends on Cry genes, or on other clock genes as well. In the next 

chapter, we therefore investigated cTPL in Per1 and Per2 double mutant mice. 
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Abstract 

 
With time-place learning, animals link a stimulus with the location and the time of 

day. This ability may optimize resource localization and predator avoidance in 

daily changing environments. Time-place learning is a suitable task to study the 

interaction of the circadian system and memory. Previously, we showed that 

time-place learning in mice depends on the circadian system and Cry1 and/or Cry2 

clock genes. We questioned whether time-place learning is Cry-specific or also 

depends on other core molecular clock genes. Here we show that Per1/Per2 

double mutant mice, despite their arrhythmic phenotype, acquire time-place 

learning similar to wild-type mice. As well as an established role in circadian 

rhythms, Per genes have also been implicated in the formation and storage of 

memory. We found no deficiencies in short-term spatial working memory in Per 

mutant mice compared to wild-type mice. Moreover, both Per mutant and wild-

type mice showed similar long-term memory for contextual features of the 

paradigm (a mild footshock), measured in trained mice after a two-month non-

testing interval. In contrast, time-place associations were lost in both wild-type 

and mutant mice after these two months, suggesting a lack of maintained long-

term memory storage for this type of information. Taken together, Cry-dependent 

time-place learning does not require Per genes, and Per mutant mice showed no 

specific short-term or long-term memory deficiencies. These results limit the 

functional role of Per clock genes in the circadian regulation of time-place learning 

and memory. 

 

Keywords: 

circadian, time, place, learning, memory, Period, Cryptochrome, mice 
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Introduction 
 

 

Time-place discrimination or time-place learning (TPL) refer to the ability to 

anticipate and exploit resources or avoid hazardous situations that display 

spatiotemporal regularity. Most organisms follow daily programs in physiology 

and behavior. Guiding future behavior through encoding when and where 

biologically significant events occurred in the past will lead to a significant 

advantage in natural selection. This is strengthened by the fact that TPL has been 

shown in many species, including insects (Finke, 1958; Gould, 1987; Harrison & 

Breed, 1987), fish (Reebs, 1996), birds (Krebs & Biebach, 1989) and mammals 

(Mistlberger et al., 1996; Van der Zee et al., 2008).  

Gallistel stated that animals automatically remember, not only the nature of 

biologically significant events, but also the location and time of day at which the 

events occurred, and that memory must be organized in such a way to encode 

these factors (Gallistel, 1990). Another prerequisite for TPL is that animals must 

have a sense of time. Most organisms have evolved circadian systems to time 

internal physiology and behavior in daily cycles (Van der Zee et al., 2009). In 

mammals, the suprachiasmatic nucleus (SCN) is recognized as the ‘master clock’ in 

the brain. The SCN oscillator synchronizes to the environmental light/dark (LD) 

cycle and in turn synchronizes many subordinate clocks in the brain and periphery 

(Dibner et al., 2010). On a cellular/molecular level, circadian rhythms are 

predominantly generated by clock genes and their protein products forming a 

transcriptional-translational feedback loop. In short, CLOCK (Circadian Locomotor 

Output Cycles Kaput) and BMAL1 (Brain and Muscle ARNT-like protein 1) form a 

heterodimeric complex which acts as a transcription activator for PER (Period) and 

CRY (Cryptochrome) proteins, which in turn inhibit CLOCK-BMAL1 transcription 

(Ko & Takahashi, 2006). 

Previously, we introduced a novel paradigm for mice, to study TPL in laboratory 

settings (Van der Zee et al., 2008). This paradigm reflects the natural situation in 

which foraging animals have to evaluate risks connected with feeding locations, 

depending on the time of day. We showed that wild-type mice learned the 

paradigm using a circadian clock (rather than external cue based strategies), and 

that Cry1/Cry2 double knockout mice were unable to learn the task. These results 
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confirmed the use of a circadian clock and have highlighted TPL as a unique 

paradigm to study the participation of the circadian system in cognition (i.e. 

decision making and episodic-like-memory formation), and as a model to study 

the role of clock genes on a functional behavioral level. 

Clock genes have recently been implicated in cyclical processes underlying long-

term memory (LTM) formation and maintenance (Gerstner et al., 2009; Gerstner 

& Yin, 2010; Kondratova et al., 2010). Altered LTM in Per mutant animals has been 

demonstrated in Drosophila (Sakai et al., 2004) and mice (Jilg et al., 2010; Wang et 

al., 2009). Here we set out to investigate if TPL is solely Cry gene specific or also 

requires Per clock genes, and whether Per genes play a role in memory formation 

in the context of TPL. 

 

 

Materials and methods 
 

Animals and housing 

Experiments were performed using four month old male 

mPer1Brdm1/Brdm1;mPer2Brdm1/Brdm1 homozygotic double mutant mice (N=9 in total), 

backcrossed 11 times to generate a full C57BL6/J genetic background, lastly five 

generations before the cohort used in this study. The Per1 and Per2 mutations are 

considered null mutations. Generation of these mutant mice has been described 

before (Zheng et al., 1999; 2001). In short, mutated alleles were obtained in AB2.2 

ES cells (derived from an XY 129s7 embryo) and used to generate chimeric mice. 

Intercrosses between heterozygous (C57BL/6Tyrc-Brd x 129S7) F1 offspring gave 

rise to F2 homozygous mutants. The mPer1Brdm1/Brdm1 and mPer2Brdm1/Brdm1 mutant 

mice were crossed into double mutant mice, hereafter referred to as Per mutant 

mice. Per mutant mice, together with age matched male C57BL/6JOlaHsd wild-

type mice (N=8) (Harlan, Horst, The Netherlands) were housed individually in 

Macrolon type II cages (length 35 cm, width 15 cm, height 13.5 cm) with sawdust 

as bedding and shredded cardboard as nesting material. The mice were kept in a 

climate room with controlled temperature (22±1°C) and humidity (55±10%). A 

light/dark (LD) schedule (12h light - 12h dark; light onset at 7:00 AM GMT+1h) was 

maintained, except in the constant light (LL) period. A light intensity of 20 lux was 

used, as measured from the top of the cages. Food (standard rodent chow: 
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RMHB/ 2180, Arie Block BV, Woerden, NL) was available ad libitum, except during 

food deprivation. Normal tap water was available ad libitum. Cages were cleaned 

at least once every two weeks. All efforts were made to minimize animal suffering 

and to reduce the number of animals used. All procedures were in accordance 

with the regulation of the Ethical Committee for the use of experimental animals 

of the University of Groningen, The Netherlands (License number DEC 5583A).  

 

Activity recording 

Cages were enriched with a plastic running-wheel (diameter 13.5 cm). Activity, 

measured by running-wheel revolutions, was recorded continuously throughout 

the experiment. Revolutions were counted per two minutes and processed into 

actograms and average daily activity profiles using ACTOVIEW for MS Excel (by C. 

Mulder, University of Groningen). 

 

Phenotyping and Genotyping 

Per mutant mice were phenotyped based on arrhythmic running-wheel behavior 

over a 12-day period of housing in constant darkness (DD). In addition, wild-type 

and mutant genotypes were confirmed by PCR. The Per1 and mutations were 

detected in two separate PCRs. PCR mixtures contained: 6.5 μl H2O, 12.5 μl 

master mix containing the necessary polymerase enzymes and dNTP’s (hot star 

Qiagen), 2.5 μl forward primers (Per1: 5'-ACA AAC TCA CAG AGC CCA TCC-3'; Per2: 

5'-GCT GGT CCA GCT TCA TCA ACC-3'), 1.25 μl reverse primers (Per1: 5’-ATA TTC 

CTG GTT AGC TGT AGG-3'; Per2: 5’-GAA CAC ATC CTC ATT CAA AGG-3'), 1.25 μl 

PKG hprt-reverse primers as the positive mutation marker (5’-CGC ATG CTC CAG 

ACT GCC TTG-3'), and 1 μl sample DNA. Mixtures were incubated for 15 minutes 

at 94⁰C, then cycled 35 times through 30 minutes at 94⁰C; 30 minutes at 56 ⁰C; 1 

minute at 72 ⁰C, followed by 10 minutes at 72 ⁰C. PCR products were run on a 1% 

ethidium-stained agarose gel together with a molecular weight marker 

(O’GeneRulerTM 1 Kb DNA ladder Fermentas). For Per1, the wild-type genotype 

was indicated by a Per1-forward/Per1-reverse band at ~450 bp; the mutation was 

indicated by a Per1-forward/PKG hprt-reverse band at ~287 bp. For Per2, wild-

type was indicated by a Per2-forward/Per2-reverse band at ~381 bp; the mutation 

was indicated by a Per2-forward/PKG hprt-reverse band at ~120 bp. 
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Spontaneous alternation test 

Short-term spatial working memory was assessed by recording Spontaneous 

Alternation (SA) behavior in a Y-maze paradigm, prior to TPL testing. Nine Per 

mutant mice and eight wild-type mice, naïve to the maze and matched for age 

and body weight, were tested. The Y maze consisted of three tubular and 

transparent Plexiglas arms forming the Y. All three arms were 4.4 cm in internal 

diameter, 29 cm long, and at a 120° angle from each other. The experimental 

room contained visual cues, which served as distal spatial cues. Mice (naïve to the 

maze) were placed in the center of the Y-maze (5 cm internal diameter) and 

allowed to explore the maze freely during an eight-minute session. The series of 

arm entries was recorded visually. An arm entry was considered to be completed 

when all four paws of the animal had entered a Y-maze arm. The maze was 

cleaned with paper and water between each test. An alternation is defined as 

successive entries into three different Y-maze arms. The alternation percentage 

(SA performance) was calculated as the ratio of actual- to possible alternations, 

where the possible alternations are defined as the total number of arm entries 

minus two (Anisman, 1975). The number of arm entries was used as a measure for 

general exploratory behavior. 

 

TPL apparatus 

The TPL test apparatus consisted of a round middle chamber (diameter 12.5 cm; 

height 7 cm) made of grey PVC and a transparent Plexiglas lid with ventilation 

holes. Four round tubes (arms) made of transparent Plexiglas (length 24.5 cm; 

inside diameter 4.5 cm) were connected to this middle chamber. One bottom arm 

served as a starting point to which a small transport cage could be connected 

from which the mice could enter the maze. The other three upper arms (60 

degrees apart) were equipped with a small food platform (grey PVC; 1.0 x 4.5 cm) 

and a steel grid (6 x 3.5 cm) at the end through which a mild but aversive electric 

footshock (set to 620 volts; 0.09 mA) could be delivered. In order to reach the 

food in the baited arms, the mice had to step onto the grid. The electric current 

could be manually delivered to each grid by pressing a button. This device was 

home-build at the University of Groningen (See Fig. 1 Van der Zee et al., 2008). 
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TPL testing procedure 

Testing procedures have been described before (Van der Zee et al., 2008). Briefly, 

in each of the three daily sessions (lasting maximally 10 minutes per mouse), mice 

had to learn to avoid one of the three feeding locations, depending on the time of 

day (i.e. session). On visiting the non-target location, mice received a mild but 

aversive footshock (<1 s). To induce food seeking behavior and voluntary location 

choices, mice were food-deprived to 85% of their ad libitum body weight, as 

individually determined by the average of three daily measurements prior to food 

deprivation. Mice were weighed before each session and received an individual 

amount of food at the end of each light phase to maintain food deprivation. A 

session was considered correct, on an individual level, only when the two target 

locations were visited first, avoiding the non-target location or visiting it last. Daily 

performance was calculated for each animal as the percentage of correct sessions 

(e.g. 0, 33, 67 or 100 %) and these performances were averaged and plotted per 

genotype group, forming a learning curve over multiple testing days. Actual 

testing was preceded by habituation steps as described previously (see Van der 

Zee et al., 2008 and supplemental materials). In short, target locations were 

always baited. During the first four days, all three locations were baited and safe 

to explore freely. During the next four days, the non-target location was kept 

unbaited, but still safe to visit (no footshock delivery). During the next three days, 

the shock was introduced at the non-target location, while still kept unbaited, so 

that mice could identify the non-target location based on sight and smell. On day 

9, mice were first habituated to first-time footshock exposure. The non-target 

location was kept inaccessible until the mice had first consumed the food rewards 

in the two target locations. This way, in each session all mice received both the 

positive food experience, followed by the negative footshock experience. Because 

of the manipulation, day 9 was excluded from further analysis. After these 

habituation steps, actual testing started with all locations baited and footshock 

delivery in the non-target location. A schematic overview of the daily protocol is 

provided below (Figure 1). Four wild-type mice and four Per mutant mice were 

tested. Groups were matched for age, body weight and SA performance (short 

term spatial memory capability). 
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Figure 1 Schematic overview of the daily TPL testing protocol. Mice were tested individually three times a day in 

the light phase (ZT0 indicates light onset), with a 3h inter-session time. Symbols represent the maze: open circles 

indicate food at the end of an arm of the maze; grey circles indicate the non-target (shock) location. Mice 

received an individual amount of food at the end of each day to regulate food deprivation. Each unit on the scale 

represents 30 minutes. 

 

 

Experimental outline 

After 10 days of habituation to the climate room and housing conditions, animals 

where phenotyped during a 12 day DD period. After two weeks back on LD, the SA 

test was performed. Bodyweights, to determine ad lib bodyweights, were taken 

on the day of the SA test and the two following days. Food deprivation was 

started on the same day as the last ad libitum bodyweight measurement, after the 

measurement was taken. TPL testing was started the next day. The potential use 

of alternative strategies, based on external cues rather than a circadian clock, can 

be identified by skipping sessions and testing in absence of an LD cycle. Animals 

were tested daily during 47 days, starting with 11 days of habituation steps, 

followed by 23 days of testing in LD, followed by 13 days of testing in LL. Session 

skips were performed on the following days, with the number between brackets 

indicating which session was skipped: 22(2), 24(1), 29(2), 32(1), 36(1), 39(2), 41(3), 

43(1,2,3) and 45(3). On day 43 all sessions were skipped (non-testing day). At the 

end of the last testing day, animals were put back on ad libitum food, but 

remained on LL for another two weeks before being returned to LD. Two months 

after the initial period of TPL testing, the same animals were again food deprived 

and re-tested for 8 days (6 days LD, 2 days LL, habituation steps omitted). Food 

deprivation was started three days before re-testing, so animals were at least 

food deprived to below 90% of ad libitum bodyweight at the start of re-testing. 

For each mouse, the number of retreats (incomplete arm entries before the first 

full entry at any of the three locations) was counted as a measure for long-term 

contextual memory for the potential hazard (footshock) at the locations. A first 

session was skipped on day 8 of re-testing. 
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Statistical analysis 

Statistical analyses were performed using GraphPad Prism 5.01 (GraphPad 

software, Inc.) and Statistix 8. Differences between genotype group averages 

were tested by two-tailed unpaired t-tests or one-way ANOVA. The Chi-square 

test was used to test location preference. Differences from chance level were 

tested by a one-sample t-test. Differences between genotype groups over 

multiple testing days were assessed by a repeated measures ANOVA with 

Bonferroni posttest. Learning curves were compared by a two-sample t-test of 

logistic regression slopes. Pre-post differences within genotype groups were 

tested by a one-tailed or a two-tailed paired t-test. p<0.05 was considered 

significant. 
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Results 
 

Phenotyping and genotyping 

Arrhythmic phenotypes of Per mutant mice were confirmed by assessing running 

wheel behavior in constant darkness (DD). Without the presence of an entraining 

zeitgeber, wild-type mice show a free-running activity pattern (Figure 2a), while 

Per mutant mice immediately become arrhythmic (Figure 2b). Genotypes were 

additionally confirmed by genotyping (Figure 2c,d). 

 

 
 

Figure 2 Phenotyping and genotyping results. Together with the wild-type mice, Per mutant mice were 

phenotyped for arrhythmic running wheel behavior in constant darkness (DD). Shown are representative double 

plotted qualitative actograms of a wild-type mouse (a) and a Per mutant mouse (b), over 10 days (y-axis). Activity 

was counted per two minute bins. In addition, genotypes of all mice were confirmed by genotyping. The wild-

type and/or mutated gene fragments (indicated on the right outer side of the figure) were detected for Per1 (c) 

and Per2 (d) separately. Shown on both gels, from left to right, are the molecular weight marker, a heterozygous 

mouse (htz), a wild-type mouse (wt), followed by all four homozygous mutant mice (mutant) used for TPL 

testing. 
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Spontaneous Alternation test 

A failure to learn TPL can be attributed to either or both an internal timing 

deficiency, or a spatial memory deficiency. To exclude the latter, a spontaneous 

alternation (SA) test was performed to assess short-term spatial working memory 

(by SA performance) and general exploratory behavior (by the number of entries). 

Results are shown in Figure 3. We found no difference in SA performance 

between wild-type and Per mutant mice (71.0±3.3% and 76.8±4.3% respectively, 

two-tailed unpaired t-test: p=0.31). Wild-type mice showed slightly, but not 

significantly, more entries (22.4±2.7 and 17.9±1.6 respectively, two-tailed 

unpaired t-test: p=0.16). 

 

 

 
Figure 3 Spontaneous alternation (SA) results. SA performance (a) and entries (b) of wild-type (N=8) and Per 

mutant (N=9) mice. No statistical differences were found between wild-type and Per mutant mice. Error bars 

represent SEM. 

 

 

Habituation to Time-Place Learning 

The results are shown in Figure 4. During the first habituation step (days 1 

through 4), mice could freely explore the three baited locations. No significant 

preference for a single location was found (chi-square p=0.3 and p=0.6 for wild-

type and Per mutant mice respectively, data not shown). During the second 

habituation step (days 5 through 8, target locations baited; non-target location 

unbaited without footshock delivery), performance of both genotypes did not 

significantly differ from chance level (one-sample t-test: p=0.08 and p=0.06 for 

wild-type and Per mutant mice respectively). Although, at this step, Per mutant 
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mice showed better performance than wild-type mice, this is likely to be an 

artifact of the low sample size we were bound to. Performance typically varies 

largely at the first two habituation steps (mice make random choices), but gets 

very congruent once the footshock is introduced. On day 9, mice were habituated 

to first time footshock exposure (excluded from analyses). During the third 

habituation step (days 10 and 11, target locations baited, non-target location 

unbaited with footshock delivery), both genotypes significantly learned to avoid 

the non-target location, showing performance significantly above chance level 

(one sample t-test for day 11: p=0.02 and p=0.01 for wild-type and mutant mice 

respectively), with no significant difference between genotypes (two-tailed 

unpaired t-test p=0.2).  

 

Time-Place learning 

On the experimental days (days 12 through 47), testing was performed with food 

in all locations and footshock delivery in the non-target location, which changed 

according to the time of day. Hence, mice had to use time-of-day to predict the 

hazardous non-target location. Although initially performance dropped back to 

chance level (Figure 4a, day 12), all mice gradually learned to avoid the non-target 

location. Per mutant mice performed as well as age-matched wild-type mice 

(learning curves are shown in Figure 4a). On average over all experimental days, 

Per mutant mice even performed slightly better than wild-type mice (84,6% ± 

2.9% SEM vs. 81.1% ± 2.8% SEM respectively), but not significantly (two-tailed 

unpaired t-test: p=0.40). No significant differences were found between 

genotypes overall or on any of the experimental days (two way RM ANOVA: 

F=0.43, df=1, p=0.54; Bonferroni posttest: p>0.05 for all days). Learning curves did 

not differ between Per mutant and wild-type mice (logistic regression slope: T=-

0.14, df=6; p=0.90). All individual mice performed significantly above chance level 

(average over experimental days: one sample t-test (p<0.0001 for each mouse). 

We found no differences between genotypes in overt behavior. 

The potential use of alternative strategies, based on external cues rather than a 

circadian clock, can be identified by skipping sessions and testing in absence of an 

LD cycle (Mulder et al., 2013). Skipping of any session in LD did not affect 

performance in either wild-type or Per mutant mice (paired t-test before vs. after 

session skips: p=0.50 and p=1.00 for wild-types and Per mutants respectively, see 

Figure 4c). Performances of both genotypes were also unaffected when animals 
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were tested in LL (Figure 4b), or when sessions were skipped in LL (Figure 4c; 

paired t-test before vs. after session skips: p=0.39, same for both wild-types and 

mutants). 

The potential use of an hourglass mechanism, which depends on daily resetting by 

a zeitgeber, was investigated by a non-testing day in LL. TPL performance, 

measured on the following day, remained significantly above chance level (one-

sample t-test: p=0.01), with no difference between genotypes (one-way ANOVA: 

p=0.99). This excludes the testing procedures and the light-cycle as potential 

zeitgebers. Furthermore, in a follow-up TPL experiment using the same animals as 

in the current study, mice received no food at the end of a test day. Again, TPL 

performance, measured on the following day, remained significantly above 

chance level (one-sample t-test: p=0.0001), with no difference between 

genotypes (one-way ANOVA: p=0.54). This excludes the food provided at the end 

of testing days as a potential zeitgeber. In the same follow-up study, mice showed 

no affected performance after a complete non-testing day in LD (no testing and 

no food provided at the end of the day. One-sample t-test: p=0.0002), with no 

difference between genotypes (one-way ANOVA: p=0.72). This excludes the 

combination of testing procedures and the food provided at the end of testing 

days as potential zeitgebers for an hourglass mechanism. 
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Figure 4 TPL results. (a) Average performances for wild-type and Per mutant mice during the last two habituation 

steps (bar graphs, left) and the first 10 days of TPL testing (learning curve). The grey circular symbols represent 

the TPL maze. Within, small open circles indicate food at the end of an arm of the maze; small dark grey circles 

indicate the non-target shock location. Note that only the 1st session test situations are depicted. The non-target 

location (non-baited and non-shock reinforced during habituation days 5-8, non-baited and shock-reinforced 

during habituation days 10-11, baited and shock-reinforced during actual testing), changes with the time of day 

(i.e. session). (b) Baseline TPL performance under LD (average over 14 normal test days, excluding the learning 

phase and days on which manipulations were performed) and LL (average over 7 normal test days). Testing in LL 

had no significant effects on performance for either genotype. (c) Session skipping did not reduce performance 

for either wild-type or Per mutant mice under either LD or LL. Performances were measured in the next (single) 

session after the skipped session. For LD, the average is shown of two 1st session skips and two 2nd session 

skips. For LL, the average is shown of one 1st session skip and one 2nd session skip. No differences were found 

between skipping a 1st or a 2nd session. In all panels, the theoretical chance level is indicated by the grey 

horizontal broken line, at 33%. Error bars represent SEM. 
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Long-term memory assessment 

We tested if Per mutant mice show impaired long-term memory for contextual 

features of the maze (the mild footshock) and for the learned time-place 

associations. After two months without training, the previously acquired time-

place associations were lost. Both wild-type and Per mutant mice had to re-learn 

the test with performance starting below chance level (Figure 5a). 

Next, we analyzed LTM for contextual features of the maze. Naïve mice had no 

reason based on recollection to retreat from an arm entry before going all the 

way to the food at the end, thereby standing on the shocking grid. However, if 

mice remembered that standing on the shocking grid could be potentially unsafe, 

they should show hesitative behavior. This would be reflected by an increased 

number of retreats before the first full entry (i.e. standing on any grid at the end 

of any arm). We analyzed the number of retreats in the initial TPL experiment and 

in the re-testing experiment (two months after the last day of testing in the initial 

TPL experiment). To exclude positive and negative reinforcement influences by 

either receiving food or the shock at any location, we only analyzed the number of 

retreats before the mice received either the food or the shock for the first time in 

these experiments. 

 

 
Figure 5 TPL re-testing results and LTM assessment. (a) Learning curves of the re-test two months after initial 

testing. On day 1 through 6, animals were tested in LD, on days 7 and 8 animals were tested in LL. The theoretical 

chance level is indicated at 33%. The grey circular symbol represents the TPL maze. Within, small open circles 

indicate food at the end of an arm of the maze; small dark grey circles indicate the non-target (shock) location. 

Note that only the 1st session test situation is depicted, while the non-target location changes with the time of 

day. (b) Number of retreats (incomplete arm entries before the first full entry) of wild-type and Per mutant mice, 

when the mice were naïve to the maze and at re-testing. Error bars represent SEM. 
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Results are shown in Figure 5b. We found a significant increase in the number of 

retreats of experienced mice compared to naïve mice (one-tailed paired t-test: 

p=0.005), but we found no differences between genotypes (average increase ± 

SEM: 10.8±5.4 vs. 15.8±6.2 for wild-type and Per mutant mice respectively; two-

tailed unpaired t-test: p=0.54). Testing genotypes separately also revealed a 

significant difference for the Per mutant mice (naïve vs. non-naïve, one-tailed 

paired t-test: p=0.03), and a trend for the wild-type mice (p=0.07). 

 

Analysis of running wheel activity 

Characteristic for their genotype, Per mutant mice were rhythmic in LD (masking) 

but arrhythmic in LL (Figure 6 [e-h], last 7 days) and DD. Wild-type mice were 

entrained to the LD cycle and showed free running in DD and LL. Food deprivation 

(hypocaloric timed-feeding) slightly advanced the rhythms of both Per mutant and 

wild-type animals, with less activity at the end of the dark phase and more prior 

to feeding time (at the end of the light phase) and beginning of the dark phase. 

This shifting effect can be attributed to the food deprivation, because wild-type 

and Per mutant homecage control mice, that were similarly food deprived, 

showed the same pattern. During TPL testing and food deprivation in LD, both 

genotypes showed increased activity prior to feeding time (Figure 6, Figure 7). 

When switched to LL, wild-type animals showed two components of their activity 

rhythm, one 24h rhythm entrained to feeding-time and one free-running rhythm 

with a period longer than 24h. Per mutant mice almost entirely shifted all their 

activity to the light phase, with peak activity occurring prior to feeding time 

(Figure 6, Figure 7). When TPL testing was ended in LL and animals were put back 

on ad libitum availability of food, only the free-running rhythm component 

remained in wild-type animals, while mutant animals immediately became 

arrhythmic (Figure 6, last 7 days). 
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Figure 6 Double plotted actograms. Food was given one hour after the last TPL session (indicated in actograms by 

grey vertical lines). TPL testing started one day after the onset of food deprivation, until the last day of food 

deprivation. Wild-type animals (a-d) showed a free-running rhythm component in LL, while Per mutant mice (e-h) 

did not. Instead, Per mutant mice showed increased daytime activity in LL and immediate arrhythmic behavior 

after testing was stopped in LL. Shaded areas indicate darkness. 
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Figure 7 Average activity profiles. (a) Activity profile over all 33 testing days in LD. Zeitgeber time (ZT) is indicated 

on the horizontal axis. Shaded areas indicate darkness. (b) Activity profile over all 14 testing days in LL. Although 

a light zeitgeber was absent, the same horizontal axis (ZT) scale was used as in panel a. Per mutant mice showed 

increased daytime activity. In both panels, the grey vertical arrow indicates when food was provided to manage 

food deprivation (daily at ZT10.5). Both genotypes show food anticipation. Grey circular symbols represent the 

daily TPL test session situations. Within, open circles indicate food at the end of an arm of the maze; grey circles 

indicate the non-target (shock) location. Horizontal error bars below the circular symbols indicate session 

durations. Profiles are plotted in 10 minute bins. Error bars represent SEM. 

 

 

 

Discussion 
 

 

Here we show that Per mutant mice, despite their arrhythmic phenotype, acquire 

time-place learning (TPL) similar to wild-type mice. These results were unexpected 

given our previous finding that daily TPL depends on intact Crypotochrome (Cry1 

and Cry2) clock genes (Van der Zee et al., 2008). Thus, under exactly the same test 

circumstances, Per mutant mice can acquire TPL, while Cry knockout mice cannot. 

Apparently, Per mutant mice still exhibit some form of circadian timekeeping 

functional to TPL. In addition, we found that spatial STM and contextual LTM are 

unaffected in Per mutant mice. These findings contribute new insights regarding 

the role of Per genes in circadian rhythms and memory. 

 

 

TPL depends on a circadian clock 

Several strategies for animals to master a TPL paradigm have been identified in 

the literature: a stimulus-response strategy, ordinal timing, and interval timing. 
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Alternatively, animals may use a circadian clock, which may be based on an 

hourglass mechanism or an oscillator (Mulder et al., 2013). The use of a stimulus-

response strategy was experimentally ruled out by keeping testing procedures 

exactly the same for each daily session. With ordinal timing, the animal 

remembers the sequence of events (e.g. first test session, avoid location A; 

second test session, avoid location B, etc.). If this strategy is used than 

performance will drop to below chance level after a session is skipped. We found 

that performance of both genotypes remained intact after session skips, thus 

excluding the use of this strategy. With interval timing, an animal tracks or 

estimates the passage of time relative to a zeitgeber. This strategy may be applied 

in TPL if animals learn to associate intervals with a specific feeding location, e.g. 

shortly after light onset (first test session), avoid location A; longer after light 

onset (second test session), avoid location B, etc. We investigated if animals use 

elapsed time after light onset as a timing strategy, by testing in LL. Neither the 

switch to LL, nor prolonged testing under LL, nor session skips under LL, affected 

performance of wild-type or Per mutant mice. These results exclude the possibility 

that the mice used interval timing. Hence we can conclude that both genotypes 

used a circadian clock for TPL. The potential utilization of an hourglass mechanism 

(a unidirectional process which depends on daily resetting by a zeitgeber), was 

excluded for all present zeitgebers. Thus in both genotypes, neither the light cycle, 

nor the testing procedures, nor feeding cues are solely responsible for driving an 

hourglass mechanism. These findings strongly suggest that both genotypes used a 

circadian oscillator for TPL. Note that this oscillator may still be entrained by any 

present zeitgeber. 

 

Observations from activity data 

Just like the previously tested Cry deficient mice (Van der Zee et al., 2008), Per 

mutant mice showed rhythmic activity during TPL testing in both LD and LL. 

However, these mice immediately became arrhythmic during phenotyping in DD, 

and after the last test day of the initial TPL test period, when the mice were 

remained in LL. Moreover, Per mutant mice became almost entirely diurnal as 

soon as testing was proceeded in LL. The absence of transient cycles in Per mutant 

mice indicates masking due to the testing procedures rather than a circadian clock 

that may have regained functionality due to the regularity of the testing 

procedures. In contrast, wild-type mice showed a free running rhythm component 
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during testing in LL, which was not present in the Per mutant mice. These 

observations agree with a dysfunctional circadian clock in Per mutant mice. 

Another noteworthy observation is that Per mutant mice, like wild-type mice and 

the previously tested Cry deficient mice, showed food anticipatory activity (FAA). 

Although in agreement with other studies (Storch & Weitz, 2009), FAA here was 

probably influenced by the testing procedures, as mice could have learned to 

receive food relatively shortly after the last test session. Therefore FAA was not 

further analyzed. 

 

A learning and memory based oscillator 

The discrepancy in TPL ability between Cry and Per deficient mice does not fit 

known oscillator types. It is well established that the SCN, as a ‘Light Entrainable 

Oscillator’ (LEO), depends on both Per and Cry genes. The current findings thus 

predict that the SCN is not the circadian oscillator underlying TPL. Indeed, TPL has 

been shown in SCN lesioned rats (Mistlberger et al., 1996), although some studies 

have suggested time-stamp encoding of events on the level of the SCN via 

vasopressin signaling (Biemans et al., 2003; Hut & Van der Zee, 2011; van der 

Veen et al., 2008). Besides the LEO, a separate ‘Food Entrainable Oscillator’ (FEO) 

has been identified (Stephan, 2002). Despite many studies, the locus and neural 

substrates of the FEO have not been conclusively identified (Mistlberger, 2011). 

The current theory is that the FEO is comprised of a network of interconnected 

brain structures, likely also involving (non-entrainment based-) memory (Carneiro 

& Araujo, 2009; Silver et al., 2011). While some studies have found FAA 

deficiencies in both Cry and Per deficient mice (Feillet et al., 2006; Lijima et al., 

2005), others have concluded that FAA is independent of known clock genes 

(Honma & Honma, 2009; Storch & Weitz, 2009). A separate ‘methamphetamine 

sensitive circadian oscillator’ (MASCO) has also been identified and has been 

generalized as an arousal based oscillator, which could underlie TPL. However, it 

has been shown that the MASCO does not require the SCN or known clock genes 

(Masubuchi et al., 2001; Mohawk et al., 2009). Although we cannot definitely rule 

out any LEO and/or FEO mechanisms, the current data suggest a different type of 

oscillator that functions in the domain of learning & memory and depends on Cry, 

but not Per genes. This is plausible, as it has become clear over recent years that 

clock genes can have tissue specific functions. Moreover, a critical role for PER 

proteins as negative regulators in the core molecular clock mechanism is 
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debatable. PER proteins only modestly inhibit CLOCK:BMAL1 mediated 

transcription (Jin et al., 1999; Kume et al., 1999; Sangoram et al., 1998). CRY 

proteins on the other hand are potent inhibitors of CLOCK:BMAL1-stimulated 

transcription, and their activity as negative regulators was shown not to require 

PER proteins (Griffin et al., 1999; Kume et al., 1999; Shearman et al., 2000a). 

