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General introduction

General introduction
Human beings and most other animals have the fundamental ability to form
and retrieve memories. This ability enables the organism to adapt to an ever-changing environment, which is essential for survival [1, 2]. In humans,
these memories to a large degree define who we are. Fading and eventually
losing memories can be detrimental and may have an enormous impact on
one’s life and the people around it.
One brain region critical for memory processes is the hippocampus, located in the medial temporal lobe of the human brain and beneath the cortex
in the mouse brain (Figure 1). The idea that the hippocampus was important for memory was first developed on the basis of the case study of H.M.,
who had parts of his temporal lobe (including the hippocampus) surgically removed from both sides of the brain, to prevent epileptic seizures [3].
Apparently, H.M. was no longer able to form new memories [3]. By virtue
of research in different organisms, it became generally accepted that the
hippocampus is one of the most important brain structures for memory, and
the hippocampus has been in the center of memory research ever since
[4-9]. In addition, as rodents (e.g., mice, rats) are capable of performing
complex behavioral tasks to study memory, and the anatomy of their hippocampus is quite similar to the hippocampus in humans, rodents are often the leading model organism in the field of learning and memory [10].

▲Figure 1: Comparison of human and mouse hippocampi.
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Memory processing
The process of forming a stable, retrievable memory can be divided into three
main stages. The first stage involves the acquisition of new sensory information, for example by taking in a new environment and looking at the objects in
it [11]. The next step is to store and consolidate the information in the brain,
a complex process that involves regions such as the hippocampus and parts
of the neo cortex [11]. Lastly, stored memories can be recalled, a process
often referred to as memory retrieval [11, 12]. On a temporal scale, memory
can be subdivided into three types: working memory, short-term memory and
long-term memory. Working memory lasts from seconds to minutes, whereas
short-term memory lasts from several minutes to a few hours [13, 14]. Longterm memories, on the other hand can last from days to many years [13].
In order for memories to be created, sensory input is translated into neuronal
activity that transfers signals from the sensory organs to higher brain areas,
such as the entorhinal cortex and the hippocampus. The information is then
projected to the perforant pathway onto the granule cells of the dentate gyrus (DG), and then through different hippocampal subregions [15-17] (Figure
2). Axons from the granule cells, also known as the mossy fibers, connect
to pyramidal cells of the cornu ammonis (CA) 3 area. Then, CA3 pyramidal
cell axons, i.e., Schaffer collaterals, project to pyramidal cells in the CA1
area. The information from CA1 terminates in the subiculum and then goes
on to the deeper layers of the entorhinal cortex [15-17]. It is important to note
that there is also a direct connection between the cortical layers and CA3
and CA1 neurons. Because the DG filters information that enters the hippocampus [18], it has been suggested that this subregion plays a key role
in learning, memory and spatial coding [19]. Thus, the hippocampus consists of multiple regions and is crucial for learning and memory (Figure 2).
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▲Figure 2:. Simplified overview of the mouse hippocampus and the trisynaptic circuit. Information from higher
brain areas flows via the perforant pathway into the hippocampus, for example onto granule cells of the dentate
gyrus (DG). Then, signals are converted via the mossy fibers to pyramidal cells of the CA3 region. Lastly, the CA3
transmits signals via the Schaffer collaterals to the CA1 region of the hippocampus. The CA1 completes the circuit
by firing back to deeper layers of the entorhinal cortex.

Memory at the synaptic level
So, what happens during memory formation within the hippocampus at the
level of individual brain cells? The human brain consists of billions of neurons
and every single one of them can connect to thousands of other neurons [20],
indicating that there are trillions of neuronal connections or synapses. These
synapses form the location where neuronal communication occurs, which is
essential for fundamental processes such as the ability to create and store
memories in the brain. For example, when new memories are being created,
signal transduction between neurons of the DG and CA3 increases, leading
to enhanced synaptic efficacy [21]. This phenomenon of increased efficiency
of synaptic transmission is a widely known as long-term potentiation (LTP),
and is considered to be the biological basis of memory [7]. Therefore, studying how memory works at the synaptic level has attracted widespread interest in the field of neuroscience these past few decades.
Early light microscopy studies identified tiny protrusions on postsynaptic neuronal fibers [22]. These protrusions, also known as dendritic spines,
are the points where neurons connect and synapses are shaped [22, 23].
Dendritic spines are specialized membranous compartments that contain
various organelles and neurotransmitter receptors necessary for synaptic
transmission (e.g., AMPA and NMDA glutamate receptors)[23, 24]. The size
and shape of the spines are to a large extend determined by internal actin
13
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protein filaments (Figure 3). The spines were first recognized by Santiago
Ramón y Cajal at the end of the 19th century using a Golgi staining, and
have attracted much attention in the field of neuroscience ever since [22].
Different morphological subtypes of spines have been described such as
mushroom, filopodia and thin spines, and it is hypothesized that the morphology not only influences synaptic efficacy, but also regulates receptor
content, and how well they can adjust their shape as a response to environmental stimuli. For example, during learning and memory the morphology of a spine changes dynamically including enlargement of the spine
head, as well as the widening of the spine neck [25]. Conversely, aberrant
spine morphology has been observed in multiple neurodegenerative diseases such as Alzheimer’s, Parkinson and Huntington disease [26]. Altogether, dendritic spines are the locus of neuronal communication and therefore
highly important for learning and memory and underlying synaptic plasticity.

▲Figure 3:. Schematic overview of a synapse. Increased efficiency of synaptic transmission between two neurons is a widely considered as the biological basis of memory. Lower part: Postsynaptic dendritic spines (cyan),
consist of F-actin and contain various organelles and neurotransmitter receptors necessary for synaptic transmission (e.g., glutamate receptors). During sleep, (active) cofilin levels are relatively low, thereby promoting spine
growth and memory consolidation (left). Conversely, sleep loss disrupts molecular processes that regulate the
activity of cofilin, which results in F-actin destabilization (right). This leads to a loss of spines, and eventually
produces learning and memory deficits.
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Several proteins have been discovered that impact actin turnover and thereby potentially alter spine shape and size. This in turns influences synaptic
strength, neuronal signal transduction, and ultimately learning and memory processes. For example, cofilin is an actin binding protein known for its
ability to induce F-actin disassembly via filament severing or depolymerization and ubiquitously expressed in all neurons [27-29]. The phosphorylation of the cofilin molecule at serine 3 by a set of kinases (e.g., LIMK
and TES kinases) makes it inactive and incapable of disassembling actin
filaments, allowing for spine growth [27, 28, 30]. Conversely, cofilin is activated by a group of phosphatases (e.g., slingshot and chronopin) and orchestrates spine shrinkage that can eventually lead to spine loss [31, 32]
(Figure 3). Notably, active cofilin is also necessary for generating the actin
dynamics needed for the transport of certain proteins within the spine, and
therefore also might benefit memory. Indeed, directly after the induction of
LTP, (active) cofilin levels increase shortly for approximately 30mins [33].

