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Abstract

Cognition is modulated by circadian rhythms, in both nocturnal and diurnal species. Rhythms of

clock gene expression occur in brain regions that are outside the master circadian oscillator of the

suprachiasmatic nucleus and that control cognitive functions, perhaps by regulating the expression

neural-plasticity genes such as brain derived neurotrophic factor (BDNF) and its high affinity

receptor, tyrosine kinase B (TrkB). In the diurnal grass rat (Arvicanthis niloticus), the

hippocampus shows rhythms of clock genes that are 180° out of phase with those of nocturnal

rodents. Here, we examined the hypothesis that this reversal extends to the optimal phase for

learning a hippocampal-dependent task and to the phase of hippocampal rhythms in BDNF/TrkB

expression. We used the Morris water maze (MWM) to test for time of day differences in

reference memory and monitored daily patterns of hippocampal BDNF/TrkB expression in grass

rats. Grass rats showed superior long-term retention of the MWM, when the training and testing

occurred during the day as compared to the night, at a time when nocturnal laboratory rats show

superior retention; acquisition of the MWM was not affected by time of day. BDNF/TrkB

expression was rhythmic in the hippocampus of grass rats, and the phase of the rhythms was

reversed compared to that of nocturnal rodents. Our findings provide correlational evidence for the

claim that the circadian regulation of cognition may involve rhythms of BDNF/TrkB expression in

the hippocampus and that their phase may contribute to species differences in the optimal phase

for learning.
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1. Introduction

In mammals, circadian rhythms depend upon the integrity of a master circadian oscillator

residing within the hypothalamic suprachiasmatic nucleus (Stephan and Zucker, 1972).

Within neurons of the SCN circadian rhythmic functions are generated by molecular

oscillations described as an autoregulatory transcriptional and translational feedback loop;

the genes responsible for this feedback loop are labeled clock genes (Ko and Takahashi,

2006). There is evidence of local rhythmic expression of clock genes in areas of the brain

outside of the SCN,(Abe et al., 2002) including the hippocampus (Duncan et al., 2013;

Gilhooley et al., 2011; Ikeno et al., 2013; Lamont et al., 2005; Li et al., 2013; Otalora et al.,

2013; Ramanathan et al., 2010b; Wang et al., 2009) These observations bring up the

question of the role of hippocampal clock-gene expression in the regulation of hippocampal-

dependent cognitive functions.

The phases of clock–gene rhythms of extra-SCN oscillators, such as the one in the

hippocampus, are 180° out of phase when diurnal grass rats (Arvicanthis niloticus) are

compared to nocturnal rodents. Specifically, Ramanathan et al (Ramanathan et al., 2008a;

Ramanathan et al., 2008b; Ramanathan et al., 2010a; Ramanathan et al., 2010b) reported

that Period (PER) 2 expression peaks during the late light phase in diurnal grass rats and in

the late night in nocturnal species (Amir et al., 2006; Amir and Robinson, 2006; Lamont et

al., 2005) A similar pattern emerges when other diurnal species, including humans, are

compared to nocturnal species (Li et al., 2013; Otalora et al., 2013). Thus, species

differences related to the circadian control of hippocampal functions may be determined by

the phase of this extra-SCN oscillator.

Possibly related to the phase of extra-SCN oscillators, there is evidence from both animal

and human studies that time of training and or/testing can affect learning, retention and

performance (Folkard et al., 1985; Folkard, 1990; Gerstner et al., 2009; Smarr et al., 2014).

While there is no consensus about the optimal phase for performance across learning tasks,

the trend is that both nocturnal and diurnal species perform best when trained and tested

during their active phase, and the poorest performance is observed when tested or trained

during the inactive phase. In rats, the data support a positive nocturnal bias for the

acquisition and retention of a signal-detection task and for retention of the MWM (Gritton et

al., 2012), even when time of day differences in acquisition of the MWM task are absent

(Valentinuzzi et al., 2004). With some exceptions (see Smarr, Jennings et al. 2014 for a

recent review), hippocampal dependent tasks in both rodent and human studies feature

optimal performance when individuals are tested during the active phase of the species

(Folkard and Monk, 1985; Furnham and Rawles, 1988; Gritton et al., 2012; Hoffmann,

1992; Payne, 1989; Testu, 1986; Valentinuzzi et al., 2004).