Taken together, while critical for light entrainment, PER proteins may not be 

critical in all oscillators in brain and periphery, as advocated by the current 

findings. 

 

The role of PER proteins in learning and memory 

Clock genes have been found to be rhythmically expressed in many brain areas, 

including those involved in learning and memory. Circadian rhythms modulate the 

formation, consolidation and retention of memory (Chaudhury & Colwell, 2002; 

Devan et al., 2001; Eckel-Mahan et al., 2008; Fekete et al., 1985; Fernandez et al., 

2003; Holloway & Wansley, 1973; Lyons et al., 2006). Recently, it has been 

proposed that similar molecular mechanisms may underlie both circadian 

oscillations and behavioral plasticity (Gerstner & Yin, 2010; Wang et al., 2009). In 

Drosophila PER proteins were found to play a key role in LTM (but not STM) 

formation (Sakai et al., 2004). In Per1 knockout mice, the expression of 

hippocampal clock genes was found to be disordered and these mice showed 

deficiencies in hippocampus-dependent long-term spatial learning (Jilg et al., 

2010). Likewise, hippocampal long-term potentiation (cellular correlate of LTM) 

was found to be abnormal in Per2 mutant mice, and these mice showed deficits in 

the recall of trace- (but not cued-) fear conditioning (Wang et al., 2009). However, 

no deficiencies were found in Per1 or Per2 mutant mice in a water-maze place 

navigation task and in contextual fear conditioning (Zueger et al., 2006). Here we 

add to these results and report that Per mutant mice do not show deficits in TPL, 

or the SA test for short-term spatial working memory, or in long-term contextual 

memory. The latter demonstrates memory storage in Per mutant (and wild-type) 

mice over an extended period of two months. In contrast, time-place associations 

were lost after two months in both wild-type and Per mutant mice, and took a 

similar duration of training to re-acquire. Apparently, these associations are not 

stably stored in LTM, which is most likely adaptive. 
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Paralog compensation 

Per mutant mice carry mutated Per1 and Per2 genes, but still have functional Per3 

genes. Under normal circumstances, Per3 is not essential in circadian rhythms 

(Shearman et al., 2000b). Genetic network analysis showed however that Per3 

expression is augmented when Per1 (and to a lesser degree also Per2) is knocked 

down (Baggs et al., 2009). Although incapable of rescuing behavioral rhythmicity, 

this paralog compensation mechanism could play a role in rescuing the reduced 

functionality of Per1 and Per2 in learning and memory specific functions. Whether 

such mechanisms actually occur in Per mutant mice and whether Per3 can play a 

compensatory role in TPL remains to be confirmed in future studies. 

 

In conclusion 

We found no mutation-specific short term- or long term memory deficiencies in 

Per mutant mice. Taken together with other literature, clock genes may only play 

a role in specific types of learning and memory. We have shown that Cry-

dependent TPL is independent of Per genes. This demonstrates the presence of an 

intact circadian timekeeping mechanism in Per mutant mice. Although we cannot 

definitely rule out compensatory mechanisms in Per mutant mice, these data 

predict the existence of an oscillator that functions in the domain of learning and 

memory, requiring Cry but not Per genes. The question remains: which circadian 

system is critically involved in TPL? That of the SCN, or those in other brain regions 

such as the hippocampus? 
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Abstract 
 

During Time-Place Learning (TPL), animals link biological significant events (e.g. 

encountering predators, food, mates) with the location and time of occurrence in 

the environment. This allows animals to anticipate which locations to visit or 

avoid based on previous experience and knowledge of the current time of day. 

The TPL task applied in this study consists of three daily sessions in a three-arm 

maze, with a food reward at the end of each arm. During each session, mice 

should avoid one specific arm to avoid a footshock. We previously demonstrated 

that, rather than using external cue based strategies, mice use an internal clock 

(circadian strategy) for TPL, referred to as circadian TPL (cTPL). It is unknown in 

which brain region(s) or peripheral organ(s) the consulted clock underlying cTPL 

resides. Three candidates were examined in this study: a) the suprachiasmatic 

nucleus (SCN), a light entrainable oscillator (LEO) and considered the master 

circadian clock in the brain, b) the food entrainable oscillator (FEO), entrained by 

restricted food availability, and c) the adrenal glands, harboring an important 

peripheral oscillator. cTPL performance should be affected if the underlying 

oscillator system is abruptly phase-shifted. Therefore, we first investigated cTPL 

sensitivity to abrupt light and food shifts. Next we investigated cTPL in SCN-

lesioned- and adrenalectomized mice. Abrupt FEO phase-shifts (induced by 

advancing and delaying feeding time) affected TPL performance in specific test 

sessions, while a LEO phase-shift (induced by a light pulse) more severely affected 

TPL performance in all three daily test sessions. SCN-lesioned mice showed no TPL 

deficiencies compared to SHAM-lesioned mice. Moreover, both SHAM- and SCN-

lesioned mice showed unaffected cTPL performance when re-tested after bilateral 

adrenalectomy. We conclude that, although cTPL is sensitive to timing 

manipulations with light as well as food, neither the SCN nor the adrenals are 

required for cTPL in mice. 

 

Keywords: oscillator, memory, light, food, entrainment, corticosterone, cognition, 

behavior, spatial, temporal 
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Introduction 
 

 

Field studies have shown that many animals live in situations in which the 

locations of prey (food sources), mates, or predators vary predictably over time 

(Becker et al., 1993; Daan & Koene, 1981; Gill, 1988; Rijnsdorp et al., 1981; Silver 

& Bittman, 1984; Wahl, 1932; Wilkie et al., 1996). The ability to encode 

spatiotemporal reoccurring events and to exploit this information by efficiently 

organized daily activities, is believed to constitute a significant fitness advantage 

which has likely shaped the architecture of cognitive and circadian systems over 

the course of evolution (Aschoff, 1989; Beugnon et al., 1995; Carr & Wilkie, 1997; 

Carr et al., 1999; Daan, 1981; Enright, 1970; Gallistel, 1990; Mistlberger, 1994; 

Mistlberger et al., 1996; Reebs, 1996). Indeed, Time-Place Learning (TPL), the 

process in which animals link events with the spatial location and the time of day 

(TOD), has been demonstrated in many species (for review see Mulder et al., 

2013b, and references therein).  

 

Several studies have confirmed the use of an internal clock for TPL (Biebach, 1989; 

Falk, 1992; Mistlberger et al., 1996; Mulder et al., 2013a; Pizzo & Crystal, 2002; 

Saksida & Wilkie, 1994; Van der Zee et al., 2008; Wenger et al., 1991). However, 

alternative to such a circadian strategy, animals have also been shown to 

(conditionally) use non-circadian strategies, based on external cues, like ordinal- 

or interval timing (Carr & Wilkie, 1997; Carr & Wilkie, 1999; Carr et al., 1999; Pizzo 

& Crystal, 2002; Pizzo & Crystal, 2004; Thorpe et al., 2003). With an ordinal timing 

strategy, animals respectively remember the sequence of events (e.g. first test 

session, avoid location A; second test session, avoid location B, etc.). With an 

interval timing strategy, animals remember the passage of time relative to a 

zeitgeber (e.g. shortly after light onset, avoid location A; longer after light onset, 

avoid location B, etc.). Because animals may use different strategies for TPL, the 

use of a circadian strategy (using an internal circadian timing mechanism 

independent of external cues) has to be identified by showing stable TPL 

performance after skipping the first daily test session(s) (excluding an ordinal 

strategy) and by testing in zeitgeber deprived conditions (excluding an interval 

timing strategy) (Carr & Wilkie, 1997; Crystal, 2009). While TPL refers to the 
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behavioral output of visiting correct locations at the correct TOD (using any 

possible strategy), we refer to circadian TPL (cTPL) when the use of a circadian 

strategy is confirmed or implied. cTPL demonstrates that circadian oscillators can 

serve as a consulted clock for brain areas involved in cognition to recognize and 

record TOD, so that the timing of specific behaviors can be regulated in 

accordance with prior experience (Mistlberger et al., 1996). Time stamping refers 

to the process underlying the encoding of a specific TOD (the time stamp). 

Presumably, biological significant events induce an internal clock-derived time 

stamp that is stored in memory as a contextual cue and associated with place- and 

event-specific information. Such a mechanism can only function if a circadian 

oscillator is continuously monitored by brain areas engaged in cognitive tasks (i.e. 

learning and memory, decision making) to check if previously recorded time 

stamps match the current TOD (Mulder et al., 2013b). However, yet the locus and 

neural substrates of the clock mechanism utilized in cTPL remain elusive. 

 

The circadian system can be described as a complex hierarchical network of 

circadian clocks in the brain and periphery, which together influence many 

behavioral and physiological rhythms (Dibner et al., 2010). In mammals, the 

hypothalamic suprachiasmatic nucleus (SCN), situated directly above the optic 

chiasm, is recognized as the ‘master clock’ (Groos & Hendriks, 1982; Ralph et al., 

1990; Stephan & Zucker, 1972). The SCN entrains to the environmental light/dark 

cycle and in turn synchronizes many subordinate clocks in the brain and 

periphery. Because the SCN entrains to photic environmental cues (zeitgebers), it 

is classified as a light-entrainable oscillator (LEO). In addition, brief periods of food 

availability form a second major zeitgeber known to entrain circadian rhythms. 

SCN lesions abolish light-entrainable rhythms, but do not affect the circadian 

properties of feeding-entrainable rhythms (Boulos et al., 1980; Marchant & 

Mistlberger, 1997; Stephan et al., 1979b; Stephan, 1989; Stephan, 1981). 

Therefore, a separate (anatomically and functionally distinct) Food Entrainable 

Oscillator (FEO) is distinguished, although the locus and neural substrates of the 

FEO have not been identified conclusively. Possibly, the FEO properties emerge 

from a distributed system of brain areas (Mistlberger, 2011). On a cellular level, 

circadian rhythms are predominantly controlled by clock genes and their protein 

products, which are expressed in virtually all cells in the body. In short, CLOCK 

(Circadian Locomotor Output Cycles Kaput) and BMAL1 (Brain and Muscle ARNT-
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like protein 1) form a heterodimeric complex which acts as a transcription 

activator for PER (Period) and CRY (Cryptochrome) proteins. PER and CRY dimerize 

and translocate back into the nucleus to inhibit the CLOCK-BMAL1 transcription 

factor, forming a closed transcriptional-translational feedback loop (Ko & 

Takahashi, 2006).  

 

Previously we demonstrated cTPL for the first time in mice (Van der Zee et al., 

2008), using a paradigm that emulates the natural situation in which hungry 

animals seek food while different feeding locations can be predictably unsafe to 

visit, depending on the TOD. Young wild-type C57Bl6 mice readily acquired this 

task and control experiments indicated that they used a circadian strategy. We 

further confirmed the circadian nature of TPL by showing that Cry1/Cry2 double 

knockout mice were unable to acquire the test (Van der Zee et al., 2008). 

Conversely, we found that Per1/Per2 double mutant mice acquired cTPL similarly 

as wild-type controls, devaluating the role of Per as core clock genes in cTPL 

(Mulder et al., 2013a). It remains unclear in which brain area or peripheral organ 

Cry (but not Per) expression is critical. 

 

As the master circadian pacemaker, the SCN is a reasonable candidate to either 

play a crucial or modulatory role in cTPL. The SCN may function as the main 

consulted clock in cTPL. Interestingly, salient events have been shown to induce a 

circadian rhythm in the expression of muscarinic acetylcholine receptors in the 

SCN, with peak expression levels coinciding with the event-specific TOD (van der 

Zee, 2004). It has therefore been proposed that the SCN may function as a 

programmable ‘alarm clock’, using the neuropeptide vasopressin (AVP) as an 

output to transfer the specific TOD information to other brain regions (Biemans et 

al., 2003; Hut & Van der Zee, 2011; van der Veen et al., 2008; Van der Zee et al., 

2009). With such a mechanism (in which the SCN produces or gates a circadian 

modulated output at relevant TOD’s), continuous monitoring of a circadian 

oscillator is not necessary (the presence of the output signal will provide go/no go 

information, while the amplitude can be associated with place and event 

information). A less crucial role of the SCN may be expected if SCN output is one 

of multiple temporal signals to brain areas engaged in cognitive tasks, or when the 

SCN merely serves to entrain non-SCN oscillators that underlie cTPL. In line with 

this, Gritton and coworkers recently reported significant impairments of task 
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acquisition in SCN-lesioned rats, and hypothesized that non-SCN oscillators take 

much longer to become synchronized to each other and to external zeitgebers in 

absence of a functional SCN (Gritton et al., 2013). 

The role of the SCN has been investigated in paradigms in which animals show 

memory for TOD, but in which TOD is not a discriminative cue. Such circadian 

retention paradigms (e.g. fear conditioning, passive avoidance, conditioned place 

preference/avoidance) involve a training (positive or negative stimulus encounter) 

followed by a retention test. Animals will usually show optimal retention 24h (or 

multiples thereof) after training (independent of the time of training), indicating 

memory for the time of training (see Mulder et al., 2013b and references therein). 

However, this pattern is not always shown (Oklejewicz et al., 2001; McDonald, 

2002), indicating that this phenomenon may be species specific and/or task 

dependent (Ralph, 2002). Circadian retention was found to be lost in rats with 

hypothalamic lesions including the SCN (Stephan & Kovecevic 1978), but 

repeatedly found to persist in SCN-lesioned hamsters (Ko et al., 2003; Cain & 

Ralph, 2009; Cain et al., 2012). In hamsters, the SCN was found to play a role as a 

weak zeitgeber, entraining potentially involved extra-SCN oscillators (Ralph, 

2013). Similarly, although food anticipation persists in SCN-lesioned animals 

(Stephan, 1979b; Mistlberger, 1994), it has been reported that the SCN 

participates actively during food entrainment. It modulates the response of 

hypothalamic and corticolimbic structures, resulting in an increased anticipatory 

response (Angeles-Castellanos, 2010). Although food anticipation, circadian 

retention paradigms, and cTPL all demonstrate memory for TOD, it is currently 

unclear whether the same neurobiological mechanisms underlie these behaviors. 

Theoretically, food anticipation and circadian retention behavior can be explained 

by an entrained oscillator which induces a certain behavior when a set phase 

angle is reached. With TPL, animals are trained to go to different places at 

different TOD’s. They must therefore discriminate between different TOD’s and 

link each TOD with a different location choice. Theoretically this requires a 

decision making process based on associative memory, and a consulted clock 

(Biebach, 1989; Carr et al., 1999; Mistlberger et al., 1996; Mulder et al., 2013b). 

One TPL study showed that SCN-lesioned rats still acquired cTPL in a simple TPL 

task involving lever-pressing for food at two locations, while each lever provided 

food at a different TOD (Mistlberger et al., 1996). The authors concluded that TOD 

cues can be provided by a circadian oscillator other than the light-entrainable 
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SCN, likely food-entrainable. However, Widman and colleagues showed TPL in a 

paradigm which did not include a food reward, and concluded that, either the SCN 

or the FEO may be conditionally used for cTPL (Widman et al., 2004a). Despite the 

potential for knockout studies, the role of the SCN in cTPL has not been 

investigated before in mice. Moreover, cTPL has not been investigated before in 

our more complex TPL setup which requires discrimination between three 

locations and TOD’s. Such a complex task may require more accurate SCN 

governed entrainment of oscillators in cTPL-involved brain regions. 

 

The adrenal glands harbor an important peripheral oscillator to consider in 

relation to cTPL. The SCN interconnects with the adrenal cortex through SCN 

governed ACTH (Adrenocorticotropic hormone) secretion from the anterior 

pituitary gland, but also via automatic nervous system pathways, which can 

directly modulate adrenal ACTH sensitivity (for review see: Kalsbeek et al., 2012). 

In response to ACTH, the adrenal cortex produces glucocorticoids, while this 

production is gated by the local adrenal clock (Oster et al., 2006). Glucocorticoids 

regulate a wide variety of functions, including arousal, stress response, energy 

metabolism and cognition. Glucocorticoid receptors are widely expressed in the 

hippocampus and corticosterone is known to modulate processes underlying 

learning and memory (Dana & Martinez, Jr., 1984; Smriga et al., 1996). 

Importantly, with intact behavior rhythms present (e.g. induced through masking 

via the light cycle or daily testing), the adrenal clock can sustain corticosterone 

rhythmicity in absence of a functional SCN pacemaker (Oster et al., 2006). 

Likewise, food anticipatory activity (FAA) is preceded by a corticosterone (CORT) 

peak (Honma et al., 1992; Nelson et al., 1975), which is still present in SCN-

lesioned animals (Krieger et al., 1977). Adrenal outputs may therefore serve as an 

internal time-signal used in cTPL even in the absence of a functional SCN. Similar 

to the SCN, the adrenal clock may either play a crucial or modulatory role in cTPL, 

functioning as the main consulted clock or as an output of a yet undisclosed clock 

system. 

 

Here we first set out to investigate whether a LEO or a FEO underlies cTPL in mice, 

by abruptly phase-shifting these oscillators separately while monitoring TPL 

performance. Because these results strengthened our hypothesis that the SCN 

may be involved when mice master our (complex) TPL task, we then investigated 
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cTPL in SCN-lesioned mice. Similarly, we hypothesized a potential role of adrenal 

corticosterone rhythms providing TOD information to cTPL involved brain areas 

engaged in cognitive tasks. Therefore we investigated whether TPL-trained mice 

showed increased CORT levels at the first daily TPL test session, compared to 

homecage control mice. These results validated further investigation of cTPL in 

adrenalectomized mice. 

 

 

Materials and methods 
 

Animals and housing 

All experiments were performed using male C57BL6/J mice (Harlan, Horst, the 

Netherlands). A detailed overview of the groups and group sizes in the performed 

experiments is provided in Table 1. All mice were housed individually in macrolon 

type II cages (length 35 cm, width 15 cm, height 13.5 cm, Bayer, Germany), with 

sawdust as bedding and shredded cardboard as nesting material. The mice were 

kept in a climate room with controlled temperature (22±1°C) and humidity 

(55±10%). A light/dark (LD) schedule (12h light - 12h dark; lights on at 07:00 h 

GMT+1h) was maintained, except in the constant light (LL) or constant dark (DD) 

period. Light intensity was always 20-50 lux measured between the cages. Food 

(standard rodent chow: RMHB/ 2180, Arie Block BV, Woerden, NL) was available 

ad libitum, except during food deprivation. Normal tap water was available ad 

libitum. Cages were enriched with a plastic running-wheel (diameter 13.5 cm) and 

were cleaned at least once every two weeks. All mice were checked daily for 

food/water/health/activity/abnormal behavior. All procedures were in 

accordance with the regulation of the ethical committee for the use of 

experimental animals of the University of Groningen, The Netherlands (License 

number DEC 5583D) and meet the ethical standards of the journal as outlined in 

Portaluppi et al. (2010). All efforts were made to minimize the number of animals 

used and their discomfort. 

 

Experiments and experimental outline 

A detailed overview of the experiments and experimental groups is provided in 

Table 1. CORT measurements at TPL training times were performed on animals 
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from experiments 1 and 4. Experiment 1 included intact mice, which had 

successfully mastered cTPL (TPL, N=9), and homecage control mice (HCC, N=8). 

Next to investigating differences between TPL-trained and HCC mice, the 

measurements from experiment 1 serve as a positive control for the 

measurements of the adrenalectomized mice from experiment 4 (Figure 7). The 

light pulse and food shift manipulations, to investigated LEO/FEO involvement in 

cTPL, were performed in experiment 2, including mice which had successfully 

mastered cTPL (N=7) and two HCC mice, which were not food-deprived in contrast 

to all other HCC groups (so that we could clearly distinguish the effect size of the 

light pulse in these mice). The SCN lesion experiment (experiment 3) was 

performed in two separate batches. Mice of the first batch, three months old at 

reception, were habituated to the climate room and housing conditions for 1 

month before receiving bilateral SCN lesions (N=14) or SHAM lesions (N=4). After 

recovery for at least 10 days, mice were phenotyped for arrhythmic running-

wheel behavior in constant darkness (DD) over a 2 week period. Based on a visual 

and statistical rhythmicity assessment, five completely arrhythmic SCN-lesioned 

(SCNx) and all four SHAM-lesioned (SHAM) mice were selected for TPL testing (the 

maximal number of mice supported by the protocol). One week later mice were 

put back on LD and the spontaneous alternation (SA) test was performed. Ad lib 

body weights were determined after the SA test and on the two following days, 

after which food deprivation (timed feeding) was initiated on the SCNx, SHAM and 

HCC mice (mice received minimally 1.5 g food per day). TPL testing was started 

the next day. Animals were tested daily during 38 days, starting with 10 days of 

habituation steps in LD, followed by 20 days of testing in LD, 3 days of testing in 

DD and 5 days of testing in LD. Session skips were performed on following days, 

with the number between brackets indicating which session was skipped: 14(1); 

16(2); 21(1); 22(1,2,3); 35(1). Animals were sacrificed the day after their last TPL 

test day, at the time of their first daily test session (deviation ± 5 minutes). 

A similar schema was followed for the second batch. These animals were tested 

for 31 days, starting with 10 days of habituation steps in LD, followed by 10 days 

of testing in LD, 5 days of testing in LL and 6 days of testing in DD. Session skips 

were performed on following days, with the number between brackets indicating 

which session was skipped: 14(1); 16(2); 22(1); 24(2); 27(1). Two days after 

testing, animals were put back on LD with ad libitum food. Two weeks later, 

animals received bilateral adrenalectomy surgery (Table 1, experiment 4). 
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Unfortunately, we lost one SCNx mouse during this surgery, and later excluded 

one SHAM mouse based on too high remaining CORT levels. One month later, 

animals were re-tested during 13 days (starting with 8 days of testing in LD, 

followed by 5 days of testing in LL (habituation steps were not repeated). Session 

skips were performed on following days, with the number between brackets 

indicating which session was skipped: 5(2); 7(1); 11(1); 13(2). Similar to the 

animals from the first batch, the mice were sacrificed the day after their last TPL 

test day, at the time of their first daily test session (deviation ± 5 minutes). 

 
Table 1 Overview of experiments and groups 

 
             *not food deprived   **3 SHAM, 4 SCNx 

 

The LEO/FEO experiment was performed with a separate group of animals, including TPL tested mice (TPL) and 

homecage control mice (HCC, not food deprived). The SCN lesion experiment was performed in two separate 

batches, including TPL tested SHAM- and SCN-lesioned mice. Animals with incomplete SCN lesions were not 

further used and are not shown. SHAM and SCNx mice from batch2 were re-tested after bilateral adrenalectomy 

(ADX group). In experiments 2 and 3, HCC animals were housed and food deprived together the TPL tested 

animals. The number of animals (N) and ages (at the beginning of TPL testing) are indicated for each group. 

 

 

TPL testing procedure 

The used TPL test apparatus and testing procedures were described before 

(Mulder et al., 2013a; Van der Zee et al., 2008). Briefly, to induce food seeking 

behavior and voluntary location-choices, mice were food deprived to 85% of their 

ad libitum body weight, as individually determined by the average of three daily 

measurements prior to initiating food deprivation. To monitor bodyweight during 

testing, mice were weighed before being tested in each daily session and received 

experiment (SCN lesion Batch) groups N age (months)
1. CORT HCC 9 4

TPL 8 4
2. LEO/FEO HCC* 2 11

TPL 7 11
3. SCN lesion Batch1 HCC 8 4

SHAM 4 4
SCNx 5 4

Batch2 HCC 5 4
SHAM 4 4
SCNx 5 4

4. Adrenalectomy Batch2 (re-tested) ADX 7** 7
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an individual amount of food at the end of the light-phase (ZT10.5). Homecage 

control (HCC) mice were not TPL tested, but similarly food deprived (unless stated 

otherwise). Mice were tested in their inactive (light-) phase. In each of three daily 

sessions (lasting maximally 10 minutes per mouse), TPL test mice had to learn to 

avoid one of the three presented feeding locations (bated with powdered 

standard rodent chow, <0.1g), depending on the TOD (i.e. session). On visiting the 

non-target location, mice received a mild but aversive footshock (set to 620 volts; 

0.09 mA; <1 s). A session was considered correct, on an individual level, only when 

the two target locations were visited first, avoiding the non-target location or 

visiting it lastly. Daily performance was calculated for each animal as the 

percentage of correct sessions (e.g. 0, 33, 67 or 100 %) and these performances 

were averaged and plotted per group, forming a learning curve over multiple 

testing days. Mice from the two groups were alternated in the testing sequence. 

Actual testing was preceded by habituation steps as described previously (Mulder 

et al., 2013a; Van der Zee et al., 2008). See supplemental data in Van Der Zee et 

al. (2008), for a graphical representation of the habituation steps. In short, target 

locations were always baited. During the first four days (1-4), the non-target 

location was also baited so that all locations were safe to explore freely (no 

footshock delivery). During the next three days (5-7), the non-target location was 

kept unbaited, but still safe to visit (no footshock delivery). During the following 

three days (8-10), the shock was introduced at the non-target location, while still 

kept unbaited, so that mice could identify the non-target location based on sight 

and smell. On day 8, mice were habituated to first-time footshock exposure. The 

non-target location was kept inaccessible until the mice had first consumed the 

food rewards in the two target locations. This way, in each session all mice 

received both the positive food experience, followed by the negative footshock 

experience. Because of the manipulation, day 8 was excluded from further 

analysis. After these habituation steps, actual testing started with all locations 

baited and footshock delivery in the non-target location. Hence, mice could not 

identify the non-target / target location(s) based on sight/smell and had to use 

knowledge of circadian phase to discriminate the hazardous non-target location. A 

schematic overview of the daily protocol is provided below (Figure 1). 
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Figure 1 Schematic overview of the daily TPL testing protocol. Open circles indicate food (powdered standard 

rodent chow,50.1 g) at the end of an arm of the maze; grey circles indicate the non-target shock location. Mice 

were tested individually three times a day in 10 minute trials, with an intersession time of 3 hours. Bodyweights 

were taken before each trial. Mice received an individual amount of food at the end of each day in order to 

maintain body weight at 85–87% of ad libitum feeding weight. Testing was performed in the light phase. ZT0 

(zeitgeber time zero) indicates lights on. 

 

 

Spontaneous Alternation test 

Short-term spatial memory performance (working memory) was assessed by 

recording Spontaneous Alternation (SA) behavior in a Y-maze paradigm, as 

described before (Mulder et al., 2013a). The Y maze consisted of tree tubular and 

transparent Plexiglas arms (Evonik Industries AG, Germany) forming the Y. All 

three arms were 4.4 cm in internal diameter, 29 cm long, and at a 120° angle from 

each other. The experimental room contained visual cues, which served as distal 

spatial cues. Mice (naive to the maze) were placed in the center of the Y-maze (5 

cm internal diameter) and allowed to explore the maze freely during an eight-

minute session. The series of arm entries was recorded visually. An arm entry was 

considered to be complete when all four limbs of the animal had entered a Y-

maze arm. The maze was cleaned between each test with water and paper 

towels. An alternation is defined as successive entries into the three different 

maze arms. The alternation percentage (SA performance) was calculated as the 

ratio of actual to possible alternations (defined as the total number of arm entries 

minus two) (Anisman, 1975). Exploratory behavior was assessed by counting the 

number of arm entries. 

 

SCN lesions 

Mice were anaesthetized with an isoflurane/oxygen gas mixture and received 60 

μl finadyne s.c. (1mg/ml, Schering-Plough NV/SA, Brussels, Belgium). Mice were 

then placed in a stereotact (secured with earbars and a tooth-bar/nose clamp) 

equipped to support maintenance of the anesthesia. Eyes were protected against 

dehydration by applying Vita-Pos® salve (Ursapharm) and the shaved skin was 

disinfected with 70% EtOH. A small medial incision was made starting from behind 
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the eyes (just above bregma) to just below lambda. The periost was gently 

scraped away with a scalpel and the scalp was cleaned using cotton swaps. 

Dorsoventral top-of-skull coordinates were measured at several locations to 

ensure the head was level and adjustments were made if necessary. Bregma and 

lambda coordinates were accurately determined. A small hole (about 1.5 mm in 

diameter) was drilled just below bregma, wide enough to support both bilateral 

lesion sites. The dura was punctured and remaining skull fragments were gently 

removed with a needle. At this point, mice received 0.5 ml warm (±25°C) 

saline/glucose (0.45% NaCl + 2.5% glucose) i.p. After bleeding from the superior 

sagittal sinus was stopped with cotton swaps, a Teflon-coated tungsten wire 

electrode (A-M Systems, Carlsborg, U.S.A.), with a 0.3 mm exposed tip, was slowly 

lowered in the brain to general SCN coordinates: AP 0.3; ML 0.2; DV -5.3 (in mm, 

relative to bregma and skull top). Coordinates were slightly adjusted to individual 

bregma-lambda distance. The DV coordinate for SHAM-lesioned mice was -4.8 

mm. A ground needle was injected i.p. and bilateral electrolytic lesions were 

made by passing 1.1 mA DC current for 20 seconds. The electrode was left in the 

brain to cool down for one minute before it was slowly (0.1 mm/s) taken out. 

After the contralateral lesion, mice were immediately removed from the 

stereotact. The head wound was sutured (Ethicon perma-hand N266 5-0), 

disinfected with Povidine-iodine (Betadine®) and mice received another i.p. 

injection of 0.5 ml warm (±25°C) saline/glucose. Mice were placed back in their 

homecage, remained under a UV heat lamp for 24h, and recovered for at least 2 

weeks (first 5 days without running-wheel). 

 

Bilateral adrenalectomy 

Mice were anaesthetized with isoflurane, placed on their ventral side on a heating 

mat, and received 60 μl finadyne s.c. (1 mg/ml) (Schering-Plough NV/SA, Brussels, 

Belgium). Bilaterally, after fur was trimmed locally, a dorsal medial-lateral incision 

was made just below the ribcage (1-1.5 cm towards the spine). Each fat 

encapsulated adrenal was gently pulled up with small tweezers and cut out with 

scissors. Bleeding was reduced by cutting close to the adrenals and further 

stopped with cotton swaps. The muscle layers were closed with absorbable 

sutures (Safil® DS19 4/0), the skin layer was closed with silk sutures (Ethicon 

perma-hand N266 5-0) using an inverse knot. The wound was disinfected with 

Povidone-iodine (Betadine®) and mice received 1 ml warm (±25°C) saline/glucose 
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i.p. (0.45% NaCl + 2.5% glucose) to compensate for fluid loss. Mice were put back 

in their homecage, placed under a UV heat lamp for 24h and recovered further in 

their homecage (without running-wheel) for at least 2 weeks. After 

adrenalectomy, mice were given 1% sodium chloride in their drinking water to 

compensate adrenal regulation of bodily salt content. Complete removal of the 

adrenals was verified post-mortem by eye. In addition, blood samples were taken 

from the heart before transcardial perfusion and collected in microcentrifuge 

tubes containing EDTA as the anticoagulant, and kept on ice. Blood samples were 

centrifuged at 2600g for 15 min and the supernatant was stored at -80 °C until 

radioimmunoassay for corticosterone (CORT) (MP Biomedicals, Orangeburg, NY, 

USA, ImmuChemTM Double Antibody Corticosterone 125I RIA Kit, catalog No. 07-

120102). The average intra-assay C.V. for this kit is 7%. Further details can be 

found in the kit manual, which can be requested at MP Biomedicals. 

 

Post mortem verification of SCN lesion position 

Under deep pentobarbital anaesthesia, mice were perfused transcardially for 1 

minute with 0.9% NaCl + 0.5% heparin (400U) in H2O (15ml/min), followed by 150 

ml 4% paraformaldehyde (PF) in 0.1M phosphate buffer (PB) for fixation. Brains 

were collected and further processed in Greiner cups (Greiner Bio-One, Container, 

PS, 15 ml, 40 x 24.5 mm snapdeks, cat # 203170). Brains were postfixated for 24h 

in 4% PF in 0.1M PB, rinsed for one day in 0.01M phosphate buffered saline (PBS, 

pH 7.4) and then kept overnight in 30% sucrose in PBS cryoprotectant at 4⁰C. 