Sleep deprivation and hippocampal memory
Sleep and sleep loss have a profound effect on alertness, mood and cognitive performance, including memory [34-37]. The world we are currently
living in has slowly changed to a 24/7 society. Economically as well as socially there is a lot of pressure to be available beyond the normal work hours
[38]. As a result, the percentage of the population not getting enough sleep
is growing, negatively influencing quality of life, mood and health [39]. The
impact sleep loss has on our brain includes a loss of attention and impaired
learning and memory [40]. For example, sleep deprivation explicitly impacts
hippocampus-dependent learning and memory [1, 34, 37, 41-44].
Different types of hippocampal learning and memory are affected by sleep
deprivation [35, 40, 43, 45-48]. For example, one night of SD impaired recall
in a verbal learning task and decreased activity in the temporal lobe in young
healthy volunteers [49]. Other studies also found that one night of SD prior
to learning impairs memory encoding in parallel with deficits in hippocampal
activity [50, 51]. Furthermore, the storage of information in a hippocampusdependent navigation task is also hampered when subjects are sleep deprived after learning [52]. These findings are supported by animal studies.
For instance, one has also shown that a brief period of 5-6 hours of sleep
deprivation (SD) disrupts the consolidation of object-place recognition mem-
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ory, which depends on the hippocampus [46]. It was also found in Wistar rats
that SD for 5-6 hours directly following training disrupts the consolidation of
hippocampus-dependent contextual fear memory [53], but not that of hippocampus-independent cued fear memory [45]. Hagewoud et al. found that a
period of 10-12 hours of SD during the normal resting phase impairs spatial
working memory in C57BL/6J mice, using a novel arm recognition task [54].
It has also been found in humans that sleep deprivation following task acquisition in a hippocampus-dependent declarative memory task, impaired
memory consolidation in this task [55]. Together, these findings show that SD
has a negative effect on the consolidation and acquisition of different types
of memory, especially these types of memory that require the hippocampus.
Despite the fact that the underlying molecular mechanisms of both sleep and
the formation of memories still have to be unraveled, evidence is emerging
from the field that suggests a facilitating role for sleep in neuronal plasticity,
while sleep deprivation on the other hand has detrimental effects on hippocampal synaptic plasticity as will be discussed in the next paragraph [35].

Sleep deprivation and hippocampal synaptic plasticity
Recent findings indicate that even relatively mild sleep loss can have a major impact on neuronal connectivity in the brain. A study in mice showed that
five hours of SD already results in a great reduction in the number of spines
on neurons in the hippocampus [46, 56]. Several studies showed that SD
decreases synapse density and amount of dendritic spines in several brain
regions, including the hippocampus [46, 57-60]. Until now, it is still unknown
if a short period of SD also affects the hippocampal dentate gyrus at the dendritic spine level. In addition, it has been shown in C57BL/6J mice that a brief
period of 5-6hrs of SD impairs long-lasting forms of LTP in the hippocampus
[46, 48]. Hence, sleep loss also affects the formation of memory on a cellular
level by perturbing structural and synaptic plasticity.
Furthermore, cofilin has been causally linked to the negative consequences of SD on structural and synaptic plasticity. It has been reported that SD
reduces cofilin phosphorylation and thereby increases the activity of cofilin
[46, 61]. As mentioned before, the prolonged activity of cofilin may eventually result in the shrinkage and loss of spines through its depolymerizing and
severing activity [27-29, 46]. Notably, expressing a dominant negative form
of cofilin (CofilinS3D) in the hippocampus of mice prevents the impairment of
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object-location memory caused by SD [46]. Another aspect of the role cofilin plays in spine plasticity, is the regulation of AMPA receptor trafficking
during synaptic potentiation [62]. The transient activation of cofilin generates
the actin dynamics important for AMPA receptor trafficking and the following inactivation might allow for spine growth [35, 62]. The glutamate AMPA
receptors have been found to have a stabilizing effect on spine morphology
[63, 64]. Hence, the ability of spines to change their morphology or grow new
spines is regulated by cofilin, a protein whose prolonged activity, which can
be caused by sleep deprivation, leads to a shrinkage and loss of spines.
However, it is unknown whether an increase in cofilin activity, thereby promoting synaptic plasticity, can also have benefits on the behavioral level, for
example short-term memory. In summary, sleep loss disrupts the molecular
pathways that regulate the activity of cofilin, which results in a loss of spines
and eventually leads to problems in learning and memory (Figure 3).

Thesis outline
The main aim of the present project was to investigate how hippocampus-dependent memory processes are affected by sleep deprivation and time-ofday. In addition, we examined the potential molecular mechanisms underlying these effects. In Chapter 2 we present an overview of the effects of sleep
and sleep loss on structural plasticity in the hippocampus. In addition, we describe how changes in dendritic spines alter cognition, with a special emphasis on hippocampus-dependent learning and memory. Chapter 3 describes
the effect of a brief period of SD on spine density in the dentate gyrus of the
hippocampus. In this chapter we also investigate how SD affects different
spine subtypes and in different proximity to the cell body. In Chapter 4, we
examine if the negative consequences of sleep loss in hippocampus-dependent memory are mediated by increased levels of glucocorticoid stress hormones released during SD. Whereas chronic high levels of cofilin can mimic
the negative effects of SD on long-term hippocampus-dependent memory
processing, Chapter 5 investigates the effects of cofilin overactivation on
short-term hippocampus-dependent memory. In Chapter 6, we aimed to
elucidate the temporal dynamics of memory consolidation by investigating
when hippocampus-dependent memory consolidation requires de novo protein synthesis. Lastly, a summary of the main findings and general discussion
is presented in Chapter 7.
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CHAPTER 2
THE ROLE OF SLEEP IN REGULATING
STRUCTURAL PLASTICITY AND SYNAPTIC STRENGTH: IMPLICATIONS FOR
MEMORY AND COGNITIVE FUNCTION