In the hippocampus, several gene products contribute to neural plasticity and the process of

learning and retention (Minichiello, 2009; Bekinschtein, Kent et al. 2013; Callaghan and

Kelly 2013; Bekinschtein, Cammarota et al. 2014, Berchtold et al., 1999; Bova et al., 1998;

Cirelli and Tononi, 2000a; Cirelli and Tononi, 2000b; Dolci et al., 2003; Eckel-Mahan et al.,

2008; Hamatake et al., 2011; Ikeno et al., 2013; Katoh-Semba et al., 2008; Roth and Sweatt,

2008; Selcher et al., 1999). Prominent among such plasticity gene products are brain derived
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neurotrophic factor (BDNF) and its high affinity tyrosine kinase receptor (TrkB). Thus, once

the TrkB receptor is occupied by BDNF, a number of signaling cascades, including

phosphatidylinositol 3- kinase (PI3-K), mitogen-activated protein kinase (MAPK) and

phospholipase C-y(PLC-y) are activated (see Tapia-Arancibia et al., 2004 for review).

Activation of these signaling cascades has been shown to be involved in many processes

important for learning and neural plasticity, including long-term potentiation (Hall et al.,

2000; Tyler et al., 2002; Yamada and Nabeshima, 2003). BDNF/TrkB expression in the

hippocampus is important for hippocampal dependent learning and memory (Bekinschtein et

al., 2013; Bekinschtein et al., 2014; Callaghan and Kelly, 2013; Minichiello et al., 1999;

Minichiello, 2009; Yamada and Nabeshima, 2003). Reduction or elimination of BDNF/TrkB

expression in the hippocampus results in deficits in both acquisition and retention of

hippocampal dependent tasks (Gorski et al., 2003; Korte et al., 1995; Pang and Lu, 2004;

Tyler et al., 2002). Studies using late-onset forebrain-specific BDNF knockout mice serve to

show the importance of BDNF production in adulthood for normal spatial learning abilities

(Vigers et al., 2012). Additionally when the expression of BDNF/TrkB is restored via

exercise or pharmacological means, hippocampal dependent memory is rescued (Erickson et

al., 2013; Minichiello et al., 1999; Patterson et al., 1996).

Although some discrepancies exist with respect to rhythms of BDNF/TrkB mRNAs in the

hippocampus of nocturnal species (Berchtold et al., 1999; Bova et al., 1998; Cirelli and

Tononi, 2000a; Ikeno et al., 2013; Schaaf et al., 2000; Dolci et al., 2003;Golini et al., 2012;

Liang et al., 1998; Schaaf et al., 2000), measures of protein abundance show peak

hippocampal expression of BDNF/TrkB during the dark phase in adult nocturnal rats (Dolci

et al., 2003; Hamatake et al., 2011; Katoh-Semba et al., 2008). Rhythmic expression of

BDNF and TrkB may mediate the circadian modulation of hippocampal-dependent memory,

and differences in the phase of those rhythms could correlate with differences in the optimal

times for learning and/or retention when diurnal and nocturnal species are compared.

However, the evaluation of the second part of that claim is hampered by the fact that nothing

is known about the features of BDNF/TrkB rhythmic expression in the hippocampus of

diurnal mammals.

Here we use the diurnal grass rats to determine if their phase reversal in the rhythmic

expression of PER1 and 2 in the hippocampus, when compared with nocturnal rodents,

predicts similar phase reversals in the acquisition and retention of a hippocampal-dependent

task and in the pattern of expression of BDNF/TrkB in the hippocampus. First, we used the

reference memory version of the MWM to determine if time of training affects performance

and retention of a spatial navigation task in this diurnal species. Second, we determined

expression patterns of BDNF and TrkB protein in the hippocampus of these animals. Since

there is evidence of functional heterogeneity and possible differential rhythmic expression of

both plasticity and clock genes across the hippocampal formation (Berchtold et al., 1999;

Bova et al., 1998; Cirelli and Tononi, 2000a; Ikeno et al., 2013; Schaaf et al., 2000), we

evaluated the patterns of protein expression in three distinct regions of the hippocampus, the

CA1 area, the dorsal blade of the DG and the hilus.
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2. Results