Brains were frozen using liquid nitrogen and stored at -80⁰C until further 

processing. The brains were cut in 30 μm coronal sections (bregma 0.26 to -1.58) 

using a cryotome and stored in 4% PF at 4⁰C for at least two weeks before silver 

staining. Brain sections were rinsed 3 x 5 min in H2O, followed by 5 x 5 min in pre-

treatment solution (0.45% NaOH + 0.6% NH4NO3 in H2O) and silver impregnated 

for 10 min in 0.3% AgNO3 + 5.4% NaOH + 6.4% NH4NO3 in H2O. After washing 3 x 

5 min in 0.5% Na2CO3 + 29.7% EtOH + 0.012% NH4NO3 in H2O, slices were 

developed for 4 min in 0.056% citric acid (C6H8O7.H2O) + 0.549% formaline + 10% 

EtOH + 0.012% NH4NO3 in H2O (PH adjusted to 5.9), fixated for 4 min in 37.5% 

Sodium thiosulfate (Na2O3S2.5H2O), and finally rinsed 3 x 5 min in H2O. The next 

day, slices were mounted on glass from a 1% gelatin + 0.01% Aluin solution, dried 

overnight and defatted/dehydrated through respectively 100% EtOH, 100% EtOH, 

70% EtOH + 30% Xylol,  30% EtOH + 70% Xylol, 100% Xylol, 100% Xylol, 100% Xylol. 
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Glass preparations were cover slipped using DPX mountant, dried for two days 

and then cleaned. Digital images of lesion sites were taken using a macro lens. For 

each mouse, the damaged area was mapped as a 50% transparent black layer into 

three coronal template sections: one anterior-, one in the middle-, and one 

posterior of the SCN (bregma coordinates -0.22; -0.46; -0.94 respectively). From 

these images, the most saturated area (covering the areas damaged in all 

subjects) and all area covered (covering areas damaged in at least one subject) 

were remapped to new corresponding template sections (Figure 3). 

 

Activity recording and analysis 

Activity, measured by running-wheel revolutions, was recorded continuously 

throughout all experiments, by a Circadian Activity Monitor System (CAMS by 

H.M. Cooper, JA Cooper, INSERM U846, Department of Chronobiology, Bron, 

France). Revolutions were counted per two minute bins and processed into 

double plotted qualitative actograms and activity profiles. FAA, normalized for 

general activity, was calculated by FAA/[DA-FAA], where FAA is the average 

activity over the period one hour before mealtime until mealtime, and DA is the 

total average daily activity. 

 

Statistics 

Statistical analyses were performed using GraphPad Prism 5.01 (GraphPad 

software, Inc.). Rhythmicity was assessed by Chi-square periodogram analysis 

(Refinetti, 2004; Sokolove & Bushell, 1978) using ACTOVIEW for Excel 2010, 

programmed by C. Mulder, University of Groningen (freely available on request), 

which was also used to create the actograms. Differences between groups were 

tested by two-tailed unpaired t-tests or one-way ANOVA with Bonferroni 

posttests. Pre-post differences were tested by two-tailed paired t-test. The chi-

square test was used to test for any location preference during the first 

habituation step. Differences from chance level were tested by two-tailed one-

sample t-test. Differences between groups over multiple testing days were 

assessed by repeated measures ANOVA with Bonferroni posttest. p<0.05 was 

considered significant. 
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Results 

 

Investigating LEO/FEO involvement in cTPL 

Results are shown in Figure 2. Manipulations were performed on a cohort of 

seven mice, which had successfully mastered cTPL. High intensity light pulses can 

phase delay SCN/LEO mediated circadian rhythms when applied at the beginning 

of the dark phase. We applied a 3h light pulse of 400-800 lux, according to an 

Aschoff type II protocol (Albrecht et al., 2001). On day 2, lights went out on the 

regular time (ZT12). On following days, mice remained housed- and were tested in 

darkness (under a constant dim red light <1 lux measured at the bottom of the 

cages and the level of the mice in the TPL paradigm). After TPL testing on day 3, 

the light pulse was applied at the beginning of the subjective dark phase, from 

circadian time (CT) 12 to CT15. In agreement with the known mouse phase 

response curve (PRC) (Comas et al., 2006), the light pulse induced a 2.5-3h phase 

delay in the activity onset of the two HCC animals (the effect size was most clearly 

distinguishable in these animals because their behavioral rhythms were not 

influenced/masked by food deprivation and TPL testing procedures). The 

intervention resulted in a markedly decline in TPL performance lasting for 2-3 

days. Daily performances were compared by two-tailed paired t-test. Compared 

to day 3, performance was dropped significantly on days 4 (p=0.0004) and 5 

(p=0.0006), but was recovered on day 6 (p=0.45). Next, a 6h food delay was 

performed. Instead of receiving food at CT10.5, mice received food at CT16.5, 

after TPL testing on day 8. Compared to day 8, this intervention resulted in a 

significant performance loss on day 9 (p=0.0002), while performance was 

recovered on day 10 (p=0.17). Subsequently a food advance was performed. 

Instead of receiving food at CT10.5, mice received food at CT4.5, after the first TPL 

test session on day 11 (test sessions 2 and 3 omitted). Compared to day 10 (day 

11 was an incomplete test day), this resulted in a significant performance loss on 

days 12 (p=0.008) and 13 (p=0.008), while performance was recovered on day 14 

(p=0.60). Although test sessions 2 and 3 were omitted on day 11, performance 

loss does not normally occur after omitting multiple sessions or even complete 

test days (Mulder et al., 2013a). Daily session-specific performance is shown 

below the average daily performance graph, in relative bar charts (Figure 2). The 

light pulse mainly affected performance in sessions 1 and 3 on day 4, while 
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affecting all three daily sessions on day 5. The food delay mainly affected 

performance only in session 2 on day 9 (all mice wrongly avoided the right-side 

location instead of the middle location, i.e. mice reacted as if the TOD was later, 

closer to the third session TOD). The food advance mainly affected performance in 

session 2 on day 12 (all mice wrongly avoided the left-side location instead of the 

middle, i.e. mice reacted as if the TOD was earlier, closer to the first session TOD) 

and session 1 on day 13 (all mice wrongly avoided the right-side location instead 

of the left-side location, i.e. mice reacted as if the TOD was later, closer to the 

third session TOD). 

 

 
 

Figure 2 Average daily TPL performance after abrupt LEO and FEO phase-shifts. After testing on day 3, in the 

beginning of the subjective dark phase, a 3h light pulse (400-800 lux) was applied according to an Aschoff type II 

protocol. After performance recovered, food was delayed by 6 hours (after testing on day 8). After performance 

recovered, food was advanced by 6h on day 11. Days are shown on the x-axis (non-shaded days indicate testing 

in LD; shaded days indicate testing in DD). The grey area around the black performance curve indicates SEM. 

Vertical lines indicate the interventions. Chance level is indicated by the horizontal line. Daily session-specific 

performance is shown in bar charts underneath the average daily performance graph (x-axis days are aligned; 

vertical height of the bars represent relative performance). 

 

Visual/statistical assessment (before TPL testing) and post-mortem verification 

of SCN lesions 

Results are summarized in Figure 3. After SCN/SHAM lesion surgery and the 

recovery period, animals were put into constant darkness (DD) for 2 weeks, to 
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phenotypically assess behavioral running wheel rhythmicity. Data was processed 

into double plotted qualitative actograms (Figure 3a-c). Shown are typical 

actograms of a visually assessed SHAM-lesioned mouse (a), a partial SCN-lesioned 

mouse (b), and a complete SCN-lesioned mouse (c). 

 

 

 
 
Figure 3 Phenotypic and post-mortem assessment of SCN lesions. (a-c) Sample double plotted quantitative 

actograms of a SHAM-lesioned mouse (a), a partial arrhythmic SCN-lesioned mouse (b), and a completely 

arrhythmic SCN-lesioned mouse (c), during a two week DD period. Running wheel revolutions (counted per two 

minute bins) are plotted with a maximum of 100 revolutions per bin. Time is marked in hours along the 

horizontal axis. Successive days are stacked on the vertical axis starting at the top. (d-f) Periodogram analysis of 

the corresponding (upper) running wheel data. A period range of 14 to 32 hours (x-axis) was analyzed with a 

single bin resolution. Prevalence of each period is expressed as a Qp value (y-axis). The linear grey line represents 

the Chi-square significance threshold (p<0.05). Peaks extending above this threshold indicate that the 

corresponding period is significantly present in the data. (g-j) SCN lesion damage/extend of selected animals 

were verified post-mortem by silver staining. (g) Typical lesion of a TPL selected animal. Panels (h-j) summarize 

damage extend in all selected TPL animals. Damage extend is shown at the rostral SCN (-0.22 AP to bregma)(h), 

at the central SCN (-0.46 to bregma)(i) and at the caudal SCN (-0.94 to bregma)(j). The white transparent area 

represents maximal damage extend (area damaged in at least one animal), the dark grey transparent area 

represents minimal damage extend (area damaged in all TPL selected animals). 
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Next to a visual inspection of the actograms, the activity data of the DD period 

was assessed by Chi-square periodogram analysis. Representative periodograms 

corresponding to the upper actograms are shown in Figure 3d-f. Only SCN-

lesioned animals that were assessed as arrhythmic by both visual actogram 

inspection and periodogram analysis were selected for TPL behavioral testing, 

together with the SHAM-lesioned mice. Exact period and DQp values of the TPL 

selected mice are given in Table 2. For all SCN-lesioned animals selected for TPL 

testing (SCNx), complete SCN lesions were confirmed post-mortem (SCNx) by 

histological inspection of lesion position/-extend after silver staining. Figure 3g 

shows a typical complete SCN lesion. Figure 3h-j summarizes damage extend in all 

SCN-lesioned animals selected for TPL testing. Damage extend is shown at the 

anterior/rostral SCN (h), mid SCN (i) and at the posterior/caudal SCN (j). The white 

transparent area represents maximal damage extend (areas damaged in at least 

one animal), the dark grey transparent area represents minimal damage extend 

(areas damaged in all SCN-lesioned animals selected for TPL). 
 

 

          Table 2 Post lesion rhythmicity assessment in DD 

 
 

Results from the visual and statistical rhythmicity assessment of mice selected for TPL testing. Visual assessment 

is based on the pattern of activity apparent in double-plotted actograms. Animals assessed as rhythmic are 

indicated with an ‘R’; animals assessed as arrhythmic are indicated with an ‘A’. Rhythmicity was statistically 

assessed by Chi-square periodogram analysis in which a period range of 14 to 32 hours was analyzed over 13 DD 

days. The DQp value is the difference between the Qp value and the Chi-square significance threshold. The most 

pronounced period (with the highest positive DQp value) is expressed in hours. 

  

mouse visual period DQp mouse visual period DQp

1 A - -217 10 A - -30

2 A - -211 11 A - -226

3 A - -162 12 A - -394

4 A - -42 13 A - -310

5 A - -289 14 A - -125

6 R 23,83 3961 15 R 24,00 881

7 R 24,03 1882 16 R 23,93 804

8 R 23,80 2265 17 R 23,97 1688

9 R 23,80 4535 18 R 23,80 1609

Batch 1 Batch 2

SC
N

 le
si

o
n

SH
A

M
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Spontaneous Alternation 

Prior to each TPL test, a spontaneous alternation (SA) test was performed. The SA 

test is a behavioral paradigm to investigate short-term spatial working memory 

(by assessing alternation percentage, i.e. SA performance) and general 

exploration behavior (by assessing the number of entries). Results are shown in 

Figure 4. We found no differences in SA performance between homecage control 

mice (HCC, N=13), SHAM-lesioned mice (SHAM, N=8), SCN-lesioned mice (SCNx, 

N=10) (pooled data from both batches), or mice from the second batch after 

adrenalectomy (ADX, N=7; SHAM and SCNx mice from the ADX group were 

statistically tested as separate groups): One-way ANOVA: F=1.14, df=4, p=0.36. 

Bonferroni posttests showed no significant differences between groups (p≥0.1 for 

all group comparisons). Also, we found no differences in the number of entries 

between the groups: One-way ANOVA: F=0.83, df=4, p=0.52. Bonferroni posttests 

showed no significant differences between groups (p≥0.1 for all group 

comparisons). 

 

 
Figure 4 Spontaneous alternation (SA) results of homecage control mice (HCC, N=13), SHAM-lesioned mice 

(SHAM, N=8), SCN-lesioned mice (SCNx, N=10) (pooled data from both batches), or mice from the second batch 

after adrenalectomy (ADX, N=7). No statistical differences were found between any of the groups. Error bars 

represent SEM. 

 

Habituation to Time-Place Learning 

Results are shown in Figure 5a (pooled data from the two batches). During the 

first habituation step (days 1 through 4, not shown), mice could freely explore the 
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three baited locations. No significant preference for a single (first choice) location 

was found (chi-square p=0.93, no significant group/batch differences). During the 

second habituation step (days 5 through 7, test situation with target locations 

baited; non-target location unbaited without footshock delivery), performance of 

SHAM and SCNx mice did not significantly differ from chance level (two-tailed 

one-sample t-test: p=0.10 and p=0.17 respectively), nor from each other (two-

tailed unpaired t-test: p=0.80). On day 8, mice were habituated to first time 

footshock exposure (see materials and methods, excluded from analyses). During 

the third habituation step (days 9 and 10, test situation with target locations 

baited, non-target location unbaited with footshock delivery), both SHAM and 

SCNx mice significantly learned to avoid the non-target location, showing 

performance significantly different from (above) chance level (p<0.001 for both 

SHAM and SCNx mice), with no significant difference between the groups 

(p=0.34). High performance is common in this habituation step because mice can 

identify the non-target / target location(s) based on sight/smell of the 

absence/presence of food. No significant differences were found between the 

two batches in any of the habituation steps. 

 

Time-Place Learning 

After the habituation steps, testing was performed with food in all locations and 

footshock delivery in the non-target location, which changed according to the 

TOD. Hence, mice could not identify the non-target / target location(s) based on 

sight/smell and had to use knowledge of circadian phase to discriminate the 

hazardous non-target location. Figure 5a shows TPL performances of the first six 

experimental days (testing in LD, pooled data from both batches). On the first 

experimental day (11), performance of both groups started above chance level, 

suggesting that the mice already learned TPL in some degree from the habituation 

steps. Learning curves were formed mainly over the first six days (11-16), during 

which all mice gradually learned to avoid the non-target location and reached a 

performance platform around 85-90% (two-way RM ANOVA effect of days: 

F=10.42, DF=5, p<0.0001; no effect of groups: F=0.62, df=1, p=0.44). Bonferroni 

posttests showed no significant differences between groups on any of days 11-16 

(p>0.05 on each day), indicating that learning curves were similar. In fact, tested 

for each batch separately, no significant differences were found between SHAM 

and SCNx mice on any of all the experimental days (first batch days 11-38: two-
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way RM ANOVA effect of groups F=0.77, df=1, p=0.41, Bonferroni posttests: 

p>0.05 for all days; second batch days 11-31: F=0.53, df=1, p=0.49, Bonferroni 

posttests: p>0.05 for all days). In both batches, all individual mice performed 

significantly above chance level (average over all experimental days: one sample t-

test (p<0.0001 for each mouse). 

 

 
Figure 5 Habituation results and TPL learning curves. (a) Average performances of SHAM and SCNx mice during 

the last two habituation steps (left bar graphs) and the first 6 days of TPL testing (learning curve). (b) Combined 

and separate learning curves of ADX (SHAM) and ADX (SCNx) mice. Grey circular symbols represent the maze. 

Within, small open circles indicate food at the end of an arm of the maze and small dark grey circles indicate the 

application of the footshock. Note that only the 1st session test situations are depicted. The non-target location 

(non-baited and non-shock reinforced during habituation days 5-7, non-baited and shock-reinforced during 

habituation days 9-10, baited and shock-reinforced during actual testing on following days), changes with the 

TOD (i.e. session). The horizontal lines represent chance level (33%). 

 

Animals from the second batch were re-tested after bilateral adrenalectomy 

surgery. Unfortunately, one SCNx mouse was lost in ADX surgery and one SHAM 

mouse was excluded because measured CORT levels were too high, suggesting an 

incomplete adrenalectomy. The ADX group thus includes 4 SCNx and 3 SHAM mice 

(Table 1). Figure 5b shows TPL performances of the first six days (testing in LD). 

Habituation steps were not repeated. On the first experimental day, average 

performance started above chance level, indicating that the mice still 

remembered the time-place associations to some degree. Again, ADX mice 
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formed a learning curve over the first six days (two-way RM ANOVA effect of days: 

F=3.69, DF=5, p=0.01. SHAM and SCNx mice within the ADX group did not 

significantly differ on any of the experimental days (days1-13: two-way RM 

ANOVA effect of groups F=0.25, df=1, p=0.63; Bonferroni posttests: p>0.05 for all 

days), indicating similar learning curves. All individual mice performed significantly 

above chance level (average over all experimental days1-13: one sample t-test 

(p<0.0001 for each mouse). 

 

Investigating circadian characteristics of TPL behavior 

The potential use of non-circadian strategies can be identified by skipping sessions 

and testing in absence of a LD cycle (Mulder et al., 2013a; Mulder et al., 2013b). 

Baseline TPL performances in the different light regimes are shown in Figure 6a. 

Baseline performance is defined as average performance on normal testing days, 

excluding the first three days of the learning curve and days on which 

manipulations (sessions skips) were performed. Batches were pooled for data 

from the same group/light regime). In the upcoming statistical comparisons to 

chance level (by two tailed one sample t-tests), the number of included subjects 

(N) is indicated per batch (N=Nbatch1+Nbatch2). The same format is applied for 

the number of included days. In LD, performance of all groups was significantly 

different from chance level (SHAM: N=4+4, days=7+4, p<0.0001; SCNx: N=5+5, 

days=7+4, p<0.0001; ADX: N=0+7, days=0+3, p<0.0001. Also in LL, all groups 

performed significantly above chance level (SHAM: N=0+4, days=0+3, p=0.006; 

SCNx: N=0+5, days=0+3, p=<0.0001; ADX: N=0+7, days=0+3, p<0.0001. Also in DD, 

both tested groups performed significantly above chance level (SHAM: N=4+4, 

days=3+5, p=0.009; SCNx: N=5+5, days=3+5, p<0.0001). We did observe that 

SHAM mice showed a small decline (but not significant) in average performance 

during testing in DD, as is reflected in a slightly lower average baseline 

performance for this group. No differences were found between the groups in any 

of the light regimes (one-way ANOVA F=1.52, df=9, p=0.17; Bonferroni posttests 

p≥0.1 for all comparisons). SHAM and SCNx mice from the ADX group were tested 

as separate groups, indicating no differences. 

Session skipping results are shown in Figure 6b. Performance was measured in the 

single next session after the skipped session. First- as well as second sessions were 

skipped. Over the two batches, data from multiple session skips were averaged 

per group/light regime. 
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Figure 6 Baseline TPL performance and session skipping results. (a) Baseline TPL performances of the different 

groups when tested in the different light regimes. Baseline performance is defined as average performance on 

normal testing days, excluding the learning phase (first three days) and days on which manipulations (sessions 

skips) were performed. Batches were pooled for data from the same group and light regime. (b) Average TPL 

performances of the groups after multiple (different) session skips in the different light regimes. Performance 

was measured in the single next session after the skipped session. In both panels, chance level is indicated by the 

horizontal line. Error bars represent SEM. All results were significantly above chance level (# indicates p<0.01, for 

unmarked bars p<0.001). 

 

In LD, six sessions were skipped with the SHAM and SCNx groups and two sessions 

were skipped with the ADX group. In LL, two sessions were skipped with all groups 

and in DD one session was skipped for the SHAM and SCNx groups. A specification 

on which session was skipped on which days is provided in the materials and 

methods (experimental outline section). The number of included subjects (N) in 

each group/light regime is the same as provided in the description of baseline 

performances. We found no significant negatively affected performances after 

session skips compared to baseline performances in any of the groups/light 

regimes. No significant differences were found in LD (two-tailed paired t-test, 

SHAM p=0.44, SCNx p=0.45, ADX p=0.45), or in LL (SHAM p=0.93, SCNx p=0.18, 

ADX p=0.32). In DD, an almost significant performance increase after session skips 

was found for the SHAM group (SHAM p=0.07, SCNx p=0.84). In all light regimes, 

all groups performed significantly above chance level after session skips (two-

tailed one-sample t-test: In LD: SHAM p<0.0001, SCNx p<0.0001, ADX p=0.0002; in 

LL: SHAM p=0.02, SCNx no variation, ADX p=0.0002; in DD: SHAM no variation, 

SCNx p= 0.019). No differences were found between the groups in any of the light 

regimes (one-way ANOVA F=0.70, df=9, p=0.71; Bonferroni posttests p≥0.1 for all 

comparisons). SHAM and SCNx mice from the ADX group were tested as separate 
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groups, indicating no differences. A complete test day was skipped with the 

animals from the first batch, not resulting in performance loss on the next day 

(performance SHAM: 91.7±8%; SCNX: 93.3±7%). 

 

Corticosterone radioimmunoassay results 

CORT measurements were performed on animals from experiments 1 and 4. 

Animals were sacrificed between ZT2-3.5, when animals expected to be tested in 

the first TPL session. Blood samples were taken from the heart prior to 

transcardial perfusion and CORT was measured by radioimmunoassay. Results are 

shown in Figure 7. Intact TPL-trained mice from experiment 1 showed a small 

trend for higher CORT levels compared to HCC mice (Figure 7, striped bars; two-

tailed paired t-test: p=0.09). CORT levels in ADX animals from experiment 4 did 

not differ from average measurements of three buffer samples (Figure 7, black 

bars; two-tailed paired t-test: p=0.95), confirming successful removal of the 

adrenals. 

 

 

 
Figure 7 Corticosterone radioimmunoassay. CORT measurements were performed on animals from experiments 

1 (striped bars) and 4 (black bars). Animals were sacrificed between ZT2-3.5, when animals expected to be tested 

in the first TPL session. Blood samples were taken from the heart prior to transcardial perfusion and CORT was 

measured by radioimmunoassay. Error bars represent SEM. 
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Analysis of running-wheel activity 

Representative actograms of a SHAM and an SCNx mouse (from the second batch) 

are shown in Figure 8.  Just like the previously tested Cry and Per deficient mice 

(Mulder et al., 2013a; Van der Zee et al., 2008), SCNx mice showed rhythmic 

activity during TPL testing in both LD and in constant conditions (LL, DD). 

However, SCNx mice immediately became arrhythmic during phenotyping in DD 

(Figure 8b days 24-38), and after the first TPL test, when the mice were remained 

in DD (Figure 8b days 82-87). 

 

 
Figure 8 Representative double-plotted qualitative actograms of a SHAM SCN-lesioned mouse (a) and an SCN-

lesioned mouse (b) from the second batch. TOD is plotted on the upper x-axis; days are plotted on the y-axis. 

Shaded areas indicate darkness. SCN lesion and adrenalectomy surgeries are indicated. Data recording failed on 

days 37-40. Periods in which animals were TPL tested are indicated by the dotted boxes. Within the boxes, on the 

right side of the actograms, grey vertical lines respectively indicate the three TPL test sessions and the time at 

which food was provided (thicker grey line: timed feeding/food deprivation was continued for two more days 

after TPL testing). 
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The absence of transient cycles indicates masking due to the testing procedures 

rather than a circadian clock that may have regained functionality due to the 

regularity of the testing procedures. SCNx mice became almost entirely diurnal 

during TPL testing. In contrast, SHAM mice showed a free running rhythm 

component during testing in LL and DD, which was not present in the SCNx mice. 

These observations agree with a dysfunctional circadian clock in SCNx mice. 

 

In agreement with other studies (Storch & Weitz, 2009), SCNx mice still showed 

FAA (Figure 9a). Although SCNx mice show generally lower activity, FAA 

normalized for general activity (Figure 9b) did not significantly differ from the 

SHAM mice (two-tailed unpaired t-tests, p=0.25). 

 

 

 
Figure 9 Activity profiles and food anticipation during TPL testing in LD. (a) Activity profile over all 30 TPL test 

days in LD (batch1, representative for batch 2 as well), plotted in 10 min bins. Both SHAM and SCNx mice show 

food anticipation. Zeitgeber time is indicated on the horizontal axis. The shaded area indicates darkness. Gray 

circular symbols represent the daily TPL test session situations. Within the grey circular symbols, open circles 

indicate food at the end of an arm of the maze, and gray circles indicate the non-target (shock) location. 

Horizontal error bars below the circular symbols indicate TPL test session durations. The hollow vertical arrow 

indicates when food was provided (daily at ZT10.5). (b) Food anticipatory activity normalized for general activity. 

Activity one hour before mealtime (FAA) was divided by the total daily activity (DA) minus the FAA (FAA/[DA-

FAA]). No significant difference was found between SHAM and SCNx mice. In both panels, error bars represent 

SEM. 
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Discussion 
 

With Time-place Learning (TPL) animals encode and anticipate the place and time 

of relevant events. The SCN and adrenal glands are potential candidates for being 

crucial components of the timing mechanism underlying circadian TPL (cTPL). 

Here we show that although TPL performance is influenced by timing 

manipulations with light as well as food, the SCN and adrenal glands are not a 

prerequisite for cTPL in mice. Here we further discuss these findings, the role of 

the SCN in cognitive tasks, and the mechanism underlying cTPL. 

 

 

Functional circadian timekeeping in SCN-lesioned and adrenalectomized mice 

 

Several strategies for animals to master a TPL paradigm have been previously 

identified: a stimulus-response strategy, ordinal timing, interval timing, or using a 

circadian clock (Carr & Wilkie, 1997). The use of session-specific discrimination 

cues (a stimulus-response strategy) was experimentally ruled out by keeping 

testing procedures exactly the same for each daily session. With an ordinal or 

interval timing strategy, animals respectively remember the sequence of events, 

or the passage of time relative to a zeitgeber. These strategies were ruled out by 

showing that skipping sessions and testing in LL and/or DD did not affect TPL 

performance in any of the tested groups. Together, these results indicate the use 

of an internal timing mechanism. This leaves the possibility that mice used a 

circadian hourglass mechanism (a unidirectional internal process that depends on 

daily resetting by a zeitgeber). With intact performance after the session skips in 

LD, LL and DD, and a complete non-testing day, this possibility was ruled out for 

all potential zeitgebers except food. However, feeding time as a zeitgeber for an 

hourglass mechanism has been ruled out before in behaviorally arrhythmic mice, 

tested in our specific TPL paradigm (Mulder et al., 2013a). Together, these results 

strongly indicate that an intact oscillator or oscillator system is underlying cTPL in 

SCNx and ADX mice, as shown before in wild-type and Per1/Per2 mutant mice 

(Mulder et al., 2013a; Van der Zee et al., 2008). TPL also depends on spatial 

discrimination abilities. However, we found no differences between HCC, SHAM, 
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SCNx and ADX mice in the SA test for spatial working memory and exploratory 

activity. 

 

TPL sensitivity to LEO and FEO phase-shifts 

TPL performance should be affected if the underlying oscillator (-system) is 

abruptly reset to a different phase, so that subjective testing times will mismatch 

with the previously acquired time stamps. We first investigated whether cTPL 

performance is sensitive to abrupt phase-shifts of light or food availability in SCN-

intact mice. Although the animals were of older age than the animals used in the 

SCN lesion experiment, we recently found that mice show no age related cTPL 

deficiencies before the age of 17 months (Mulder et al., 2013c, publication in 

progress). We used a high intensity light pulse given at the beginning of the 

subjective night according to a protocol known to phase delay the LEO in the SCN 

and SCN mediated rhythms by 2.5-3h (Comas et al., 2006). Similarly, we shifted 

the FEO by providing food 6h earlier and 6h later compared to the fixed time the 

mice were used to. Because the effectiveness of the induced FEO shifts could not 

be quantified precisely, a discrepancy between the induced degrees of LEO and 

FEO phase-shifts is likely, thus allowing only a relative comparison. Nevertheless, 

in line with the characteristics of an underlying circadian oscillator (-system), the 

light pulse and food advance negatively affected TPL performance for multiple 

days while performance gradually recovered. The light pulse and food shifting 

manipulations may have directly or indirectly (through coupling) affected the cTPL 

involved oscillators, or may have caused internal desynchrony within an otherwise 

entrained system of cTPL involved oscillators (i.e. oscillators within the system 

may have been differentially affected).The recovery can be explained by the input 

of TPL testing (on the days after the interventions), which either or both re-

entrained the underlying clock system(s) and/or re-set the recorded time stamps 

relative to the phase-shifted oscillator(s). Note however that TPL performance 

was lower at the second day after the light pulse compared to the first day after 

the light pulse (Figure 2, day 5 vs. day 4), indicating that involved non-SCN 

oscillators may take time to gradually adjust to the phase-shifted SCN. 

Interestingly, rather than making random choices, mice generally made the same 

mistakes after both the light pulse and food shifting manipulations. These results 

agree with an internal timing system that has been similarly affected in all mice as 

the cause for the performance effects, rather than any non-specific effects of the 
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interventions, like stress, disturbed sleep or general performance impairment due 

to a jet lag. Moreover, mice appeared to be alert, motivated and responding as 

normal during testing after the interventions. 

Another interesting finding is that the phase shifting interventions resulted in 

session-specific performance disturbances and alternative location choices that 

are not well explained by a single underlying oscillator that has phase-advanced or 

-delayed. Although it is difficult to predict the dynamic influence of a previous test 

session on the next (e.g. partial re-setting of timestamps and/or the underlying 

clock mechanism may occur after the first test session, affecting the second), the 

results suggest that the cTPL underlying timing mechanism is more complex than 

a single underlying LEO or FEO. Based on the current results, we postulate that 

cTPL may involve timekeeping at the level of the session-specific memory traces 

(see the final section of this discussion), which can thus be differentially affected 

and thereby result in session-specific disturbances of cTPL performance. Note that 

such memory integrated clocks may still require the setting and/or entrainment 

by a reference oscillator, or a system of oscillators, which may include the LEO and 

FEO as critical or modulatory components. Future research is required to unravel 

the exact underlying mechanism. 

Taken together, the results suggest that a LEO can at least modulate cTPL 

behavior, while the underlying clock also seems sensitive to food as a zeitgeber. In 

line with this, Ralph et al. recently reported that time memory in golden hamsters 

involves the setting of a 24h oscillator that is functionally and anatomically 

distinct from the SCN, but is entrained by the SCN acting as a weak (internal) 

zeitgeber (Ralph et al., 2013). Among other cues, feeding-entrained rhythms may 

similarly act as a weak zeitgeber to brain regions underlying cTPL. In line with this, 

we previously proposed that cTPL involved brain areas engaged in cognitive tasks 

may adapt to the most reliably available internal time signal, while receiving input 

from multiple oscillators (Mulder et al., 2013a). 

 

The role of the SCN 

The effects of a light pulse on cTPL performance strengthened our hypothesis of a 

role for the SCN in cTPL, either being crucial or modulatory. We hypothesized that 

in mice the SCN may be the main consulted reference clock, which may even 

function as a programmable alarm clock (see introduction). Moreover, given that 

the SCN serves to synchronize various non-photic oscillators, we hypothesized 
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that cTPL in mice may require accurate SCN governed entrainment of local 

timekeeping in the presumably manifold brain areas involved in cTPL. This may be 

particularly important to master a TPL task in which three locations/time-points 

have to be discriminated. Indeed, many studies have shown that the SCN or SCN-

mediated rhythms are important for task acquisition and performance (Antoniadis 

et al., 2000; Davies et al., 1974; Devan et al., 2001; Fekete et al., 1985; Gritton et 

al., 2013; Neto et al., 2008; Ruby et al., 2008; Stephan & Kovacevic, 1978; Stone et 

al., 1992; Tapp & Holloway, 1981).  cTPL likely requires multiple brain systems 

involved in feeding, arousal, attention, reward, motivation, spatial orientation, 

memory, decision making, and time-keeping. For example, Aragona and co-

workers correlated the expression of TPL behavior with dopamine turnover in the 

nucleus accumbens (NAcc) and paraventricular nucleus (PVN) of the 

hypothalamus, indicating involvement of the reward system (Aragona et al., 

2002). Similarly, daily rises in acetylcholine levels associated with task 

performance have been shown to become anticipatory and time-locked when 

training occurs at the same time every day, and this precise daily increase in 

acetylcholine persists for several days in the absence of cognitive training 

(Paolone et al., 2012). The implementation of a footshock in our TPL paradigm 

likely attributes additional systems related to fear processing (emotional content) 

and risk evaluation (Amir & Stewart, 2009; Lansink et al., 2012; McIntyre et al., 

2012; Roozendaal et al., 2008; Wang et al., 2009).  

Recently, Gritton and coworkers found evidence that the above hypothesized SCN 

functions are not mutually exclusive (Gritton et al., 2013). The authors show that 

rats entrain to a cognitively demanding task, and that basal forebrain cholinergic 

projections to the SCN provide the principal signal allowing for the expression of 

this cognitive entrainment. The authors show that cognitive training also robustly 

entrains SCN-lesioned rats, indicating (primary) involvement of non-SCN 

oscillators. However, SCN lesions resulted in significant impairments in task 

acquisition, indicating that SCN-mediated timekeeping benefits new learning and 

cognitive performance. The authors conclude that cognitive training entrains non-

photic oscillators, while cholinergic signaling to the SCN serves as a temporal 

timestamp attenuating SCN photic-driven rhythms, thereby permitting non-SCN 

oscillators to modulate behavior. It has been shown that this cholinergic signaling 

can induce lasting effects in the SCN, resulting in the circadian expression 

(coinciding with event TOD) of muscarinic acetylcholine receptors, fitting the view 
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of the SCN as a programmable clock (Van der Zee, 2004; Hut, Van der Zee, 2011). 

Interestingly, the attenuation of SCN photic driven rhythms at training times 

suggests that photic driven rhythms will have more influence on behavior at non-

training times. This may explain why the light pulse (not given at a TPL test time) 

induced such a large effect on TPL performance (compared to the food shifts). 