Frank Raven, Eddy A. Van der Zee, Peter Meerlo, Robbert Havekes
Groningen Institute for Evolutionary Life Sciences (GELIFES), University of
Groningen, Groningen, The Netherlands
Published in Sleep Medicine Reviews. 2018; Vol. 39. pp. 3-11.
http://dx.doi.org/10.1016/j.smrv.2017.05.002

Sleep and structural plasticity

Summary
Dendritic spines are the major sites of synaptic transmission in the central
nervous system. Alterations in the strength of synaptic connections directly
affect the neuronal communication, which is crucial for brain function as well
as the processing and storage of information. Sleep and sleep loss bidirectionally alter structural plasticity, by affecting spine numbers and morphology, which ultimately can affect the functional output of the brain in terms of
alertness, cognition, and mood. Experimental data from studies in rodents
suggest that sleep deprivation may impact structural plasticity in different
ways. One of the current views, referred to as the synaptic homeostasis hypothesis, suggests that wake promotes synaptic potentiation whereas sleep
facilitates synaptic downscaling. On the other hand, several studies have
now shown that sleep deprivation can reduce spine density and attenuate
synaptic efficacy in the hippocampus. These data are the basis for the view
that sleep promotes hippocampal structural plasticity critical for memory formation. Altogether, the impact of sleep and sleep loss may vary between
regions of the brain. A better understanding of the role that sleep plays in
regulating structural plasticity may ultimately lead to novel therapeutic approaches for brain disorders that are accompanied by sleep disturbances
and sleep loss.
Keywords: sleep, dendritic spines, synaptic plasticity, structural plasticity,
sleep deprivation, hippocampus, memory, long-term potentiation, visual cortex, motor cortex
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Abbreviations
AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
CA: Cornu Ammonis
CaMKII: Ca2+/calmodulin-dependent protein kinase II
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Sleep and structural plasticity

Introduction
It is estimated that the human brain consists of approximately 86 billion neurons and every single neuron can be connected with thousands of other
neurons [1], suggesting that there are close to 100 trillion of these neuronal
connections or synapses. Synapses are the locus where information is transferred from a pre- to a postsynaptic neuron [2], which is largely mediated by
neurotransmitters that are released by the presynaptic axon terminals and
then bind to receptors on the postsynaptic dendritic spines. The strength
of these neuronal connections (i.e., synaptic strength) can be measured in
several ways. In case of glutamatergic neurons, which are the focus of this
review, one can measure the amount of calcium influx in the postsynaptic
glutamatergic cell, postsynaptic glutamatergic receptor currents, and the expression levels of glutamate receptors. Synaptic strength can be regulated
and altered, a property often referred to as synaptic plasticity or structural
plasticity with the latter emphasizing changes in synaptic morphology [3, 4].
This capacity to change the strength of synaptic connections directly affects
the communication between neurons, which ultimately is of crucial importance for brain function at large, in terms of reactivity to external stimuli as
well as the processing and storage of information [5-7].
Dendritic spines are specialized postsynaptic membranous compartments
that protrude from the dendritic shaft [8, 9] and were first identified by Santiago Ramón y Cajal at the end of the 19th century [10]. Transmission electron
microscopy allowed the visualization of spines in greater detail and revealed
that dendritic spines are indeed specialized compartments which contain
neurotransmitter receptors, postsynaptic densities and several other organelles [11]. In recent years, a more detailed view of the spine ultrastructure
was obtained with the aid of advanced imaging techniques [11-13], which
has been pivotal for our developing understanding of synaptic plasticity and
the way this influences synaptic function and efficacy [14]. Synaptic plasticity and regulation of synaptic strength includes the formation of new spines,
spine elimination, and modifications in spine morphology [15]. It can also
involve changes in neurotransmitter receptor content and thereby altering
the responsiveness to neurotransmitter input [8]. Given the fundamental importance of synaptic plasticity in regulating neuronal function and communication, it is of no surprise that disruptions in synaptic plasticity and aberrant spine morphology can be observed in variety neuropsychiatric and
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neurocognitive disorders [2, 16] including those that are characterized by
disturbed sleep [17].
It has become increasingly clear that alterations in spine dynamics and synaptic efficacy are modulated by sleep and sleep loss, which ultimately may
affect important brain functions such as alertness, information processing,
cognitive function and mood [18, 19]. Indeed, even a single brief period of
several hours of sleep deprivation already has a profound impact on memory
[20]. Work in the last few decades has started to elucidate some of the molecular mechanisms by which sleep and sleep loss directly modulate structural plasticity in the brain and how these changes relate to memory processes including those that require the hippocampus.
Here, we review the current state of knowledge regarding the causal role of
sleep in influencing spine dynamics. Subsequently, we describe recent work
providing insight into the molecular mechanisms by which sleep deprivation
perturbs structural and synaptic plasticity with emphasis on the hippocampus. In the final section of this review, we relate these current insights on how
sleep loss affects structural plasticity and ultimately causes memory deficits,
to the general hypothesis on how sleep and sleep loss impact the brain according to the synaptic homeostasis hypothesis.

