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Abstract

Evidence suggests that the disruption of circadian rhythms has a negative impact
on memory retention. It is therefore speculated that circadian disruption influences some
property of sleep responsible for memory retention, but little is known about this
relationship. In order to investigate this question, we have continuously recorded local
field potentials in the hippocampus and prefrontal cortex of freely behaving adult male
Long Evans rats. The current analysis indicates that daily quantities of sleep are strongly
maintained in an acute circadian shift. Furthermore, hourly sleep distributions are largely
maintained during the shift. Contrastingly, an acute circadian shift is able to alter the
hourly distribution of vigilance states and sleep based events predominantly across pre-
entrainment to post-entrainment, supporting previous findings of memory retention
deficits observed during post-entrainment but not shifting epochs. Furthermore, current
analysis suggests that pre-entrainment hourly distributions are conserved, but relocated in

phase with post-entrainment.
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1. Introduction

Circadian cycles govern regular waking and sleeping patterns in our daily lives.
Mechanisms regulating circadian cycles can be altered through biological and
behavioural changes. Circadian disruption is commonly experienced by aging
populations and shift workers. It has also been reported that circadian rhythms are
markedly disturbed in Alzheimer’s disease patients (Witting et al., 1990;Volicer et al.,
2001). Increasing evidence also indicates that there is a close link between circadian
disruption and cognitive impairment. For example, Craig and McDonald (2008) have
demonstrated that a 64 day chronic circadian disruption paradigm, caused by photic (i.e.
light) phase shifting, is correlated with a deficit in both the acquisition and retention of a
spatial memory when tested on the Morris water maze (MWM). Devan et al. (2001) have
also illustrated that six days of acute circadian disruption obstructed the long term
retention, but not acquisition of a MWM platform location, when tested seven and
seventeen days later. Despite these findings, there is little understanding of the
physiological mechanisms responsible for an impairment of the retention and acquisition
of spatial memories, in a circadian disruption paradigm. As a first step to understanding
the observed impairments in memory retention, but not acquisition (Devan et al., 2001),
this study aims to investigate how an acute circadian phase shift modifies the structure of
sleep. In the current study, we have focused sleep because it has been shown to play an

important role in learning and memory.

Sleep is described as a loss of behavioural control and consciousness
(Diekelmann and Born, 2010), which is closely regulated by both circadian and

homeostatic mechanisms (Cirelli, 2009) and has been shown to enhance the consolidation



of new memories (Diekelmann and Born, 2010). A sleeping state can be broadly
categorized into vigilance states known as rapid eye movement (REM) sleep and non-
REM sleep. REM and non-REM vigilance states can be classified using local field
potentials (LFPs) generated by the flow of electrical current, structured by synaptic
activity or muscle tone. REM sleep is marked as a period of muscle atonia which is
pronounced by hippocampal theta oscillations (5-10 Hz). Cortical activity during REM
sleep and waking behaviour can be described as desynchronized (i.e. showing an LFP
bearing a low voltage high frequency state). Conversely, a non-REM sleep state gives
rise to cortical delta activity (1-4 Hz) and has been shown to increase in relation to the
amount of prior waking activity in both human and rat studies (Tobler and Borbely,
1986;Dijk et al., 1987;Lancel et al., 1991;Deboer and Tobler, 2003). It is hypothesized
that REM sleep contributes to memory consolidation (Karni et al., 1994;Rasch and Born,
2013), and more specifically procedural memories (Smith, 1995). Declarative memory
consolidation has also been shown to benefit from periods of non-REM sleep (Barrett and
Ekstrand, 1972;Kudrimoti et al., 1999;Plihal and Born, 1999), which are consequently
enriched with delta power. Furthermore, sleep can be characterized into distinctive

events using LFPs.