Although Gritton and coworkers reported significant impairments in task 

acquisition, and hypothesized that non-SCN oscillators take much longer to 

become synchronized to each other and to external zeitgebers in absence of a 

functional SCN, we did not observe such impairments in TPL tested SCN-lesioned 

mice. Presumably our TPL paradigm is not sensitive enough to detect (minor) 

positive effects of SCN entrainment. Nevertheless, our results suggest that SCN 

governed entrainment of non-SCN oscillators is not required for cTPL, even when 

three locations/time-points have to be discriminated.  We consistently found (in 

all SCN-lesioned mice) that the SCN is not a prerequisite for cTPL acquisition and 

retention. If anything, SCNx mice performed better rather than worse compared 

to SHAM mice (Figure 5). We recently observed the same trend in Per1/Per2 

mutant mice compared to wild-type mice (Mulder et al., 2013a). On the other 

hand, SHAM mice showed a small decline (but not significant) in average 

performance during testing in DD (Figure 6). These observations may be explained 

by the notion that non-SCN oscillators often interact or compete with the SCN to 

influence biological and behavioral rhythms (Acosta-Galvan et al., 2011; Angeles-

Castellanos et al., 2010; Mendoza et al., 2005). Indeed, SCN ablation is often 

accompanied by enhanced anticipatory activity to non-photic cues (Angeles-

Castellanos et al., 2010; Pezuk et al., 2010; Stephan et al., 1979b; Stephan et al., 

1979a).  

 

The role of the adrenals 

In line with previous studies in SCN deficient (behaviorally arrhythmic) animals 

(Mistlberger et al., 1996; Mulder et al., 2013a; Van der Zee et al., 2008), SCNx 

mice in the current study still showed intact behavioral rhythms during TPL 

testing, even in constant light conditions. With intact behavior rhythms present, 

the adrenal clock can sustain corticosterone rhythmicity in absence of a functional 

SCN pacemaker (Oster et al., 2006). Moreover, food anticipation is preceded by a 

corticosterone peak, which is also still present in SCN-lesioned animals (Krieger et 

al., 1977; Stephan, 1989; Stephan, 1981). In line with this, SCNx mice in the 
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current study showed intact food anticipatory activity (FAA), although it should be 

mentioned that FAA measured in this study is likely influenced by the testing 

procedures. Extensive evidence indicates that stress hormones released from the 

adrenal glands are critically involved in memory consolidation of emotionally 

arousing experience by amygdala activation (Amir & Stewart, 2009; McIntyre et 

al., 2012; Wang et al., 2009; Roozendaal et al., 2008). Moreover, the rhythmic 

expression of Per1 in the dentate gyrus was found to be suppressed by 

corticosterone (Gilhooley et al., 2011). Therefore, we hypothesized that the 

internal timing mechanism utilized for cTPL may be driven by the adrenal clock. To 

investigate this, we first measured CORT in intact TPL-trained mice, who expected 

to be tested in their first TPL session, and HCC mice (experiment 1). We found a 

trend for higher CORT levels in TPL-trained mice. CORT measurements from both 

groups were relatively high compared to literature findings (Dalm et al., 2005), 

which may be explained by the different sacrifice procedure (we used an 

unaesthetic instead of immediate decapitation). Besides individual variation, this 

may have masked a significant effect between the groups. We next performed 

bilateral adrenalectomy on the SHAM and SCNx mice from the second batch, and 

re-tested them in the TPL paradigm (experiment 4). Because we did not find any 

differences between the SHAM and SCNx mice, these groups were pooled to one 

ADX group. None of the individual ADX animals showed cTPL deficiencies, 

indicating that neither the SCN nor the adrenals are required for cTPL. One point 

of discussion is that the ADX mice were re-tested. Therefore adrenal 

corticosterone signaling may still play an initial (enhancing) role in driving (an) 

underlying oscillator(s) that may become independent with training. Whether 

naïve adrenalectomized mice can acquire cTPL remains to be investigated. Again, 

our TPL paradigm may not be sensitive enough to detect minor learning/memory 

enhancing effects of corticosterone signaling. Nevertheless the current results do 

not support an essential role for the adrenals in cTPL. 

 

A distributed memory integrated clock 

The origin of the primary consulted clock in cTPL remains elusive. This clock may 

be localized in a single brain region, or emerge from a network of interconnected 

brain structures, as hypothesized for the FEO. Although the first option is not 

excluded by our findings, the latter option has gained likeliness. At the systems 

level, the elements participating in a distributed clock may be variable. For 
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instance, the FEO clock network may conditionally take part in the cTPL clock 

network depending on whether a TPL task involves restricted feeding (Mulder et 

al., 2013a; Widman et al., 2004b). A distributed clock network is likely complex in 

the sense that it may involve widespread brain regions, different types of 

oscillators (self-sustained, partially self-sustained, or hourglass mechanisms, 

sensitive to various zeitgebers), and an intricate coupling architecture. However, 

the memory system likely holds a central place in cTPL behavior, providing both 

essential associative memory input of previous experience, as well as receiving 

(encoding) specific representations of encountered biological significant events. 

Clock genes are expressed in all subregions of the hippocampus and thought to 

support temporally regulated events underlying memory processes, such as 

acquisition, consolidation and retrieval (Rawashdeh & Stehle, 2010; Kondratova et 

al., 2010; Gerstner & Yin, 2010; Jilg et al., 2010; Eckel-Mahan & Storm, 2009; 

Gerstner et al., 2009). Recent findings suggest that hippocampal ‘time cells’ in the 

CA1 region take part in episodic memory networks and include a code that can be 

used to distinguish time intervals on an extended scale of hours to days (Mankin 

et al., 2012; Yin & Troger, 2011; Shapiro, 2011). Therefore, experience-related 

cues may act as zeitgebers to a distributed network of cTPL involved brain regions, 

including the hippocampus, where local timekeeping mechanisms may be 

entrained. Previously we found that Cry1/Cry2 double knockout mice were unable 

to master TPL, while Per1/Per2 double mutant mice showed cTPL similar as wild-

type mice (Mulder et al., 2013a; Van der Zee et al., 2008). Whether Cry, but not 

Per genes are essential for temporal coding in the hippocampus remains to be 

investigated, for example by using hippocampus specific clock gene knockout 

animals. 

 

Taken together, our current findings contribute to the growing body of evidence 

that the brain harbors a memory integrated clock system, which includes the LEO, 

FEO and brain regions involved in associative memory formation. We suspect that 

the local hippocampal clock, entrained by the distributed network in which it 

participates, is pivotal regarding the input and output of time-place-event 

associated memory traces. 
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Abstract 

 

Time-place learning (TPL) offers the possibility to study the functional interaction 

between cognition and the circadian system with aging. With TPL, animals link 

biological significant events with the location and the time of day. This what-

where-when type of memory provides animals with an experience-based daily 

schedule. 

Mice were tested for TPL five times throughout their lifespan and showed 

(re)learning from below chance level at the age of 4, 7, 12, and  18 months. In 

contrast, at the age of 22 months these mice showed preservation of TPL memory 

(absence of memory loss), together with a lack to update time-of-day information. 

Conversely, the majority of untrained (naïve) mice at 17 months of age were 

unable to acquire TPL, indicating that training had delayed TPL deficiencies in the 

mice trained over lifespan.  Two out of seven naïve mice however compensated 

for correct performance loss by adapting an alternative learning strategy that is 

independent of the age-deteriorating circadian system and presumably less 

cognitively demanding. Together, these data show the age-sensitivity of TPL, and 

the positive effects of repeated training over a lifetime. In addition, these data 

shed new light on aging-related loss of behavioral flexibility to update time-of-day 

information. 

 

Keywords: aging, circadian, memory, place, time 
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Introduction 
 

Aging is characterized by cognitive decline (Burke and Barnes 2006; Hedden and 

Gabrieli 2004; Nilsson 2003; Winocur 1992), as well as circadian system 

deterioration (Brown et al. 2011; Hofman and Swaab 2006; Kondratova and 

Kondratov 2012; Turek et al. 1995; Van der Zee et al. 1999). Evidence suggests 

that these processes may be interrelated (Antoniadis et al. 2000; Biemans et al. 

2003; Cain et al. 2004; Eckel-Mahan et al. 2008; Kondratova et al. 2010; Stranahan 

et al. 2008; Van der Zee et al. 2009). With time-place learning (TPL), animals link 

biological significant events (e.g. localizing a food source, encountering a mate or 

predator) with the location and time of day (TOD). This ability has been shown in 

many species and likely provides an evolutionary advantage by optimizing 

resource localization, reproductive success and predator avoidance in the natural 

circadian environment (Mulder et al. 2013b). 

 

Most organisms, ranging from cyanobacteria to mammals, have evolved circadian 

systems to time internal physiology and behavior in daily (circadian) cycles (Hut 

and Beersma 2011; Hut et al. 2013; Panda et al. 2002; Van der Zee et al. 2009). 

Briefly, the circadian system is composed of a network of hierarchically 

interconnected circadian oscillators (tissues and neuronal assemblies) which drive 

the circadian expression of many physiological parameters. In mammals, the 

suprachiasmatic nucleus (SCN) is recognized as the “master clock” in the brain 

(Groos and Hendriks 1982; Ralph et al. 1990; Stephan and Zucker 1972). This 

oscillator synchronizes to the environmental light/dark (LD) cycle and in turn 

synchronizes many subordinate oscillators in the brain and periphery. In external 

24h LD cycles the circadian system provides entrained daily rhythms in the body. 

In constant external conditions, these circadian rhythms are maintained with an 

intrinsic period (TAU) of about (circa-) one day (-dian). Because TAU is slightly 

different from 24h in absence of entraining external cues (zeitgebers), circadian 

rhythms will show a free-run pattern in daily activity plots (actograms). On a 

cellular level, circadian rhythms are predominantly controlled by clock genes and 

their protein products, which are expressed in virtually all cells in the body. In 

short, CLOCK (Circadian Locomotor Output Cycles Kaput) and BMAL1 (Brain and 

Muscle ARNT-like protein 1) form a heterodimeric complex which acts as a 
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transcription activator for PER (Period) and CRY (Cryptochrome) proteins. PER and 

CRY proteins dimerize and translocate back into the nucleus to inhibit the CLOCK-

BMAL1 transcription factor, forming a closed transcriptional-translational 

feedback loop (for review see Dibner et al. 2010).  

 

Aging is accompanied by severe circadian system deterioration, as is evidenced by 

manifold changes in behavior and physiology. One of the most consistent findings 

in aged individuals is a dampening of amplitude, which applies to overt activity 

rhythms, physiological parameters (such as body temperature), hormone levels, 

SCN neuronal firing rate, and SCN peptidergic output. Other hallmarks are an 

increased fragmentation of rhythms, extended activity periods, changes in free-

running period, disturbed sleep-wake rhythms, altered phase relationships, and 

changes in the ability to synchronize to zeitgebers (for review see Van Someren et 

al. 1999; Weinert 2000). Recent studies have indicated that the circadian system 

supports temporally regulated events underlying memory processes, such as 

acquisition, consolidation and retrieval (Eckel-Mahan and Storm 2009; Gerstner et 

al. 2009; Gerstner and Yin 2010; Jilg et al. 2010; Kondratova et al. 2010; 

Rawashdeh and Stehle 2010). It has been proposed that the aging-related 

flattening of circadian rhythms is causally linked to hippocampal neuropathology 

(Kondratova and Kondratov 2012; Stranahan et al. 2008). 

 

TPL enables the investigation of a specific role of the circadian system in learning 

and memory. Besides governing innate rhythms in physiology and behavior, it is 

believed that circadian oscillators can be used as a consulted clock and provide 

TOD information to brain systems involved in cognitive tasks, like TPL (Enright 

1970; Gallistel 1990; Hut and Van der Zee 2011; Mistlberger et al. 1996). 

According to this hypothesis, a circadian clock (-system) is continuously consulted. 

On the occurrence of biological significant events, TOD derived from this clock is 

stored into memory as a contextual cue (referred to as a timestamp) and 

associated with place- and event specific information to guide future behavior. In 

addition to circadian system involvement, TPL is likely hippocampus dependent as 

it involves memories for spatial representations and ‘what-where-when’ 

associations over time (Stranahan et al. 2008). Hippocampus dependent 

associative (episodic-like) memory is particularly age sensitive, as opposed to for 

instance procedural (implicit) memory (Fleischman et al. 2004; Newman and 
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Kaszniak 2000). Hence, TPL offers the opportunity to study the functional 

interaction of these systems with aging, as opposed to the more reductionist 

approach of studying these systems separately. 

 

To fully appreciate the underlying components of TPL, it is important to explain 

the different strategies an animal can use to cope with events which occur 

predictably at specific TODs.  In laboratory TPL studies, animals are typically 

tested at multiple fixed times of the day (daily test sessions). They are trained 

over multiple days to show a session-specific response (visiting/avoiding specific 

locations). Testing procedures need to be kept exactly the same for each test 

session so that TOD is the only predictor for the correct locations. Several 

strategies have been identified for animals to solve such a task: ordinal timing, 

interval timing, or using an internal circadian clock (Carr and Wilkie 1997). With 

ordinal timing, the animal remembers the sequence of events (e.g. first test 

session, avoid location A; second test session, avoid location B, etc.). If this 

strategy is used than performance will drop below chance level after a session is 

skipped. With interval timing, an animal tracks or estimates the passage of time 

relative to a stable external time cue (zeitgeber). This strategy may be applied if 

animals learn to associate intervals with a specific feeding location, e.g. shortly 

after light onset (first test session), avoid location A; longer after light onset 

(second test session), avoid location B, etc. We refer to these strategies as non-

circadian based strategies or external cue based strategies. Alternatively, animals 

must use a circadian strategy when above chance level TPL performance is 

maintained in constant (zeitgeber deprived) conditions and after session skips. In 

that case, animals must use an internal conception of TOD, independent of 

external cues. 

 

The circadian strategy is theoretically the most reliable strategy because it does 

not depend on external cues which can be unreliable or remain unnoticed. 

However, animals do not readily use this strategy unless properly motivated. The 

circadian strategy and the formation of TOD integrated (what-where-when 

associated) memory may thus be more demanding on brain resources to form 

and/or maintain, and therefore only be used when learning a time-place 

contingency is important for well-being or survival (Mulder et al. 2013b). While 

TPL refers to the behavioral output of visiting correct locations at the correct TOD 
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(using any possible strategy), we refer to circadian TPL (cTPL) when the use of a 

circadian strategy is confirmed or implied.  

 

cTPL has been demonstrated in several studies (Biebach 1989; Falk 1992; 

Mistlberger et al. 1996; Pizzo and Crystal 2002; Saksida and Wilkie 1994; Wenger 

et al. 1991), while others either failed to show TPL or found that animals used a 

non-circadian strategy to solve the task (Carr and Wilkie 1997; Carr et al. 1999; 

Carr and Wilkie 1999; Pizzo and Crystal 2002; Pizzo and Crystal 2004; Thorpe et al. 

2003). Whether an animal is capable of mastering a TPL task may depend on the 

species or used strain, but is also greatly determined by the experimental setup 

(See Mulder et al. 2013b). Previously, we designed a now well established TPL 

paradigm for mice based on a balanced approach between reward and 

punishment (Van der Zee et al. 2008). Mice are food deprived to 85% of ad libitum 

body weight. Correct location choices are rewarded by food, while incorrect 

location choices result in a penalty in the form of a mild footshock. This paradigm 

emulates the natural situation in which hungry animals seek food while different 

feeding locations can be predictably safe or unsafe to visit depending on the TOD. 

We have shown repeatedly that young wild-type mice readily acquire this 

paradigm and will structurally use a circadian strategy (Mulder et al. 2013a; 

Mulder et al. 2014; Van der Zee et al. 2008).  

 

TPL has not been investigated before in the context of aging. Here we set out to 

investigate TPL ability over the lifespan, together with spatial working memory 

performance and circadian activity parameters. As a circadian system and 

hippocampus-dependent learning task, we hypothesized that (c)TPL is particularly 

age-sensitive.  
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Materials and methods 
 

Animals and housing 

All experiments were performed using male C57BL6/J mice (Harlan, Horst, the 

Netherlands). All mice were housed individually in macrolon type II cages (length 

35 cm, width 15 cm, height 13.5 cm, Bayer, Germany), with sawdust as bedding 

and shredded cardboard as nesting material. The mice were kept in a climate 

room with controlled temperature (22±1°C) and humidity (55±10%). A light/dark 

(LD) schedule (12h light - 12h dark; lights on at 7:00 AM GMT+1h) was 

maintained, except in the constant light (LL) or constant dark (DD) conditions. 

Light intensity was always 20-50 lux measured between the cages. Food (standard 

rodent chow: RMHB/ 2180, Arie Block BV, Woerden, NL) was available ad libitum, 

except during food deprivation (TPL testing). Normal tap water was available ad 

libitum. Cages were cleaned at least once every two weeks and were enriched 

with a plastic running-wheel (diameter 13.5 cm). Activity, measured by running-

wheel revolutions per two minute bins, was recorded continuously throughout 

the experiment, by a Circadian Activity Monitor System (CAMS by H.M. Cooper, JA 

Cooper, INSERM U846, Department of Chronobiology, Bron, France). All mice 

were checked daily for food/water/health/activity/abnormal behavior. All efforts 

were made to minimize animal suffering and to reduce the number of animals 

used. All procedures were in accordance with the regulation of the ethical 

committee for the use of experimental animals of the University of Groningen, 

The Netherlands (License number DEC 5583A/F). 

 

TPL test apparatus and procedures 

The used TPL test apparatus and testing procedures were described before 

(Mulder et al. 2013a; Mulder et al. 2014; Mulder et al. 2013b; Van der Zee et al. 

2008). Briefly, to induce food seeking behavior and voluntary location choices, 

mice were food deprived to 85% of their ad libitum body weight, as individually 

determined by the average of three daily measurements prior to initiating food 

deprivation. To monitor bodyweight during testing, mice were weighed before 

being tested in each daily session and received an individual amount of food at 

the end of the light-phase (ZT10.5). In each of three daily sessions (lasting 

maximally 10 minutes per mouse), TPL test mice had to learn to avoid one of the 
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three presented feeding locations, depending on the time of day (i.e. session). On 

visiting the non-target location, mice received a mild but aversive footshock (set 

to 620 volts; 0.09 mA; <1 s). A session was considered correct, on an individual 

level, only when the two target locations were visited first, avoiding the non-

target location or visiting it lastly. Daily performance was calculated for each 

animal as the percentage of correct sessions (e.g. 0, 33, 67 or 100 %) and these 

performances were averaged over all mice, forming a learning curve over multiple 

testing days. Before mice were tested for the first time, testing was preceded by 

ten days of habituation steps as described previously (Mulder et al. 2013a; Mulder 

et al. 2014; Mulder et al. 2013b; Van der Zee et al. 2008). In short, during the first 

four days all locations were baited and safe to explore freely (no footshock 

delivery). During the next three days only the non-target location was kept 

unbaited, but still safe to visit (no footshock delivery). During the following three 

days, the shock was introduced at the non-target location, while still kept 

unbaited, so that mice could identify the non-target location based on sensory 

perception. After these habituation steps, actual TPL testing started with all 

locations baited and footshock delivery in the non-target location. Hence, mice 

could not identify the non-target / target location(s) based on sensory perception 

and had to use knowledge of circadian phase to discriminate the hazardous non-

target location. The same reward and shock positions were used in all TPL 

experiments and these were not randomized between individual mice. A 

schematic overview of the daily protocol is provided in Figure 1. 

 

Experimental outline 

A first group of mice (N=8) was tested five times throughout their lifespan, each 

time under both a 12:12 light-dark (LD) cycle, and under constant conditions (LL or 

DD). Five days before each TPL experiment (after taking ad libitum bodyweight 

measurements), the SA test was performed. Food deprivation (timed feeding) was 

started after the SA test (ad-lib food was removed and mice received a minimum 

of 1.5g per day, at ZT 10.5). At four months of age the mice were tested for the 

first time, starting with the habituation steps (10 days), followed by 24 days of TPL 

testing in LD (days 1-24), followed by 12 days of testing in LL (days 25-36). Session 

skips were performed on following TPL test days, with the number between 

brackets indicating which session was skipped: 12(2); 14(1); 19(2); 22(1); 26(1); 

29(2); 31(3). Habituation steps were not repeated with following TPL experiments 
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on this group of mice. Mice were TPL tested for the second time at seven months 

of age for 8 days, starting with 6 days of testing in LD, followed by 2 days of 

testing in LL. A session was skipped on day 8(1). Mice were TPL tested for the third 

time at twelve months of age for 55 days, starting with 38 days of testing in LD, 

followed by 16 days of testing in DD. Session skips were performed on days 14(1); 

16(2); 22(1,2); 27(1,2,3); 52(1), 54(1). Mice were tested for the fourth time at 18 

months of age for 33 days, starting with 22 days in LD, followed by 11 days in LL. 

Session skips were performed on days 5(1); 10(2); 30(1). Mice were tested for the 

fifth time at 22 months of age for 22 days, starting with 8 days in LD, followed by 6 

days in LL, followed by 3 days in LD, followed by 5 days in LL. Session skips were 

performed on days 7(1); 18(1). A second group of naïve aged mice (17 months old, 

N=9) was tested, starting with the habituation steps, followed by 14 days of TPL 

testing in LD. Session skips were performed on TPL test days: 5(2); 8(1); 10(1); 

13(2). 

 

Spontaneous Alternation test 

Short-term spatial memory performance (working memory) was assessed by 

recording Spontaneous Alternation (SA) behavior in a Y-maze paradigm, as 

described before (Mulder et al. 2013a; Mulder et al. 2014). Mice were placed in 

the center of the Y-maze and allowed to explore the maze freely during an eight-

minute session. The series of arm entries was recorded visually. An arm entry was 

considered to be complete when all four paws of the animal had entered a Y-

maze arm. The maze was cleaned between each test with water and paper 

towels. An alternation is defined as successive entries into the three different 

maze arms. The alternation percentage (SA performance) was calculated as the 

ratio of actual to possible alternations (defined as the total number of arm entries 

minus two) (Anisman 1975). Exploratory behavior was assessed by counting the 

number of arm entries. 

 

Analysis of activity parameters 

Runnig-wheel data was structured in 10 minute bins. Twenty LD periods, or data 

‘blocks’ (distributed over lifespan, when animals were not TPL tested) of fifteen 

days each, were analysed for daily activity, fragmentation, interdaily stability, 

signal-to-noise ratio and amplitude. Similarly, 5 LL blocks of respectively 15, 12, 

11, 15 and 12 days were analysed for circadian period (TAU) by chi-square 
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periodogram analysis. Daily activity is the average daily activity per block, 

calculated for each mouse by summing all running-wheel revolutions per day and 

averaging per block. Fragmentation is a measure for the frequency of transitions 

between rest and activity. The fragmentation percentage can be calculated for 

each mouse and data block, by dividing the number of activity bouts (sequential 

active/non-zero data bins) by the total number of active data bins, times one 

hundred to get a percentage. The relative amplitude of the rhythm was calculated 

from the most active 10h period (M10) and the least active 5h period (L5) in the 

average 24h activity profile: Amplitude = [M10-L5] (Van Someren et al. 1999). The 

interdaily stability quantifies the invariability between the days, that is, the 

strength of coupling of the rhythm to supposedly stable environmental zeitgebers. 

It is the 24h value from the chi-square periodogram (Sokolove and Bushel 1978), 

normalized for the number of data, and can easily be calculated as the ratio 

between the variance of the average 24h activity profile and the overall variance 

(See Van Someren et al. 1999 for the exact mathematical formula). The signal-to-

noise ratio is a measure for the strength of the circadian rhythm relative to the 

noisiness within the data, where the signal is the average 24h data profile, and the 

noise is the absolute difference between each data point and its corresponding 

value in the average 24h activity profile. The signal-to-noise ratio is then 

calculated as the variation of the signal values divided by the variation of the 

noise values (Dowse and Ringo 1989; White et al. 1992). Period length in LL data 

blocks were assessed by Chi-square periodogram analysis (Refinetti 2004; 

Sokolove and Bushell 1978). All parameters were analyzed using ACTOVIEW for 

Excel 2010, programmed by C. Mulder, University of Groningen (freely available 

on request), which was also used to create the averaged actogram. 

 

Statistics 

Repeated measurements of the SA test were analyzed using SigmaPlot 12.5 

(Systat Software, inc.). Differences from chance level were tested by two-tailed 

one-sample t-test (Statistix 8). Other statistics were performed using GraphPad 

Prism 5.01 (GraphPad software, San Diego, CA). The used statistical tests are 

indicated in the text. p<0.05 was considered significant. 
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Results 
 

TPL in mice trained over lifespan 

Mice were tested at 4, 7, 12, 18, and 22 months of age. A schematic overview of 

the daily TPL testing protocol is provided in Figure 1, and described in more detail 

in the methods section. At each age, TPL testing started while the animals were 

housed in LD, followed by a period of testing while the animals were housed in LL. 

Only at 12 months of age, mice were housed (and tested) in DD to investigate 

whether mice would react differently (in DD, mice are known to establish a 

shorter TAU than in LL). However no differences were found in TPL behavior 

between the LL and DD condition. Different sessions were skipped regularly to 

ensure that the mice used a circadian strategy. 

 

 
Figure 1 Schematic overview of the daily TPL testing protocol. In each of three daily sessions (lasting maximally 

10 minutes per mouse, with an intersession time of 3 hours), mice had to learn to avoid one of the three 

presented feeding locations, depending on the time of day (i.e. session). On visiting the non-target location, mice 

received a mild but aversive footshock. Open circles indicate food at the end of an arm of the maze (target 

locations); grey circles indicate the shock location (non-target location). Bodyweights were taken before each 

trial. Mice received an individual amount of food at the end of each day in order to maintain body weight at 85-

87% of ad libitum feeding weight. Testing was performed in the light phase. ZT0 (zeitgeber time zero) indicates 

lights on at 7 AM. Each unit on the scale represents 30 minutes. 

 

Baseline performance is defined as performance on all ‘normal’ test days (without 

sessions skips or other manipulations), excluding the first four days during which 

the learning curve is typically formed (except at 22 months of age, where a 

learning curve was absent). Results of average baseline performances and average 

performances after session skips (measured in the single next session after the 

skipped session) are summarized in Table 1, together with a statistical evaluation 

(two-tailed one-sample t-tests) compared to the 33.3% chance level. The number 

of subjects (N) is decreased at the higher ages due to aging related drop-out (mice 

that appeared weak were not used for testing). Although we started with N=9, 

one mouse was excluded because it never learned to master TPL. The results 

show that mice are able to master TPL until the age of 18 months, reaching a high 
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(significantly above chance level) baseline performance in LD, as well as when 

housed in constant conditions. Session skipping did not significantly affect 

performance, indicating that the mice kept using a circadian strategy. Aging 

effects start to occur at the age of 22 months old. 

 
Table 1 TPL baseline performance and performance after session skips, in LD and constant lighting conditions. 

 
# Number of session skips 

‘ Animals tested in DD instead of LL, and N=7 

n.v. no variation 

 

In Figure 2A, the bar graphs on the left show TPL performance during the three 

habituation steps that preceded actual TPL testing at age 4 months (not repeated 

at later ages). During the first habituation step (H1, 4 days), mice could freely 

explore the three baited locations. No significant preference for a single (first 

choice) location was found (chi-square p=0.25) and performance was not 

significantly above chance level (one-sample t-test: p=0.77). During the second 

habituation step (H2, 3 days, test situation with target locations baited; non-

target location unbaited without footshock delivery), performance was not 

significantly above chance level (one-sample t-test: p=0.42), indicating that the 

mice did not show TPL without the negative reinforcer (footshock). During the 

third habituation step (H3, 3 days, test situation with target locations baited; non-

target location unbaited with footshock delivery), mice significantly learned to 

avoid the non-target location, showing performance significantly above chance 

level (p=0.0002). High performance is common in the third habituation step 

because mice can identify the non-target / target location(s) based on sensory 

perception of the absence/presence of food. After these habituation steps, actual 

TPL testing was commenced with all locations baited, while one of the locations 

was negatively enforced by a footshock depending on the time of day (as 

schematically represented in Figure 1). 

N days % (S.E.) p days % (S.E.) p # % (S.E.) p # % (S.E.) p

4 8 15 87 (3) < 0.001 7 82 (4) < 0.001 4 84 (7) < 0.001 3 96 (4) < 0.001

7 8 2 83 (4) < 0.001 1 83 (6) < 0.001  -  -  - 1 88 (13) 0.003

12 8 19 80 (6) < 0.001 9' 89 (4)' < 0.001' 4 94 (4) < 0.001 2' 71 (10)' 0.009'

18 6 11 84 (5) < 0.001 6 86 (5) < 0.001 2 100 (0) n.v. 1 100 (0) n.v.

22 4 9 82 (5) 0.002 9 47 (14) 0.39 1 100 (0) n.v. 1 75 (25) 0.19

age

(mo)

baseline TPL performance TPL performance after session skips

LD LL LD LL
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Next to the bar graphs, Figure 2A shows TPL performance at ages 4, 7 and 12 

months old over the first seven days of testing in LD (grey areas), followed by the 

first four days of testing in absence of an LD cycle (white areas). Similarly, TPL 

performance at ages 18 and 22 months old are respectively shown in Figure 2, 

panels B and C. Learning curves were formed mainly over the first six days in LD 

and found to be similar between ages 4, 7, 12 and 18 months old (two-way RM 

ANOVA; effect of days: F=29.16, DF=5, p<0.0001; no effect of age: F=2.03, dF=3, 

p=0.13; no interaction effect: p=0.14). Because of this statistical similarity, TPL 

performances at ages 4, 7 and 12 months old were pooled. Comparing all learning 

curves, including the learning curve of the mice at 22 months of age, reveals a 

significant interaction effect (two-way RM ANOVA, p= 0.002), indicating that the 

learning curve at the age of 22 months is different. Bonferroni posttests showed 

that performance of the 22 months old mice was significantly different from all 

other ages at the first day (p<0.001 for each comparison). No differences between 

ages were found on following days, except on day 2 (22 months vs. 7 months 

ages, p<0.001). 

 

 
Figure 2 Time-Place Learning over lifespan. In Panel A, the bar graphs on the left show performance during the 
three habituation steps that preceded actual TPL testing at age 4 months (not repeated at later ages). *** 
indicates performance significantly above chance level (p<0.001). Next, average daily TPL performance, pooled 
for ages 4, 7 and 12 months old, is plotted for the first week in LD (grey areas), and followed by the first four days 
in LL (white areas). LL days differ between the ages and are therefore indicated by ‘#’ on the x-axis. In Panels B 
and C, the same format is applied for ages 18 and 22 months old respectively. The dotted graph lines in panels A 
and B indicate non-consecutive days. The different LD and LL periods in panel C are numbered for easy 
referencing. In all panels, the 33% chance level is indicated by the horizontal black line. Error bars represent 
S.E.M. Open data points indicate performance significantly above chance level (one-sample t-test for above 
chance level performance, p<0.05). 
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No TPL aging effects were found before the age of 22 months. At 18 months of 

age the mice did show a small (not significant) drop in performance when 

switched to LL (Figure 2B, day 23), but performance quickly recovered. 

Interestingly, at the age of 22 months, a learning curve was absent even though 

mice showed high performance in LD (Figure 2C, LD1) and performed flawlessly 

after a session skip (Table 1). Moreover, performance gradually decreased to 

below chance level after switching to LL (Figure 2C, LL1). To investigate this more 

thoroughly, mice were put back on LD for three days and then on LL again. 

Performance was immediately recovered in LD (Figure 2C, LD2), but again 

gradually dropped to below chance level in LL (Figure 2C, LL2), confirming the 

previous result. A session was skipped on day 18, when performance was still high 

in the second LL period (Figure 2C, LL2). 3 out of the 4 mice made correct location 

choices (Table 1). Although these results have limited statistical power, they 

suggest that the mice maintained a circadian strategy. Notably, at all ages mice 

did not perform better (or worse) in any specific test session. 

 

TPL in naive mice at the age of 17 months 

We showed that trained mice were able to show unaffected TPL until the 

relatively high age of 18 months. To investigate whether this was due to a training 

effect, we next investigated whether untrained (naïve) 17 months old mice were 

able to acquire TPL. TPL testing was preceded by the previously described 

habituation steps. Results are shown in Figure 3A. During the first habituation 

step (H1, 4 days), mice could freely explore the three baited locations. No 

significant preference for a single (first choice) location was found (chi-square 

p=0.52) and performance was not significantly above chance level (one-sample t-

test: p=0.84). During the second habituation step (H2, 3 days, test situation with 

target locations baited; non-target location unbaited without footshock delivery), 

performance was not significantly above chance level (one-sample t-test: p=0.63), 

indicating that the mice do not show TPL without the negative reinforcer 

(footshock). During the third habituation step (H3, 3 days, test situation with 

target locations baited; non-target location unbaited with footshock delivery), 

performance was not significantly above chance level (one-sample t-test: p=0.20). 