Dendritic spines form the structural basis of neuronal connections in the brain
Dendritic spines consist of a base, protruding from the dendritic membrane,
a neck in the middle and a head, all composed of a different mixture of actin
filaments. The head is the most crucial part of the spine, containing adaptor
and structural proteins, receptors and other signaling molecules important for
synaptic transmission [9]. Visualization of the dendritic spine’s ultrastructure,
including spine shape, total length, head volume, head and neck diameter,
has revealed four main categories [9, 21]. Thin spines have a long neck and
relatively small head. Mushroom spines are shorter, but clearly have a larger
head compared to all other spine categories. In stubby spines, on the other
hand, the diameter of neck and head appear to be similar. Finally, filopodia
are long, thin and lack a spine head, separating them from the other type of
spines [2]. Importantly, not only is there a fair amount of variation in shape
and size within each of these four categories but, also, dendritic spines are
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able to rapidly change shape and shift between the different types [2, 22,
23]. Technological advances such as two-photon microscopy enabled researchers to image and follow individual dendrites and spines in vivo over a
long period of time. Using this approach, it was shown that there is not only
a high rate of spine turnover during young adolescence, even in adulthood
and also during aging spines and their synapses can remain highly plastic
[24-27]. In the adult brain, these changes in spine morphology may be driven
by internal mechanisms, such as the estrous cycle [28], or occur in response
to a wide variety of factors and conditions that affect brain activity, including
sleep, stress, and also learning and memory processes [9].
The size and shape of spines are dependent on filaments of the structural actin protein and alterations in the morphology of spines are associated
with immediate changes in the balance between assembly and disassembly
of actin filaments (i.e., altered actin treadmilling). In turn, altered actin dynamics modify the electrical properties and compartmentalization within the
spine and results in changes in synaptic function [4, 29, 30]. The dynamic
process of actin filament elongation and disruption is controlled by a balance between the activity of negative as well as positive regulators of spine
stability and motility [31-36]. One of the important regulators that will be discussed in this review is cofilin, an actin-binding protein that disassembles
actin filaments (see Fig. 1). The activity of cofilin itself is regulated by mean of
phosphorylation; specifically, phosphorylation of the cofilin protein reduces
its activity and capacity to disassemble actin filaments [37]. Cofilin was also
found to modulate trafficking of glutamate AMPA receptors during synaptic
potentiation [38-40]. It is suggested that elevated cofilin activity generates
the actin dynamics necessary for AMPA receptor trafficking and subsequent
cofilin phosphorylation (inactivation) allows actin polymerization resulting in
spine growth [40]. If cofilin is not phosphorylated, its prolonged activation
can lead to spine shrinkage and eventually to loss of spines [34, 41]. Profilin has the opposite function of cofilin as it polymerizes actin and promotes
spine enlargement [42]. Hence, spines can occur in different morphological
states and are able to change rapidly between those states through several
regulatory proteins.
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Sleep deprivation impacts structural plasticity and synaptic strength
Only few studies specifically examined the impact of sleep and wakefulness
on synaptic remodeling. One of these studies done in adolescent and adult
mice applied in vivo two-photon imaging to examine the growth and retraction of spines on the dendrites of pyramidal neurons in the sensorimotor cortex [43]. The results show that there was a constant turnover of spines and
spines were formed and lost during both wakefulness and sleep. However, in
the adolescent mice there was a net loss of spines of about 2% during sleep
and a net gain in spines of about 1% after both spontaneous and forced
wakefulness. Strikingly, in the adult mice the balance between spine loss and
gain in the sensorimotor cortex was not affected by sleep and wakefulness
[43]. This observation suggests that the different behavioral states only affect
spine dynamics in the sensorimotor during developmental periods.
Another study applied a Golgi-Cox staining to investigate the effect of 24
hours of sleep deprivation on spine numbers of pyramidal neurons in the
prefrontal cortex in both adolescent and adult rats [44]. While sleep deprivation had no effect on spine density in the prefrontal cortex of adolescent
rats, it increased spine numbers in this region of aged animals. In addition,
the same study found that in sleep deprived adolescent rats spine density
was decreased in the CA1 area of the hippocampus [44], a sub region that is
of particular importance for information processing and memory processes
[45, 46].
This negative effect of sleep deprivation on spine density of hippocampal
neurons is in line with our own recent work showing that a brief period of five
hours of sleep deprivation leads to a 30% reduction in the number of dendritic spines of all subtypes on neurons in the CA1 in young adult mice [47]. The
attenuation of spine numbers was accompanied by a significant reduction in
dendrite length, raising the possibility that the loss and weakening of neuronal connectivity as a result of sleep deprivation may undermine proper information processing in the hippocampus. Such large changes in spine numbers are not uncommon for this sub-region. Fluctuations in spine numbers of
similar magnitude have previously been reported in female rats across the
estrous cycle [28]. Importantly, the loss of spines in the CA1 region of the
dorsal hippocampus induced by five hours of sleep deprivation was reversed
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by three hours of recovery sleep [47], suggesting that recovery sleep promotes spine growth. Furthermore, five hours of sleep deprivation reduced cofilin phosphorylation in total hippocampal lysates, reflecting higher activity of
cofilin in the hippocampus (see Fig. 1) [47]. The increased cofilin activity as a
result of sleep deprivation was directly related to the observed spine loss as
inhibition of hippocampal cofilin function in sleep-deprived mice prevented
the loss of dendritic spines and reduction in dendrite length [47].
It is important to note that these changes in spine numbers were specific for
area CA1 as sleep deprivation did not affect the spine density of CA3 neurons in the same animals [47]. While the underlying mechanisms that account
for these region-specific changes remain to be defined, there are at least
two important differences between the two subpopulations of hippocampal
neurons which could potentially contribute to the region-specific changes in
spine density. Firstly, the cAMP-degrading phosphodiesterase isoform 4A5
(PDE4A5), which facilitates cofilin signaling (Figure 1; [47]), is abundantly
expressed in CA1 neurons, but not in CA3 neurons [48]. Because PDE4A5
facilitates cofilin signaling through suppression of PKA-LIMK activity, a lack
of PDE4A5 expression in CA3 neurons may leave cofilin signaling unaffected
under conditions of sleep deprivation and thus prevent changes in structural plasticity in this subregion (Figure 1). Future studies will have to examine
whether the absence of PDE4A5 in area CA3 directly relates to the lack of
changes in spine numbers in this region under conditions of sleep deprivation. A second aspect which could contribute to the region-specific effects
of sleep deprivation on spine density in CA1 and CA3 neurons, may be the
different synaptic pathways that provide direct cortical input to both subregions. For example, area CA1 receives input directly from cortical layers 3-4
whereas area CA3 receives input from layer 2 [49]. In future studies it would
therefore be of interest to examine and modulate the activity of these specific
cortical layers and examine whether such manipulations leads to spine density changes as observed with sleep deprivation.
Related to these subregion-specific changes observed under conditions of
sleep deprivation, but also plasticity throughout the brain in general, a frequently raised concern in the field of sleep research is whether the observed
phenotypes are a result of stress induced by keeping the animals awake
for several hours or the actual loss of sleep. To this point, it is interesting to
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note that a brief period of sleep deprivation and acute stress have different
effects on structural plasticity in hippocampal subregions. While five hours of
sleep deprivation does not affect spine numbers in CA3 excitatory neurons
[47], several hours of acute stress leads to a reduction in spine density in
this hippocampal subregion [50]. In contrast, while sleep deprivation, just
like the estrous cycle, leads to a robust reduction selectively in spine numbers of CA1 neurons [28, 47], acute stress elevates the spine density in this
region [51]. Only repeated or chronic exposure to stress leads to a reduction
of spine density in the CA1 region of the hippocampus [52]. For extended review of the impact of stress on CA1/CA3 structural plasticity, see Leuner and
Shors [53]. Altogether, the available data do not provide a uniform picture on
the role of sleep in the regulation of spine dynamics and the data suggests
that effects of sleep deprivation depend on the brain region, and also the age
of the subjects as previously suggested by Frank and Cantera [54].
The variation in reported effects of sleep deprivation on spine dynamics of
excitatory neurons is paralleled by similar variation in effects of sleep deprivation on other processes involved in regulating synaptic strength and efficacy of these neurons such as the expression and regulation of ionotropic
glutamate receptors (i.e., AMPA and NMDA receptors) which we will discuss in more detail below (see Fig.1). Glutamate receptors such as NMDA
and AMPA receptors consist out of multiple subunits, and phosphorylation of
those subunits influences for example their incorporation into the cell membrane, which contributes to spine stabilization [55-60]. However, the effects
of sleep, wake, and sleep deprivation on glutamate receptor function are unclear. One study showed that in the cortex and hippocampus of adult rats the
expression and phosphorylation of GluR1-subunit containing AMPA receptor
was higher after spontaneous wakefulness and sleep deprivation than after
sleep [61]. This finding suggests a synaptic potentiation during wakefulness
and depression during sleep. However, in contrast with this finding is a study
in mice reporting that 12 hours of sleep deprivation attenuated AMPA receptor phosphorylation specifically at the GluA1 subunit in the hippocampus,
which was taken to suggest a reduced incorporation of these receptors in the
membrane [62]. Furthermore, a brief period of four hours of sleep deprivation
decreased hippocampal NMDA receptor function that was accompanied by
a change in the molecular composition of synaptic NMDA receptors [63]. In
the same line, neuroligin-1 (NLG1) is a postsynaptic adhesion molecule pres-
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ent at glutamatergic and GABAergic synapses and is suggested to regulate
the activity and localization of NMDA receptors [64, 65]. Reduced NGL1 expression in the forebrain is seen after one to six hours of sleep deprivation
suggesting that sleep deprivation also negatively impacts the synaptic plasticity in the brain at the level of NLG1 [64, 65]. Altogether, while glutamatergic signaling plays an important role in synaptic plasticity that seems to be
influenced by sleep deprivation, there is no clear picture on the magnitude
and direction of this effect [66]. Defining the impact of sleep and sleep loss
on glutamatergic signaling in the brain as a whole remains challenging as
seems to exert its effects in a brain region-specific fashion [54].

