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A B S T R A C T

Memory is a cognitive concept and refers to the storage of information over a longer time period. It exists of a
series of complementary processes; acquisition, consolidation, and retrieval. Each of these processes has its own
partly unique neurobiological signature. Sleep deprivation is known to impair hippocampus-dependent long-
term memories. Many studies have used extended periods of wakefulness, affecting all three memory processes,
thereby making it unable to determine how each of the processes is affected by sleep loss, separately. Others
have extensively examined the effects on memory consolidation, showing the detrimental effect of sleep de-
privation during the consolidation process on memory formation. Few studies have investigated how memory
acquisition and its retrieval are affected by sleep loss. In the present study, we therefore assessed in mice how
sleep deprivation negatively impacts memory acquisition, consolidation, and retrieval, in the Object Location
Memory task. Mice were sleep deprived for six hours at the beginning of the light phase using the gentle handling
method, 1) directly preceding the learning trial (acquisition), 2) immediately after the learning trial (con-
solidation), or 3) directly preceding the test trial (retrieval). Memory was assessed at either a 24-h or 1-h in-
terval. Using this approach, we show for the first time that six hours of sleep deprivation attenuates the ac-
quisition, consolidation, and retrieval of object-location memories in mice.

1. Introduction

Memory is the storage of information over time (McGaugh, 2000). It
requires a sequence of complementary processes of acquiring, main-
taining, and retrieving information. As a result, the broader concept of
memory is segregated into different stages of memory referred to as
acquisition, consolidation, and retrieval (Abel & Lattal, 2001; Feld &
Born, 2020). Various rodent studies have shown that hippocampus-
dependent memory processes are promoted by sleep and disrupted by
sleep deprivation (SD) (e.g., Abel, Havekes, Saletin, & Walker, 2013;
Havekes, Meerlo, & Abel, 2015; Klinzing, Niethard, & Born, 2019;
Kreutzmann, Havekes, Abel, & Meerlo, 2015; Walsh, Booth, & Poe,
2011). For instance, extended periods of SD (> 24 h) showed impaired
memory performance in the Morris water maze (MWM) (e.g., Cao et al.,
2019; McCoy et al., 2013), contextual fear-conditioning task (CFC)
(e.g., Tiba, Oliveira, Rossi, Tufik, & Suchecki, 2008), and object-loca-
tion memory test (OLM) (e.g., Howard & Hunter, 2019; Lu et al., 2018).
Such prolonged or chronic SD might have long-lasting effects that
overlap and interfere with all different phases of memory processes,
which makes it challenging to isolate the impact of SD on the different

stages of memory. For this reason, many laboratories have used a single
brief period of SD to examine to what extend each memory phase is
affected by sleep loss. However, most of these experimental studies on
brief SD have focused on memory consolidation (Havekes et al., 2015;
Kreutzmann et al., 2015). To our knowledge, only few studies have
examined the impact of SD on memory acquisition and retrieval (e.g.,
Hagewoud, Havekes, & et al., 2010; Heckman et al., 2020; Montes-
Rodriguez, Rueda-Orozco, & Prospero-Garcia, 2019; Rossi et al., 2014;
Shahveisi et al., 2020; Takatsu-Coleman et al., 2013). These kind of
studies are important given the accumulating evidence that these dif-
ferent memory processes rely at least partly on distinct underlying
neurobiological mechanisms, yet with a common upstream mediator
(Abel & Lattal, 2001).