The results of the first two habituation steps are typical, and similar to the 4 

months old mice (Figure 2A). However, the relatively low performance in the third 

habituation step is uncommon (because mice can identify the non-target / target 
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location(s) based on sensory perception of the absence/presence of food) and 

significantly different from the young mice (two-tailed unpaired t-test: p=0.01). 

This indicates that these mice may have had a reduced ability to identify the non-

target location based on sensory perception. 

 

 
Figure 3 Time-place learning in naïve 17 months old mice. Panel A shows the daily performance curve over two 
weeks of testing in LD (black line graph), together with a separate performance curve of two ‘responders’. Days 
on which a significant difference was found between the responders and non-responders are indicated (*). The 
bar graphs on the left show average performance during the three habituation steps that preceded TPL testing. 
Panel B shows performance before and after session skips. Performance ‘after’ session skips was measured in the 
single next session following the skipped session. Performance ‘before’ session skips was measured in the same 
session on the previous day. The mice performed significantly below chance level after session skips. 
Performance of the responders differed significantly before vs. after session skips. The horizontal line indicates 
chance level. Error bars represent S.E.M. 

 

The naïve old mice were generally unable to acquire TPL (Figure 3A ‘all’). 

Performance did not significantly exceed chance level on any day after two weeks 

of daily testing (one-sample t-test, p>0.1 for all days). Only two mice reached 

average performance above chance level (Figure 3A ‘responders’). Although these 

mice consistently showed above chance level performance over multiple days, the 

low sample size restricts comparisons to chance level, and other statistics should 

merely serve a supportive function. Nevertheless, the performance curve of the 

responders differed significantly from the non-responders (i.e. ‘all’ without the 

responders) (two-way RM ANOVA; effect of groups: F=37.84, DF=1, p=0.002). 

Bonferroni posttests showed that the curves were significantly different (p<0.05) 

on days 7, 10, 12, and 14. Figure 3B shows the average TPL performance before 

and after session skips. Performance after session skips was measured in the 
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single next session following the skipped session. Performance before session 

skips was measured in the same session on the previous day. These results show 

that the mice generally made incorrect location choices after session skips (Figure 

3B ‘all’), resulting in performance significantly below chance level (one-sample t-

test, before: p=0.56, after: p=0.01). Performance before session skips was 

significantly different between the responders and the non-responders (two-

tailed unpaired t-test: p=0.002). Notably, performance of the responders also 

dropped below chance level after session skips (performance before vs. after 

session skips, two-tailed paired t-test: p=0.01), indicating that these mice had 

adopted an ordinal strategy instead of a circadian strategy. 

 

Spatial working memory and aging 

To investigate whether the TPL deficiencies observed in trained 22 months old 

mice and in naïve 17 months old mice can be (partly) attributed to reduced spatial 

working memory abilities, the spontaneous alternation (SA) test was performed 

before each TPL test. The test is based on the natural tendency of mice to inspect 

relatively novel locations (visited the longest time ago), typically resulting in 

sequential visits of the three different Y-maze locations (alternations). The 

alternation percentage is therefore an established measure for spatial working 

memory, on which the mice rely to distinguish between locations. The number of 

Y-maze arm entries during the eight-minute test sessions is a measure for 

exploratory behavior. Results are shown in Figure 4.  

 

 
Figure 4 Spontaneous alternation results of the mice trained over lifespan at ages 4, 7, 12, 18 and 22 months old 

(black bars) and naïve 17 months old mice (grey bars). Panel A shows the percentage of alternations, a measure 

for short-term spatial memory. Panel B shows the number of Y-maze arm entries during the eight-minute test 

sessions, as a measure for exploratory behavior. No statistical differences were found between any of the 

groups. Error bars represent SEM. 
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Comparing SA performances of the trained mice at the different ages 4, 7, 12, 18 

and 22 months old revealed no significant differences (One-way RM ANOVA: 

F=1.08, dF=4, p=0.39). Comparing the number of entries also revealed no 

significant differences (One-way RM ANOVA: F=1.14, dF=4, p=0.36). Separately 

comparing SA performances of the naïve 17 months old mice to all other ages of 

the repeatedly trained mice revealed no significant differences (One-way ANOVA: 

F=1.12, dF=5, p=0.37). Multiple comparisons posttests (Holm-Sidak method) 

showed no significant differences between the 17 months old naïve mice 

compared to all other ages of the repeatedly trained mice (p=0.91 compared to 

the 18 months old trained mice, which constitute the most appropriate control). 

Comparing the number of entries of the naïve 17 months old mice to all other 

ages of the repeatedly trained mice also revealed no significant differences (One-

way ANOVA: F=0.75, dF=5, p=0.59). Finally, multiple comparisons posttests 

revealed no significant differences between the 17 months old naïve mice 

compared to all other ages of the repeatedly trained mice (p=0.92 compared to 

the 18 months old trained mice). 

 

Circadian rhythm parameters with aging 

Runningwheel activity data was recorded continuously over the lifespan of the 

TPL trained mice. Figure 5A shows an average double plotted actogram of all mice 

trained over lifespan, with higher intensity grey values representing more activity. 

The vertical bar on the right profides an experimental overview, indicating the 

different housing conditions (grey = LD, white = LL, black = DD). Black vertical lines 

on the right side of the bar indicate the periods during which the animals were 

TPL tested (and food deprived). During TPL testing, animals show food anticipitory 

behavior before 5:30 PM, when food was profided daily (Figure 1), and free-

running activity patterns in absence of an LD cycle. Twenty LD periods, or data 

‘blocks’ (distributed over lifespan, when animals were not TPL tested) of fifteen 

days each, were analysed for several established parameters that quantitatively 

describe circadian rhythms: daily activity, fragmentation, interdaily stability, 

signal-to-noise ratio, and amplitude. Similarly, five LL blocks of respectively 15, 12, 

11, 15 and 12 days were analysed for intrinsic circadian period (TAU) by chi-

square periodogram analysis. Results are shown in Figure 5B. Most of the 

analysed parameters decrease with age, while fragmentation increases with age. 

TAU measured in LL showed a slight increase with age, but not significantly. 
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Together, these results demonstrate severe deterioration of circadian rhythmicity 

with aging. Notably, for most of the analyzed parameters a platform of decline is 

reached around the age of 17-18 months. 

 

 

 
Figure 5 Analysis of circadian rhythm parameters with aging. Panel A shows a combined (averaged) double 

plotted actogram of all mice trained over lifespan. Age in months is indicated on the vertical axis, time of day on 

the horizontal axis. The vertical resolution is 1 day; the horizontal resolution is 10 minutes. Higher intensities of 

grey indicate more running wheel activity. Data recording failed for a period around 10 months of age. The 

vertical bar on the right indicates the different housing conditions (grey = LD, white = LL, black = DD). Black 

vertical lines on the right side of the bar indicate the periods during which the animals were TPL tested and food 

deprived (FD). LD and LL periods during which the animals were not TPL tested were analyzed. Panel B shows the 

results of the different parameters that were analyzed. Error bars represent SEM. 
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Discussion 
 

Previously we showed that mice can use an internal circadian clock for TPL 

(referred to as cTPL). Because both memory function and circadian rhythms 

deteriorate with age, cTPL has potential as a sensitive model for aging and 

neurodegenerative disease. Here we investigated TPL for the first time in the 

context of aging. Mice were longitudinally tested at 4, 7, and 12 months of age 

(here referred to as adult), 18 months of age (here referred to as middle-aged), 

and 22 months of age (here referred to as old). In addition, 17 months old naïve 

mice (referred to as untrained middle-aged) were tested. We showed that in 

trained mice cTPL deficiencies occurred at old age. Conversely, untrained mice 

were unable to master cTPL at middle-age. Some of these mice however showed 

TPL using a non-circadian (ordinal) strategy. Below we discuss the specific aging-

related TPL deficiencies observed and their implications. 

 

Repeated training from young-adult age delays TPL deficiencies at old age 

Trained mice showed unaffected cTPL at middle-age, while untrained mice were 

unable to acquire (c)TPL at this age. This observation corroborates longitudinal 

training studies in rats showing that previous testing prevents the age-related 

decline in cognitive functions (Blokland et al. 2004; Hansalik et al. 2006; van Groen 

et al. 2002). Besides training on a specific task, lifelong environmental enrichment 

also has a positive impact on memory preservation, as well as on the maintenance 

of synapses and in the increase in number of newborn neurons within the 

hippocampus during aging (Leal-Galicia et al. 2008). This agrees with human 

epidemiological studies which suggest that an intellectually active life protects 

against cognitive disabilities seen at old age (Colcombe et al. 2004a; Colcombe et 

al. 2004b; Friedland et al. 2001; Snowdon et al. 1996; Wilson et al. 2002). The ‘use 

it or lose it’ concept states that neuronal activation may prevent 

neurodegeneration and strengthens connectivity (Swaab 1991). With (c)TPL 

training over the lifespan, this principle may apply to either or both the cognitive 

and circadian neuronal substrates underlying cTPL, or to interconnections 

between these neuronal substrates. We showed that short-term spatial working 

memory and motivation to explore a three-arm maze, as measured by the SA test, 

were not affected by aging. Untrained middle-aged mice showed similar 
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performance as trained middle-aged mice, indicating that SA performance is not 

affected by previous training. SA performances were similar as found by others 

(Lamberty and Gower 1990; Lamberty and Gower 1992; Naude et al. 2014).  

 

Memory preservation at old age: a sign of rigidity 

In contrast to TPL testing at all other ages, trained old mice did not show a 

learning curve, but immediate high TPL performance instead (Figure 2C, LD1). 

Although low in number, these mice behaved very compliant in this (double) 

reinforced task. Apparently, the acquired time-place-event memories were 

preserved over a period of 3.1 months since the last day of previous TPL testing. 

For comparison, the time between TPL testing at ages four and seven months old 

was only 1.7 months. This excludes the possibility that the absence of a learning 

curve is the consequence of a shorter time between TPL experiments. It seems 

that the mice had developed an exceptionally good memory at old age. One 

consideration however is that the use of outdated information in an ever 

changing environment can be detrimental. Aged mice relying upon previously 

learned time-place contingencies would presumably have difficulties if the 

correct/incorrect location information was changed and fail to show TPL under 

changing conditions. It is unlikely that the observed preservation of TPL memory 

at old age is solely attributable to the extensive amount of training the mice had 

received at this age. In this case we would have expected mice to demonstrate 

preservation of TPL memory at an earlier age. Note that mice had already been 

extensively tested for 109 days before being tested at middle-age, at which point 

they still showed a typical learning curve. The preservation of TPL memory in 

trained old mice more likely demonstrates aging-related behavioral rigidity. In line 

with this, behavioral rigidity (or ‘response perseveration’, i.e. maintaining a 

trained behavioral response without assessing whether this response is still 

appropriate) has been a consistent finding in rodent studies examining aging-

related changes in learning and memory abilities, especially in tasks that require 

aged subjects to adapt to novelty or to change a previously trained response 

(Barnes et al. 1980; Dean et al. 1981; Goodrick 1975; Havekes et al. 2011; Means 

and Holsten 1992; Stephens et al. 1985; Vasquez et al. 1983). Such behavioral 

rigidity, demonstrated by the absence of a learning curve, has not been reported 

before in the context of TPL. 
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Hippocampal rigidity  

Behavioral rigidity may be a manifestation of rigidity at the level of neuronal 

memory networks, which become less plastic or susceptible to modification with 

aging. One of the sites that undergo the earliest changes with aging is the 

hippocampus, which has a well-known role in remembering events (Berke et al. 

2009; Squire et al. 2004; Stranahan et al. 2008). Wilson et al. proposed that small 

concurrent changes during aging may strengthen the auto-associative network of 

the CA3 subregion at the cost of processing new information arising from the 

entorhinal cortex. As a result of such reorganization in aged memory-impaired 

individuals, information that is already stored would become the dominant 

pattern of the hippocampus to the detriment of the ability to encode new 

information (Wilson et al. 2006). In line with this, electrophysiological recording 

studies in aged rodents have demonstrated rigidity in aged CA3 place cell firing 

patterns. Hippocampal place cells (a type of pyramidal neurons) become active 

when animals enter a particular place in the environment, known as the place 

field. Young CA3 place cells readily remap and shift their representations, while 

aged CA3 place cells retain their original fields despite the changes in the 

environment (Wilson et al. 2006; Yassa et al. 2011). Next to place cells in the 

hippocampal CA1 and CA3 region, time cells have recently been identified, shown 

to track the elapsing of time (Macdonald et al. 2011; Mankin et al. 2012; Shapiro 

2011). Given our data it is tempting to speculate that such time cells participate in 

TPL memory networks and undergo similar rigidity with aging. 

Besides age-related hippocampal deficiencies, behavioral rigidity may also be 

explained by the conception that over time memory traces become independent 

from the hippocampus and more dependent on the cortex (long-term memory 

storage) or striatum (if it becomes procedural) (Kitamura and Inokuchi 2014; 

Lehmann et al. 2009; Smith and Squire 2009). The necessary plasticity or circadian 

system connections required for cTPL may thereby be lost (Mulder et al. 2013b).  

 

Reduced behavioral flexibility at old age: inability to update time-of-day 

information 

When TPL testing of the old mice was continued in LL, mice showed a gradual 

decline in performance (Figure 2C, LL1), which was confirmed by a second switch 

from LD to LL (Figure 2C, LD2, LL2). One explanation for this effect may be that the 

signal of the internal clock is weaker or more distorted in LL. However, in this case 
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we would expect a more immediate-, rather than a gradual loss of performance in 

LL. Instead, the gradual performance loss in LL fits the conception of rigid memory 

in combination with a free-running internal reference clock (-system). Without the 

presence of an entraining zeitgeber (i.e. in LL), circadian clocks will free-run, 

because the intrinsic period (TAU) is slightly longer than 24h. Moreover, our data 

show that TAU slightly increases with age (Figure 5B, bottom right graph showing 

TAU with aging), which has been shown before in mice (Mayeda et al. 1997; 

Possidente et al. 1995; Valentinuzzi et al. 1997). 

Unless the timestamps stored in memory (which are based on the previous 

entrained conditions in LD) are updated with daily testing relative to the free-

running reference clock (in LL), there will be an increasing mismatch between the 

timestamps and the reference clock. We suspect that this progressive mismatch is 

the cause of the observed gradual performance loss in LL. Note that if timestamps 

are updated with daily testing (as presumably occurs in younger mice), the 

deviation between internal clock and timestamps remains limited to one day free-

run shift and should not cause observable performance loss. Indeed, in a pilot 

experiment we previously found that TPL performance is not affected by small 

deviations from the routine testing times. As expected, mice will start making 

mistakes when the deviation approaches half of the intersession time (data not 

shown). The putative failure to update timestamps at the age of 22 months is 

further supported by the immediate instead of gradual recovery of performance 

when we switched from LL back to LD (Figure 2C, LD2). The absence of a learning 

curve here indicates that the old timestamps were still in place. 

 

TPL deficiencies occur at middle-age in untrained mice 

The inability of untrained middle-aged mice to acquire cTPL demonstrates that 

TPL deficiencies already occur around this relative young age. This corroborates 

with other studies showing that episodic spatial memory deficits emerge around 

middle-age (Bizon et al. 2009; Guidi et al. 2014; Kumar and Foster 2013; 

Markowska and Savonenko 2002).  Untrained middle-aged mice showed lower 

performance in the third habituation step and generally TPL performance below 

chance level. Note that a session was considered correct, on an individual level, 

only when the two target locations were visited first, avoiding the non-target 

location or visiting it lastly. Thus if mice visited no location or only one in the given 

eight minutes, the session was considered failed, because mice had not been able 
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to identify the correct target locations. The lower performances were at least in 

part due to such response failure, but also because mice more frequently made 

incorrect location choices. Importantly, mice did not appear to be anxious or 

unmotivated in the TPL test, but were rather more hesitative (going in and out 

maze arms). This indicates uncertainty to make location choices, as would be 

expected with reduced TPL ability. Only healthy and vital (aged) mice were 

selected to be TPL tested. No signs of decreased motivation or motor skills were 

apparent from the SA test, in which the mice showed spatial working memory and 

exploratory behavior unaffected by aging. In the third habituation step, the non-

target location is shock-reinforced, but not baited, so that mice can discriminate 

the non-target/target locations based on sensory perception of the 

absence/presence of food. However, mice cannot see the food, because it is 

placed in a small pocket behind the shocking grid. It is therefore most likely that 

mice use smell to identify the target locations in the third habituation step. 

Learning deficits in odor discrimination have been shown in aged rodents, and 

may thus explain the low performance in the third habituation step (LaSarge et al. 

2007). This is however not a factor in subsequent TPL training, when all locations 

are baited and indistinguishable by odor. 

 

Switching strategies 

Two of the untrained middle-aged mice were able to master TPL. Session skipping 

indicated that these mice had adapted an alternative strategy that is independent 

of the circadian system. This supports a general theory of aging as a loss of 

behavioral and cognitive flexibility, in this case losing the ability to use the 

circadian strategy. To compensate performance loss, alternative strategies are 

explored. The striatum and hippocampus are widely held to be components of 

distinct memory systems that can guide competing behavioral strategies and 

compensate for each other in case of temporal or permanent damage (Berke et al. 

2009; McDonald and White 1993; Packard et al. 1989; Becker et al. 1980). 

Multiple behavioral paradigms, like fear conditioning and various maze tasks have 

different versions which are either more hippocampal dependent, or more 

dependent on other memory systems (e.g. striatum, amygdala, cortex) (for review 

see Kennard and Woodruff-Pak 2011). A consistent finding in these studies is that 

the hippocampus dependent version is more age-sensitive than the non-

hippocampus dependent version. Switches in learning strategy are also seen with 
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sleep deprivation, which has adverse effects on hippocampus-dependent memory 

formation (Hagewoud et al. 2010; Havekes et al. 2011). We suspect that cTPL 

requires the plasticity of an intact hippocampus, while instead ordinal (non-

circadian) TPL may depend more on a less age-sensitive memory system, 

presumably the striatum (Mulder et al. 2013b). 

 

Circadian system decline versus cognitive decline with age 

In line with other studies (Antoniadis et al. 2000; Mayeda et al. 1997; Valentinuzzi 

et al. 1997), we found severe declines in circadian activity parameters with aging 

(Figure 5B). Note that for most of the analyzed parameters, a platform of decline 

is reached around middle-age (17-18 months), matching the age at which 

untrained mice were unable to master cTPL. It is however not clear whether the 

observed decline in overt circadian activity parameters is representative for 

circadian system components underlying cTPL. Circadian rhythms in activity are 

mainly SCN driven, while we previously showed that the SCN is not required for 

cTPL (Mulder et al. 2014). 

Although we excluded aging-related spatial working memory deficits in both 

trained and untrained mice, cTPL essentially requires spatial reference memory 

(i.e. the ability to remember reward locations across sessions). Note that this type 

of memory was still intact in the trained old mice (although presumably less 

plastic), as evidenced by the high performance in LD (Figure 2C, LD1). 

Nevertheless spatial reference memory could have been affected in the untrained 

middle-aged mice. We recently investigated spatial reference memory with aging 

using a complex maze (see Jónás et al. 2010 for a description of the maze), but 

found no differences in maze cross time or errors between young (3-6 months old, 

N=10), middle-aged (11-15 months old, N=10) and old (18-27 months old, N=13) 

mice (unpublished data). These mice had the same background, gender, and 

origin as the mice used for the TPL experiments. Moreover, mice are similarly 

motivated (food deprived) for both the complex maze and the TPL paradigm. Frick 

et al. (2000) used a Morris Water Maze setup to assess spatial reference memory 

in 5, 17 and 25 months old C57BL6 mice. The authors found deficiencies at the age 

of 25 months, but not between 5 and 17 months old males (although moderate 

effects were found in females). Together these data suggest that spatial reference 

memory was intact in the untrained middle-aged mice. Nevertheless we cannot 

conclude with certainty whether the cTPL inability of untrained middle-aged mice 
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is attributable to either a deficiency of the circadian system or of spatial reference 

memory (or other cognitive factors), although for now the circadian system 

decline seems the most likely cause. Similarly, although the absence of a learning 

curve in trained old mice (Figure 2C, LD1) suggests rigid memory, the putative 

failure to update timestamps (i.e. gradual performance loss in LL: Figure 2C LL1, 

LL2) may also be explained in terms of circadian system decline, if the signal of the 

internal reference clock is too weak to update TPL timestamps. 

All in, we suspect that age related deterioration of both the cognitive- and 

circadian system contribute to TPL deficiencies. This is especially likely given that 

recent studies suggest that these systems are highly integrated at the level of the 

hippocampus. The hippocampus presumably holds a central place in cTPL 

behavior, perhaps not only for the storage and retrieval of time-place associated 

memories, but also for harboring a local timekeeping mechanism. Clock genes are 

expressed in all subregions of the hippocampus and thought to support 

temporally-regulated events underlying memory processes, such as acquisition, 

consolidation and retrieval (Eckel-Mahan et al. 2008; Eckel-Mahan and Storm 

2009; Gerstner et al. 2009; Gerstner and Yin 2010; Jilg et al. 2010; Kondratova et 

al. 2010; Kondratova and Kondratov 2012; Rawashdeh and Stehle 2010). In a pilot 

study we found a 26% increase in CRY2 (the protein product of the core molecular 

clock gene Cry2) positive cells in the hippocampal dentate gyrus of TPL-trained 

mice compared to homecage control mice (data not included). In line with this, 

we previously showed that young-adult Cry1/Cry2 double knockout mice were 

unable to acquire TPL (Van der Zee et al. 2008). Therefore, we suspect that 

experience-related cues entrain local hippocampal timekeeping mechanisms that 

are functional to cTPL (Mulder et al. 2014). This supports the hypothesis that an 

aging-associated imbalance of rhythmic clock gene expressions in the 

hippocampus may be linked to age-associated deficiencies in cognitive tasks 

(Rawashdeh and Stehle 2010; Wyse and Coogan 2010).  

 

Taken together, we found that spatial working memory and exploratory behavior 

remain intact with age, while circadian rhythms in overt behavior deteriorate with 

age. Trained old mice showed signs of behavioral rigidity by preservation of TPL 

memory over an extended period of time, in sharp contrast to testing at younger 

ages. In line with this, while maintaining a circadian TPL strategy, these mice 

showed reduced behavioral flexibility by a putative inability to update time-of-day 
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information. Conversely, untrained middle-aged mice were incapable to acquire 

(c)TPL, indicating that training had delayed TPL deficiencies in the mice trained 

over lifespan. Some untrained middle-aged mice buffered performance loss by 

adapting an alternative strategy that is independent of the circadian system, 

suggesting that cTPL is more age-sensitive than ordinal TPL. In line with other 

studies we hypothesize that age-related hippocampal dysfunction, together with 

age-related circadian system decline, induces a shift from using the hippocampal 

(declarative) memory system to relying more on the striatal (procedural) memory 

system. This hypothesis needs to be confirmed in future studies, for instance by 

selective lesions in the hippocampus and striatum. 
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Abstract 
 
With time-place learning (TPL), animals link a stimulus with the location and the 

time of day. Animals can use their circadian system for TPL, in which case we refer 

to circadian TPL (cTPL). Previously we found that cTPL does not require the SCN, 

but that cTPL is dependent on the core molecular clock genes Cry1 and/or Cry2. 

However, much remains to be discovered about the specific connection between 

the circadian system and memory formation. 

Finding neurobiological correlates of cTPL will shed light on the underlying 

mechanism. We applied immunohistochemistry (IHC) on the brains of young mice 

that had successfully mastered cTPL. These mice were sacrificed the day after 

their last TPL test day, at the time of a daily TPL test session, together with home 

cage control (HCC) mice. We investigated c-Fos, CRY2, vasopressin (AVP), and 

pCREB as potential markers in the SCN, the main circadian clock, and the 

hippocampus, the main locus for declarative (episodic) memory formation.  

In line with our previous finding that the SCN is not critically involved in cTPL, we 

found no differences at the level of the SCN for the investigated markers (CRY2, c-

Fos and AVP). Moreover, in line with our previous finding that cTPL depends on 

Cry genes, we found a 26% increase of CRY2 expression in the hippocampal 

dentate gyrus. These results further indicate a key role of CRY proteins in cTPL and 

designate involvement of the hippocampus. Interestingly, the most pronounced 

difference between TPL trained and HCC mice was found in c-Fos expression in 

the paraventricular thalamic nucleus (PV), which has been referred to as a 

circadian system relay station. The hippocampus and PV may thus be interesting 

targets for future (lesion) studies to further unravel the mechanism behind cTPL. 
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Introduction 
 

cTPL presumes a functional connection between the circadian system and 

memory system(s), but not much is known about this connection regarding the 

origin of the underlying circadian oscillator and the molecular/neuronal signaling 

to the memory system. Neurobiological correlates of circadian system dependent 

Time-Place Learning (cTPL) potentially shed light on the underlying mechanism. 

We applied immunohistochemistry (IHC) on the brains of young mice that had 

successfully mastered cTPL. These mice were sacrificed the day after their last TPL 

test day, at the time of their first (or second) daily test session, together with 

homecage control (HCC) mice. All mice had been similarly food deprived (see the 

materials and methods section for more details). We used IHC (protein detection) 

instead of In situ hybridization (mRNA detection) because we aimed at identifying 

protein markers that are functional to cTPL behavior. In trained mice, such 

functional proteins should be expressed in anticipation of TPL testing time-points, 

and show higher expression levels compared to HCC mice sacrificed at the same 

TOD. We investigated c-Fos, CRY2, vasopressin (AVP), and pCREB as potential 

markers, each of which will be shortly introduced in the following paragraph. We 

hypothesized that a) the suprachiasmatic nucleus (SCN), the main circadian clock, 

would not reveal significant changes given the results of chapter 4 (SCN lesions 

did not affect TPL), and b) that the hippocampus, as the main locus for declarative 

(episodic) memory formation, would show significant changes. 

 

The markers we chose were c-Fos, CRY2, AVP, and pCREB. C-Fos belongs to the 

immediate early gene (IEG) family of transcription factors. Because IEGs are 

rapidly induced by neuronal activity, c-Fos is widely used as a marker for activated 

circuits at cellular scale (Kawashima et al. 2014; Morgan et al. 1987; Sagar et al. 

1988). CRY2 is the transcription product of the core molecular clock gene Cry2 

(Cryptochrome 2). On a cellular level, circadian rhythms are predominantly 

controlled by clock genes and their protein products. In short, CLOCK (Circadian 

Locomotor Output Cycles Kaput) and BMAL1 (Brain and Muscle ARNT-like protein 

1) form a heterodimeric complex which acts as a transcription activator for PER 

(Period) and CRY (Cryptochrome) proteins. PER and CRY dimerize and translocate 

back into the nucleus to inhibit the CLOCK-BMAL1 transcription factor, forming a 
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closed transcriptional-translational feedback loop (Ko and Takahashi 2006). In 

absence of a light-dark (LD) cycle, mice lacking the Cry1 and Cry2 genes lose 

periodicity (i.e. become arrhythmic) in wheel-running behavior (van der Horst et 

al. 1999), electrophysiological activity in the SCN (Bonnefont et al. 2003) and the 

rhythm in core body temperature (Nagashima et al. 2005). The Cry genes are 

specifically interesting to investigate as neuronal markers for TPL, because we 

showed that TPL depends on Cry1 and/or Cry2 (Van der Zee et al. 2008), but not 

Per1 and Per2 clock genes (Mulder et al. 2013). We also attempted to investigate 

CRY1, the paralog of CRY2. Unfortunately, we could only get a specific signal with 

the antibody for CRY2. AVP (arginine vasopressin) is seen as the major output 

signal of the SCN master clock. Approximately 10-30% of the neurons within the 

SCN contain AVP. These neurons show a daily rhythm in AVP synthesis as well as 

in the number of AVP-expressing SCN neurons and release (Kalamatianos et al. 

2004). AVP release is found to peak in the light phase and trough in the dark 

phase for nocturnal as well as diurnal animals (Kalamatianos et al. 2004; Kalsbeek 

et al. 2010). Released AVP is known to be active in- and outside the SCN. 

Vasopressin is indicated as the (humoral) output of the SCN because AVP 

producing SCN neurons project to distal targets areas, such as to the 

paraventricular nucleus (PVN). But AVP also has excitatory action within the SCN 

acting on the V1-type receptors (Kalamatianos et al. 2004). Interestingly, salient 

events have been shown to induce a circadian rhythm in the expression of 

muscarinic acetylcholine receptors in the SCN, with peak expression levels 

coinciding with the event-specific time of day (TOD) (Van der Zee et al. 2004). It 

has therefore been proposed that the SCN may function as a programmable 

‘‘alarm clock’’, using the neuropeptide AVP as an output to transfer the specific 

TOD information to other brain regions (Biemans et al. 2003; Hut and Van der Zee 

2011; van der Veen et al. 2008; Van der Zee et al. 2004). pCREB is a widely used 

marker for neuronal plasticity. CREB (cAMP response element-binding protein) is a 

cellular transcription factor which binds to certain DNA sequences called cAMP 

response elements (CRE), thereby increasing or decreasing the transcription of 

downstream genes. The phosphorylated form of CREB (pCREB) has been shown to 

be integral in the formation of spatial memory. Moreover, pCREB has a well-

documented role in neuronal plasticity and protein synthesis-dependent long-

term memory formation in diverse behavioral paradigms among many species 

(Bernabeu et al. 1997; Colombo et al. 2003; Countryman et al. 2005; Guzowski 
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and McGaugh 1997; Lamprecht et al. 1997). pCREB stimulates the expression of 

several immediate-early genes (IEGs). One of those genes is the proto-oncogene 

transcription factor c-Fos (Sheng and Greenberg 1990). 

 

In the SCN we analyzed c-Fos, CRY2 and AVP, and in the hippocampus we 

analyzed CRY2, c-Fos and pCREB in those subregions where specific and clear 

immunostaining was present. pCREB was also analyzed in the cortex for its 

function in the storage of long-term memory. C-Fos was additionally analyzed in 

the (anterior) paraventricular thalamic nucleus (PV, or PVT), because a clear signal 

(specific staining of neurons) was observed. The PV receives input from all major 

components of the circadian timing system, including the suprachiasmatic nucleus 

(SCN), the intergeniculate leaflet and the retina. Tracing studies have shown that 

the PV is ideally situated to relay circadian timing information from the SCN to 

brain areas involved in visceral and motivational aspects of behavior and to 

provide feedback regulation of the SCN (Moga et al. 1995). 

 

 

 

 

 

 

 

  



Chapter 6  

150 

Materials and methods 
 

Animals 

Brain material from three different cohorts of young to middle-aged male C57BL6 

mice was used. Each cohort consisted of TPL-trained mice and homecage control 

(HCC) mice. HCC mice had been similarly food deprived as TPL-tested mice. Details 

are shown in Table 1. Cohorts 1 and 2 were of similar age and specifically TPL 

trained for later immunohistochemical analysis (DEC 5583F). Animals from cohort 

3 were SCN lesioned mice described in chapter 4 (DEC 5583D). No differences 

were found between SCN lesioned mice and SHAM SCN lesioned mice, indicating 

that the SCN lesions had no effect on the expression of the investigated markers 

(c-Fos and pCREB). Therefore, these mice were grouped as TPL-trained mice. 

 

 
Table 1 Details of mice used for immunohistochemistry. The age is the age at which the mice were sacrificed. 

TOD indicates the TPL test session at which the mice were sacrificed. C-Fos in the DG was measured in both 

cohorts 2 and 3. These results were grouped because results were similar for both cohorts. 

 
 

Mice from cohort 1 were sacrificed at the time of their second daily TPL test-

session, while mice from cohorts 2 and 3 were sacrificed at their first daily TPL 

test-session (deviation maximally 10 minutes). We did select these time points for 

pratical reasons, but avoided selecting the third daily TPL test-session because 

expression of most clock genes is lower at the beginning of the light-phase. 

Hence, by choosing the earlier time points we increased the detectability of 

potentially upregulated markers (compared to HCC mice) in anticipation of TPL 

testing. 

marker brain area cohort age N (HCC) N (TPL) days trained TOD (session)

CRY2 SCN 1 4.6 7 6 36 2

DG 1 4.6 9 8 36 2

CA3 1 4.6 8 7 36 2

AVP SCN 1 4.6 6 5 36 2

c-Fos SCN 2 4.8 6 4 47 1

DG 2+3 4.8 / 8.3 13 18 47/44 1

PV 3 8.3 4 9 44 1

pCREB DG 3 8.3 5 9 44 1

CA3 3 8.3 4 9 44 1

CA1 3 8.3 4 9 44 1

cortex 3 8.3 5 9 44 1
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Collecting and processing of brain material 

Under deep pentobarbital anaesthesia, mice were perfused transcardially for 1 

minute with 0.9% NaCl + 0.5% heparin (400U) in H2O (15ml/min), followed by 150 

ml 4% paraformaldehyde (PF) in 0.1M phosphate buffer (PB) for fixation. Brains 

were collected and further processed in Greiner cups (Greiner Bio-One, Container, 

PS, 15 ml, 40 x 24.5 mm snapdeks, cat # 203170). Brains were postfixated for 24h 

in 4% PF in 0.1M PB, rinsed for one day in 0.01M phosphate buffered saline (PBS, 

pH 7.4) and then kept overnight in 30% sucrose in PBS cryoprotectant at 4⁰C. 