2

Sleep deprivation impairs synaptic plasticity critical for
memory formation
One of the implications of altered regulation of structural plasticity and synaptic strength as a consequence of sleep deprivation may be an impairment
of cognitive processes, particularly those that require the hippocampus [3,
59, 67]. At the end of the 19th century, Cajal already hypothesized that an increase in the strength of synaptic connections between neurons might be an
underlying mechanism of memory storage [10]. However, it was half a century later when Hebb integrated the existing knowledge of memory research
and proposed that the growth of new synaptic connections between specific
neurons and metabolic changes within those neurons might underlie the storage of information into the brain [68]. Bliss and Lømo [69] further developed
the idea of a neural basis for memory and constructed a cellular and experimental model for hippocampal learning and memory, which is now widely
known as long-term potentiation (LTP). Several changes in spine morphology have been observed after LTP induction including the enlargement of the
spine head, as well as the widening and shortening of the spine neck [4, 7074]. Remarkably, such changes can occur already within minutes after LTP
induction and can last at least up to a day [30, 31, 75-78]. Transient forms
of LTP mainly involve proteins such as the calcium/calmodulin-dependent
protein kinase ii (CaMKII) that facilitate the insertion of new AMPA glutamate
receptors in the cell membrane [56, 79, 80]. In contrast, long-lasting forms of
LTP depend on gene expression and protein synthesis that ultimately result
in structural changes of the synapse [81, 82]. After a period of high plasticity, spine motility is reduced and spines are stabilized [83]. During the initial
period of elevated plasticity, cofilin activity is increased through a reduction
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in its phosphorylation. Thereafter, 15-30 minutes after LTP induction, cofilin
activity returns to baseline levels, causing a normalization of actin dynamics [83, 84]. Hence, the ability of LTP to induce spine growth and eventually
produce structurally and functionally mature dendritic spines may reflect a
mechanism underlying maintenance of information (i.e., memory consolidation). The finding that sleep deprivation can reduce spine density in the CA1
region of the hippocampus suggests that a lack of sleep may interfere with
LTP and memory consolidation. Indeed, five hours of sleep deprivation impairs some long-lasting forms of hippocampal LTP that depend on transcription and translation [85]. Moreover, these observations indicate that sleep
deprivation targets specific molecular mechanisms that are involved in this
form of LTP, such as the cAMP-PKA pathway. In line with this notion, basal
levels cAMP levels in the hippocampus increase during rapid eye-movement
(REM) sleep, and are attenuated after five hours of sleep deprivation [85, 86].
Furthermore, there is now ample evidence that the reduction in cAMP as a
consequence of sleep deprivation plays a key role in the deficits of memory
and behavioral performance, particularly in tasks that require the hippocampus [18, 20, 66]. More recently, a pharmacogenetic approach combined with
a viral strategy was used to boost cAMP levels in all subregions of the hippocampus in order to overcome the reduction caused by sleep deprivation
[87]. Transiently increasing cAMP levels, specifically in excitatory neurons
of all major hippocampal subregions of sleep-deprived mice, was sufficient
to prevent memory impairments in an object-location memory task. Together with previous work these findings indicate that deficits in memory and
LTP associated with sleep deprivation are causally related to misregulation
of cAMP signaling in the hippocampus [47, 85].
The sleep deprivation-induced reduction in hippocampal cAMP levels is now
known to be a result of increased activity of the PDE4 family and elevated
protein expression of the PDE4A5 isoform [85, 88]. To assess a direct role
for PDE4A5 in the impaired hippocampal structural plasticity and memory
deficits associated with sleep deprivation, another set of experiments tested
whether suppression of PDE4A5 activity in mouse hippocampal excitatory
neurons was sufficient to prevent these effects of sleep deprivation. Indeed,
blocking PDE4A5 function in hippocampal neurons made memory consolidation resilient to sleep deprivation [47]. In addition, it normalized hippocampal
cofilin activity in the hippocampus of sleep deprived mice suggesting a po-
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tential direct role for cAMP signaling in the structural plasticity deficits associated with sleep deprivation. As mentioned above, cofilin was identified as
a causal mediator of the hippocampal spine loss in sleep-deprived mice [47]
raising the question whether this increase in cofilin activity was also directly
related to the memory deficits observed under conditions of sleep deprivation. Indeed, suppression of cofilin function in this population of neurons not
only prevented spine loss, it also made long-lasting LTP and object-location
memories resilient to the debilitating effect of sleep deprivation [47]. All in all,
these studies indicate that sleep loss leads to spine loss in adult mice, and
hampers long-lasting forms of hippocampal synaptic plasticity and memory,
with a pivotal role for PDE4A5 and cofilin (see Fig.1).
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▲Figure 1:. Overview of molecular mechanisms through which sleep deprivation hampers hippocampal memory consolidation. Signaling molecules and pathways whose function is reduced after sleep deprivation are
indicated by a minus (-). Signaling molecules and pathways whose function is promoted by sleep deprivation
are indicated by a plus sign (+). It should be noted that PKA attenuates cofilin signaling indirectly through the
phosphorylation of LIMK (not shown). Abbreviations: cAMP, cyclic adenosine monophosphate; CREB, cAMP response element-binding protein; F-actin, filamentous actin; mTOR, mammalian target of rapamycin; PDE4A5,
phosphodiesterase 4A5; PKA, cAMP-dependent protein kinase.