One-trial learning paradigms, such as the OLM and CFC, are parti-
cularly well-suited for such studies, because the timing of the inter-
vention determines the memory stage to be affected (Abel & Lattal,
2001). Using this approach to probe the impact of SD on memory
consolidation by keeping the animals awake for the first hours directly
following training indicated that SD has profound effects on the con-
solidation of context-fear associations (e.g., Graves, Heller, Pack, &
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Abel, 2003; Hagewoud, Bultsma, Barf, Koolhaas, & Meerlo, 2011;
Hagewoud, Whitcomb, & et al., 2010; Rosier et al., 2018; Sharma,
Sahota, & Thakkar, 2020; Vecsey et al., 2009) and object-location
memories (e.g., Havekes et al., 2014; Havekes, Park, Tudor, & et al.,
2016; Raven, Heckman, Havekes, & Meerlo, 2019; Tudor et al., 2016).
Despite these observations, to our knowledge no studies have examined
the impact of SD on the acquisition and retrieval of object-location
memories. Therefore, in the current study, we examined the impact of a
single brief period of SD on the three stages of memory in the OLM task.
Due to the (partially) overlapping or interacting mechanisms behind
the three different memory processes, we hypothesize that the effect of
sleep loss on each of the three memory processes separately will lead to
an impairment in memory function at the behavioral level.

2. Materials and methods

2.1. Animals and housing

We conducted the studies with 36 male C57BL/6J mice (Charles
River ordered at 6 weeks of age and pair-housed at arrival). Mice were
individually housed one week before the start of our experiments when
the animals were 9–10 weeks old. The experimental room maintained a
12 h light/12 h dark cycle (lights on 9:00–21:00) and was kept under
constant temperature (22 °C ± 5 °C). Animals were housed in poly
carb clear cages with a stainless-steel wired lid. The cages contained
sawdust bedding and standard cage enrichment (nesting material and a
cardboard roll). Chow diet and water were available ad libitum. All
procedures were approved by the national Central Authority for
Scientific Procedures on Animals (CCD) and the Institutional Animal
Welfare Body (IvD, University of Groningen, The Netherlands), and
conform Directive 2010/63/EU.

2.2. Experimental design

Three experiments were performed to assess the effects of SD on the
three memory processes separately (12 mice for each study). In each
experiment, mice were subjected to the OLM task with a learning or
acquisition trial T1 and test trial T2 (see Fig. 1). In all 3 experiments the
mice were subjected to 6 h of SD at a different phase of the memory

process. To assess the effect of SD on memory acquisition, SD took place
directly before T1 and memory was tested in T2 one hour later (ex-
periment 1). To assess the effect of SD on memory consolidation, SD
took place immediately following T1 and memory was tested in T2 the
next day, 24 h after T1 (experiment 2). Finally, to assess the effect of SD
on memory retrieval, SD took place immediately before T2 in mice that
had been trained the previous day (experiment 3). During each of the
three experiments separately, mice were tested using a repeated mea-
sures cross-over design. This means all mice were tested twice (50% SD
and 50% non-SD, and vice versa) using different objects and locations.
Furthermore, a recovery period of at least four days was allowed in
between repeated testing sessions.

2.3. Sleep deprivation

Mice were sleep deprived during approximately the first half of the
light phase. In all three experiments, mice were sleep deprived using
the gentle stimulation method as described elsewhere (e.g., Havekes,
Park, Tudor, & et al., 2016; Heckman et al., 2020; Raven et al., 2019).
In short, animals were kept awake by gently tapping the cage, gently
shaking the cage, and/or removing the wire cage top. Their bedding
was disturbed only in cases when mice did not respond to tapping or
shaking the cage. Importantly, we never introduce new objects, cages,
clean bedding or other arousing stimuli to keep the animals awake. We
have previously validated this method using EEG recordings (Meerlo,
de Bruin, Strijkstra, & Daan, 2001). Furthermore, several studies have
shown that the cognitive deficits and synaptic plasticity impairments as
a result of SD were not caused by elevated plasma corticosterone levels
or the gentle stimulation method itself (Meerlo & Turek, 2001; Ruskin,
Dunn, Billiot, Bazan, & LaHoste, 2006; Tiba et al., 2008; van der Borght
et al., 2006; Vecsey et al., 2009). More recently, we conducted a study
in which we blocked the synthesis and release of corticosterone in mice
selectively during the SD period. Using this approach, we recently
showed that inhibiting glucocorticoid stress hormones does not prevent
SD-induced memory deficits in the OLM task (Raven et al., 2019).