Experiment 1

Learning Curve—Figure 1 shows the proportion of animals that reached the platform on

the first trial of each day of training (Panel A) and for the average of the four trials for each

day of training (Panel B). For both the AM and PM groups, Cochran's Q analyses detected a

significant effect of days of training, for the data shown on both panels A and B (See Figure

1 legend for statistical details). Comparisons between the AM and PM groups for each day

of training found no significant differences for the data shown in panels A and B (all

χ2s (1, N=24) = 0.00- 3.22, all Ps> 0.07). Table 1 summarizes the results of the 2×6 ANOVAs

for the other three dependent variables using the averages of trials 1-4. Although there was a

significant effect of training day for all of the dependent variables, there was not a

significant effect of time of training and no significant interaction effects. The same results

(data and analyses not shown) were obtained when the analysis was limited to the first trial

of each training day.

Acquisition Probe—Figure 2 panel A shows the proportion of animals that reached the

platform during the acquisition probe. Chi squared analysis found no significant difference

between the AM and PM groups (χ2 (1, N=24) = .202, P> 0.05) (Figure 2A). Table two

summarizes the analyses for the other four dependent variables. No significant differences

between the AM and PM groups were detected by the t-tests for swim path, swim velocity,

or latency to platform quadrant. Similarly the proportion of animals that displayed

thigmotaxis did not differ between the AM and PM groups.

Retention Probe—Figure 2 A and B shows the proportion of animals that reached the

platform during the retention probe. Chi squared analysis showed a significant effect of time

of training on this measure. The mean (+/− SEM) latency to reach the platform was 45.0 +/−

7.0 seconds for the AM group; the two animals from the PM group that reached the platform

during the retention probe had latencies of 60 seconds. Figure 3 shows the data for the other

four dependent variables. For swim path and latency to platform quadrant there was a

significant effect of training time with superior performance for the AM group. No

significant differences were found for swim velocity, but thigmotaxis was significantly more

frequent for the PM-trained animals. See Figure 3 legend for statistical details.

Experiment 2

For the number of cells expressing BDNF (Fig. 4 Center Panels) ANOVAs revealed a

significant main effect of ZT in the CA1(F=427.27, df=5,P<0.0001), hilus (F=161.140,

df=5,P<0.0001), and dorsal blade of the DG (F=57.343, df=5,P<0.0001). In the CA1, BDNF

expression peaked at ZT10. In the hilus and dorsal blade of the DG, BDNF expression was

elevated at both ZT10 and ZT 14. For the number of cells expressing TrkB (Fig. 4 Right

Panels), ANOVAs revealed a significant main effect of ZT in the CA1 (F=28.81, df=5,

P<0.0001), hilus (F=7.21, df=5,P<0.0001), and the dorsal blade of the DG (F=1108.716,

df=5, P<0.001). In the CA1, hilus and dorsal blade of the DG, TrkB expression peaked at

ZT6. Fig 4. shows representative examples of BDNF (Center Panels) and of TrkB (Right
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Panels) staining in the three brain regions. For both BDNF/TrkB, cellular staining resembles

what has been shown in nocturnal species (Cirelli and Tononi, 2000a; Dolci et al., 2003).

3. Discussion

Our results provide evidence for an effect of time of training on the retention of a

hippocampal dependent task and document the presence of rhythms in hippocampal protein

expression of two plasticity gene products in a diurnal species. Here, diurnal grass rats

showed remarkably better retention of the MWM when trained and tested during the day,

which is the opposite of what is seen in laboratory rats (Gritton et al., 2012); in that

nocturnal species better retention is associated with night-time training and testing under

conditions similar to those of the present study (Gritton et al., 2012). Thus, there is a

positive bias for both nocturnal and diurnal species for optimal retention of this task when

the learning occurs during the active phase of the species. Interestingly, the rhythms of

hippocampal BDNF and TrkB protein production of grass rats appear to be out of phase

from those reported for laboratory rats (Cirelli and Tononi, 2000b; Dolci et al., 2003;

Hamatake et al., 2011; Ikeno et al., 2013; Katoh-Semba et al., 2008). These data provide at

least correlational evidence for the claim that differences in optimal phase for retention of

hippocampal dependent tasks between nocturnal and diurnal species stem from phase

differences in the rhythmic expression of plasticity genes in the hippocampus. Information

about differences in the rhythmic expression of other plasticity genes, such as MAPK

(Eckel-Mahan et al., 2008) between diurnal and nocturnal species would be of interest,

however, direct manipulations of the rhythmic expressions of these gene products are

needed to establish a causal link between them and the circadian regulation of learning and

memory in species-specific ways.