The present study additionally explores how two non-REM based events, spindles
and k-complexes, are modified by acute circadian disruption. Spindle activity
(approximately 10-15Hz) observed in the primary sensory and prefrontal areas of the
cortex are generated in the thalamus, and projected to the cortex through bursting
thalamo-cortical cells (Luthi, 2013). Both human (Gais and Born, 2004) and rodent

(Eschenko et al., 2006) studies have shown increased spindle density after a learning



experience. K-complexes contain frequencies in the delta range, which occur
rhythmically (<1 Hz), and are the product of synchronous excitation of cortical neuronal
populations followed by neuronal hyperpolarization (Amzica and Steriade, 2002).
Cortical k-complexes are able to trigger spindling, through connections from the cortex to
the thalamic reticular nucleus and thalamo-cortical activation (Amzica and Steriade,
2002). Johnson et al. (2010) have positively correlated stored-trace reactivation to the
density of cellular population down-to-up state transitions, k-complex and low voltage
spindle (LVS) events observable in LFPs. Currently, it is not known how spindles and k-
complex events are modified over the course of an acute circadian shift. We therefore
hypothesize that an acute circadian shift causes the disruption of a critical property of

sleep or sleep based event.

The negative effect of circadian disruption on memory based task performance
has been investigated by several groups (Tapp and Holloway, 1981;Fekete et al.,
1985;Antoniadis et al., 2000;Cho et al., 2000;Devan et al., 2001;Craig and McDonald,
2008). However the effects of acute circadian disruption on sleep structure have not been
largely investigated. The role sleep plays in memory consolidation solicits the question
of whether acute circadian disruption is able to modify properties of sleep. In order to
examine this question we have performed continuous LFP recordings in freely behaving
rats that were exposed to acute circadian disruption. By subjecting the rats to an acute
phase shift and continuously monitoring their LFPs, we are able to explore the effects of
circadian disruption on their delta power and vigilance states. The present study is also

able to continuously measure changes to cortical k-complexes and spindles. This unique



data set has allowed us to examine the quantity and distributions of these properties, and

their long term relationship to an acute circadian shift.



2. Materials and Methods

2.1 Subjects
Two groups of eight naive six month old male nocturnal Long-Evans hooded rats

were surgically implanted with LFP electrodes. After surgical implantation the rats were
given one to two weeks of recovery time before being permanently housed in the
recording cages. The subjects had food and water available ad libitum during the
recovery period and once placed into the recording cages; additionally gaining access to a
running wheel in the recording cages. Six of the eight implanted rats were selected to be
permanently placed into the recording housing units. Selection of these six rats was
determined by continuously monitoring individual rat LFP stability and quality for a
period of 3-4 weeks. The rats were handled daily prior to surgery, monitored during
recovery and handled daily while housed in the recording cages prior to beginning the
experimental recording. Once the recording had begun rats were not contacted unless
recording equipment adjustments were necessary. Apart from recording corrections, the
recording room was only entered for scheduled cage tray cleaning coupled with food and

water replacement.

2.2 Animal housing

Six housing units were constructed, allowing the rats to continuously live in a
recording environment for the entirety of the experiment. These units were built to
resolve issues surrounding 24 hour/day recording in a freely moving rat and the
electrostatic nature of traditional rat cages (plastic), which can reduce the quality of
electrophysiological data collected. The housing units were made of an aluminum frame

in which tempered glass is inserted to create a 40 x 40 x 40 cm box. A bedding tray was



placed at the bottom of the box and could be easily removed horizontally for cleaning.
The roof was made of aluminum as well with two large holes. The first hole allowed the
wire tether from the commutator to connect the rat in the housing box and the second
hole allowed for a mounted a Blue Cherry video camera (supplemental Figure 15) used to
monitor rat behavior. On the inside back wall of the unit, a running wheel was attached
to a single spindle. The diameter of the wheel was 30.5 cm. Four holes in the glass side
panels (two holes in two panels) were used to mount a water bottle and a food bin system

to hold the bottle on the outside of the box and the food bin on the inside of the box.

2.3 Data Acquisition
For the first group of six rats, a first generation Avatar system (Avatar EEG

Solutions, Calgary, CA) was adapted for rat use. This system was capable of recording at
a 256Hz sampling rate with up to six referenced channels, Bluetooth real-time
transmission rate of 256Hz, 16bit sample size and a 6.5mV dynamic range. The second
group of six rats were recorded on a new Avatar 3000 (Avatar EEG Solutions, Calgary,
CA) series having a sampling rate of 2000Hz (recorded to an internal microSD card,
which were replaced weekly and used for offline analysis), 250Hz Bluetooth transmission
(used for continuously monitoring LFP activity from a remote location), 24 bit sample
size and 2.25V dynamic range. Live LFP recordings were viewed (supplemental Figure
16) using freely available open source EDF Browser software (Beelen). An assembly of
rat housing, Blue Cherry digital video recording system, and Avatar EEG recording
systems (Figure 1.1) were used to monitor rat behaviour, running wheel activity and, LFP

activity.
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Figure 1.1. Recording system schematic of parallel six animal system, used to monitor

local field potentials in the current experiment. Blue tooth LFP recordings were

transmitted wirelessly to the recording system. Both running wheel activity and Blue