2.4. Object location memory paradigm (OLM)

The OLM task is a hippocampus-dependent spatial memory

Fig. 1. Experimental design (A) and schematic representation of object location memory (OLM) paradigm (B). A) Outline of the temporal dynamics of SD induction
to target the three different memory processes separately. For acquisition, SD was induced before the learning trial (T1); for consolidation, directly after the learning
trial (T1); and for retrieval, directly preceding the test trial (T2). B) Overview of the arena showing a top view of one of the possible start and test positions of the
objects during the learning trial (T1) and test trial (T2), respectively. Also, the 4 object pairs are shown used during the different experiments.
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paradigm (Argyrousi et al., 2019; Havekes, Park, Tudor, & et al., 2016;
Oliveira, Hawk, Abel, & Havekes, 2010; Raven et al., 2019; Vanmierlo
et al., 2016). The rectangular arena was made of PVC and had a length
of 40 cm, width of 30 cm, and was 50 cm high. The four walls of the
arena consisted of grey-colored PVC and the bottom consisted of
transparent PVC. In this task, four pairs of two identical objects were
used (one pair per trial). These objects were either two blue aluminum
cylinders (height 12 cm and diameter 3.5 cm), two orange aluminum
cylinders with tapering tops (height 12 cm and diameter at widest point
3.5 cm), two green glass cylinders (height 12 cm and diameter 2.5 cm),
or two pink round vases (height 10 cm and diameter ranging from
3.5 cm at the bottom to 1.5 at the top). Inside the arena, two spatial
cues were presented at opposite sides at the short walls of the rectan-
gular arena. One cue consisted of black and white striping, while the
other cue consisted of a black and white checkerboard pattern. The
animals were unable to move the objects or sit on the objects.

In the present study, the task consisted of two trials of free ex-
ploration. The first trial (T1) was the learning or acquisition trial, in
which two identical objects (objects A1 and A2) were placed symme-
trically on a horizontal line in the arena, approximately 7.5 cm from the
wall. At the start of T1, the animals were always placed in the front of
the arena facing the wall, and were allowed to explore the objects for
ten minutes, after which they were put back into their home cage. The
second trial (T2) was the test trial and took place after a predetermined
delay interval of 1 or 24 h. In this trial, one of the objects was displaced
along a straight line to a position that was 15 cm away from the pre-
vious location, while the other object was placed at the similar location
as during T1 (objects B and A3, respectively). The object that was
moved (either left or right), the direction of movement (front or back),
and the objects themselves, were all counterbalanced to avoid place and
object preferences. The mice were again allowed to explore this new
spatial arrangement for 10 min. Between animals and trials, the objects
were cleaned with a 70% ethanol solution to avoid the presence of
olfactory cues. Prior to testing animals were habituated to handling, the
experimenter, and the testing arena.

The readout parameters of the OLM are referring to the exploration
time for each object during T1 and T2 (Akkerman, Blokland, & et al.,
2012; Akkerman, Prickaerts, Steinbusch, & Blokland, 2012). The ex-
ploration time of each object was scored manually by the experimenter,

using a computer. The experimenter was blind to experimental condi-
tions during testing and scoring. Exploration was defined as follows:
directing the nose to the object at a distance of no more than 1 cm and/
or touching the object with the nose. Leaning toward an object was not
considered to be exploratory behavior. The exploration time (in sec-
onds) of each object during T1 are presented as ‘a1′ and ‘a2′. The time
spent exploring the familiar and the displaced object in T2 are re-
presented as ‘a3′ and ‘b’, respectively. Using this information, the fol-
lowing variables were calculated: T1 [e1 (=a1 + a2)], the total ex-
ploration time during T2 [e2 (=a3 + b)] and the discrimination index
[d2 (=b − a3/e2)]. The d2 index is a relative measure of discrimina-
tion corrected for total exploration time and can range from −1 to 1. A
significant difference from zero, i.e. chance level, indicates that the
mice remembered the object locations from T1, and a difference from
the control condition signifies an actual effect on memory performance
by SD.