In grass rats there was no time of day difference in the acquisition of the MWM. These

animals showed no time of training differences in their ability to learn the location of the

hidden platform and this insensitivity to time of training extended to all other measures that

serve to assess motivation, motor functions (swim speed) and anxiety (thigmotaxis) (Clark et

al., 2005b; D'Hooge and De Deyn, 2001; Jeltsch et al., 2001; Morris, 1984). Also, the

behavior of the two groups was not statistically different for the first trials of each training

day, thus showing that all animals were able to remember over periods of 24 hours. These

findings and those previously reported for laboratory rats (Gritton et al., 2012), may be

indicative of a selective role for the circadian system in affecting the long-term retention of

hippocampal tasks. An explanation for the insensitivity to time of day for the acquisition of

MWM task could be due to the moderate cognitive load of the MWM. Studies in both

human and animals have shown that tasks that are not very cognitively demanding show

little or no time of day differences during acquisition, whereas those that are highly

demanding show more salient time of day differences (Folkard et al., 1983; Gritton et al.,

2012). Work using more challenging hippocampal-dependent learning tasks (Eichenbaum et

al., 1987; Eichenbaum et al., 1989; Eichenbaum, 1992; Ergorul and Eichenbaum, 2006; Otto

et al., 1991) could serve to clarify that issue.

Our results of time of training on long-term retention could be interpreted as a cognitive

deficit in the animals trained and tested during the normal rest phase, but other possibilities
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exist. For example on the retention probe, the pm animals displayed thigmotaxis, a measure

of anxiety (Hostetter and Thomas, 1967; Huang et al., 2012; Simon et al., 1994; Treit and

Fundytus, 1988), more frequently than the am group. Thus, the poor performance of the

animals tested at night could have been due to non-cognitive factors such as enhanced

susceptibility to stress at that phase of the circadian cycle. However, counter to that

interpretation is the fact that during all the other tests the pm animals did not differ from the

am ones in the display of thigmotaxis. Thus, it is possible that the apparent enhanced anxiety

of the pm group during the retention probe was secondary to a memory deficit that made the

situation appear less familiar to those animals.

Our testing procedure resulted in different light intensities prevailing during the two testing

times, raising the possibility that the poor performance of the pm group during the retention

probe was caused by limited visual acuity. This is unlikely for two reasons. First, the pm

animals did not show deficits during acquisition although the same lighting conditions were

present. Second, there is evidence that rats and mice are able to navigate the MWM under

both red light and complete darkness (Klapdor and VanderStaay, 1996; Valentinuzzi et al.,

2004). Further, blind or visually impaired rodents are still able to learn and remember the

location of the hidden platform in the MWM (Lindner et al., 1997; O'Steen et al., 1995;

Spencer et al., 1995). Other non-cognitive deficits such as lack of motivation or diminished

motor competence do not appear to be responsible for the differences seen in the retention

probe, since swimming speed was not different between the two groups.

For experiment two, our main finding was the presence, in a diurnal mammal, of rhythmic

expression of plasticity-gene products in three hippocampal regions known to play distinct

roles in cognition (Clark et al., 2005a; Clark et al., 2005b; Dees and Kesner, 2013; Jeltsch et

al., 2001; Kesner, 2013; McDonald and White, 1993; Morris et al., 2013; Morris et al., 1986;

Packard and Knowlton, 2002; Sweatt, 2004). For all the hippocampal areas, the rhythms

were about 180° out of phase with those reported in nocturnal laboratory rats. For nocturnal

rodents, peaks in both BDNF and TrkB expression occur late in the dark period (Bova et al.,

1998; Dolci et al., 2003), whereas, they occurred much earlier in our diurnal grass rats. Little

is known about the relationship between the rhythms of BDNF and TrkB expression. Once

the TrkB receptor is occupied by BDNF, a number of signaling cascades are activated (as

reviewed in Tapia-Arancibia et al., 2004) ,which are involved in several processes important

for learning and neural plasticity, including hippocampal long-term potentiation (Hall et al.,

2000; Tyler et al., 2002; Yamada and Nabeshima, 2003). In the diurnal grass rats of this

experiment, the peak of TrkB expression within the hippocampus preceded that of BDNF by

four hours, and a similar relationship between the two rhythms appears to exist for

laboratory rats (Bova et al., 1998). Thus, the daily increase in receptor expression before the

peak of BDNF may be a common feature of the mammalian hippocampus that may

influence the optimal time of day for learning in a species-specific fashion.