Cherry video recording systems were transmitted via coaxial cable to a recording

computer. A NeuroTek power supply was used to power both the Avatar recording

systems and Neurotek headstages. All recording rack, recording box, animal headstage,

and Avatar systems were grounded to the master ground of the NeuroTek power supply.




2.4 Electrode and surgical protocol

Twisted pairs of bipolar electrodes consisting of medical grade 40 AWG
(American wire gauge) stainless steel wire coated in polytetrafluoroethylene (Teflon)
were constructed for surgical implantation. Pre-surgery electrode impedances were
tested and range from 50K to 100K ohms; once implanted, signal producing electrode to
rat tail impedances ranged from 150K to 400K ohms. Three pairs of electrodes were
implanted in the hippocampus (-3.84mm from Bregma, 2.4mm lateral and 2.4mm depth;
tip separation of 0.4mm), pre-frontal cortex (2.76mm from Bregma, 2.8mm lateral and
4.25mm depth at a 55° angle from dura; tip separation of 1.8mm), and an EMG
(electromyogram) sutured bilaterally to the Acromiotrapezius muscle. Depth and
positions of electrodes were confirmed by histological analysis. A single stainless steel

ground screw was also implanted in each rat’s cranium (-2mm from Lambda).

2.5 Circadian shift
Each group of six selected rats were placed in the recording housing environment

two months prior to beginning the recording and maintained on a 12:12-h dark:light (2
lux and 320 lux respectively) cycle, consisting of lights off at 9am and on at 9pm. Wheel
running, neck muscle EMG, HC and PFC LFP activity was monitored during this period
to confirm the rats had entrained to the 12:12-h dark:light cycle. A period of 6 days
preceding the acute phase shift constituted the pre-entrainment epoch of the protocol.
The rats were exposed to an acute phase shift implemented by advancing the rat’s dark
phase by three hours each day for six days (Devan et al., 2001), whereby advancing the
subjective time of the rat by three hours each day. The post-entrainment epoch is

composed of a period where the rats were re-entrained for 6 days on a 12:12-h dark:light



cycle (Table 1), which has been maintained at a 3 hour phase delay when compared to

pre-entrainment.

We have used the current model of acute circadian disruption (Table 1) because it
has been implicated in memory retention deficits (Devan et al., 2001). Variations on this
model of circadian disruption have shown disruption of memory retention in a passive
avoidance task (Tapp and Holloway, 1981;Fekete et al., 1985). Furthermore the final 3-
hour maintained advancement in post-entrainment allows us to examine the effect of a
maintained light/dark cycle advance in post-entrainment, when compared to pre-
entrainment. With this manipulation we are able to observe whether sleep structure
changes are observable during incremental 3-hour dark phase advances or during

maintained light/dark exposure.

Day Light off — Light on
Pre-Entrainment (6 days) 9:00 — 21:00
Shift Day 1 6:00 — 18:00
Shift Day 2 3:00 - 15:00
Shift Day 3 0:00 —12:00
Shift Day 4 21:00 — 9:00
Shift Day 5 18:00 — 6:00
Shift Day 6 15:00 — 3:00
Post-entrainment (6 days) 12:00 — 0:00

Table 1. Acute circadian shift schedule of dark phase advance used to induce acute

circadian disruption.



2.6 Offline sleep scoring and data analysis

Analysis was focused around six days of pre-entrainment, six days of acute phase
shift and six days of post-entrainment. All analysis has been performed on 18 days of
continuously record local field potential recordings. EMG was filtered between 10-50Hz
and a movement threshold of 1.5*median of the EMG signal was chosen to detect
motionless epochs (indicative of sleep); verified manually with video referenced scoring.
In order to reduce fragmentation of sleep detection, motionless fragments were merged
within three seconds of each other; sleep epochs less than 30 seconds in length were also
removed. Theta and delta were obtained (5.5-10Hz and 1-4.5 Hz respectively) from
hippocampal CA1 recordings and applied to REM detection. REM epochs were found by
calculating when a ratio of theta to delta power exceeded a threshold of the 80™ percentile
of the overall theta to delta power ratio during a motionless epoch (Figure 1.2). REM
fragmentation was also limited by merging REM epochs that occur within 40 seconds of
each other; REM epochs less than 30 seconds in length were removed. Non-REM epochs

were calculated by subtracting REM sleep from motionless epochs.