Brains were frozen the next day using liquid nitrogen and stored at -80⁰C until 

further processing. Brains were cut in coronal sections of 25 μm thick using a 

cryotome and stored at 4⁰C. Target areas were the SCN (these sections also 

containing the anterior PV) which was cut from -0.34 to -0.70 relative to bregma, 

and the hippocampus (these sections also containing PV and cortex) which was 

cut from -1.82 to -2.06 relative to bregma according to the mouse brain 

stereotaxic atlas (Keith B.J. Franklin and George Paximos 1997, Academic press, 

CA, USA). Sections were equally distributed over several Greiner cups containing 

0,01M PBS, to create multiple equal series that could be used for different 

immuno-stainings. 

 

Immunohistochemistry 

Three to five brain sections per mouse were used for each staining. Because 

similar protocols were used for each staining, only the procedures for the pCREB 

staining will be described as an example. Brain sections were rinsed three times 

for 5 minutes in TBS (0.01 M Tris-HCL + 0.9% NaCl, pH=7.4), and were then placed 

in 0.3% H2O2 in TBS for 30 minutes. After rinsing the sections in TBS four times, 5 

minutes each time, the primary antibody solution was added (Rabbit α-pCREB 

Millipore 1:1000 with 5% Normal Goat Serum and 0.1% Triton-X 100 in TBS). 

Sections were incubated overnight at room temperature on a shaker. After being 

rinsed with TBS eight times, for 10 minutes each time, the sections were 

incubated at room temperature for 2 hours with the secondary antibody 

(biotinylated Goat anti-rabbit IgG Jackson 1:500 with 1% Normal Goat Serum and 

0.1% Triton-X 100 in TBS). Next, sections were rinsed eight times with TBS for 10 

minutes each time. After that, the sections were put in ABC complex (1:500 in 

TBS) for 2 hours and then, they were rinsed again eight times with TBS for 10 

minutes each time. Finally, the labeled cells were visualized with 
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diaminobenzidine (DAB, 0.7mg/mL in H2O; Sigma-Aldrich, Steinheim, Germany) 

with 0.1% H2O2 as a reaction initiator. The reaction was stopped by rinsing three 

times with TBS for 5 minutes each time, and stored overnight in TBS at 4oC. The 

following day, the slices were mounted from a 1% gelatin in aquadest solution 

onto microscopic glasses using a brush. The sections were placed with the 

posterior side faced up (during cutting the left hemisphere was marked so it could 

be distinguished during mounting) and ordered from anterior to posterior. 

Sections were left to dry for one day after which they were gently mounted (from 

1% gelatin solution with 0.001% aluin) on glass slides, and left to dry overnight. 

Next, sections were put through a alchohol-xylol concentration series, covered 

with a cover glass using DPX mountant. A similar protocol was used for the other 

immuno-stainings, using different primary, and matching secondary antibodies. 

For CRY2, the primary antibody used was rabbit polyclonal anti-mCRY2 (1:200, 

from Alpha Diagnostic, USA). For c-Fos: rabbit polyclonal anti-c-Fos AB-5 (1:8000, 

vector), and for AVP: monoclonal anti-AVP (1:1000, PS41, kindly supplied by Dr. H. 

Gainer, NIH, Maryland). 

 

Quantification 

For each staining, the most appropriate quantification method was determined. 

When only few specifically labelled cells were present in the area of interest or 

when a variable background was present, cells were manually counted through a 

microscope. This applies for CRY2 in the SCN and DG, and for c-Fos in the DG and 

PV. For the other stainings, optical densities (OD) were measured at 50x 

magnification using a computerized image analysis system (Quantimet 550, Leica, 

Cambridge, UK). The OD is expressed in arbitrary units corresponding to grey 

levels. To correct for variability in background staining among sections, 

background labeling was measured in the corpus callosum and extracted from the 

OD of the area of interest. Bilateral measurements were averaged. The 

experimenter was blind to the treatment of individual animals during all cell 

counting and OD measurements. Because of the different quantification methods 

used, all results are expressed as percentage relative to the HCC group. 

Differences between TPL and HCC groups were tested by two-tailed unpaired t-

tests using Microsoft Excel.  
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Results and discussion 
 

Results of the different immuno-stainings are summarized in Figure 1. Because 

different quantification methods were used, all results are expressed as 

percentage relative to the HCC group (set at 100% expression), for optimal 

comparison. Representative pictures of the performed immuno-stainings are 

shown in Figure 2. 

 

 

 
Figure 1 Summary of results of all performed immuno-stainings in investigated brain regions. Expression levels 

are relative to home cage control (HCC) mice, which are depicted by the horizontal grey line at 100% (including 

error bars). The Dentate Gyrus (DG), Cornu Ammonis areas 1 and 3 (CA1; CA3) are subregions of the 

hippocampus. Same markers are indicated by same greyscale colors. All error bars represent SEM. Statistical 

evaluations (two-tailed unpaired t-tests) of expression in HCC vs. TPL trained mice are included: * p<0.05, ** 

p<0.01, *** p<0.001. CRY2 expression in the DG showed a statistical trend toward significance (p=0.09). 

 

 

A first observation from these data is that no differences between TPL trained and 

HCC mice were found at the level of the SCN for the investigated markers (CRY2, 

c-Fos and AVP). This is in line with our findings reported in chapter 4, that the SCN 

is not essential for TPL (Mulder et al. 2014). Notably, a significant decrease in c-

Fos positive cell-count in the Dentate Gyrus (DG) and the optical density of pCREB-

positive cells located in DG, CA1, CA3 and Somatosensory Barrel Cortex was found 

in TPL trained mice compared to HCC mice. 
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Figure 2 Representative pictures of CRY2, c-Fos, and AVP immunoreactivity in the SCN (panels a-c), CRY2 in the 

DG (panel d, CA3 not shown), pCREB in the DG, CA1, CA3 and cortex (panel e), and c-Fos in the DG and PV (panels 

f, g). Coordinates relative to bregma are shown in the left corner of each panel (according to the mouse brain 

atlas: Keith B.J. Franklin and George Paximos 1997). Scale bars in the right corner of each panel indicate 100µm in 

all panels. 3V = third ventricle; OC = Optic Chiasm; D3V = dorsal third ventricle. 

 

One explanation for these decreased expression levels is that mice were 

extensively trained. It has been shown that, with extensive training, c-Fos is 

attenuated in most brain regions (Bertaina-Anglade et al. 2000). Moreover, c-Fos 

and pCREB are related in the way that pCREB also stimulates the expression of c-

Fos (Sheng and Greenberg 1990). In extensively trained animals, the hippocampus 

may be devoted to the learned task (retention rather than acquisition) activating 
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only the cells devoted to this task. From another perspective, training may 

increase synchronization of hippocampal neurons, causing less cells to be active at 

one given time point. It would therefore be interesting to also investigate these 

markers during the learning (acquisition) phase of TPL. In 1990, Kononen and his 

colleagues showed that in the rat brain, c-Fos levels show a circadian rhythmicity, 

with peak expression in the active (dark) phase (Kononen et al. 1990). Therefore, 

another explanation for the decreased expression levels may be that TPL testing 

had induced a phase shift (advance) in c-Fos (and pCREB) circadian expression 

relative to the ‘normal’ expression pattern in HCC mice.  

The most pronounced difference between TPL trained and HCC mice was found in 

c-Fos expression in the paraventricular thalamic nucleus (PV). The PV has been 

referred to as a relay station transmitting SCN circadian rhythms throughout the 

brain (Moga et al. 1995). Indeed, the PV receives input from all major components 

of the circadian timing system, including the SCN (Pickard 1982), 

subparaventricular zone (Watts et al. 1987), the intergeniculate leaflet, and the 

retina (Moga et al. 1995). In addition, the PV is connected to brain areas involved 

in learning and memory, including the ventral striatum, amygdala, entorhinal 

cortex, hippocampus, and cortex (See Moga et al. 1995, and referenced therein). 

The PV may thus be an interesting target area for future lesion studies in the 

context of TPL. 

 

The 26% upregulation of CRY2 in the DG of TPL trained mice compared to HCC 

mice is an interesting finding. cTPL likely involves the hippocampus, which is 

known to be involved in spatial navigation and associative (episodic) memory. The 

DG is one of the few brain areas where adult neurogenesis occurs, and thought to 

be particularly involved in the formation of new episodic memories (Amaral et al. 

2007; Treves et al. 2008). It has been proposed that experience-related cues 

(cognitive training) may act as a zeitgeber to the hippocampus, where local 

timekeeping mechanisms may be entrained (Gritton et al. 2013). Moreover, we 

previously found that Cry1/Cry2 double knockout mice were unable to master 

TPL, while Per1/Per2 double mutant mice showed cTPL similar as wild-type mice 

(Mulder et al., 2013a; Van der Zee et al., 2008). Whether Cry, but not Per genes 

are essential for temporal coding in the hippocampus remains to be further 

investigated, for example by using hippocampus specific Cry and Per knockout 

mice.  
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General discussion and future perspectives 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

All biologically significant events occur within the basic physical dimensions of 

time and space. It is reasonable to suspect that this fundamental fact is reflected 

in the functional architecture of biological information-processing systems. 

Consequently, the representation of the spatial and temporal coordinates of 

events may constitute a central organizing principle of memory, and ultimately of 

action (Gallistel, 1990). 
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We have often referred to the Time-Place Learning (TPL) paradigm as a 

‘functional’ behavioral paradigm. What we mean to ‘catch’ with this phrasing is 

that the paradigm mimics the most fundamental challenges that animals have to 

cope with in the natural circadian environment: locating resources while avoiding 

predators, in the most efficient way. Many animals have prey, mates, or predators 

whose locations in space vary predictively over time (Carr and Wilkie 1997; Daan 

and Koene 1981; Rijnsdorp et al. 1981; Silver and Bittman 1984). In this respect, 

TPL behavior is believed to be highly ‘functional’ to the survival and reproductive 

success of animals, and has likely shaped cognitive and circadian systems over the 

course of evolution (Carr and Wilkie 1997; Carr and Wilkie 1999; Mistlberger et al. 

1996). TPL provides animals with an adaptive mechanism to guide spatiotemporal 

behavior in accordance with prior experience. Investigating TPL behavior may help 

to gain a better understanding of the foraging dynamics in prey as well as 

predators. We and others have demonstrated that animals can use their circadian 

system for TPL, in which case we refer to circadian TPL (cTPL). 

 

An important step to studying TPL behavior in laboratory settings has been the 

development of a suitable paradigm, in which animals show consistent cTPL 

behavior. The long road towards such a functional paradigm has been described in 

chapter 2. The key has been to find a balanced approach between a reward to 

motivate animals to choose correct locations (finding food while hungry), in 

combination with a punishment (response cost) for choosing incorrect locations. 

Note that a response cost is likely implicit in widespread natural habitats, because 

traveling to a non-rewarding/predated location will (at best) be costly on energy. 

Scaling down TPL behavior into a laboratory setting therefore required the 

artificial implementation of such a response cost, which we have done so by the 

application of a mild but aversive footshock. The first results using this paradigm 

showed that (c)TPL requires the core molecular Chryptochrome clock genes (Cry1 

and/or Cry2), supporting behavioral observations of circadian system involvement 

in cTPL (Van der Zee et al. 2008). This finding further validated cTPL as a circadian 

system dependent learning and memory task. However, much remains to be 

discovered on this specific role of the circadian system in memory formation. 
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cTPL implies that distinct phases of an internal circadian clock can be incorporated 

in associative ‘what-where-when’ memory. Studying this type of learning and 

memory has potential to study the role of clock genes on a functional behavioral 

level, and as an animal model for aging and neurodegenerative disease. 

 

TPL as a model to study the role of clock genes on a functional behavioral level 

Clock genes have been identified based on mutation or deletion of these genes 

and resulting arrhythmicity of SCN governed activity in constant conditions. cTPL 

enables the investigation of known clock genes on a functional behavioral level. In 

chapter 3 we investigated whether cTPL is Cry-specific or also depends on Per 

clock genes. Interestingly, we found that Per1/Per2 double mutant mice, despite 

their arrhythmic phenotype, showed no cTPL deficiencies compared to wild-type 

mice (Mulder et al. 2013a). These results indicate internal timekeeping functional 

to cTPL that is Cry, but not Per dependent. Interestingly, while CRY proteins have a 

well-established and critical function in the core molecular transcriptional-

translational feedback loop, a critical role for PER proteins as negative regulators 

in the core molecular clock mechanism is debatable (Griffin, Jr. et al. 1999; Jin et 

al. 1999; Kume et al. 1999; Sangoram et al. 1998; Shearman et al. 2000; Ye et al. 

2014). Moreover, it has become clear over recent years that clock genes can have 

tissue-specific functions (Abe et al. 2002; Birky and Bray 2014). Our results suggest 

that while PER proteins are critical to maintain rhythmicity in the light-driven SCN, 

they may not be critical in non-photic oscillators potentially involved in cTPL. 

The discrepancy in TPL ability between Cry and Per deficient mice indicates that 

TPL can be a discriminating paradigm to investigate the behavioral functionality of 

known clock genes and validates the investigation of mice deficient in other 

molecular clock components. 

 

TPL as a model for aging and neurodegenerative disease 

Numerous clinical studies have established a direct correlation between abnormal 

circadian clock functions and the severity of neurodegenerative disorders, 

suggesting a functional link between the circadian clock and age-associated 

decline of brain functions (Kondratova and Kondratov 2012). cTPL demonstrates 

that animals can form so-called ‘tripartite memory codes’ consisting of associated 

what, where, and when information, resembling the content of human episodic 

memory. This type of hippocampus-dependent memory is particularly susceptible 
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to the pathologies of aging and neurodegenerative disease (Berke et al. 2009; 

Squire et al. 2004; Stranahan et al. 2008). Therefore, TPL may have specific 

potential as an animal model for episodic memory and aging. Such functional 

behavioral models are scarce, yet essential to test interventions that potentially 

improve detrimental effects of aging and (episodic) memory related diseases like 

Alzheimer's disease (Dere et al. 2005a; Dere et al. 2005b). Indeed, patients 

suffering from Alzheimer’s disease (AD) are often said to be disorientated in time 

and place, and memories of when and where things happened (episodic memory) 

are among the first to be affected in AD patients. Aging is characterized by 

cognitive decline (Burke and Barnes 2006; Hedden and Gabrieli 2004; Nilsson 

2003; Winocur 1992), as well as circadian system deterioration (Brown et al. 2011; 

Hofman and Swaab 2006; Kondratova and Kondratov 2012; Turek et al. 1995; Van 

der Zee et al. 1999). We therefore predicted that cTPL is specifically age sensitive.  

 

In chapter 5, we investigated TPL for the first time in the context of aging. We 

found that most untrained mice were unable to acquire TPL at middle-age (17 

months). Surprisingly, some mice did master the task by adapting an alternative 

(ordinal) TPL strategy. We hypothesize that age-related hippocampal dysfunction, 

together with age-related circadian system decline caused these untrained mice 

to adapt this ordinal TPL strategy, which is presumably less cognitively demanding 

than cTPL (Mulder et al. 2013b). In contrast, mice trained over their lifespan 

successfully maintained the circadian strategy (cTPL, learned from young age) 

until old age (22 months). At this age however, mice showed signs of behavioral 

rigidity and a lack to update time-of-day information. 

The striatum and hippocampus are widely held to be components of distinct 

memory systems that can guide competing behavioral strategies (Berke et al. 

2009; Hagewoud et al. 2010). While hippocampus-dependent episodic memory is 

particularly age sensitive, the striatal system is more age-resistant (Churchill et al. 

2003; Nilsson 2003). We suggest that cTPL requires the plasticity of an intact 

hippocampus, while ordinal TPL, as used by the untrained (naïve) mice, may 

instead rely more on the aging-resistant striatal (procedural) memory system. This 

hypothesis may be confirmed in future studies, for instance by selective lesions in 

the hippocampus and striatum. A schematic representation of the observed age-

dependent use of different TPL strategies, and the putative relation to 

hippocampal and striatal functioning is shown in Figure 1. Note that this is a 
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hypothetical model which provides a framework for our current results. Future 

studies may provide more insight on the conditional use of different TPL strategies 

and the putative involvement of dissociable memory systems. 

Together, these data show the age-sensitivity of TPL, and the positive effects of 

repeated training over a lifetime. In addition, these data have shed new light on 

aging-related loss of behavioral flexibility to update time-of-day information.  

 

 

 

 
 

Figure 1 Schematic representation of the observed age-dependent use of different TPL strategies, and the 

putative relation to hippocampal and striatal functioning. For time-place learning (TPL), young mice structurally 

used a circadian strategy (cTPL). Instead, middle-aged untrained mice either failed to show TPL, or used an 

ordinal strategy, which is presumably less cognitively demanding and independent of the circadian system. 

Trained mice maintained the circadian strategy learned from young age, until old age. However these mice 

showed signs of behavioral rigidity and reduced cognitive flexibility (a lack/inability to update time-of-day 

information).The striatal memory system remains stable with aging, while the hippocampal memory system 

declines with aging. cTPL likely requires the plasticity of an intact hippocampus, while the ordinal strategy may 

depend more on the striatum. We hypothesize that age-related hippocampal dysfunction forced middle-aged 

mice to adapt an ordinal TPL strategy to buffer performance loss. Trained old mice did not make this adaptation, 

eventually showing cTPL deficiencies.  
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cTPL presumes a functional connection between the circadian system and 

memory system(s), but not much is known about this connection regarding the 

origin of the underlying circadian oscillator and the molecular/neuronal signaling 

to the memory system. cTPL provides the means to investigate this connection. 

However, yet the locus and neural substrates of the clock mechanism utilized in 

cTPL remain elusive. This will be the focus of the final sections of this chapter. 

 

The circadian mechanism underlying cTPL 

The circadian system can be described as a complex hierarchical network of 

circadian clocks in the brain and periphery, which together influence many 

behavioral and physiological rhythms (Dibner et al. 2010). As the master circadian 

pacemaker, the SCN is a reasonable candidate to either play a crucial or 

modulatory role in cTPL. The SCN entrains to the environmental light/dark cycle 

and in turn synchronizes many subordinate clocks in the brain and periphery. 

Because the SCN entrains to photic environmental cues (zeitgebers), it is classified 

as a light-entrainable oscillator (LEO). In addition, brief periods of food availability 

form a second major zeitgeber known to entrain circadian rhythms. SCN lesions 

abolish light-entrainable rhythms, but do not affect the circadian properties of 

feeding-entrainable rhythms (Boulos et al. 1980; Marchant and Mistlberger 1997; 

Stephan 1981; Stephan 1989; Stephan et al. 1979a; Stephan et al. 1979b). 

Therefore, a separate (anatomically and functionally distinct) Food Entrainable 

Oscillator (FEO) is distinguished, although the locus and neural substrates of the 

FEO have not been conclusively identified. Possibly, the FEO properties emerge 

from a distributed system of brain areas (Mistlberger 2011). 

The adrenal glands harbor an important peripheral oscillator to consider in 

relation to cTPL. The SCN interconnects with the adrenal cortex through SCN 

governed ACTH (Adrenocorticotropic hormone) secretion from the anterior 

pituitary gland, but also via automatic nervous system pathways, which can 

directly modulate adrenal ACTH sensitivity (Kalsbeek et al. 2012). In response to 

ACTH, the adrenal cortex produces glucocorticoids, while this production is gated 

by the local adrenal clock (Oster et al. 2006). Glucocorticoids regulate a wide 

variety of functions, including arousal, stress response, energy metabolism and 

cognition. Glucocorticoid receptors are widely expressed in the hippocampus and 

corticosterone is known to modulate processes underlying learning and memory 

(Dana and Martinez, Jr. 1984; Smriga et al. 1996). Importantly, with intact 
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behavior rhythms present (e.g. induced through masking via the light cycle or 

daily testing), the adrenal clock can sustain corticosterone rhythmicity in absence 

of a functional SCN pacemaker (Oster et al. 2006). Likewise, food anticipatory 

activity (FAA) is preceded by a corticosterone (CORT) peak (Honma et al. 1992; 

Nelson et al. 1975), which is still present in SCN lesioned animals (Krieger et al. 

1977). Adrenal outputs may therefore serve as an internal time-signal used in 

cTPL even in the absence of a functional SCN. 

 

In chapter 4 we examined the SCN (LEO), the FEO, and the adrenal glands for a 

role in cTPL. Interestingly, SCN lesioned and/or adrenalectomized mice showed no 

cTPL deficiencies, indicating that both are not critically involved in cTPL. However, 

we also investigated cTPL sensitivity to abrupt light and food shifts, with the 

rationale that cTPL performance should be affected if the underlying oscillator 

system is abruptly phase-shifted. In line with the characteristics of an underlying 

circadian oscillator (-system), both the light pulse and food advance negatively 

affected TPL performance for multiple days while performance gradually 

recovered. Notably, the FEO phase-shifts affected TPL performance in specific test 

sessions, while the LEO phase-shift more severely affected TPL performance in all 

three daily test sessions. These results may have important implications. First, the 

finding of session-specific disturbances in cTPL performance suggests that the 

cTPL underlying timing mechanism is more complex than a single underlying 

oscillator. Instead, these results suggest that cTPL may involve local timekeeping 

at the level of session-specific memory traces, which can thus be differentially 

affected and thereby result in structural session-specific disturbances of cTPL 

performance. Furthermore, although we ruled out critical SCN involvement, these 

results suggest that the SCN LEO has a general but prominent modulatory 

influence on the cTPL behavior, and the underlying timekeeping mechanism. 

 

Given the SCN lesion results, cTPL must be primarily driven by non-SCN (non-

photic) oscillators. Interestingly, instead of showing TPL deficiencies, both the Per 

mutant mice (tested in chapter 3), and the SCN lesioned mice rather showed 

improved TPL performance compared to control mice. These observations may be 

explained by the notion that non-SCN oscillators often interact or compete with 

the SCN to influence biological and behavioral rhythms (Acosta-Galvan et al. 2011; 

Angeles-Castellanos et al. 2010; Mendoza et al. 2005). Indeed, SCN ablation is 
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often accompanied by enhanced anticipatory activity to non-photic cues (Angeles-

Castellanos et al. 2010; Pezuk et al. 2010; Stephan et al. 1979a; Stephan et al. 

1979b). In line with this, Gritton et al. proposed that SCN photic-driven rhythms 

may interfere with non-photic rhythms to modulate behavioral entrainment to a 

cognitive task (Gritton et al. 2013). Thus, when SCN photic-driven rhythms are 

perturbed, as in SCN lesioned and Per mutant mice, interference of SCN photic-

driven rhythms should be absent, explaining increased performance in such 

animals. In line with this, the authors suggest that the intact SCN can modulate 

behavior, but that SCN photic-driven rhythms are attenuated during cognitive 

training, permitting non-SCN (non-photic) rhythms to modulate behavior (Gritton 

et al. 2013). This may explain why a light pulse had such a big effect on cTPL 

performance. The light pulse was given outside of TPL testing times (thus when 

SCN photic-driven rhythms are not attenuated), allowing cTPL involved timing 

mechanisms to be phase-shifted by the photic SCN rhythms. Alternatively, the 

light pulse may also directly have affected cTPL involved clocks, for instance via 

the paraventricular thalamic nucleus (PV), an area that will be discussed in the 

next section. 

 

In chapter 6 we applied immunohistochemistry (IHC) on the brains of young mice 

that had successfully mastered cTPL. These mice were sacrificed the day after 

their last TPL test day on a TPL test-session time point, together with home cage 

control (HCC) mice. We investigated the expression of vasopressin (AVP, the main 

circadian output of the SCN), CRY2, and a plasticity marker (pCREB) in the SCN, but 

we found no differences compared to HCC mice. This corroborates with our SCN 

lesion results which have indicated that the SCN is not the primary clock used in 

cTPL. These findings however do not support a modulating role of the SCN in 

attenuating photic-rhythms at TPL testing times. Perhaps we did not investigate 

the right markers. Gritton et al. showed that cholinergic signaling from the basal 

forebrain to the SCN can serve as a temporal timestamp attenuating SCN photic-

driven rhythms during cognitive training (Gritton et al. 2013). Cholinergic markers 

may thus be interesting to further investigate this putative SCN gating 

mechanism. Noteworthy however is that in mice, the SCN itself does not contain 

cholinergic neurons (Hut and Van der Zee 2011). Interestingly, the SCN does show 

dense doublecortin (DCX) expression (Geoghegan and Carter 2008; Van der Zee et 

al. 2009). DCX plays a role in neuronal and synaptic plasticity and may thus also be 
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an interesting target to study SCN plasticity in relation to cTPL. It is also probable 

that the SCN remains unmodified, while areas outside of the SCN play a role in 

gating SCN-photic driven rhythms. Interestingly, the most pronounced difference 

between TPL trained and HCC mice was found in c-Fos expression in the 

paraventricular thalamic nucleus (PV), which has been referred to as a circadian 

system relay station (Moga et al. 1995). The PV receives input from all major 

components of the circadian timing system, including the SCN, subparaventricular 

zone, the intergeniculate leaflet, and the retina. In addition, the PV is connected 

to brain areas involved in learning and memory, including the ventral striatum, 

amygdala, entorhinal cortex, hippocampus, and cortex (Moga et al. 1995; Pickard 

1982; Watts et al. 1987). The PV may thus be an interesting target area for future 

lesion studies in the context of cTPL.  

 

A distributed memory integrated clock 
We proposed earlier that cTPL may involve local timekeeping at the level of 

session-specific memory traces. It is likely that such memory integrated clocks still 

require the setting and/or entrainment by a reference oscillator. This clock may 

be localized in a single brain region, or emerge from a network of interconnected 

brain structures, as hypothesized for the FEO (Mistlberger 2011). Although the 

first option is not excluded by our findings in chapter 4, the latter option has 

gained likeliness. At the systems level, the elements participating in a distributed 

clock may be variable. For instance, the FEO clock network may conditionally take 

part in the cTPL clock network depending on whether a TPL task involves 

restricted feeding (Widman et al. 2004). 

Moreover, a distributed clock network can be complex in the sense that it may 

involve widespread brain regions, different types of oscillators (self-sustained, 

partially self-sustained, or hourglass mechanisms, sensitive to various zeitgebers), 

and an intricate coupling architecture. However, the memory system likely holds a 

central place in cTPL behavior, providing essential associative memory input of 

previous experience, as well as receiving (encoding) specific representations of 

encountered biological significant events. Clock genes are expressed in all 

subregions of the hippocampus. Recent findings suggest that hippocampal ‘‘time 

cells’’ in the CA1 region take part in episodic memory networks and include a code 

that can be used to distinguish time intervals on an extended scale of hours to 

days (Mankin et al. 2012; Shapiro 2011; Yin and Troger 2011). Therefore, 
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experience-related cues may act as zeitgebers to a distributed network of cTPL 

involved brain regions, including the hippocampus, where local timekeeping 

mechanisms may be entrained. Whether Cry, but not Per genes are essential for 

temporal coding in the hippocampus remains to be further investigated. In 

chapter 6, however we found a 26% increase in CRY2 positive cells in the 

hippocampal dentate gyrus of TPL-trained mice compared to HCC mice. This 

corroborates the finding that Cry knockout mice were unable to acquire TPL (Van 

der Zee et al. 2008).  

 

 

 
 

Figure 2 Schematic model of the timing mechanism that may underlie cTPL. This model is certainly not complete, 

but aims to map potential players and mechanisms that are implicated from our results. According to this model, 

Local, memory-trace specific clocks (‘time-cells’) in the hippocampus participate in associative ‘what-where-

when’ memories. These local clocks are reset at TPL training times, relative to a network of non-photic oscillators 

in the brain, which serve as a reference clock. This reference clock may also comprise the food entrainable 

oscillator (FEO). Although not a prerequisite for cTPL, the SCN can influence the system. Potentially disturbing 

SCN photic-driven rhythms may be attenuated during daytime training by basal forebrain (BF) cholinergic 

projections to the SCN (Gritton et al., 2013). The SCN connects to the hippocampus via the paraventricular 

thalamic nucleus (PV) in which we found a highly significant decrease in neuronal activity (c-Fos expression) at a 

TPL test time, relative to home cage control mice. Therefore, the PV may also have a role in this process of gating 

SCN photic signaling. Similarly, we found increased expression of CRY2 in the dentate gyrus of the hippocampus 

while Cry deficient mice were unable to acquire (c)TPL. These data implicate Cry as a key component, likely 

among other clock genes, but not Per clock genes. 
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Together these findings validate further investigation of a critical role of 

hippocampal Cry genes in cTPL, for example by using hippocampus-specific clock 

gene knockout mice. A schematic model of the timing mechanism that may 

underlie cTPL is presented in Figure 2. 

 

In conclusion 

Taken together, cTPL depends on Cry, but not Per clock genes. Moreover, cTPL 

does not depend on the SCN and adrenals. Therefore, cTPL must be primarily 

driven by non-SCN (non-photic) oscillators, although the SCN may play a 

modulatory role. We propose that experience-related cues may act as zeitgebers 

to a distributed network of cTPL involved brain regions, includes the 

hippocampus, where local (session-specific) timekeeping mechanisms are 

entrained. Immunohistochemical analysis has implicated the hippocampus and PV 

as interesting targets for further investigation. Furthermore, we have 

demonstrated the age-sensitivity of (c)TPL, indicating that TPL can be a suitable 

task as an animal model for episodic memory in the context of aging and 

neurodegenerative disease. 
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Circadian Time-Place Learning 
 

Natural environments are constantly changing. The availability of food, mates and 

predators varies across both space and time. If these stimuli vary predictably, it is 

advantageous for animals to learn this spatiotemporal variability. The ability to 

encode spatiotemporal reoccurring events, and to exploit this information by 

efficiently organized daily activities, is believed to constitute a significant fitness 

advantage which has likely shaped the architecture of cognitive and circadian 

systems over the course of evolution. Indeed, the ability to learn spatiotemporal 

variability has been demonstrated in many species and has become known as 

Time-Place Learning (TPL). 

 

Investigating TPL behavior has an obvious ecological relevance, as it can help to 

gain a better understanding of the foraging dynamics in prey as well as in 

predators. This thesis however focuses on what we can learn from this behavior in 

a neurobiological perspective. Interestingly, animals can use their circadian 

system for TPL, in which case we refer to circadian TPL (cTPL). However, not much 

is known about this specific role of the circadian system in memory formation. As 

a circadian system dependent learning and memory task, cTPL can be used to 

study the role of circadian system components on a functional behavioral level. 

Moreover, cTPL implies that distinct phases of an internal circadian clock can be 

incorporated in associative ‘what-where-when’ memory, which resembles the 

content of human episodic memory. This type of memory is particularly 

susceptible to perturbations of aging and neurodegenerative disease, yet animal 

models to study episodic memory are scarce. 

 

Getting animals to show cTPL in laboratory settings proofed to be difficult. 

Without the proper motivation, animals will make use of external time cues 

(zeitgebers) in TPL tasks, and apply alternative strategies like ordinal- or interval 

timing. This suggests that the incorporation of circadian phase into memory, i.e. 

using the circadian strategy (cTPL), may be more demanding on the brain. It may 

therefore only be engaged in situations in which encoding the time-place 

contingency is essential for well-being or survival. In this light, a major step to 

studying TPL behavior in laboratory settings has been the development of a 
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suitable paradigm, in which animals consistently show cTPL. The key has been to 

apply a balanced approach between a reward, to motivate animals to choose 

correct locations (finding food while hungry), in combination with a punishment 

(response cost) for choosing incorrect locations. This way, the paradigm emulates 

the natural situation in which hungry animals seek food while different feeding 

locations can be predictably unsafe to visit, depending on the time of day. 

 

 

Investigating the role of circadian system components in cTPL 

 

Clock gene deficient mice 

The circadian system synchronizes internal physiology and behavior to the 

external circadian environment. It is composed of a network of hierarchically 

interconnected circadian oscillators (tissues and neuronal assemblies) which drive 

the circadian expression of many physiological parameters. In mammals, the 

suprachiasmatic nucleus (SCN) is recognized as the “master clock” in the brain. 

This oscillator synchronizes to the environmental light/dark (LD) cycle and in turn 

synchronizes many subordinate oscillators in the brain and periphery. In external 

LD cycles, the circadian system provides entrained daily rhythms in the body. In 

constant external conditions, these rhythms show a free running pattern of about 

(circa-) one day (-dian). On a cellular level, circadian rhythms are predominantly 

controlled by clock genes and their protein products, which are expressed in 

virtually all cells in the body. Clock genes have been identified based on mutation 

or deletion of these genes and resulting arrhythmicity of SCN governed activity in 

constant conditions. In short, CLOCK (Circadian Locomotor Output Cycles Kaput) 

and BMAL1 (Brain and Muscle ARNT-like protein 1) form a heterodimeric complex 

which acts as a transcription activator for PER (Period) and CRY (Cryptochrome) 

proteins. PER and CRY dimerize and translocate back into the nucleus to inhibit 

the CLOCK-BMAL1 transcription factor, forming a closed transcriptional-

translational feedback loop.  