The hippocampal data suggest that the phases of rhythms of BDNF/TrkB expression

correspond to the phase preference for the display of activity of each species, and thus may

contribute to species differences in the circadian regulation of cognitive functions. However,

for both nocturnal and diurnal species, we do not know if the daily fluctuations in the

expression of BDNF/TrkB are under the control of circadian oscillators, or are dependent
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upon either environmental influences or upon the prevalent stage of vigilance of the

organism at different times of day. Data on the rhythmic expression of these products

obtained under constant environmental conditions and under experimental conditions that

control for the influences of sleep and wakefulness are needed to test these alternative

hypotheses. Further, if the circadian nature of these rhythms is established, then determining

the neural basis of such rhythmicity becomes an important question. Interestingly, some

aspects of the circadian regulation of cognition appear to be independent of the SCN in

hamsters (Cain et al., 2012; but see Ruby et al. 2008).

Our results represent an important first step in the developing of the grass rat as a diurnal

animal model, which is needed to test the species generality of the observations made using

traditional laboratory rodents with nocturnal activity profiles. Future directions of this

research with our diurnal model could include the examination of circadian regulation of

hippocampal-independent memory that require the integrity of other brain regions such as

the amygdala and the dorsal striatum (McDonald and White, 1993), which also exhibit a

phase reversal in PER 1 and 2 rhythms in grass rats compared to nocturnal mammals

(Ramanathan et al., 2008a; Ramanathan et al., 2008b; Ramanathan et al., 2010a;

Ramanathan et al., 2010b). Another direction for future studies could use grass rats to

develop a diurnal animal model for understanding the cognitive deficits sometimes observed

in human shift- and night-workers (Folkard, 1989; Gold et al., 1992). Interestingly, although

strongly diurnal in the wild and under standard laboratory conditions (Blanchong et al.,

1999; McElhinny et al., 1997), when given access to running wheels a subset of grass rats

voluntarily shift to a predominantly nocturnal display of activity (Blanchong et al., 1999).

This remarkable shift in activity phase is accompanied by a phase reversal in the rhythmic

expression of PER 1 and 2 in many extra-SCN oscillators, including the hippocampus

(Ramanathan et al., 2010b).

Understanding what effects these changes in the phase of activity rhythms and clock-gene

rhythmic expression might have on rhythms of BDNF/TrkB expression and on the animals’

cognitive functions could be instrumental in furthering our understanding of deficits seen in

human night-shift workers and others who voluntary become active at night (Barnard and

Nolan, 2008; Czeisler, 2009) and in the development of a diurnal animal model to explore

the mechanisms responsible for interactions between chronotype and time of day in human

cognition (Hahn et al., 2012).

In summary, our results represent the first descriptions of time of day differences in

hippocampal memory using a diurnal rodent model and of rhythms in the expression of

plasticity-gene products in a diurnal brain. This information serves to help us understand

species differences in the circadian regulation of cognitive functions as well as time of day

effects on human memory, and the cognitive deficits seen when circadian rhythms are

disrupted, as in the case of human shift- or night- workers (Barnard and Nolan, 2008; Gold

et al., 1992).
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4. Experimental Procedures

Animals

Male grass rats (3 – 5 months old; n = 24 for Experiment 1; n = 36 for Experiment 2) from

our breeding colony at Michigan State University were housed individually in Plexiglas

cages (34 × 28 × 17 cm), under a 12:12 h light/dark (LD) cycle, with lights on at Zeitgeber

time (ZT) 0, with dim red lights on at all times 7lux) and ab libitum access to food (PMI

Nutrition Prolab RMH 2000, Brentwood, MO, USA) and water. All experiments were

performed in compliance with guidelines established by the Michigan State University All

University Committee on Animal Use and Care, and the National Institute of Health guide

for the Care and Use of Laboratory Animals.