10



Non-REM Non-REM

Theta
Delta

N
6]

Frequency (Hz)
[
o

Time (min)

Figure 1.2. Vigilance state detection; illustrative sample of a hippocampal spectrogram

showing segmentation of REM, non-REM, and waking.
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A 10-20Hz filter was used during motionless epochs for LVS detection. To
improve quality and continuity of LVS detection a minimum distance between LVS and
minimum duration of LVS (700ms and 200ms respectively) was imposed. Thresholding
of three standard deviations was then set to detect LVS using the power of the filtered
cortical LFP (Figure 1.3). K-complex detection was performed by filtering the cortical
LFP trace between 0.75Hz and 6Hz. The slope of the filtered signal was then computed
and a large negative slope (99.5 percentile) followed by a reduced positive slope (98
percentile) were used as criteria for K-complex detection; the start and end point of the
K-complex was determined when the slope of the filtered cortical trace crossed zero
before and after the point of detection respectively (Figure 1.3). In summary, analysis
algorithms have been used to create clearly defined start and end times for motionless,

non-REM, REM, non-motionless, LVS, and k-complex events (Figure 1.4).

12
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Figure 1.3. K-complex and LVS detection. Depicted in the uppermost subplot are
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derivative of the PFC trace filtered for k-complexes (0.75-6 Hz) is shown in the middle

subplot, smoothed absolute values of the PFC trace filtered for LVS are illustrated in the
bottommost subplot (‘0” marks the beginning and end of detected k-complex and

spindle).
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Figure 1.4. Offline automated vigilance state and sleep event detection algorithm

used to select epoch start and end times for REM, non-REM, motionless, non-motionless,
LVS, and k-complex events. Data sets obtained from LFP recordings in the HC, PFC,

and EMG.
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2.7 Statistical analysis

Analyses were performed on eight rats for motionless, REM and non-REM, and
seven rats for k-complex and spindle comparisons (10 rats total; five rats were included
in all analyses, an additional 3 and 2 rats were included in each respective analysis
group). Rats were selected for analysis based on long term recording fidelity and quality.
A Kruskal-Wallis (KW) test (non-parametric ANOVA) was used to determine
statistically significant differences in the structure of motionless, non-REM, REM, LVS,
and K-complex events across six days of pre-entrainment, shift, and post-entrainment
epochs (18 days total). Once these differences were established, a multiple comparisons
(MC) procedure using the Tukey-Kramer method, was implemented to determine the
identity of the pairs found to be significantly different in the KW test. Further
investigation into the distribution of vigilance states between epochs (pre-entrainment,
shift and post-entrainment) and across days required a Pearson's linear correlation

coefficient.

15



3. Results

In order to investigate changes to sleep structure we first looked at daily (per day)
quantities of motionless, non-REM, REM, LVS density, and k-complex density events
comparing daily mean value across pre-entrainment, shift, and post-entrainment epochs.
This basic measurement allows us to investigate whether or not any large scale changes
occur to the aforementioned variables between pre-entrainment, shift, and post-
entrainment epochs. We then conducted a more detailed investigation into changes to the
hourly (per hour) distribution of delta power (Figure 1.5) and previously examined per
day sleep characteristics across pre-entrainment, shift, and post-entrainment epochs.
After establishing individual daily quantities and hourly density distributions of k-
complex and LVS events we explored properties of the relative timing between k-
complex and spindle onsets. Hourly distributions were compared using non-zeitgeber
(non-ZT) and adjusted zeitgeber time (ZT) values for circadian phase alignment between
pre-entrainment and post-entrainment epochs. This was accomplished by implementing a
3-hour phase advance in pre-entrainment, whereby matching pre-entrainment with post-

entrainment light/dark phases.