Another consequence of sleep deprivation-induced attenuation of hippocampal cAMP-PKA signaling is a change in the regulation of gene expression by
the transcription factor cAMP-response element binding protein (CREB). Indeed, while phosphorylation and activation of CREB is increased during REM
sleep [86], phospho-CREB was found to be reduced [85, 89]. Also, five hours
of sleep deprivation leads to decreased expression and activity of mammalian target of rapamycin (mTOR) a serine/threonine kinase that together with
regulatory-associated protein of mTOR (Raptor) releases the break on protein synthesis initiation [90]. Attenuated CREB-mediated gene regulation and
mTOR-orchestrated protein synthesis as a consequence of sleep loss may
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ultimately limit structural plasticity and memory processes (see Fig.1) [91,
92]. This critical role for mTOR signaling and de novo protein synthesis in
sleep-dependent forms of synaptic plasticity is not limited to the hippocampus as sleep-dependent consolidation of plasticity in the visual cortex also
requires mTOR-mediated translation. Blocking mTOR with rapamycin during
sleep disrupted the consolidation of this form of synaptic plasticity [93]. Altogether the work described in this section suggests that similar molecular
mechanisms contribute to sleep-dependent forms of synaptic plasticity in the
hippocampus and visual cortex.

Sleep, sleep deprivation and synaptic homeostasis
While ample evidence exists for the role of sleep in promoting structural plasticity and synaptic strength in memory processes, other views on the role of
sleep in structural plasticity have emerged. One of most prominent hypothesis in this respect is the synaptic homeostasis hypothesis, as postulated by
Tononi and Cirelli [94-96]. This hypothesis holds that, overall, wakefulness
is linked to a net increase in synaptic strength in many brain circuits. Such
a gradual and ongoing potentiation might not be energetically sustainable
and could eventually hamper further processing of new information. Sleep
therefore would serve to reverse this potentiation by a global synaptic downscaling throughout the brain. Downscaling would globally decrease synaptic
strength to a similar level as before wakefulness, which has benefits in terms
of energy requirements and allows for processing of new input. Initially, the
downscaling process was thought to be non-specific affecting all synapses,
but the current view is that the downscaling may particularly affect the weaker synapses while leaving strong synapses intact. The downscaling would
thus contribute to an improved signal-to-noise ratio by reducing the noise
(global downscaling) while preserving specific signal (competitive down-selection) [96].
The synaptic homeostasis theory has driven enormous amounts of empirical
studies some of which provided data in apparent support of this hypothesis.
For example, as discussed in an earlier section the ratio of spine formation
versus elimination varies with sleep deprivation. Specifically, in young mice
it was found that there was a net gain in the number of spines in the somatosensory cortex during wakefulness and a loss of spines in this region during
sleep [43]. In addition to these changes in structural plasticity studies in rats
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have reported changes in glutamate receptor expression and function also
in line with synaptic homeostasis [61]. Cortical and hippocampal GluA1 subunit-containing AMPA receptor expression and phosphorylation were elevated after a period of spontaneous wake or sleep deprivation as compared to
sleep [61].
In a recent paper De Vivo et al. [97] studied the effects of sleep and wakefulness on spine head volume and axon-spine interface using 3D electron
microscopy in the mouse motor and sensory cortex. Both spine head volume
and axon-spine interface were smaller after a period of sleep as compared
to a period of either spontaneous wakefulness or enforced wakefulness. The
axon-spine interface in the cortex of mice after a period of sleep was about
18% smaller than it was in mice after a period of wakefulness. The reduction
was proportional to axon-spine interface size. Furthermore, the downscaling
was observed specifically in the smaller and weaker synapses whereas the
larger and stronger synapses remained stable. These findings are in accordance with the hypothesis that sleep serves for downscaling of synapses, at
least in the M1 motor cortex and S1 sensory cortex.
In addition, a recent study suggests that weakening of synapses in the cortex
during sleep may in part be associated with the removal and dephosphorylation of synaptic AMPA receptors [98]. Furthermore, they suggest that this
was driven by the immediate early gene Homer1a and signaling from group
I metabotropic glutamate receptors mGluR1/5. Specifically, Homer1a levels
increased in neurons during wake, however, Homer1a moves towards the
PSD during sleep causing synapse weakening, probably as a result of a decline in noradrenaline. These studies by De Vivo et al [97] and Diering et al
[98] indicate that sleep and sleep deprivation by means of exposing animals
to novel objects [97] or a clean standard mouse cage combined with gentle
handling [98] respectively may lead to global synaptic downscaling in these
cortical regions. However, it does not exclude the possibility that specific
sleep stages and sleep deprivation affect neuronal plasticity and structure in
a layer-specific fashion and depresses stronger synapses less than weaker
ones as described in the next paragraphs.
Clearly, not all available data are in full agreement with a role for sleep in
global downscaling. Recent studies by the lab of Gan examined the differen-
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tial effects of REM and non-rapid eye movement (NREM) sleep on spine dynamics in the mouse motor cortex during development and after motor learning [99]. They observed that REM sleep has a bidirectional role in regulating
spine dynamics. Specifically, REM sleep selectively pruned some newly
formed spines during development and after motor learning, indicating a role