Experiment 1

Morris Water Maze

Handling: Grass rats, even after many generations in captivity, are not domesticated and are

more reactive than common laboratory rodents. Therefore, the animals were gently handled

daily for at least two weeks prior to the start of water maze training to reduce the effects of

handling stress on learning. To transfer the animals to and from the water maze we used

clear-plastic salad tongs as previously described (Walker, 2011). The animals were

habituated to contact with the plastic tongs during the two weeks of daily handling before

the start of behavioral testing.

Testing Room Conditions and Apparatus: Behavioral testing took place in a room with

the same LD cycle and illumination conditions of the animals’ colony room. Black images

(i.e. star, circle, square, and a triangle) were fixed to white walls to serve as high-contrast

extra-maze cues. The location of these extra maze cues remained constant throughout the

experiment. The testing apparatus was a circular pool, 140cm in diameter, which was filled

with 22° ± 5° water. Pool wall height was 37.46 cm; the pool was filled with 19.05cm of

water. The water was made opaque with nontoxic paint (ArtMinds ™). A clear 15.24 cm

wide platform was placed in the center of the SW quadrant. The hidden platform was

approximately 1.5cm below the surface of the water and invisible to grass rats.

Training: Animals were randomly assigned to either the AM or PM groups (n = 12/ZT) and

trained for 6 consecutive days. The AM group was trained and tested at ZT4 while the PM

group was tested and trained at ZT 16. Daily training sessions consisted of 4 trials. Each trial

started when the grass rat entered the water and ended when it found the platform or after

120 seconds had lapsed. Grass rats were placed in the water facing the walls of the pool at

randomly assigned locations, except the location that that would later be used for the

acquisition and retention probes (see below). Grass rats that failed to find the platform in

120 seconds were gently guided to the platform and allowed to rest for 15 seconds before

the start of the next trial. At the end of the fourth trial, the animals were dried off manually

with an absorbent towel and returned to their home cage.

Acquisition and Retention Probe Test: An acquisition probe test was given on the 7th day,

following the 6 days of training. Grass rats were placed in the pool in a location, that had not
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been used during training and given 60 seconds to find the hidden platform. After the

acquisition probe, grass rats were returned to their home cage. Fourteen days later the

retention probe test was given in an identical manner to that of the acquisition probe.

Behavioral Quantification and Statistical Analysis: All training trials and probe tests

were recorded and analyzed using the Noldus EthoVision-system (version 8.5; Noldus®).

The proportion of grass rats to reach the platform, swim path lengths, swim velocity and

latency to platform quadrant, were calculated. For the acquisition and retention probes, the

proportion of animals showing thigmotaxis was also determined. In order to monitor

thigmotaxic behavior, the pool was divided during analysis into two rings. Time spent

swimming in the 10.5cm wide ring closest to the edge of the pool was quantified, and grass

rats that spent more than 30secs swimming in the thigmotaxic zone were characterized as

displaying thigmotaxis. The latencies to reach the platform were recorded, but were not used

for group comparisons since not all animals reached the platform within the 2 minutes of

each trial.

The Cochrans Q test (Cochran and Cox, 1957; Conover, 1999) was used to examine the

effects of training days on the proportion of grass rats that found the platform over the

course of the training. This analysis was performed for the AM and PM groups separately

using both the average of the four trials per day or just for the first trial of each training day.

Chi squared tests were used to compare the AM and PM groups with respect to proportion

of the animals reaching the platform (all trials) or showing thigmotaxic behavior during

acquisition and retention probes. Two way analyses of variance (ANOVA) were used to

examine the main effects of training day and time of training and the interaction of these two

factors on swim path lengths, swim velocity and latency to platform quadrant during trial 1

of each training day and for the average of trials 1-4 for each training day. Student's t tests

for independent samples were used to determine the effect of the time of training on swim

path lengths, swim velocity and latency to platform quadrant, for both acquisition and

retention probes. All statistical analyses for both experiments used SPSS version 17

software, and all differences were considered statistically significant when P was equal to or

less than 0.05, using two-tailed probabilities when pertinent.