16
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Figure 1.5. Delta distribution depicting current day to next day (48 hours) delta power
(1-4.5Hz, normalized as a percentage of total power and binned over 1 min) distribution
during the pre-entrainment period of the recording for one representative rat. Detected
motionless (M), REM (R) and non-REM (S) vigilance states epochs depicted in lower
section of figure. Upper section contains black bars depicting dark phase of lights
schedule. A build-up of delta power was shown in the rats during waking behaviour,
which declined during the following sleep session. Delta power distribution has shown
steep increases followed by a decline during individual motionless periods, as well as an

overall decline during lights on.
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3.1 No change to the distribution of delta power per hour

The hourly percentage of delta power was tested using a KW test (P < 0.05)
across pre-entrainment, shift and post-entrainment periods. If a significant difference was
found using the KW test (P < 0.05), a MC (P<0.05 and P<0.01) test was performed. No
significant difference was found between the distribution of pre-entrainment, shift, and
post-entrainment of hourly delta power (Figure 2.1) when tested using a KW test
(P<0.05). No significant modifications were observed when comparing adjusted ZT
values (Figure 2.2) when compared across pre-entrainment, shift and post-entrainment

epochs, using a KW (P<0.05).

18
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Figure 2. Daily distribution of hourly delta power examined over a 24 hour period in
both 2.1) non-ZT and 2.2) ZT adjusted light/dark phases. Binned one minute ratios of
delta divided by total spectrum power were taken for individual rats, delta power was
then then averaged over 60 bins for each hour mark (plotted points shifted by +/- 0.15

hours for clarity). Mean delta power across rats (n = 7), is averaged and standard error of

the mean (SEM) for each hour across the 6 days of pre-entrainment, shift, and post-
entrainment is plotted (vertical error bars). Upper section contains black bars depicting
dark phase of pre-entrainment and post-entrainment. Statistical significance testing (P <

0.05) was done using the KW and MC test across pre-entrainment to shift, shift to post-

entrainment, and pre-entrainment to post-entrainment epochs.

3.2 No change to the quantity of motionless, non-REM, and REM per day
The daily percent of time, number and average length of non-REM, REM, and

motionless vigilance states were tested using a KW test (P < 0.05) across pre-
entrainment, shift and post-entrainment periods. If a significant difference was found
using the KW test (P < 0.05), a MC (P<0.05 and P<0.01) test was performed. Figures
3.1, 3.4, and 3.7 show no changes to the percent of time spent in motionless, non-REM,
and REM vigilance states per day compared when tested using a KW test (P <0.05)
across pre-entrainment, shift, and post-entrainment epochs. Figure 3.2, 3.5, 3.8 indicate
no change to the number of motionless, REM, and non-REM epochs per day when tested
using a KW test (P <0.05) across pre-entrainment, shift, and post-entrainment epochs.

Figure 3.3 3.6, 3.9 indicate no change to the mean length of motionless, REM, and non-

20



REM epochs per day when tested using a KW test (P <0.05) across pre-entrainment,

shift, and post-entrainment epochs.
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Figure 3. Mean daily quantities of vigilance states (i.e. motionless, non-REM, and
REM) across 6 days of pre-entrainment, shift, and post-entrainment epochs. Vertical error
bars represent SEM when comparing mean values amongst rats (n=8) of each day across
6 days of pre-entrainment, shift and post-entrainment. Statistical significance was tested
using a KW and MC test (P < 0.05). 3.1, 3.4, 3.7) Percent of the total amount of time for
each day spent in vigilance states. 3.2, 3.5, 3.8) Number of vigilance states. 3.3, 3.6, 3.9)

Mean length of individual vigilance states.

3.3 Modification to the distribution of motionless, non-REM, and REM per hour
A KW (P<0.05) and MC (P<0.05 and P<0.01) test was used to test significant