 

Previously, we found that Cry1/Cry2 double knockout mice were unable to 

acquire TPL. Here, we investigated whether cTPL is Cry-specific or also depends on 

Per clock genes. Interestingly, we found that Per1/Per2 double mutant mice, 
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despite their arrhythmic phenotype, showed no cTPL deficiencies compared to 

wild-type mice. These results indicate internal timekeeping functional to cTPL that 

is Cry, but not Per dependent. They add to the discussion of whether PER proteins 

are essential in all circadian oscillators in the brain and periphery. While PER 

proteins are critical to maintain rhythmicity in the light-driven SCN, they may not 

be critical in non-photic oscillators potentially involved in cTPL. Indeed, it has 

become clear over recent years that clock genes can have tissue-specific 

functions. The discrepancy in TPL ability between Cry and Per deficient mice 

indicates that TPL can be a discriminating paradigm to investigate the behavioral 

functionality of known clock genes and validates the investigation of mice 

deficient in other molecular clock components. 

 

Involvement of a light-sensitive or a food-sensitive oscillator in cTPL 

The SCN master clock in the brain entrains to photic environmental cues 

(zeitgebers), and is therefore classified as a light-entrainable oscillator (LEO). In 

addition, brief periods of food availability form a second major zeitgeber known to 

entrain circadian rhythms. SCN lesions abolish light-entrainable rhythms, but do 

not affect the circadian properties of feeding-entrainable rhythms. Therefore, a 

separate (anatomically and functionally distinct) Food Entrainable Oscillator (FEO) 

is distinguished, although the locus and neural substrates of the FEO have not 

been conclusively identified. Whether cTPL is driven by the SCN LEO or a FEO has 

been an ongoing debate and it has also been proposed that either the SCN or the 

FEO may be conditionally used for cTPL. 

 

We investigated cTPL sensitivity to abrupt light and food induced phase-shifts, 

with the rationale that cTPL performance should be affected if the underlying 

oscillator system is abruptly phase-shifted. In line with the characteristics of an 

underlying circadian oscillator (-system), both the light pulse and food advance 

negatively affected TPL performance for multiple days while performance 

gradually recovered. Notably, the FEO phase-shifts affected TPL performance in 

specific test sessions, while the LEO phase-shift more severely affected 

performance in all three TPL test sessions. These results may have important 

implications. First, the finding of session-specific disturbances in cTPL 

performance suggests that the cTPL underlying timing mechanism is more 

complex than a single underlying oscillator only. Instead, these results suggest 



 Summary 

181 

 8 

that cTPL may involve local timekeeping at the level of session-specific memory 

traces, which can thus be differentially affected and thereby result in structural 

session-specific disturbances of cTPL performance. Furthermore, these results 

suggest that the SCN LEO has a more general and prominent influence on cTPL 

behavior. 

 

The role of the SCN in cTPL 

Given the results of the light-pulse on cTPL performance, and its role as the 

master circadian pacemaker in the brain, we next investigated whether the SCN is 

critically involved in cTPL by testing SCN lesioned mice. Interestingly, none of the 

SCN lesioned mice showed cTPL deficiencies. This finding indicates that cTPL must 

be primarily driven by non-SCN (non-photic) oscillators. Moreover, instead of 

showing TPL deficiencies, both the Per mutant mice, and the SCN lesioned mice 

rather showed improved TPL performance compared to control mice. These 

observations may be explained by the notion that non-SCN rhythms often interact 

or compete with SCN-driven rhythms to influence behavior. Thus, when SCN 

photic-driven rhythms are perturbed, as in SCN lesioned and Per mutant mice, 

interference of SCN photic-driven rhythms should be absent, explaining increased 

performance in such animals. In line with this, it has been proposed that SCN 

photic-driven rhythms are attenuated during cognitive training, permitting non-

SCN (non-photic) rhythms to modulate behavior. This may explain why a light 

pulse had such a large effect on cTPL performance of SCN intact mice, even 

though the SCN is not critically involved in cTPL. The light pulse was given outside 

of TPL testing times (thus when SCN photic-driven rhythms are not attenuated), 

allowing cTPL involved timing mechanisms to be phase-shifted by the photic SCN 

rhythms. Alternatively, the light pulse may have directly affected the cTPL 

involved timing mechanism. 

 

The role of the adrenals in cTPL 

The adrenal glands harbor an important peripheral oscillator to consider in 

relation to cTPL. The SCN interconnects with the adrenal cortex through SCN 

governed ACTH (Adrenocorticotropic hormone) secretion from the anterior 

pituitary gland, but also via automatic nervous system pathways, which can 

directly modulate adrenal ACTH sensitivity. In response to ACTH, the adrenal 

cortex produces glucocorticoids, while this production is gated by the local 
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adrenal clock. Glucocorticoids regulate a wide variety of functions, including 

arousal, stress response, energy metabolism and cognition. Glucocorticoid 

receptors are widely expressed in the hippocampus and corticosterone is known 

to modulate processes underlying learning and memory. Importantly, with intact 

behavior rhythms present (e.g. induced through masking via the light cycle or 

daily testing), the adrenal clock can sustain corticosterone rhythmicity in absence 

of a functional SCN pacemaker. Likewise, food anticipatory activity is preceded by 

a corticosterone (CORT) peak, which persists in SCN-lesioned animals. Adrenal 

outputs may therefore serve as an internal time-signal used in cTPL even in the 

absence of a functional SCN. 

 

We first measured CORT in intact TPL-trained mice, who expected to be tested in 

their first TPL session, and home cage control mice. In line with potential 

involvement of adrenal rhythms in cTPL, we found a statistical trend for higher 

CORT levels in TPL-trained mice compared to home cage control mice. We next 

performed bilateral adrenalectomy on TPL-trained SCN lesioned and SCN intact 

mice and re-tested these mice in the TPL paradigm. None of the adrenalectomized 

mice showed cTPL deficiencies, indicating that neither the SCN nor the adrenals 

are required for cTPL. One point of discussion is that the ADX mice were TPL 

trained before the adrenalectomy. Therefore adrenal corticosterone signaling 

may still play an initial (enhancing) role in driving cTPL underlying oscillators that 

may become independent with training. Whether naïve adrenalectomized mice 

can acquire cTPL remains to be investigated. The TPL paradigm may not be 

sensitive enough to detect minor learning/memory enhancing effects of 

corticosterone signaling. Nevertheless the current results do not support an 

essential role for the adrenals in cTPL. 

 

Immunohistochemical markers and target areas for cTPL 

Finding neurobiological correlates of cTPL will shed light on the underlying 

mechanism. We investigated the brains of young home cage control mice and TPL 

trained mice, sacrificed on a TPL test-session time point at the end of their 

behavioral experiment. Each TPL-trained mouse thus expected to be TPL tested, 

but was instead brought to the perfusion room, together (pairwise) with a home 

cage control (HCC) mouse. Using this setup, any IHC differences between TPL-

trained mice relative to home cage control mice can be attributed to the 
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anticipated TPL testing. We investigated the expression of vasopressin (AVP, the 

main circadian output of the SCN), CRY2, and a neuronal activity marker (C-Fos) in 

the SCN, but we found no significant differences compared to HCC mice. This 

corroborates with our SCN lesion results which have indicated that the SCN is not 

critically involved in cTPL. The most pronounced difference between TPL trained 

and HCC mice was found in c-Fos expression in the paraventricular thalamic 

nucleus (PV), which has been referred to as a circadian system relay station. 

Tracing studies have revealed that the PV receives input from all major 

components of the circadian timing system, including the SCN, subparaventricular 

zone, the intergeniculate leaflet, and the retina. In addition, the PV is connected 

to brain areas involved in learning and memory, including the ventral striatum, 

amygdala, entorhinal cortex, hippocampus, and cortex. The PV may thus be an 

interesting target area for future lesion studies in the context of cTPL. 

Interestingly, we also found a 26% increase in CRY2 positive cells in the 

hippocampal dentate gyrus of TPL-trained mice relative to HCC mice. This 

corroborates the finding that Cry knockout mice were unable to acquire TPL and 

indicates that the hippocampus may harbor a timekeeping mechanism functional 

to cTPL.  

 

A distributed memory integrated clock system 

Based on our findings, and in light of the current literature, we propose a 

hypothetical model for the clock system underlying cTPL. We propose that the 

hippocampal memory system likely holds a central place in cTPL behavior, 

providing essential associative memory input of previous experience to brain 

areas of executive function, as well as encoding specific representations of 

encountered biological significant events in the spatial environment. Indeed, clock 

genes are expressed in all subregions of the hippocampus. Recent findings suggest 

that hippocampal ‘‘time cells’’ in the CA1 region take part in episodic memory 

networks and include a code that can be used to distinguish time intervals on an 

extended scale of hours to days. In line with this we found a 26% upregulation of 

CRY2 in the dentate gyrus of TPL trained mice relative to home cage control mice 

(unfortunately, unspecific staining in the CA1 prevented us from quantifying CRY2 

expression in this area). The results from the light pulse and food shift 

experiments indicated that performance in specific test sessions can be 
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differentially disrupted. These results suggest session specific, i.e. memory trace 

specific, local hippocampal clocks. 

It is likely that such memory integrated clocks still require the setting and/or 

entrainment by a reference oscillator. This clock may be localized in a single brain 

region, or emerge from a network of interconnected brain structures, as 

hypothesized for the FEO. Although the first option is not excluded by our findings 

that cTPL is independent of the SCN and adrenals, the latter option has gained 

likeliness. At the systems level, the elements participating in a distributed clock 

may be variable. For instance, the FEO clock network may conditionally take part 

in the cTPL clock network depending on whether a TPL task involves restricted 

feeding. Moreover, a distributed clock network can be complex in the sense that it 

may involve widespread brain regions, different types of oscillators (self-

sustained, partially self-sustained, or hourglass mechanisms, sensitive to various 

zeitgebers), and an intricate coupling architecture. Although not critical for cTPL, 

the SCN likely has a general modulatory effect on this circadian system, as 

advocated by the effects of a light pulse. Taken together, experience-related cues 

may act as zeitgebers to a distributed network of cTPL involved brain regions, 

including the hippocampus, where local timekeeping mechanisms may be 

entrained. Whether Cry, but not Per genes are essential for temporal coding in the 

hippocampus remains to be further investigated. 

 

 

Investigating TPL in the context of aging 
 

Numerous clinical studies have established a direct correlation between abnormal 

circadian clock functions and the severity of neurodegenerative disorders, 

suggesting a functional link between the circadian clock and age-associated 

decline of brain functions. cTPL demonstrates that animals can form so-called 

‘tripartite memory codes’ consisting of associated what, where, and when 

information, resembling the content of human episodic memory. This type of 

hippocampus-dependent memory is particularly susceptible to the pathologies of 

aging and neurodegenerative disease. Aging is characterized by cognitive decline, 

as well as circadian system deterioration. We therefore predicted that cTPL is 
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specifically age sensitive, and investigated TPL for the first time in the context of 

aging.  

We found that at middle-age (17 months), most untrained mice were unable to 

acquire TPL. Surprisingly, some mice did master the task by adapting an 

alternative (ordinal) TPL strategy. We hypothesize that age-related hippocampal 

dysfunction, together with age-related circadian system decline caused these 

untrained mice to adapt this ordinal TPL strategy, which is presumably less 

cognitively demanding than cTPL. In contrast, mice trained over their lifespan 

successfully maintained the circadian strategy (cTPL, learned from young age) 

until old age (22 months). At this age however, mice showed signs of behavioral 

rigidity and a lack to update time-of-day information. 

The striatum and hippocampus are widely held to be components of distinct 

memory systems that can guide competing behavioral strategies. While 

hippocampus-dependent episodic memory is particularly age sensitive, the striatal 

system is more age-resistant. We suggest that cTPL requires the plasticity of an 

intact hippocampus, while ordinal TPL, as used by the untrained (naïve) mice, may 

instead rely more on the aging-resistant striatal (procedural) memory system. 

Future studies may provide more insight on the conditional use of different TPL 

strategies and the putative involvement of dissociable memory systems. 

 

Together, these data show the positive effects of repeated cognitive training and 

shed new light on aging-related loss of behavioral flexibility to update time of day 

information. Most importantly, these data show the age-sensitivity of TPL, and 

indicate its potential as an animal model for episodic memory and aging. Such 

functional behavioral models are scarce, yet essential to test interventions that 

potentially improve detrimental effects of aging and (episodic) memory related 

diseases like Alzheimer's disease. 
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The TPL paradigm used for the experiments described in this thesis has several 

practical disadvantages. These issues can be overcome with an automated TPL 

paradigm. Based on the principles of our manual paradigm, we have made first 

steps towards developing such an automated TPL setup.  

 

Disadvantages of the (manual) TPL paradigm 

A first major disadvantage of the current TPL paradigm (Figure 1) is that it is very 

labor intensive to perform. Testing a group of nine mice, three times per day, fills 

an intensive workday from nine in the morning to six in the afternoon. Besides TPL 

testing, each mouse needs to be weighed and an individual amount of food needs 

to be provided at the end of the day to maintain food-deprivation (85% of ad-lib 

bodyweight). To minimize the amount of interaction with the mice, the weighing 

is integrated with the testing in the way that mice are weighed before each of the 

three daily test sessions. Although only one daily body weight measurement is 

necessary, testing procedures of all three sessions need to be exactly the same. 

Every new experiment requires crucial habituation steps, which take at least 12 

days to perform. Then, at least 10 days are necessary to establish a learning curve 

with a performance plateau. Next it is necessary to investigate the learning 

strategy of the mice. Therefore, session skips need to be performed and mice 

need to be tested in absence of a light-dark (LD) cycle. Only after these steps, 

specific manipulations can be performed. Together, one TPL experiment takes at 

least a month of continuous daily TPL testing.  

Secondly, the manual TPL paradigm can only include about nine mice in its daily 

schedule. Therefore, the number of groups is limited to two, each containing four 

or five mice. Fortunately, TPL behavior is double reinforced by both rewarding and 

an aversive stimulus. Therefore mice behave very compliant in the TPL task, 

reducing necessity for larger groups. Nevertheless group sizes are relatively small, 

especially in the eyes of most reviewers. The only way to increase group sizes with 

the current paradigm is to repeat complete experiments, as we have done with 

the SCN lesioned mice (chapter 4). 

Thirdly, the current TPL paradigm has practical limitations regarding the flexibility 

of testing times. We mainly tested in the light-phase. Although LD cycles can be 

inversed or otherwise manipulated, TPL testing is always restricted to one part of 

the day by availability of the researcher. An automated TPL paradigm would allow 

much more flexibility regarding testing times. 
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Lastly, the manual TPL paradigm involves substantial human interaction. A 

researcher takes the mice from their home cage, weighs them, evaluates their 

behavior in the maze, and manages food deprivation. Despite well-defined 

criteria, different researchers are differentially skilled in handling the mice and 

have been shown to produce slightly different learning-curves. An automated 

setup would eliminate such human factors. 

 

 

 
Figure 1 The manual TPL paradigm. Although initially designed to support five locations, we only used it with 

three accessible locations (unused locations indicated by red crosses). In each session, mice are individually 

transported to the maze. A food reward can be obtained at the end of each location, behind a small shock-grid. 

Depending on the time-of-day (session), one of the three locations needs to be avoided, else the mouse will 

receive a mild but aversive footshock. 

 

 

Together, and given the interesting results obtained so far with the manual 

paradigm, a next logical step is to advance TPL research by the development of an 

automated TPL paradigm. We have made first steps towards developing such an 

automated setup, which will be described in the following section. 
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An automated TPL paradigm for mice 
 

We developed an automated TPL setup, based on the concepts of our manual TPL 

paradigm. This automated setup also entails three different feeding locations, 

which can be made accessible on different times of the day. In the manual TPL 

paradigm, the response cost in the form of a mild footshock was a key 

component. However, it has disadvantages in an automated setup. Animals may 

burry a shock grid, get stuck on it, or defecate on it reducing conduction. 

Alternatively, Widman and colleagues had shown earlier that rats showed TPL 

when they had to climb for food in a vertical maze. Moreover, the number of rats 

showing TPL increased as the height was increased (Widman et al. 2000). This 

climbing functions as a response cost because in the case of an incorrect (non-

rewarding) choice, mice have to climb back down and up again at a different 

location. We adapted this response cost (climbing), in our design for an 

automated TPL setup together with falling down a short distance. 

Figure 2 shows the initial general design. Animals are kept in their home cage 

equipped with a standard running-wheel to monitor general circadian activity 

patterns. A ‘TPL module’ can be connected to the home cage, containing three 

feeding locations. Each feeding location can be accessed by jumping on the 

elevated platform underneath. These platforms are actually small balances. A 

small counterweight at the other side of the pivot points of each balance will 

always keep it in upright position. However, if a mouse jumps onto a balance, it 

may flip over causing the mouse to drop down. The mouse can then climb back up 

for another try, while the balance will automatically return to the upright position. 

Electromagnets (12V) can keep the balances fixed (carrying the weight of the 

mouse) on certain set time-periods of the day, allowing the mice to feed. Because 

each location has its own electromagnet controlled balance, different feeding-

windows can be set for each separate location. The electromagnets are controlled 

via a multi-channel programmable timer, allowing complex feeding schedules. For 

presence detection, the balances also include pressure switches which can be 

connected to our standard Circadian Activity Monitor System (CAMS by H.M. 

Cooper, JA Cooper, INSERM U846, Department of Chronobiology, Bron, France), 

or any other event recording system. Four small LED indicator lights are 

implemented for habituation purposes. One above the module, to indicate when 
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there is a feeding opportunity, and one above each location to indicate at which 

location the mouse can eat. These LED indicators will help to acquire TPL, while in 

a later stage mice will have to show TPL without the help of location specific LED-

signaling (external cues). 

 

 
Figure 2 Schematic overview of the initial design. Animals are kept in their home cage equipped with a standard 

running-wheel (A, side view). The ‘TPL module’ can be connected to the home cage. The module contains three 

feeding locations (B, top view, home cage not shown) which can be accessed from small electromagnet-

controlled balances. These electromagnets in turn are controlled by a multi-channel programmable timer, 

allowing complex feeding schedules. When a magnet is powered, the mouse can eat; when not, the mouse will 

fall down and has to climb back up for another try. The balance will automatically return to the default upright 

position by a counter weight. Note that mice have to jump onto the balances. This will prevent sampling (feeling 

with the front paws whether a balanced is fixed or not). For presence detection, the balances also include 

pressure switches which can be connected to a standard event recording system (C, detailed view of the 

balance). Four small LED indicator lights are implemented for habituation purposes. 
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First pilot results 

In the first build of the design, the separate TPL module was integrated with the 

home cage (Figure 3). In a first pilot study (N=1), we continuously monitored the 

mouse in this setup using a remote webcam system. We observed that the mouse 

indeed tried to avoid making an incorrect location choice. This indicates that the 

implemented response cost is appropriate. In fact, the mouse was very hesitative 

to make the jump to any location. Although the risk is only a small and harmless 

drop down, jumping to an uncertain underground is apparently very aversive. We 

gradually decreased the jumping distance, but only when the jumping distance 

was so small that the mouse could sample (test with its extended front paw 

whether a balance was fixed), it dared to visit the locations.  

 
 

 
Figure 3 A pilot with the first prototype. The initially designed separate TPL module is integrated with the home 

cage (not yet equipped with a running-wheel) (A). Mice have to climb up before they can make a jump to one of 

the three balances from which they can reach the food.  Because the mouse was reluctant to jump on to the 

balances (B), we decreased the jumping distance by small gangways. The mouse only dared to visit the locations 

when the jumping distance was so small that the mouse could sample (C-D). 
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We suppose that the jumping gap could be initially set to a small distance, and 

thereafter gradually be increased. However such a phase would extend the 

protocol by days to weeks while individual differences would cause a-

synchronized learning. Instead we modified the setup to be equipped with infra-

red beam-breakers. With this adjustment, mice can fully walk up on the (fixed) 

balance at any location. However, before a mouse can reach the food, it will pass 

the beam-breaker, which can cut the power to the magnet holding the balance. 

Moreover, the beam-breaker is a good alternative for the pressure switch to 

detect the presence of the mouse. Only when the timer is set to allow feeding, the 

beam-breaker will not drop the balance (but still record the presence of the 

mouse).  

 

Testing the automated TPL prototype in practice 

The modified prototype remains to be tested in practice. To do so, we will use five 

pilot mice and monitor them for several weeks each. We will start with similar 

habituation steps as used for the manual TPL paradigm. 

First, all feeding locations will be accessible at all time. In this step, mice will learn 

where to find food. Moreover potential location preferences can be detected. 

In the next step, feeding opportunities will be restricted to three times per day, 

starting with 1h each time and with a 3h intersession time. Although such 

parameters may require optimization, this way the session start times and 

intersession time will be similar to the manual TPL setup. All locations will (only) 

be accessible at these sessions. The onset of the sessions will be indicated by the 

session LED, which will be turned on during each session. At this step, mice will 

have to learn that they can only forage at specific time periods. To aid learning, 

they can associate the session LED with a feeding opportunity. 

The next step will be to restrict feeding to one location depending on the time of 

day. This location will be indicated by a switched on location LED. Now, mice will 

have to learn to forage at one specific location depending on the time of day. To 

aid learning, they may associate the switched on location LED with the safe 

feeding location. 

Thereafter, all location LEDs will be kept switched on at all times, while the 

session LED will still signal a feeding opportunity. Note that this will be the critical 

step for showing TPL. Mice will know when there is a feeding opportunity based 

on the session LED (similar to taking the mice from their home cage and providing 
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access to the manual TPL paradigm), but will have to associate the correct feeding 

location with the appropriate time of day, without the aid of external cues (the 

location LEDs). Maintaining the use of the session LED will enable us to perform 

session skips (for instance, for a first session skip, the session LED may remain 

switched off during this first session). This may however not prevent mice from 

actually skipping the session. Alternatively, climbing can be temporarily prevented 

by placing a plastic sheet over the vertical climbing grid, or mice can be taken out 

of the TPL cage during a specific session so that it will be skipped. Furthermore, 

mice can be tested in absence of an LD cycle (in constant light, or constant 

darkness), to investigate the use of an interval timing strategy (see chapter 1 for 

an explanation of the different strategies which animals may use to master a TPL 

task).  

 

One difference compared to the manual TPL paradigm is that, at each specific 

session, mice have to learn to avoid two locations (and learn to forage at a single 

available location), while in the manual TPL paradigm mice had to learn to avoid 

one location (and learn that they can forage at the other two locations). We chose 

this alternative setup to equalize the balance between reward and punishment, 

and to keep chance level at 33%. Note that in the manual TPL paradigm, the time 

spent feeding at a specific location was restricted by the small amount of food 

that was manually placed at each location. Providing two safe feeding locations 

and one unsafe shock-reinforced location provided an optimal balance between 

reward and punishment. Conversely, in the current design of the automated TPL 

setup, food is abundantly available at each location. If mice choose one correct 

location they will likely stay at this location until they consumed enough food, or 

until the end of the session (than the power to the magnet will be cut off and 

mice will drop from the balance). In this case, mice will have a 66% chance to 

choose the correct location when two locations are available. Therefore, making 

only one location accessible in the automated setup will keep chance level at 33% 

and likely provide the optimal balance between reward and punishment.  

 

Several parameters can be used as a performance measure. Successful feeding 

will be an important measure for TPL performance, but it will lose its 

representative value when mice show to sample a lot. Although our first pilot 

results indicated that sampling will be minimal (because the response cost 
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showed to appropriately inhibit this behavior), there may be individual differences 

in sampling behavior. Moreover, habituation to the response cost might increase 

sampling. Therefore, a ratio between successful feeding and unsuccessful 

attempts will likely provide a better measure of performance. Furthermore, the 

first location choice within the duration of each session will provide a clear output 

for a successful or failed session, similar to the performance measure used in the 

manual TPL paradigm. 

 

Adjustments to the paradigm and protocol will likely be necessary based on 

behavioral observations along the way. For instance, although we think that the 

1h session duration will be a good starting duration, eventually this may be too 

long. If mice eat too much in the first session, they will not be motivated enough 

for the remaining sessions. Obviously, session duration can easy be adjusted. Note 

that optimal session duration will render manual feeding (as applied in the 

manual TPL paradigm) unnecessary, although body weights will still have to be 

carefully monitored, at least in the first stages of validating the paradigm. 

Moreover, the session LED may remain unnoticed and may therefore need to be 

reinforced by an auditory stimulus. If necessary, the response cost can be 

adjusted by increasing/decreasing the height of the cage, and thereby both the 

climbing and drop distance. 

Once the paradigm is optimized, future experiments as outlined in chapter 7 

(future directions), can be performed within reasonable timeframes, and the 

number of subjects included in the experiments can be increased. 
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Natuurlijke omgevingen veranderen voortdurend. De aanwezigheid van voedsel, 

partners en roofdieren varieert in ruimte en tijd. Als deze stimuli voorspelbaar 

variëren gedurende de dag is het gunstig voor de overleving van dieren om deze 

dagelijkse tijd-plaats aspecten te leren. Het vermogen om de tijd-plaats 

variabiliteit van belangrijke gebeurtenissen te onthouden, en deze informatie te 

benutten d.m.v. efficiënt georganiseerde dagelijkse activiteit, heeft daarom 

waarschijnlijk een aanzienlijke rol gespeeld in de evolutionaire vorming van 

cognitieve en circadiane hersensystemen. Dit vermogen is in vele verschillende 

diersoorten aangetoond, en bekend geworden als ‘Tijd-Plaats Leren’ (TPL). 

 

Onderzoek naar TPL heeft ecologische relevantie. Het kan helpen om een beter 

begrip te krijgen van de dynamiek van dagelijkse activiteiten van zowel 

prooidieren als roofdieren. De nadruk van het onderzoek beschreven in dit 

proefschrift ligt echter op wat we van TPL kunnen leren vanuit een gedrags- en 

neurobiologisch perspectief. Interessant is dat dieren hun interne biologische klok 

(24-uurs- of circadiane systeem) kunnen gebruiken voor TPL. Dat duiden we aan 

met ‘circadiaan TPL’ (cTPL). Er is echter nog weinig bekend over de specifieke rol 

van het circadiane systeem in geheugenformatie. Omdat cTPL een leer- en 

geheugen taak is, die afhankelijk is van het circadiane systeem, kan het gebruikt 

worden om de rol van (fysiologische) componenten van het circadiane systeem te 

onderzoeken op het niveau van functioneel gedrag. Bovendien impliceert cTPL dat 

verschillende tijdstippen van een interne circadiane klok kunnen worden 

opgeslagen in een associatief 'wat-waar-wanneer' geheugen. Dit type geheugen 

lijkt erg op het menselijke episodisch geheugen dat bijzonder gevoelig is voor 

verstoringen van veroudering en neurodegeneratieve ziekten. Diermodellen om 

het episodisch geheugen te bestuderen zijn echter schaars. 

 

Het bleek niet gemakkelijk om dieren cTPL te laten vertonen in laboratorium 

omstandigheden. Zonder de juiste motivatie zullen dieren geen TPL laten zien, of 

alternatieve strategieën toepassen die gebaseerd zijn op externe tijdsignalen in 

plaats van op een interne circadiane klok. Zo kunnen ze ook de volgorde van juiste 

handelingen aanleren (ordinale strategie), of tijdsintervallen schatten ten opzichte 

van de externe tijdsignalen (interval strategie). Met behulp van controle 

experimenten kunnen we identificeren welke strategie wordt gebruikt. De 
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circadiane strategie, zoals toegepast wordt bij cTPL, lijkt pas te worden 

aangewend als het onthouden van tijd-plaats aspecten essentieel is voor het 

welzijn of de overleving van het dier. Dit suggereert dat de circadiane strategie 

meer vergt van het brein dan de andere strategieën, terwijl het theoretisch wel de 

meest betrouwbare strategie is, zolang het circadiane system in orde is. 

De ontwikkeling van een geschikte gedragsopzet, waarin dieren consistent cTPL 

laten zien, is dus een grote stap voorwaarts geweest om TPL in het laboratorium 

te bestuderen. De sleutel tot succes bleek het toepassen van een gebalanceerde 

benadering tussen een voedselbeloning, om dieren te motiveren om de juiste 

locatiekeuzes te maken, en daarnaast een straf (milde voetschok) bij verkeerde 

locatiekeuzes. Het toepassen van lichte voedseldeprivatie, zodat dieren hongerig 

genoeg zijn om de voedselbeloning te willen vinden in de testopstelling, bleek een 

andere belangrijke factor. Wij gebruikten drie testtijdstippen (met drie uren 

tussen de testtijdstippen), waarop de muizen afwisselend één van de drie locaties 

moesten vermijden. Op deze manier simuleert deze TPL gedragstest de 

natuurlijke situatie waarin hongerige dieren op zoek gaan naar voedsel, terwijl 

verschillende voedsel locaties veilig of onveilig kunnen zijn, afhankelijk van het 

tijdstip van de dag. 

 

 

De rol van componenten van het circadiane systeem in cTPL 
 

Klokgen deficiënte muizen 

Het circadiane systeem synchroniseert de interne fysiologie en het gedrag van 

organismen met de externe circadiane omgeving. Het bestaat uit een hiërarchisch 

netwerk van onderling verbonden circadiane klokken (oscillatoren) die de 

circadiane expressie van vele fysiologische parameters aandrijven. Oscillatoren 

kunnen bestaan uit zowel organen/weefsels als neuronale netwerken. Bij 

zoogdieren wordt de suprachiasmatische nucleus (SCN) gezien als de hoofdklok in 

het brein. Deze oscillator wordt gesynchroniseerd door de uitwendige 

licht/donker (LD) cyclus, en synchroniseert op zijn beurt vele ‘ondergeschikte’ 

oscillatoren in het brein en de rest van het lichaam. In externe LD cycli zorgt het 

circadiane systeem dus voor gesynchroniseerde dagelijkse ritmes in het lichaam. 

In constante externe omstandigheden (constant licht of constant donker) 
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vertonen deze interne ritmes een zogenaamd ‘free-running’ patroon van 

ongeveer (circa-) een dag (-dian). Deze free-run wordt veroorzaakt doordat 

interne klokken zonder externe input wel ‘doortikken’, maar langzaam steeds 

verder uit de pas gaan lopen. Normaal hebben dieren iedere dag een duidelijke 

actieve- en inactieve periode. Zonder een functionele SCN worden dieren echter 

gedragsmatig aritmisch en verdwijnen interne ritmes die door de SCN worden 

gereguleerd. 

Op cellulair niveau worden circadiane ritmes voornamelijk aangedreven door 

klokgenen en hun eiwitproducten, die tot expressie komen in vrijwel alle cellen in 

het lichaam. Klokgenen zijn geïdentificeerd op basis van mutatie of deletie van 

deze genen, resulterend in het verlies van circadiane ritmiek. In het kort, de 

eiwitten CLOCK (Circadian Locomotor Output Cycles Kaput) en BMAL1 (Brain and 

Muscle ARNT-like protein 1) vormen een heterodimeer complex dat fungeert als 

een transcriptie activator voor de eiwitten PER (Period) en CRY (Cryptochrome). 

PER en CRY dimeriseren en dit complex migreert terug naar de celkern om daar de 

CLOCK-BMAL1 transcriptieactivator te remmen. Zo ontstaat een gesloten 

feedback systeem waarvan één cyclus ongeveer één dag duurt. 

 

Eerder ontdekten we dat CRY deficiënte muizen geen TPL meer konden aanleren. 

Wij onderzochten of cTPL ook afhankelijk is van PER klokgenen. Dit leidde tot de 

interessante bevinding dat PER deficiënte muizen, ondanks hun aritmische 

fenotype, geen enkele cTPL tekortkomingen lieten zien ten opzichte van controle 

muizen. Deze resultaten geven aan dat het interne tijdsmechanisme dat gebruikt 

wordt bij cTPL, afhankelijk is van CRY maar niet van PER eiwitten en onderliggende 

genen. Deze bevinding draagt bij aan de discussie of Per klokgenen wel essentieel 

zijn in alle circadiane oscillatoren. Terwijl PER eiwitten cruciaal zijn om door licht 

gedreven SCN ritmiek in stand te houden, zijn ze misschien niet cruciaal in andere 

oscillatoren. Over de laatste jaren is het inderdaad duidelijk geworden dat 

klokgenen weefselspecifieke functies kunnen hebben. De discrepantie in TPL 

vermogen tussen CRY en PER deficiënte muizen geeft aan dat TPL een 

onderscheidend paradigma kan zijn om de functionaliteit van bekende klokgenen 

te onderzoeken en maakt duidelijk dat verder onderzoek aan muizen met andere 

deficiënties in moleculaire klok componenten belangrijk is. 
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Betrokkenheid van een lichtgevoelige of een voedselgevoelige klok in cTPL 

Omdat de SCN gevoelig is voor licht, wordt het geclassificeerd als een ‘light-

entrainable oscillator’ (LEO). Korte periodes van voedselbeschikbaarheid vormen 

een tweede belangrijk extern tijdsignaal waar interne ritmes zich op afstellen. 