Experiment 2

Tissue collection and immunocytochemistry—At 4-h intervals from ZT2 to ZT22,

animals (n = 6/ZT) were deeply anesthetized with an intraperitoneal injection of 400mg/kg

of sodium pentobarbital (Ovation Pharmaceutical, Deerfield, IL, USA) and perfused

transcardially with 0.01 M phosphate buffered saline (PBS; pH 7.2) followed by 4%

paraformaldehyde –lysine–sodium periodate (PLP) in 0.1 M phosphate buffer (Sigma, St

Louis, MO USA). Brains were removed, post-fixed for 4-8 h and then transferred to 20%

sucrose for 24h, before storing them in cryoprotectant at –20 °C. Sections (30 m; coronal

plane) were obtained using a freezing sliding microtome and stored in cryoprotectant until

the immunocytochemical (ICC) procedure for either BDNF or TrkB detection was

performed on every other section.
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Sections were taken out of cryoprotectant and stored overnight in 0.01M PBS at 4°C. Just

prior to undergoing ICC procedures, sections were rinsed three times (10 min/rinse) in fresh

0.01 M PBS. Unless otherwise noted, the sections were rinsed three times (10 min/rinse) in

0.01 M PBS between all steps of the ICC procedures. All steps were carried out at room

temperature unless noted otherwise. Free-floating sections containing the hippocampus

(CA1, hilus, and dorsal dentate blade) were rinsed in 0.01 M PBS, blocked for 1 h using 5%

normal goat serum (NGS; Vector Laboratories, Burlingame, CA, USA) in PBS and

incubated for 48 h in a rabbit anti-BDNF antibody at 4°C (Chemicon/Millipore, Temecula,

CA, USA; diluted 1:10,000 in PBS and 3% NGS). For detecting TrkB immunoreactivity, the

same procedure was followed (rabbit polyclonal antibody against the carboxyl terminal

domain of TrkB receptor (trkB794) commercially available from Santa Cruz

Biotechnologies, Santa Cruz, CA. U.S.A). All sections were then incubated for 1 h in a goat

anti-rabbit biotinylated antibody (Vector Labs, Burlingame, CA, USA; diluted 1:200 in PBS

and 3% NGS), and then for 1 h in avidin–biotin peroxidase complex (AB complex, Vector

Laboratories, Burlingame, CA, USA; in PBS). After three rinses (10 min/rinse) in Acetate

buffer (pH=7.2), the sections were reacted with 0.025% diaminobenzidine (DAB; Sigma-

Aldrich) enhanced with 2.5% nickel sulfate (Sigma-Aldrich) in Tris buffer with 3%

hydrogen peroxide (J.T. Baker, Phillipsburg, NJ, USA) for 12 min. The reaction was

followed by three 10 min rinses in Acetate buffer (pH=7.2), All sections were mounted onto

gelatin-coated slides, dehydrated, and coverslipped with Permount (Sigma-Aldrich). A set of

control sections was selected and incubated in PBS and 3% NGS without anti-BDNF or

anti-TrkB antibody at 4°C. Immunoreactivity was undetectable in sections that were

processed in the absence of primary antibody.

Quantitative and Statistical Analysis—A single section containing the three targeted

hippocampal regions, i.e., CA1 and the hilus and dorsal blade of the DG, was identified for

each animal using the rat brain atlas of Paxinos and Watson (Paxinos and Watson, 2007).

The approximate level of the sections was –2.80 mm from bregma. For each region, BDNF

and TrkB labeled cells were counted bilaterally within an area defined by a 500×100 m2

counting box by an investigator unaware of the sampling time associated with each section.

All BDNF counts were done using a light microscope (Leitz, Laborlux S, Wetzlar,

Germany; 25X objective). Camera lucida drawings were made of visually identified labeled

cells within the boxes in each area. TrkB counts were performed using photomicrographs

that were taken of each region with a digital camera (MBF Bioscience Inc, 2007) attached to

a Zeiss light microscope (Carl Zeiss, Göttingen, Germany). Photomicrographs were

arranged in Photoshop CS5. For every region, TrkB labeled cells were counted within the

region specific counting boxes. Bilateral cell counts were obtained using NIH Image J

software (National Institute of Health, Bethesda, MD, USA). For each region counted for

TrkB staining, circularity (0-10) and contrast intensity thresholds were used to distinguish

immunoreactive labeled cells from background staining.