changes of hourly motionless, non-REM, REM epoch distributions across pre-
entrainment, shift, and post-entrainment periods. Significant changes have been found
when comparing the percent of time spent in motionless across pre-entrainment to post-
entrainment of hours 9, 10, 11 and 24 (KW P<0.05 and MC Ppre-post < 0.01, Figure 4.1)
and pre-entrainment to shift of hour 10 (KW P<0.05 and MC Ppre-shift < 0.05, Figure
4.1). Motionless ZT shifted values show a significant effect between pre-entrainment to
post-entrainment of hour 5 (KW P<0.05 and MC Ppre-post < 0.05, Figure 4.2), pre-
entrainment to shift of hour 11 (KW P<0.05 and MC Ppre-shift < 0.01, Figure 4.2), hour
10 and 24 (KW P<0.05 and MC Ppre-shift < 0.05, Figure 4.2), and shift to post-
entrainment of hour 24 (KW P<0.05 and MC Pshift-post < 0.05, Figure 4.2). Significant
modifications were found to the percent of time spent in non-REM sleep across pre-
entrainment to post-entrainment of hours 9, 10, 11 (KW P<0.05 and MC Ppre-post <
0.01, Figure 4.3) and hour 24 (KW P<0.05 and MC Ppre-post < 0.05, Figure 4.3). When

comparing non-REM ZT shifted values, significant modifications were found between
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pre-entrainment to shift epochs on hour 11 (KW P<0.05 and MC Ppre-shift < 0.01,
Figure 4.4), hours 6, 9, and 24 (KW P<0.05 and MC Ppre-shift < 0.05, Figure 4.4), and
pre to post-entrainment of hour 5 (KW P<0.05 and MC Ppre-post < 0.05, Figure 4.4).
Significant changes were found to the percent of time spent in REM sleep across pre-
entrainment to post-entrainment of hours 10, 24 (KW P<0.05 and MC Ppre-post < 0.01,
Figure 4.5), 1, 11, 12 (KW P<0.05 and MC Ppre-post < 0.05, Figure 4.5) and shift to
post-entrainment of hour 1 (KW P<0.05 and MC Pshift-post < 0.05, Figure 4.5). When
comparing REM ZT shifted values significant modification were found between pre-
entrainment to shift of hour 11 (KW P<0.05 and MC Ppre-shift< 0.01, Figure 4.6), hours
19 and 24 (KW P<0.05 and MC Ppre-shift < 0.05, Figure 4.6), shift to post-entrainment
of hour 1 (KW P<0.05 and MC Pshift-post < 0.01, Figure 4.6), and pre-entrainment to
post-entrainment of hour 19 (KW P<0.05 and MC Ppre-post < 0.05, Figure 4.6). These
results indicate the hourly distribution of motionless, non-REM, and REM vigilance
states were predominantly modified between pre-entrainment to post-entrainment epochs
in non-ZT adjusted epochs (Figure 4.1, Figure 4.3, and Figure 4.5), which are restored
with a ZT shift (Figure 4.2, Figure 4.4, and Figure 4.6). Indicating the maintained post-
entrainment light/dark cycle significantly modified hourly distributions when compared

to pre-entrainment.

24



4.1

®— Pre

=— Shift

I ~— Post

&— Shift

Time(hours)
I ¢ Pre
I ~— Post

100

SSB|UOIIOIN %

4.2

SS9|UONON-IZ %

Time(hours)

25



4.3

®— Pre

=— Shift

A— Post

Time(hours)

100
90

INTY-uou %

4.4

I o Pre

=— Shift

I ~— Post

100 -

N3

uou-jz 9,

Time(hours)

26



4.5

% REM

4.6

% zt-REM

15

10

15

10

Time(hours)

I e Pre
=— Shift
I ~— Post

Time(hours)

27



Figure 4. Distribution of hourly vigilance states (motionless, non-REM, and REM) in
both 4.1, 4.3 and 4.5) non-ZT and 4.2, 4.4 and 4.6) ZT adjusted light/dark phases.
Examined over a 24 hour period, plotted as a percentage of time per hour (plotted points
shifted by +/- 0.15 hours for clarity). Hourly percent of vigilance states across rats (n =
8) is averaged and SEM (vertical error bars) for each hour across the 6 days of pre-
entrainment, shift, and post-entrainment is plotted. Upper section contains black bars
depicting dark phase of pre-entrainment and post-entrainment. Statistical significance
testing (P < 0.05) was done using the KW and MC test across pre-entrainment to shift (<
M), shift to post-entrainment (~ >), and pre-entrainment to post-entrainment epochs (< >),

p-values < 0.01 denoted by *.