Zonder de SCN verdwijnen lichtgevoelige ritmes, maar blijven voedselgevoelige 

ritmes intact. Daarom wordt er een aparte (anatomisch en functioneel 

verschillende) ‘food-entrainable oscillator’ (FEO) onderscheiden, hoewel de 

locatie en de neuronale substraten ervan nog niet volledig zijn geïdentificeerd. Of 

cTPL gedreven wordt door de SCN LEO of door een FEO, is een aanhoudende 

discussie en het is ook voorgesteld dat beide conditioneel een rol kunnen spelen 

bij cTPL. Gezien het overlevingsbelang van cTPL is dit zeer aannemelijk. 

 

Wij onderzochten cTPL gevoeligheid voor abrupte licht- en voedsel gebaseerde 

verschuivingen, met de achterliggende gedachte dat cTPL prestatie moet worden 

beïnvloed als het onderliggende kloksysteem abrupt wordt verschoven in de tijd 

(fase verschuiving). Lichtgevoelige oscillatoren kunnen abrupt in fase verschoven 

worden met behulp van een hoge lichtintensiteit (lichtpuls) op het juiste moment. 

Voedselgevoelige oscillatoren kunnen verschoven worden door een vaste 

voedertijd te verschuiven. Zowel de licht- als de voedsel gebaseerde 

verschuivingen hadden een negatief effect op cTPL prestatie. In overeenstemming 

met de kenmerken van een onderliggende circadiane oscillator herstelde de cTPL 

prestatie gradueel over meerdere dagen. Dit duidt op een gekoppeld of 

geïntegreerd kloksysteem dat gevoelig is voor zowel licht als voedsel gebaseerde 

externe tijdsignalen. Interessant is dat de LEO verschuiving de cTPL prestatie in 

alle drie dagelijkse testsessies beïnvloedde, terwijl de FEO verschuiving alleen 

specifieke testsessies beïnvloedde. Deze sessie-specifieke verstoringen 

suggereren dat het onderliggende kloksysteem complexer is dan een enkele 

onderliggende oscillator. De verschillende tijd-plaats geheugennetwerken 

(onderling verbonden hersencellen die de tijd-plaats informatie coderen) lijken 

onder controle te staan van aparte klokjes die apart en in verschillende mate 

beïnvloed kunnen worden. 

 

De rol van de SCN in cTPL 

De geïnduceerde LEO verschuiving, zoals hierboven besproken, had een groter 

algemeen effect op cTPL prestatie dan de geïnduceerde FEO verschuiving. Gezien 
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de rol van de SCN als lichtgevoelige hoofdklok in het brein hebben we vervolgens 

onderzocht of de SCN een cruciale rol speelt in cTPL, door het testen van SCN 

gelaedeerde (kapot gemaakte) muizen. Tegen onze verwachtingen in vertoonde 

geen van de SCN gelaedeerde muizen cTPL tekortkomingen. Dit bevestigt dat cTPL 

primair moet worden aangedreven door andere oscillatoren. 

Interessant is dat zowel de PER deficiënte- als de SCN gelaedeerde aritmische 

muizen eerder verbeterde cTPL prestaties vertoonden in vergelijking met 

controlemuizen. Deze waarnemingen kunnen worden verklaard vanuit de notie 

dat SCN gedreven ritmes vaak lijken te concurreren met niet-SCN gedreven ritmes 

om gedrag te beïnvloeden. Dus als de licht-gedreven ritmes van de SCN afwezig 

zijn, zoals in SCN gelaedeerde en PER deficiënte muizen, dan zou verstoring van 

deze ritmes afwezig moeten zijn, resulterend in een betere cTPL performance. In 

lijn hiermee is het voorgesteld dat de invloed van licht-gedreven SCN ritmes 

beperkt wordt tijdens cognitieve training, waardoor niet-SCN ritmes meer invloed 

krijgen op cognitieve systemen en gedrag. Dit kan ook verklaren waarom de 

eerder besproken lichtpuls een grote invloed had op de cTPL prestatie, ondanks 

dat de SCN niet essentieel bleek voor cTPL. De lichtpuls werd gegeven buiten de 

TPL testtijden, waardoor de geïnduceerde LEO faseverschuiving toch grote invloed 

kon hebben op het cTPL onderliggende kloksysteem. Daarnaast kan de lichtpuls 

een rechtstreeks (niet via de SCN) effect hebben gehad op het cTPL betrokken 

tijdmechanisme. 

 

De rol van de bijnieren in cTPL 

De bijnieren vormen een belangrijke perifere oscillator die een rol kan spelen in 

cTPL. De SCN staat in verbinding met de bijnierschors via SCN gereguleerde ACTH 

(adrenocorticotroop hormoon) secretie uit de hypofyse, maar ook via het 

autonome zenuwstelsel dat de ACTH gevoeligheid van de bijnieren direct kan 

moduleren. In reactie op ACTH produceert de bijnierschors glucocorticoïden, 

terwijl deze productie wordt gemoduleerd door de lokale bijnier klok. 

Glucocorticoïden reguleren diverse functies, zoals opwinding, stressrespons, 

energiemetabolisme en cognitie. Glucocorticoïde receptoren komen in grote mate 

voor in de hippocampus, en corticosteron (CORT, glucocorticoïd hormoon) staat 

bekend om het moduleren van leer- en geheugenprocessen. Belangrijk is dat 

CORT ritmiek in stand blijft zonder de SCN. Voedsel anticipatie (verhoogde 

activiteit in de periode voordat voedsel verwacht wordt) wordt bijvoorbeeld 
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vooraf gegaan door een verhoogde CORT expressie en deze CORT-piek blijft in 

dezelfde periode aanwezig in SCN gelaedeerde dieren. Circadiane ritmes vanuit de 

bijnieren zouden dus kunnen dienen als een intern tijdsignaal dat gebruikt wordt 

in cTPL, zelfs in SCN gelaedeerde muizen. 

 

Om dit te onderzoeken hebben we eerst CORT gemeten in (SCN-intacte) TPL 

getrainde muizen vlak voor hun eerste TPL testsessie, en vergeleken met CORT in 

controle muizen die niet TPL getraind waren. In lijn met de mogelijke 

betrokkenheid van de bijnier ritmes in cTPL vonden we een statistische trend voor 

hogere CORT niveaus in het bloed van TPL-getrainde muizen. Om de potentiële rol 

van CORT en de bijnieren verder te onderzoeken hebben we de bijnieren van 

muizen zowel met als zonder SCN laesie operatief verwijderd (ADX, bilaterale 

adrenalectomie). Geen van de ADX muizen bleek cTPL afwijkingen te laten zien. 

Gebaseerd op de eerder gevonden verhoging van CORT expressie ten tijde van 

een TPL testsessie, zou CORT een ondersteunende functie kunnen hebben. In dit 

geval is het TPL paradigma blijkbaar niet gevoelig genoeg om dergelijke leren en 

geheugen ondersteunende effecten van CORT ritmiek op te pikken. Duidelijk is in 

ieder geval dat noch de SCN, noch de bijnieren cruciaal zijn voor cTPL. 

 

Identificatie van neurobiologische markers en betrokken hersengebieden 

Het vinden van neurobiologische markers voor cTPL kan veel inzicht verschaffen in 

het onderliggende mechanisme. Om dit te onderzoeken vergeleken we de 

hersenen van jonge TPL getrainde muizen op het moment van een TPL testsessie 

met die van ongetrainde controlemuizen. In de SCN onderzochten we de 

expressie van vasopressine (AVP, een belangrijke circadiane output van de SCN), 

het klokeiwit CRY2, en een marker voor neuronale activiteit (c-Fos), maar we 

vonden geen significante verschillen. Dit is in lijn met onze eerdere bevinding dat 

de SCN is niet kritisch betrokken is bij cTPL. Het grootste verschil tussen TPL 

getrainde- en controle muizen vonden we in c-Fos expressie in de 

paraventriculaire thalamus nucleus (PV). Dit gebied staat bekend als koppelstation 

van het circadiane systeem, onder andere met hersengebieden betrokken bij 

leren en geheugen. In de context van cTPL is de PV dus een interessant 

doelgebied, bijvoorbeeld voor een toekomstige laesie studie. Tevens vonden we 

een verhoging van CRY2 expressie in de dentate gyrus (DG, een regio binnen de 

hippocampus) van TPL-getrainde muizen ten opzichte van controlemuizen. Dit is 
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in lijn met de bevinding dat CRY deficiënte muizen niet in staat waren om TPL te 

leren, en suggereert dat de hippocampus een tijdsmechanisme herbergt dat 

functioneel is voor cTPL. 

 

Een gedistribueerd, geheugen-geïntegreerd kloksysteem 

Op basis van onze bevindingen en de literatuur hebben we een hypothetisch 

werkmodel opgesteld voor het cTPL onderliggende klokmechanisme. Het 

geheugensysteem van de hippocampus heeft waarschijnlijk een centrale plaats in 

cTPL gedrag. Dit hersengebied is essentieel voor het episodisch geheugen en 

klokgenen komen tot expressie in alle deelgebieden van de hippocampus. Recent 

is bovendien aangetoond dat 'tijdcellen’ in de CA1 regio van de hippocampus 

deelnemen in netwerken van episodisch geheugen, en tijdsintervallen kunnen 

coderen van uren tot dagen. In lijn hiermee vonden wij een verhoogde expressie 

van het klokeiwit CRY2 in de hippocampus van TPL getrainde muizen ten opzichte 

van controle muizen. De resultaten van de lichtpuls en voedselverschuiving lieten 

zien dat de TPL prestatie in specifieke testsessies verschillend kan worden 

beïnvloed. Deze resultaten suggereren dus ook dat geheugen-specifieke lokale 

klokken een rol spelen in cTPL. 

Het is waarschijnlijk dat dergelijke geheugen-specifieke klokken worden ingesteld 

en gesynchroniseerd vanuit een referentieklok. Deze oscillator zou kunnen zijn 

gelokaliseerd in een specifiek hersengebied, of voort kunnen komen uit een 

netwerk van onderling verbonden hersenstructuren die gezamenlijk als één klok 

functioneren. Hoewel de eerste optie niet volledig is uitgesloten met onze 

bevindingen dat cTPL onafhankelijk is van de SCN en de bijnieren, heeft de laatste 

optie daarmee wel waarschijnlijkheid gewonnen. Een dergelijk gedistribueerd 

kloksysteem wordt ook verondersteld voor de FEO. Zo’n kloksysteem kan erg 

complex zijn qua koppelingsstructuur en in de zin dat vele hersengebieden en 

weefsels/organen in het lichaam  betrokken kunnen zijn. Deze kunnen 

functioneren als verschillende typen klokken (zelf-onderhoudende- of gedeeltelijk 

zelf-onderhoudende oscillatoren, of zogenoemde zandloper mechanismen) en 

gevoelig zijn voor verschillende externe en interne input. Bovendien zouden de 

elementen die deel uitmaken van een gedistribueerd kloksysteem variabel 

kunnen zijn. Zo kan het FEO kloknetwerk conditioneel betrokken zijn wanneer 

voedsel op bepaalde tijdstippen beschikbaar wordt gemaakt als onderdeel van de 

toegepaste TPL gedragstest. In een dergelijk systeem kan het wegvallen van een 
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element waarschijnlijk opgevangen worden, wat het identificeren van individuele 

elementen bemoeilijkt. Dit kan verklaren waarom ‘de klok’ die betrokken is bij 

cTPL en andere vormen van tijd-geheugen nog niet is gelokaliseerd. Hoewel we 

hebben aangetoond dat de SCN niet essentieel is voor cTPL, heeft het 

waarschijnlijk een algemeen modulerend effect op het TPL onderliggende 

kloksysteem. Dit wordt ondersteund door onze resultaten van de effecten van een 

lichtpuls.  

Samengenomen kunnen ervaring-gerelateerde signalen waarschijnlijk fungeren 

als tijdsignaal (input) voor een gedistribueerd kloknetwerk van cTPL betrokken 

hersengebieden, waaronder de hippocampus, waar lokale geheugen-specifieke 

klokjes worden ingesteld vanuit het grotere referentie kloksysteem. Of CRY, maar 

niet PER klokeiwitten essentieel zijn voor tijdcodering in de hippocampus moet 

nog nader worden onderzocht. Dit kan bijvoorbeeld door muizen te testen die 

alleen een deficiëntie van deze klokgenen hebben in de hippocampus. 

 

 

TPL in het kader van veroudering 
 

Veel klinische studies hebben een directe correlatie aangetoond tussen 

abnormale circadiane klok functies, veroudering en de ernst van 

neurodegeneratieve aandoeningen. Dit suggereert een functioneel verband 

tussen de circadiane kloksystemen en de achteruitgang van hersenfuncties bij 

veroudering. cTPL toont dat dieren drievoudige geheugennetwerken kunnen 

aanmaken waarin ‘wat’, ‘waar’ en ‘wanneer’ informatie met elkaar worden 

geassocieerd. Dit type geheugen is qua inhoud gelijk aan het menselijke 

episodisch geheugen, hoewel het niet duidelijk is of dieren net als mensen aan 

één ervaring genoeg hebben om dit geheugen te vormen. Episodisch geheugen is 

afhankelijk van de hippocampus en bijzonder gevoelig voor de negatieve effecten 

van veroudering en neurodegeneratieve ziekten. Veroudering wordt gekenmerkt 

door zowel cognitieve achteruitgang als verslechtering van het circadiane 

systeem. Omdat cTPL een integratieve samenwerking tussen cognitie en het 

circadiane systeem vereist, voorspelden we dat cTPL bijzonder leeftijdsgevoelig 

zou moeten zijn. Wij onderzochten TPL daarom voor het eerst in de context van 

veroudering. 
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We vonden dat op middelbare leeftijd (17 maanden oud), de meeste muizen niet 

meer in staat waren om TPL te verwerven. Verrassend was dat sommige muizen 

toch goed presteerden door een alternatieve (ordinale) TPL strategie toe te 

passen. Deze strategie is niet afhankelijk van het circadiane systeem en 

vermoedelijk ook minder cognitief belastend dan de circadiane strategie (cTPL). 

Kennelijk is op deze leeftijd zowel het circadiane systeem als het cognitief 

vermogen dermate verslechterd dat dieren niet meer in staat waren tot TPL, 

terwijl sommige dieren dit verlies van functie compenseerden door de ordinale 

strategie te gebruiken. Opvallend was dat muizen die van jongs af aan getraind 

waren in cTPL, de circadiane strategie (cTPL) wel aanhielden, tot op de oude 

leeftijd van 22 maanden. Dit toont de positieve effecten van cognitieve training 

van de betrokken hersensystemen. Op de leeftijd van 22 maanden lieten de 

muizen echter cTPL gebreken zien in de vorm van rigide/ingesleten TPL geheugen 

waarvan de tijdscomponent niet meer aangepast leek te kunnen worden (verlies 

van plasticiteit). Het striatum en de hippocampus worden gezien als componenten 

van verschillende geheugensystemen die betrokken kunnen zijn bij deels 

concurrerende gedragsmatige strategieën. Terwijl het hippocampus-afhankelijke 

episodisch geheugen erg leeftijdsgevoelig is, lijkt het procedurele 

geheugensysteem van het striatum ongevoelig voor verouderingseffecten. We 

vermoeden dus dat cTPL de plasticiteit vereist van een intacte (niet-verouderde) 

hippocampus, terwijl de ordinale strategie meer afhankelijk is van het striatum. 

Toekomstige TPL studies kunnen meer inzicht geven in het conditionele gebruik 

van verschillende TPL strategieën en de vermoedelijke betrokkenheid van 

verschillende geheugensystemen. 

 

Samengenomen tonen deze resultaten de positieve effecten van herhaalde 

cognitieve training en werpen ze nieuw licht op het verlies van plasticiteit bij 

veroudering op het gebied van (episodisch) geheugen. Misschien nog belangrijker 

is dat we de leeftijdsgevoeligheid van TPL konden aantonen, en daarmee de 

potentie van TPL als diermodel voor episodisch geheugen en veroudering. 

Dergelijke functionele gedragsmodellen zijn schaars, maar essentieel om de 

effectiviteit van interventies te testen die de nadelige effecten van veroudering en 

episodisch geheugen gerelateerde ziekten, zoals de ziekte van Alzheimer, kunnen 

verbeteren. 

 



 

 
 

 

 

 

Dankwoord 
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Veel mensen hebben bijgedragen aan het ontstaan van dit proefschrift.  

 

Vooral Eddy en Menno ben ik veel dank verschuldigd en ik heb veel respect voor 

jullie ontwikkeld.  Zonder jullie supervisie was het zeker niet gelukt. Eddy, bedankt 

dat je me mijn gang liet gaan, maar er altijd was als ik input nodig had. Voor mij 

was dit de juiste balans. Al vanaf dat ik student was leek je vertrouwen in me te 

hebben en dat werkte zeer stimulerend. Door de gegeven vrijheid zijn ook 

belangrijke zijprojecten ontstaan. Zo heb ik ACTOVIEW kunnen ontwikkelen, een 

analyse programma voor activiteitsdata, waar ik uiteindelijk goed gebruik van heb 

kunnen maken voor de analyse van mijn eigen data en dat nu nog steeds gebruikt 

wordt op beide afdelingen. Tevens gaf dit mij de ruimte om na te denken over een 

geautomatiseerd TPL paradigma. Toen ik je mijn plannen liet zien reageerde je 

meteen enthousiast. Samen hebben we een grant binnen gesleept waarmee het 

paradigma daadwerkelijk is ontwikkeld. Helaas hebben we het nog niet goed 

kunnen testen, maar ik ben blij hiermee iets achter te hebben gelaten waarop 

verder gebouwd kan worden. Je feedback op stukken liet nooit lang op zich 

wachten. Altijd had je goede verbeterpunten, toevoegingen, en wist je mijn 

gebrabbel te reduceren tot de kern. 

Menno, het gevoel van vertrouwen en vrijheid heb ik zeker ook bij jou ervaren. Ik 

heb vaak tegen vrienden gezegd dat we een zeer goed team waren waarin we 

elkaar goed aanvulden. Waar Eddy belangrijke input kon geven op het gebied van 

leren en geheugen, leverde jij belangrijke input vanuit de chronobiologie. Ik was 

dan ook pas zekerder over stukken nadat ik feedback van jullie beiden had 

ontvangen. Het werkte ook bemoedigend dat je vaak aangaf wanneer stukken 

goed genoeg waren: ‘Submitten maar!’. Ook heb ik zeer genoten van ons uitstapje 

naar de Summer school in Bangalore India en ik ben je zeer dankbaar voor die 

geboden kans. 

 

Ik wil de leescommissie Prof. dr. G. van Dijk, Prof. dr. G.T.J. Horst en Prof. dr. E. 

Dere bedanken voor het beoordelen van mijn proefschrift en ik waardeer het heel 

erg dat jullie hier tijd in hebben willen stoppen. 

 

Tijdens mijn eerste master stage heb ik veel geleerd van mijn begeleider Ivi. Voor 

een snicker als beloning zat ik tot diep in de nacht samen met jou stereotactische 
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operaties uit te voeren. De hierbij opgedane kennis heb ik goed kunnen toepassen 

bij mijn PhD onderzoeken, en ik ben blij dat we nog steeds goede vrienden zijn. 

 

De afdeling Moleculaire neurobiologie was een gezellige werkplek. Paul, als 

voormalig hoofd van de afdeling (en stagebegeleider tijdens mijn master), wil ik je 

bedanken voor je support en interesse. Erg fijn dat je me af en toe opzocht voor 

een babbeltje. Uli, Ad, Regien en Csaba jullie ook erg bedankt voor jullie input, 

gezelligheid en interesse. Uli, ik leerde je al kennen tijdens mijn eerste 

masterstage en ik heb veel respect voor je ontwikkeld als persoon en voor je 

kennis op het gebied van immunologie, neuroinflammatie en Alzheimer 

pathologie. Bedankt dat je mij aan het eind van mijn PhD de kans gaf om aan een 

interessant project in samenwerking met het RIVM te werken. Peter (RIVM), 

bedankt voor de goede samenwerking, ik heb erg genoten toen we samen biertjes 

dronken op je terras. Hopelijk kunnen we de verkregen resultaten snel publiceren. 

Ad, bedankt voor je interesse, de vele gezellige gesprekjes rond het 

koffieapparaat en het studentassistentschap dat je me aanbood aan het einde van 

mijn PhD. Regien, bedankt voor je begrip als er weer eens een presentatie verzet 

moest worden vanwege mijn gedragsexperimenten. Csaba, we often seemed to 

bump into each other at weird times, in the night or in weekends when no one 

else was in the lab. Thank you for valuable input on immunostainings. Although 

unfortunately you never stay for long, it was always nice to have you around. 

 

Natuurlijk heb ik ook veel steun gehad van mijn collega PhD’s en PostDocs. 

Martijn, wij begonnen onze PhD’s tegelijk op het biologisch centrum (Haren), en 

het eerste jaar deelden we samen een kamer. Bedankt voor je hulp en 

gezelligheid en de vele overleggen die we hebben gepleegd. Ik wens je alvast veel 

succes met jouw aankomende promotie. Op het CvL heb ik een aanzienlijk deel 

van mijn PhD als enige man de PhD kamer gedeeld met acht vrouwen. Men vroeg 

zich af hoe ik het uithield, maar met zulke leuke collega’s was dat helemaal niet 

moeilijk! Dat moet jou ook lukken Peter. Helaas kwam het hardloopclubje niet 

helemaal van de grond. Roelina, Niki, Iris, Vibeke, Leonie, Erin, Yun, Doortje, 

Priscilla en Kata heel erg bedankt voor een gezellige tijd, jullie interesse en het 

meedenken over praktische probleempjes. Pieter, we hebben erg kunnen lachen 

om je zuid-afrikaanse woordgrapjes! Bedankt dat ik je paranimf mocht zijn, en 

leuk dat we samen nog een artikel hebben gepubliceerd.  
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Vanuit de chronobiologie groep wil ik Domien, Serge, Martha, Marijke, Roelof, 

Ate, Sjaak, Vincent, Emma, Moniek, Rinaldo en Tom bedanken voor jullie 

gezelligheid, interesse en vaak waardevolle input. Domien, bedankt dat je de tijd 

nam om samen klokmodellen te bediscussiëren. Ate, wij deelden een interesse in 

programmeerwerk en geknutsel. Bedankt voor je interesse in mijn project en de 

overleggen die we samen hebben gepleegd. Vincent, bedankt voor je steun en de 

vele keren dat je mijn muizen voor me kon controleren. Heel veel succes ook met 

jouw promotie binnenkort. Naast een briljant chronobioloog is Roelof de rockster 

en dartkoning van de afdeling. Ik vond het erg leuk om een van mijn artikelen 

samen met jou te publiceren en je (statistische) input was hierbij onmisbaar. Fijn 

dat we nog regelmatig samen een biertje drinken bij het darten. 

 

Hierbij wil ik ook mijn studenten bedanken! Zhiva, Vibeke, Carolien, Gerlof, 

Christos, Nicole, Jenny, Josse, Meral, allen hebben jullie bijgedragen aan de data 

in dit proefschrift en ik hoop dat jullie hier ook een beetje trots op zijn. Ik wens 

jullie heel veel succes in jullie verdere (wetenschappelijke) carrière en hoop dat ik 

daar een eerste opstapje in heb mogen zijn. Vibeke, jij bent in ieder geval al een 

tijdje begonnen aan je PhD. Leuk dat je nog even mijn gezellige bureau-

overbuurvrouw was! 

 

Ik heb het vaak gedacht: Waar zouden we zijn zonder onze analisten? PhD’s en 

Postdocs komen en gaan, maar de analisten die blijven bestaan. In hen zit dan ook 

een groot deel van de kennis van een afdeling. Wat mij betreft zijn we op het CvL 

bevoordeeld met geweldige analisten, die niet alleen constant klaar staan voor 

alle PhD’s, maar ook nog eens een groot deel van het onderwijs verzorgen. 

Wanda, Jan K, Kunja, Jan B, Christa, Folkert, Gerard, Bert en Leon, heel erg 

bedankt voor alle steun en hulp! Folkert, bedankt voor je hulp en adviezen bij de 

immunohistologische kleuringen. Helaas voor de afdeling geniet jij nu van je 

welverdiend pensioen. Ik ben blij dat je je jarenlange ervaring nog deels op mij 

over hebt kunnen brengen. Jan K, ik leerde je al kennen tijdens mijn bachelor- en 

masterstages en ik heb destijds vele Western Blots bij jou in het lab gedraaid. Met 

de rockmuziek die uit jouw speakers klonk was de sfeer daarbij altijd opperbest. 

Bedankt voor al je hulp destijds en bij de kwantificatie van immunokleuringen 

tijdens mijn PhD. Jan B ook bedankt voor je gezelligheid. Door af en toe mee te 
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kijken met je operaties heb ik nog een en ander van je kunnen leren. Bedankt ook 

voor de analyse van mijn CORT samples.  

Wanda, ik kan je niet genoeg bedanken voor al je hulp en adviezen. Je lijkt een 

octopus die acht dingen tegelijk kan doen. Naast je reguliere werkzaamheden help 

je niet alleen alle PhD’s, je doet dit met een constante slinger studenten achter je 

aan en een onverwoestbare vrolijkheid. Desondanks vind je altijd tijd voor een 

babbeltje, waarvoor je vaak even de ronde doet. Serieuze gesprekken blijven 

nooit lang serieus bij jou, want je hebt een gave voor het ingooien van schuine 

opmerkingen. Gelukkig heb ik daar zelf ook wel een handje van. Al met al hebben 

we samen flink wat afgelachen en ik ben je dan ook gaan zien als een goede 

vriendin. Super leuk dat je mijn paranimf wilde zijn en ook nog geholpen hebt bij 

het zoeken van sponsoren voor de drukkosten van dit proefschrift. 

 

Ik ben nog wat collega’s vergeten. Miriam en Catriene, heel erg bedankt voor al 

jullie hulp en input op het gebied van dierenwelzijn. Dit is onmisbaar bij goed en 

degelijk proefdieronderzoek. Ik wil ook alle dierverzorgers bedanken voor de 

samenwerking en de toegevoegde humor op de werkvloer. Linda, Auke en Jaap, 

bedankt voor alle gezellige gesprekken die we hebben gehad. Geniet van jullie 

pensioen Auke en Jaap! Martijn, hoofd van de proefdierfaciliteit, bedankt voor de 

prettige samenwerking. Er kwam nogal wat bij kijken om de verhuizing en latere 

verbouwingen in goede banen te leiden! Dankzij je altijd tijdige 

informatieverstrekking heb ik gelukkig weinig problemen ondervonden tijdens 

mijn vele langdurige kelderbezettingen. Gerard, bedankt voor je hulp rondom de 

gedragsregistratie en het jaarlijks in goede banen leiden van de welzijnsevaluaties 

en proefdierregistraties. Henk, bedankt voor je administratieve vaardigheden, 

met een vleugje nonchalance en humor. Ook jij geniet ondertussen van je 

pensioen. Gelukkig is Richard een goede opvolger. Pleunie en Marlies, jullie ook 

bedankt voor de goede zorgen en de prettige samenwerking. Diana en Janine, 

bedankt voor het leuke laagdrempelige contact vanuit BCN. Het is een groot 

verlies dat we Janine moeten missen. Ik herinner me een erg gezellige retreat met 

jullie! 

 

Met het oog op de toekomst wil ik ook mijn nieuwe collega’s bij ERIBA bedanken 

voor hun steun en begrip tijdens de zware laatste lootjes en de aanmoediging om 

dit proefschrift af te maken. Ellen, bedankt dat je me hiervoor de ruimte hebt 
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gegeven. Celine, Ale, Olga, Esther, Helen, Michele, Els, Bora, Anita, Renée en 

Wytse, hopelijk gaan we een gezellige samenwerking tegemoet! Olga, thank you 

for your time to educate me on working with C elegans. Helen, thank you for 

bringing me a sample of your delicious pumpkin soup, it made me feel right at 

home! 

 

Een belangrijke factor voor de totstandkoming van dit proefschrift is mijn familie. 

Ik draag dit proefschrift dan ook op aan mijn ouders Agatha en Dirk, want zonder 

hun goede zorgen en opvoeding had ik het nooit zo ver kunnen schoppen. Mijn 

zus Stineke en broertje Sipko hebben hier zeker ook aan bijgedragen. Mem, 

bedankt voor je hulp, je adviezen en je altijd nuchtere vrolijkheid. Heit, bedankt 

voor al je harde werk om ons gezin te onderhouden, je goede zorgen en je 

interesse in mijn onderzoek. We missen je allemaal ontzettend en ik vind het heel 

jammer dat je mijn promotie niet meer mocht meemaken. Stineke en Sipko ik 

ben heel erg trots op jullie en blij dat we zo hecht zijn. Stineke, bedankt voor al je 

goede zorgen en Sipko ook bedankt voor je hulp met de cover van dit proefschrift. 

De komst van Stijn, mijn kleine neefje, bracht een hoop geluk en binnenkort 

wordt hij ook nog een grote broer! Stijn, ik ben nu al trots op je en het is 

ongelooflijk hoe snel je al een grote vent wordt. Het zal vast niet lang duren 

voordat de vrouwen niet meer van je af te slaan zijn. Arend en Renske en mijn 

schoonfamilie Wibo, Joke en Jorrit, jullie ook bedankt voor alle steun en de 

gezellige momenten. Ik had mij echt geen leukere schoonfamilie kunnen wensen. 

Voor mijn hele familie, bedankt voor al jullie begrip wanneer ik vanwege 

gedragstesten weer eens niet beschikbaar kon zijn bij familieaangelegenheden. 

 

Ik ben blij dat ik deze steun en begrip ook van mijn vrienden heb mogen 

ontvangen. Wandert, bedankt voor alle mooie stapavonden. We missen je in 

Groningen, maar ik ben blij dat je met Laura in Spanje je roeping hebt gevonden, 

waar jullie samen wijn gaan maken. Wij hebben alvast wat flessen besteld. Heel 

veel succes ook met het afronden van je PhD en je promotie binnenkort. We 

komen zeker een keer bij jullie langs in Spanje! 

Erik bedankt dat je altijd zo’n goede vriend bent gebleven! Op de middelbare 

school waren we al onafscheidelijk en sindsdien hebben we samen heel wat 

meegemaakt. Ik heb ontzettend genoten van onze reis door India! Hoewel er nu 

wat kilometers tussen ons zitten blijven we elkaar nog steeds opzoeken om samen 
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leuke dingen te doen. Hopelijk pakken we komende zomer weer een leuk 

muziekfestival mee! Ik ben heel trots op je dat ook jij nu met een PhD bent 

begonnen en je eerste artikel al is gepubliceerd. Heel veel geluk samen met Merel 

in jullie nieuwe huis! 

Sjaak, ik leerde je kennen in Groningen toen ik een nieuwe kamergenoot zocht en 

zo hebben we een paar jaar samen gewoond. Gelukkig klikte dat meteen en 

sindsdien ben je een zeer dierbare vriend geworden. Eerst studeerde je 

architectuur en was je druk bezig met het maken van mooie plattegronden. Ik wil 

graag geloven dat je onder andere door mij geïnspireerd werd om van studie te 

switchen naar de levenswetenschappen, waarin je je roeping vond. Binnen no-

time was je afgestudeerd. Geweldig dat je daarna je PhD begon bij Roelof 

waarmee we ook nog collega’s van elkaar werden op de chronobiologie afdeling. 

Tijdens je BCN master ontmoette je je vriendin Nele en sindsdien zijn jullie beide 

dierbare vrienden. Ik hoop dat we nog lang samen leuke dingen blijven doen! 

Bedankt dat je mijn paranimf wilde zijn, ik had geen beter iemand kunnen 

bedenken! 

 

De belangrijkste persoon om te bedanken heb ik voor het laatst bewaard: mijn 

lieve vriendin Anniek, waar ik al bijna negen jaar verliefd op ben. We ontmoetten 

elkaar op een liftwedstrijd. Ik was in pak, jij in bruidsjurk en sindsdien waren we 

onafscheidelijk. Je was mijn steun en toeverlaat op moeilijke momenten. Bedankt 

voor je positiviteit en je aanstekelijke enthousiasme. Op de juiste momenten wist 

je me op te beuren en aan te moedigen om verder te werken, of me juist eens 

achter mijn computer vandaan te halen. Samen hebben we al mooie reizen 

gemaakt, maar ook ik kijk ernaar uit om samen nog eens de wijde wereld in te 

trekken, en daarna verder te bouwen aan onze toekomst! 

 

Ik ben erg bang dat ik iemand ben vergeten. Mocht dit het geval zijn: Jij ook 
bedankt! 
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