Total bilateral counts of each area were subjected to one-way ANOVAs to assess the effect

of ZT on BDNF and TrkB expression in each region. Significant F ratios were followed by

individual comparisons using Fisher's Least Significant Difference (LSD) tests.
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DG dentate gyrus
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highlights

Cognitive functions show daily fluctuations

Diurnal grass rats show superior retention when trained and tested during the day

The phase of plasticity genes rhythms differ between grass rats and that reported for

nocturnal rats.

The phase of hippocampal rhythms may dictate optimal phase for retention

Effects of time of training were restricted to long-term retention
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Figure 1. Time of training effects during acquisition trials
Cochran's Q analyses showed a significant effect of training days for both trial 1 data (panel

A; AM group: Q(5)=31.957 and PM group: Q(5)=14.412, ps < .001) and trials 1-4 averaged

data showing the averaged data (+ SEM) for each day (panel B; AM group: Q(5)=69.985,

and PM group: Q(5)=60.255, p <.001), but Chi squared analysis showed no effect of time of

training on proportion of grass rats to find the platform each day for both data sets

(χ2(1,N=24) = 0.00-3.227, all Ps> 0.07). The SEM values in panel B are so small that they are

obscured by the symbols demarking the value of each data point.
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Figure 2. Differential effects of time of training on acquisition and retention probe test
performance
Chi squared analyses revealed that although there was no effect of ZT on the proportion of

grass rats to find the platform during the acquisition probe, (χ2 (1, N=24) = .202, P> 0.05)

(panel A), during the retention probe (panel B) there was an effect of ZT (χ2 (1, N=24)

=10.667, P< 0.001).
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Figure 3. Time of day effects on retention probe
There was a significant effect of time of training on all measures except swim velocity, (t(22)

=.256, P > 0.05) during the retention probe. Significant time of training effects were seen in

swim path, (t (22) =50.30, P < 0.001) and latency to platform quadrant, ( t (22) =9.602, P <

0.001). AM trained grass rats were faster to the platform quadrant and had shorter swim

paths than PM trained grass rats. Bar charts showing the mean (+ SEM) inches (swim path,

upper left), inches/second (swim velocity, upper right) and seconds (latency to platform

quadrant, lower left). Chi squared analysis revealed a significant effect of training time on

the proportion of grass rats to engage in thigmotaxis (χ2(1,N=24) = 6.171, P< 0.01). Fewer
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AM trained grass rats engaged in thigmotaxic behavior than PM trained grass rats.

Significant differences between AM and PM groups are denoted by asterisks.
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Figure 4. Rhythms in Plasticity gene products
Left Panels: Sampling boxes (rectangles) were used for cell counts in of the CA1, dorsal

blades of the DG, and hilus as described in Materials and Methods. Anatomical boundaries

are based on Paxinos and Watson (1997). CA1, DG, dentate gyrus; ZT, Zeitgeber Time.

Center and Right Panels: Photomicrographs depicting BDNF and Trk B expression at two

different ZTs. Scale bar represent 200μm. Line charts showing the mean (+ SEM) number of

BDNF (Center) and TrkB (Right) expressing cells for each ZT in the CA1, dorsal blade of
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the DG, and hilus of male grass rats. Significant differences between ZTs (p<0.001) are

noted by different letters. Grey region on each chart indicates the dark phase of the cycle.
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Table 1

Tests for Time of Day Effects over Acquisition Trials

Dependent Variable Main effect of time of training Main effect of days Interaction

Swim Path F=0.516, df=1, P>0.05 F=7.357,df=1, P<0.05 NS

Swim Velocity F=0.063, df=1, P>0.05 F=6.655,df=1, P<0.05 NS

Latency to Platform Quadrant F=0.564, df=1, P>0.05 F=37.553,df=1, P<0.05 NS
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Table 2

Tests for Time of Day Effects on the Acquisition Probe

Dependent Variable t-test or χ2

Swim Path (t(22)=1.959, P>0.05)

Swim Velocity (t(22)=1.473, P>0.05)

Latency to Platform Quadrant (t(22)=0.627, P>0.05)

Thigmotaxis (χ2(1,N=24) = 1.510, P> 0.05)
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