3.4 No change to the quantity or density of LVS and k-complexes per day
KW tests (P<0.05) were used to compare the daily total duration, number, average

length, and inter interval of LVS, and K-complex epochs across 6 days of pre-
entrainment, shift, and post-entrainment. Figure 5.1, 5.2, 5.3, and 5.4 show no significant
changes to the daily total duration, number, average length, and inter interval
(respectively) of k-complex events when tested using a KW test (P <0.05) across pre-
entrainment, shift, and post-entrainment epochs. Figure 5.5, 5.6, 5.7, and 5.8 shows no
significant changes to the daily total duration, number, average length, and inter interval
(respectively) of LVS events when tested using a KW test (P <0.05) across pre-
entrainment, shift, and post-entrainment epochs. No significant change has been found to
the daily mean density of k-complexes and LVS (Figure 6) when compared across pre-

entrainment, shift and post-entrainment epochs, using a KW (P <0.05).
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Figure 5. Mean daily quantities of k-complex and LVS (spindle) events across 6 days
of pre-entrainment, shift, and post-entrainment epoch across rats. Vertical error bars
represent SEM when comparing mean quantities amongst rats (n=7) of each day, across 6
days of pre-entrainment, shift and post-entrainment. Statistical significance was tested
using a KW and MC test (P <0.05). 5.1, 5.2, 5.3, 5.4) K-complex event analysis
depicting the total duration, number of events, average length, and inter interval for. 5.5,

5.6, 5.7, 5.8) LVS (spindle) event analysis depicting the total duration, number of events,

average length, and inter interval.
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Figure 6. Mean daily density value of 6.1) k-complex and 6.2) LVS events across 6
days of pre-entrainment, shift, and post-entrainment epochs. Density is calculated as a
ratio of the sum of LVS or k-complex event durations per hour to the sum of the duration
of the motionless epochs per hour. Vertical error bars represent SEM when comparing
mean values amongst rats (n=7) of each day across 6 days of pre-entrainment, shift and

post-entrainment. Statistical significance was tested using a KW and MC test (P < 0.05).
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3.5 Modification to the density distribution of LVS and k-complexes per hour
Examination of the hourly density distribution of k-complex and LVS events

across pre-entrainment, shift, and post-entrainment epochs using a KW (P<0.05) and MC
(P<0.05 and P<0.01) test, have shown significant changes when comparing the density of
k-complexes across pre-entrainment to post-entrainment of hour 1 (KW P<0.05 and MC
Ppre-post < 0.01, Figure 7.1), hours 8, 14, 23 (KW P<0.05 and MC Ppre-post < 0.05,
Figure 7.1) and shift to post-entrainment hour 24 (KW P<0.05 and MC Pshift-post <
0.01, Figure 7.1.). ZT shifted values found a significant difference between the hourly
density distributions of k-complex events in pre-entrainment to shift epochs on hour 7
(KW P<0.05 and MC Ppre-shift < 0.05, Figure 7.2). Significant changes to hourly LVS
density distributions were also found on hour 5 between shift and post-entrainment (KW
P<0.05 and MC Pshift-post < 0.01, Figure 7.3). When comparing ZT shifted LVS
density distributions, a significant modification was found on hour 5 between shift to
post-entrainment (KW P<0.05 and MC Pshift-post < 0.01, Figure 7.4) and pre-
entrainment to post-entrainment (KW P<0.05 and MC Ppre-post < 0.05, Figure 7.4)
epochs. These results indicate that hourly k-complex density distribution are significantly
modified between pre-entrainment to post-entrainment epochs in non-ZT adjusted epochs
(Figure 7.1), which are restored with a ZT shift (Figure 7.2). Hourly LVS density
distributions are only modified on hour 5 in both non-ZT (Figure 7.3) and ZT adjustment
conditions (Figure 7.4). Indicating the maintained post-entrainment light/dark cycle
largely modified k-complex, but not LVS hourly distributions when compared to pre-

entrainment.
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Figure 7. Density distribution of hourly k-complex and LVS examined over a 24 hour
period in both 7.1 and 7.3) non-ZT and 7.2 and 7.4) ZT adjusted light/dark phases.
Density is calculated as a ratio of the sum of LVS or k-complex event durations per hour
to the sum of the duration of the motionless epochs per hour. Hourly density across rats
(n=7) is averaged and SEM (vertical error bars) for each hour across the 6 days of pre-
entrainment, shift, and post-entrainment is plotted (plotted points shifted by +/- 0.15
hours for clarity). Upper section contains black bars depicting dark phase of pre-
entrainment and post-entrainment. Statistical significance testing (P < 0.05) was done
using a KW and MC test across pre-entrainment to shift (< *), shift to post-entrainment (*

>), and pre-entrainment to post-entrainment epochs (< >), p-values < 0.01 denoted by *.