2.5. Statistical analysis

One sample t-tests were performed in order to assess whether the d2
index for each SD condition (sleep deprived/non-sleep deprived) dif-
fered significantly from zero (chance level) in the OLM. Subsequently,
paired sample t-statistics were conducted to compare means between
the sleep deprived and non-sleep-deprived conditions within the same
group of animals (n = 12). This was done for all three studies sepa-
rately (3x n = 12; acquisition, consolidation, retrieval). Total ex-
ploration times were analyzed using paired sample t-tests.

3. Results

In the first study, we investigated the effects of SD on memory ac-
quisition of object-location memories. We subjected mice to 6 h of SD at
the beginning of the light phase directly preceding T1 (i.e. T1 com-
menced at ZT6). Because SD prior to training could potentially affect
both memory acquisition and consolidation, mice were subjected to the
test session at a 1-h time interval. In this way, we could exclude the
occurrence of memory consolidation, a process known to be affected by
SD (Fig. 3). SD preceding training resulted in an impairment during the
test session (NSD = non-sleep deprived, SD = sleep deprived, n = 12;
### represents a significant difference from zero, one sample t-test,
p < 0.001; Fig. 2). Furthermore, a paired sample t-test analyses in-
dicated a significant difference between the SD and NSD conditions
(** = p < 0.01; n = 12). The observed deficits were not a result of
alterations in total exploration time (T1 SD = 26.3 ± 2.5 vs T1
NSD = 28.4 ± 3.0; p = 0.35, N.S.; T2 SD = 17.9 ± 1.7 vs T2
NSD = 20.4 ± 2.2; p = 0.11, N.S.)

In a second study, we examined the effects of SD on memory con-
solidation in the OLM task. We found that mice deprived of sleep for 6 h
directly following training failed to discriminate the relocated from the
non-related object during the test session 24 h after the training
(NSD = non-sleep deprived, SD = sleep deprived n = 12; ### re-
presents a significant difference from zero, one sample t-test,
p < 0.001; Fig. 3). Additional statistical analyses confirmed that mice
performed significantly worse under SD conditions (paired sample t-
test, * = p < 0.05; Fig. 3). No differences were observed between
exploration times (T1 SD = 42.9 ± 6.3 vs T1 NSD = 35.3 ± 4.4;
p = 0.44, N.S.; T2 SD = 32.7 ± 2.1 vs T2 NSD = 36.3 ± 3.5;
p = 0.22, N.S.). These findings confirmed our previous observations
showing that memory consolidation for object-location memories is
vulnerable to SD (Havekes et al., 2012; Havekes, Park, Tudor, & et al.,
2016; Raven et al., 2019).

During the third study, we looked at how memory retrieval is im-
pacted by SD. We trained mice at ZT6. The next day, SD was conducted
for 6 h starting at the beginning of the light phase (i.e. ZT0-6) directly
preceding T2. This way, we were certain to only affect the memory
retrieval process and not memory acquisition and/or consolidation. SD

Fig. 2. Spatial memory performance measured with the Object location
memory test (OLM; 24 h interval; # represents significant difference from zero
(### = p < 0.001) by independent samples T-test (N = 12). Six hours of
sleep deprivation at the beginning of the light phase directly preceding T1
impairs spatial memory performance in the OLM (24 h interval; * represents a
significant difference between the non-sleep deprived and sleep deprived con-
ditions (** = p < 0.01) by paired samples T-test; N = 12). SD = sleep de-
prived; NSD = non-sleep deprived.
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impaired object location memory performance leading to a significant
difference between the NSD and SD group (NSD = non-sleep deprived,
SD = sleep deprived, n = 12; ### represents a significant difference
from zero, one sample t-test, p < 0.001; Paired sample t-test, * =
p < 0.05; Fig. 4). Again, the effects of SD before retrieval could not be
attributed to effects on exploration times (T1 SD = 19.1 ± 4.4 vs T1
NSD = 18.0 ± 1.7; p = 0.56, N.S.; T2 SD = 15.5 ± 1.0 vs T2
NSD = 17.5 ± 2.3; p = 0.66, N.S.).