for REM sleep in unlearning by removing excessive synaptic connections.
REM sleep also promoted the maintenance of other newly formed spines
during both development and motor learning, thereby facilitating their incorporation into existing synaptic circuits. Using pharmacological approaches
the authors showed that NMDAR activation and downstream calcium signaling are required for the selective pruning and strengthening of new spines.
These findings complement their previous work showing that NREM sleep
after motor learning is important for branch-specific spine formation and survival in layer 5 of the motor cortex [100]. Thus, the effect of REM sleep overall
appears to be bidirectional, able to increase the strength of a fraction of new
spines that persist over time while also eliminating most of the newly formed
spines and thereby regulating the number of learning-induced new synapses
over time. These results are in accordance with an earlier study [101], which
used medial lemniscus stimulation to record evoked potential responses in
the somatosensory cortex during wake/sleep transitions from non-anesthetized cats to investigate the effect of slow-wave sleep (SWS, the deepest
stage of NREM sleep) on synaptic plasticity. They found that the evoked potentials during wake were increased after a SWS episode as compared with
a previous wake episode. This indicates that it is indeed possible that sleep,
and specifically SWS, offers an opportunity for long-term potentiation to contribute to memory consolidation. However, not all studies measuring evoked
responses show a clear relation between synaptic strength, LTP or LTP-like
plasticity under conditions of sleep deprivation. For example, recent work by
Kuhn et al [102] demonstrated that indices of increased net synaptic strength
and decreased LTP-like plasticity in the human cortex after one night of sleep
deprivation.
Also, other studies have provided data that do not appear to be in line with
the synaptic homeostasis hypothesis. As discussed in the previous sections,
the effect of sleep deprivation on spine formation and synaptic strength and
efficacy may depend on various factors such as brain region and age of the
subjects [54], but overall the picture is not fully clear. In adult mice, extend-
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ed wakefulness resulted in a loss of synaptic spines in the CA1 region of the
hippocampus [47], and a reduction of AMPA receptor phosphorylation [62].
Moreover, as little as three hours of recovery sleep is sufficient to restore
spine density [47], suggesting that sleep may promote spine formation, in
contrast to the prediction of the synaptic homeostasis theory.
In another study, visual responses and spontaneous activity were recorded
from V1 neurons of the visual cortex before and after presentation of a visual
stimulus to induce enhanced V1 responses to stimuli of the same orientation
(orientation specific response potentiation, OSRP) [103]. Then, changes in
OSRP were measured after subsequent sleep or sleep deprivation. Results
indicated that OSRP expression is indeed associated with cortical synaptic
potentiation (i.e. the mean neuronal firing rates in V1 were increased over a
period of several hours [103], and selective to the presented stimulus [104]
and required sleep as a short period of sleep deprivation impaired OSRP
formation. Hence, these findings show that synapses are potentiated rather
than downscaled during sleep. In line with these observations, work by the
Frank lab examined the impact of sleep deprivation on ocular dominance
plasticity (ODP), a form of cortical plasticity that is induced by transiently
blocking patterned vision in one eye (also referred to as monocular deprivation) [105]. They found that this form of cortical plasticity is also supported
by sleep, and depends on NMDA receptor and PKA activation [106]. Thus,
sleep deprivation impacts similar molecular signaling pathways critical for
synaptic plasticity in hippocampal and visual cortical circuits. While it recently has been suggested that the use of sensory evoked responses in isolation
may not be an adequate proxy for synaptic strength [107], it is important to
note that work of the lab of Mark Bear has shown that OSRP can be considered as an in vivo form of long-term potentiation of glutamatergic synapses
in the visual cortex as it depends on the same cellular mechanisms [108].
Furthermore, OSRP leads to a reduction in the magnitude of in vivo-evoked
thalamocortical LTP and vice versa [109].
Altogether, while there is a substantial amount of literature arguing for synaptic downscaling across sleep, recent work from different laboratories support
the opposing view that sleep promotes synapse formation and sleep deprivation leads to synaptic loss. The direction of synaptic changes during sleep,
therefore, remains a heavily discussed topic [110-112]. While sleep depriva-
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tion may have region-specific effects on synaptic and structural plasticity that
could account for some of these discrepancies [54], one other aspect may
explain the opposing findings is the method by which rodents are being kept
awake. Whereas studies using the gentle handling method (also referred to
as mild stimulation method) find that sleep deprivation attenuates hippocampal synaptic plasticity and leads to spine shrinkage (for example, [47, 62, 66,
85, 93, 106]), using novel objects or context to keep animals awake seems
to lead to synaptic potentiation in accordance with the hypothesis that sleep
serves for downscaling of synapses [61, 97]. While this difference in the
method used to keep animals awake may seem like a minor detail, it should
be noted that exploration of new environments and novel objects facilitates
NMDA and AMPA receptor subunit phosphorylation and activates ERK 1/2 in
both the hippocampus and prefrontal cortex [113]. Furthermore, exposure to
object novelty causes depotentiation of previously induced LTP in vivo [114].
For this reason we believe it is essential to conduct side-by-side studies assessing the impact of the two different methods of sleep deprivation on synaptic and structural plasticity in the hippocampal and cortical regions.