3.6 No change to the co-occurrence of k-complexes associated with LVS
No changes were found to the mean daily latency of k-complexes to LVS events

between pre-entrainment, shift, and post-entrainment epochs (P < 0.05, Figure 8) when
using a KW test. Distribution of peri-event time histograms (PETH) between k-complex
(reference) and LVS (target) were tested using a KW test (P<0.05). PETH values for
each individual day were averaged across 6 days of each pre-entrainment, shift, and post-
entrainment group to create a mean PETH for each group. A KW test (P<0.05) was then
performed across pre-entrainment, shift, and post-entrainment groups. No significant
differences were found when comparing the PETH distributions of k-complex and
spindle onsets (Figure 9) between pre-entrainment, shift, and post entrainment epochs

when tested using a KW test (p < 0.05).
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Figure 8. Mean daily inter intervals of k-complexes (reference) and LVS (target)
events across 6 days of pre-entrainment, shift, and post-entrainment. Vertical error bars
represent SEM when comparing the mean values amongst rats (n=7) of each day across 6
days of pre-entrainment, shift and post-entrainment across rats. Statistical significance
was tested using a KW and MC test (P < 0.05) between pre-entrainment, shift and post-

entrainment epochs.
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Figure 9. Cross-correlation of K-complex to LVS events normalized such that it
represents a PETH depicting relative time of occurrence centered at a reference k-

complex (timestamp taken from the center of k-complex start and end time) and target
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LVS (timestamp taken from the start time of a LVS). The number of LVS observed in
each bin centered on k-complex events is counted and divided by the bin width (10ms)
and the total number of k-complexes. This gives the average rate of LVS occurrences in
each of these bins when a k-complex event is observed. 500 bins have been shown on
each side of time zero. Measurement taken across rats (n = 7) of 6 days of pre-

entrainment, shift and post-entrainment.
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4. Discussion

In the present study, analyses performed on continuous LFP recordings suggest
that the hourly distribution of delta power epochs (Figure 2) events have not been
modified by an acute circadian dark phase advance across pre-entrainment, shift, and
post-entrainment. The daily percent of time, number, and average length of motionless,
non-REM, and REM vigilance states (Figure 3) have not been modified by an acute
circadian shift when compared across pre-entrainment, shift, and post-entrainment
epochs. Indicating vigilance state quantity is strongly maintained across the current acute
circadian shifting paradigm. Functionally, this provides evidence that a change in
motionless, non-REM, and REM quantity does not describe the disruption of spatial
memory retention observed in an acute circadian shift. Similarly, hourly vigilance
distributions were not largely effected during the acute shift, when comparing non-ZT

adjusted pre-entrainment to shift and shift to post entrainment (Figure 4.1, 4.3, and 4.5).

Contrastingly, the current acute circadian shifting paradigm selectively modifies
the hourly distribution of motionless, non-REM and REM states (Figure 4.1, 4.3, and 4.5)
predominantly when comparing pre-entrainment to post-entrainment epochs, which can
be restored using a ZT adjustment (Figure 4.2, 4.4, and 4.6). These results support the
proposal that a mechanism of spatial memory retention (but not acquisition) is impaired
in post entrainment, as we have found that post-entrainment hourly vigilance state
distributions differ significantly from pre-entrainment, but not shifting epochs. No other
reports (Frankland and Bontempi, 2005;Cirelli, 2009;Diekelmann and Born, 2010) have
suggested that an adjustment in maintained hourly sleep structure are implicated in the

spatial memory retention impairments observed in an acute shift. Suggesting it is
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unlikely that the maintained, but adjusted hourly distribution of vigilance states is
responsible for the spatial memory retention deficits observed in an acute circadian shift.
As a result of this we investigated further into the manipulation of an acute circadian shift

on sleep based events.

Critically, the current experiment is also able to conduct an investigation of k-
complex, and LVS events. The total duration, number, average length and inter interval
of k-complex and LVS events per day are also robust against an acute circadian shift
(Figure 5). This suggests that an acute circadian shift does not modify the quantity of k-
complexes and LVS events, again