4. Discussion

In the current study, we investigated the effect of SD on the ac-
quisition, consolidation, and retrieval of object-location memories. We
showed that all three memory processes can be negatively affected by
SD independently. To this end, we induced sleep loss either directly
before learning, immediately after learning, or directly proceeding
memory retrieval. To exclude the possibility that SD affected both ac-
quisition and consolidation, we used a 1-h interval during the test of the
effects on the acquisition process. This window is too short for con-
solidation to contribute to the behavioral performance because effects
of SD on consolidation occur one to four hours after training (Bollen
et al., 2014; Prince et al., 2014). These previously published findings
exclude the possibility that our findings in the acquisition experiment
are due to effects of sleep deprivation on consolidation.

However, when applying SD during acquisition, it is challenging to
fully separate the negative impact on memory retrieval. This is a gen-
eral limitation when assessing the impact of sleep loss on short-term
memory, which may always be a mix of acquisition and retrieval pro-
cesses. This way, memory impairment observed at the behavioral level
can validly be assigned to the impact of sleep loss on molecular pro-
cesses related to memory acquisition or retrieval.

The three different memory processes of acquisition, consolidation,
and retrieval have (partially) overlapping or interacting neurobiolo-
gical mechanisms (Abel & Lattal, 2001). Although different down-
stream effector molecules are involved in each of the memory pro-
cesses, studies have pointed to cyclic adenosine monophosphate
(cAMP) a potential common upstream mediator (e.g. Argyrousi et al.,
2019; Bollen et al., 2014; Heckman et al., 2020; Rutten, Prickaerts, &
Blokland, 2006). As such, cAMP signaling is known to be essential for
memory consolidation (Bourtchouladze et al., 2006). Early work in-
dicated that a brief period of SD at the beginning of the light phase
increases levels of the protein PDE4A5 in the mouse hippocampus,
which subsequently leads to a decrease in local baseline cAMP levels
(Vecsey et al., 2009). As a result, activity of the cAMP-protein kinase A
(PKA)-cAMP response element binding protein (CREB) pathway is
suppressed leading to decreased hippocampal neuroplasticity (Vecsey
et al., 2009). To examine whether misregulation of neuronal cAMP
signaling in the hippocampus could be responsible for the effects SD on
memory consolidation, Havekes et al. (2014) used a viral approach to
modulate neuronal cAMP signaling. Using this chemogenetic/viral ap-
proach, the authors showed that transiently increasing cAMP levels in
mouse hippocampal excitatory neurons during SD prevents memory
consolidation deficits in the OLM task. As such, these results indicate
that decreased cAMP signaling in hippocampal excitatory neurons is
indeed part of the underlying mechanism through which sleep loss af-
fects spatial memory function. As mentioned previously, less is known
regarding the molecular machinery through which SD could affect
memory acquisition. It has been shown that cAMP is able to improve
the process of memory acquisition upon stimulation (Argyrousi et al.,
2019; Bollen et al., 2014; Rutten et al., 2006). This can potentially be
linked to underlying pre- or postsynaptic mechanisms. Presynaptically,
it is thought to be due to a stimulatory effect on cholinergic transmis-
sion by enhancement of cholinergic turnover (Imanishi et al., 1997) as
well as stimulation of glutamate release (Rodriguez-Moreno & Sihra,
2013). Furthermore, elevated intracellular cAMP levels are thought to
excite noradrenergic and dopaminergic (Schoffelmeer, Wardeh, &
Mulder, 1985) neurotransmitter systems and thus increasing their
availability, hence also enhancing synaptic transmission. The second
mechanism relates to postsynaptic cAMP-activated PKA, which plays a
key role in the induction of long-term potentiation (LTP) and long-
lasting neuronal changes. Downstream of cAMP-PKA, it is known that
the formation of new memories involves fast, basic excitatory synaptic
transmission provided by ionotropic receptors (Abel & Lattal, 2001).
Among these receptors, the ionotropic glutamate receptors, i.e. the 2-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors

Fig. 3. Spatial memory performance measured with the Object location
memory test (OLM; 24 h interval; # represents significant difference from zero
(### = p < 0.001) by independent samples T-test (N = 12). Six hours of
sleep deprivation at the beginning of the light phase directly after T1 impairs
spatial memory performance in the OLM (24 h interval; * represents a sig-
nificant difference between the non-sleep deprived and sleep deprived condi-
tions (* = p < 0.05) by paired samples T-test; N = 12). SD = sleep deprived;
NSD = non-sleep deprived.

Fig. 4. Spatial memory performance measured with the Object location
memory test (OLM; 24 h interval; # represents significant difference from zero
(### = p < 0.001) by independent samples T-test (N = 12). Six hours of
sleep deprivation at the beginning of the light phase directly preceding T2
impairs spatial memory performance in the OLM (24 h interval; * represents a
significant difference between the non-sleep deprived and sleep deprived con-
ditions (* = p < 0.01) by paired samples T-test; N = 12). SD = sleep de-
prived; NSD = non-sleep deprived.
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(AMPARs) and N-methyl-d-aspartate receptors (NMDARs), are critical
for place and grid cell formation in the enthorinal cortex necessary for
spatial memory formation, i.e. acquisition (e.g., Allen et al., 2014;
Sanderson et al., 2007). Interestingly, it has been shown by multiple
groups that these ionotropic glutamate receptors in the hippocampus
and entorhinal cortex are sensitive to sleep loss (e.g., Dubiela et al.,
2013; Hagewoud, Havekes, & et al., 2010; Xie et al., 2016, 2015).
Memory retrieval is the least examined memory process in light of the
mechanism by which SD can negatively affect the different memory
stages (Alvarenga et al., 2008; Montes-Rodriguez et al., 2019). It has
been shown that SD before memory recall, impaired the retrieval of fear
memories and that this effect was accompanied by a lack of the
otherwise observed increase in c-Fos activity (Montes-Rodriguez et al.,
2019). However, the reduced c-Fos activity was only observed in the
basolateral amygdala, not in the hippocampus (Montes-Rodriguez et al.,
2019). In the previous paragraph, we mentioned a potential involve-
ment of ionotropic glutamate receptors during memory retrieval.
Where both AMPARs and NMDARs seemed to be involved in the ac-
quisition process, for memory retrieval it is shown that blocking the
NMDARs in the hippocampus does not disrupt the successful recollec-
tion of previously established spatial memories (Steele & Morris, 1999).
Nevertheless, 4 h of SD directly before the retention trial of the MWM
did increase surface expression levels of GluN1 and GluN2B with no
effect on GluN2A (Xie et al., 2016). The AMPARs, on the other hand, do
seem to be affected as 4 h of SD directly before the retention trial of the
MWM strongly reduced surface expression of GluA1, while simulta-
neously increasing GluA2 and GluA3 levels (Xie et al., 2016). Whether
these effects are mediated through cAMP signaling remains to be seen.
Importantly, effects of SD on the molecular mechanisms of each of the
three memory processes can result in a deficit at the behavioral level.

Taken together, we showed for the first time how six hours of SD
using the gentle handling method, can negatively affect the three
memory processes of acquisition, consolidation, and retrieval sepa-
rately. One limitation of the current study is that the observation were
restricted to object-location memories in mice. In future studies, it will
be important to determine whether these findings extend to other
memory paradigms and species.
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