Conclusions
As humans spend one third of their life asleep, sleep must have an evolutionary advantage and be of fundamental importance for proper brain function.
Chronically restricted and disrupted sleep is a serious problem as a result
of our modern life style, high workload, shiftwork, psychosocial stress, and
sleep disorders such as insomnia. Indeed, chronically disrupted sleep has
been identified as a risk factor in a wide variety of disorders such as psychiatric disorders and can have serious repercussions and even fatal consequences in a matter of months or years [115]. Because sleep is considered
to play an essential role in regulating brain plasticity, understanding the role
of sleep at the molecular level is therefore of the utmost importance to gain
insight into normal brain function and fundamental processes such as memory formation. In addition, it is also pivotal to gain insight into the pathological consequences of chronically disrupted sleep as it so often occurs in our
society. Nevertheless the molecular and neurobiological underpinnings are
often unclear.
It is widely acknowledged that structural plasticity and synaptic efficacy play
a critical role in proper information processing. Indeed, alterations in spine
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numbers and morphology and resulting changes in synaptic efficacy are
generally accepted to be essential for memory formation including those that
depend on the hippocampus. As a result the mechanism by which sleep
modulates structural plasticity critical for cognitive processes and memory
has generated considerable interest. Studies examining the impact of brief or
longer periods of sleep loss on brain plasticity have emphasized that the hippocampus is particularly susceptible to sleep deprivation. Therefore, it is of
no surprise that hampered hippocampal function is also observed with sleep
disorders such as sleep apnea, insomnia, and narcolepsy. In fact, even in
neuropsychiatric disorders often associated with sleep loss, impaired functioning of the hippocampus is commonly reported.
Recent work has started to elucidate some of the mechanisms by which loss
of sleep perturbs proper information processing in the hippocampus through
misregulation of structural plasticity and synaptic efficacy. The changes in
spine dynamics in the hippocampus following a brief period of sleep deprivation are at least in part the result of hampered cAMP signaling and translation
processes (see Fig.1). These alterations in hippocampal neuronal connectivity may also explain the reduction of hippocampal volume in rodents subjected to more chronic partial sleep deprivation [116], and patients that suffer
from the aforementioned sleep disorders such as sleep apnea [117], and
primary insomnia [118]. Defining whether the molecular pathways affected
by a brief period of sleep deprivation contribute to the hippocampal shrinkage and malfunction may ultimately provide novel therapeutic approaches to
treat brain disorders that are accompanied by sleep disturbances and sleep
loss.

Practice points
• The brain contains 100 trillion dendritic spines and together with their
synapses form the structural basis of neuronal connections in the
brain. Changes in spine morphology occur in response to a wide variety of factors and conditions such as sleep and sleep deprivation.
• Although there is evidence for synaptic downscaling across sleep as
postulated by the synaptic homeostasis hypothesis, recent work focused on the hippocampus indicated that sleep promotes spine formation whereas sleep deprivation leads to the loss of dendritic spines
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and attenuates synaptic efficacy in this region of the brain. The effect
of sleep deprivation on structural plasticity may vary between brain
regions and can depend on the age of the studied subject.
• Several molecular mechanisms modulate structural and synaptic
plasticity such the as the pathways that require cAMP, glutamatergic
signaling, protein synthesis through mTOR, and gene transcription.
Sleep deprivation negatively impacts these signaling events.
• Hippocampal long-term potentiation (LTP) is a cellular model for
memory storage. Both LTP and memory processes that require the
hippocampus are particularly susceptible to sleep loss.
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Research agenda
• Data on the question whether sleep deprivation facilitates or inhibits
spine formation and synaptic efficacy are not consistent. This could
be a result of the nature of the sleep deficiency (i.e., duration of sleep
deprivation, sleep deprivation versus sleep fragmentation, different
sleep stages). More research is needed to identify the critical factors
that determine the direction and magnitude of changes in structural
plasticity following experimental sleep deprivation.
• It is becoming more apparent that sleep and sleep loss may affect
structural plasticity in an opposite fashion depending on nature of the
subject (i.e., the age and sex of the subject). The data presented here
leave open that the effects of sleep deprivation on structural plasticity
depend on the characteristic of the subject.
• The data discussed show that impaired cAMP signaling plays a critical role in the sleep deprivation-induced memory deficits that require
the hippocampus. Research is needed to define whether similar molecular mechanisms are also involved in effects of sleep loss on other
aspects of brain function that depend on other brain regions.
• Very little is known about the molecular consequences of chronically
disrupted sleep and how that may contribute to brain disorders including those that negatively impact structural plasticity. For example,
it is unclear whether a misregulation of neuronal connectivity is also
seen in brain disorders that characterized by disrupted sleep such
as insomnia, sleep apnea, and narcolepsy. More experimental studies with the appropriate animal models are required to examine this
possibility.
• It is essential to conduct side-by-side studies assessing the effects
of different methods of sleep deprivation on synaptic and structural
plasticity in the hippocampal and cortical regions.
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The dentate gyrus and sleep loss

Abstract
Sleep and sleep loss have a profound impact on hippocampal function,
leading to memory impairments. Modifications in the strength of synaptic
connections directly influences neuronal communication, which is vital for
normal brain function, as well as the processing and storage of information.
In a recently published study, we found that as little as five hours of sleep
deprivation impaired hippocampus-dependent memory consolidation, which
was accompanied by a reduction in dendritic spine numbers in hippocampal
area CA1. Surprisingly, loss of sleep did not alter the spine density of CA3
neurons. Although sleep deprivation has been reported to affect the function
of the dentate gyrus, it is unclear whether a brief period of sleep deprivation
impacts spine density in this region. Here, we investigated the impact of brief
period of sleep deprivation on dendritic structure in the dentate gyrus of the
dorsal hippocampus. We found that five hours of sleep loss reduces spine
density in the dentate gyrus with a prominent effect on branched spines. Interestingly, the inferior blade of the dentate gyrus seems to be more vulnerable in terms of spine loss than the superior blade. This decrease in spine density predominantly in the inferior blade of the dentate gyrus may contribute to
the memory deficits observed after sleep loss, as structural reorganization of
synaptic networks in this subregion is fundamental for cognitive processes.
Keywords: Sleep loss, dentate gyrus, structural plasticity, hippocampus,
dendritic spines, granule cells
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1. Introduction
Sleep is a universal phenomenon, but its function remains one of the most
fundamental questions in life sciences. It is becoming an even more pressing
matter as sleep shortage is a growing major public health issue due to work
schedules and around-the-clock lifestyles that allow too little time for recovery. Repeated loss of sleep has severe consequences for brain function,
performance, and overall wellbeing [1-3]. Furthermore, chronic sleep loss
has been recognized as a risk factor for various disorders such as psychiatric disorders and can even have fatal consequences in a matter of months
or years [4].
Substantial evidence derived from both human and animal research indicates that even a short period of sleep deprivation (SD) can negatively impact brain function, including attention, decision making and various types
of memory [5-7]. Interestingly, recent studies investigating specific types of
memory revealed that the hippocampus is especially vulnerable to the negative consequences of sleep loss [5, 8-10]. For example, even a single night
of SD has been shown to impair hippocampus-dependent memory consolidation in humans [6, 11, 12]. Likewise, rodent studies investigating the link
between sleep and hippocampus-dependent memory consolidation showed
that a brief 5-6 hour period of SD disrupts the consolidation of contextual fear
memories, without affecting hippocampus-independent forms of fear memories [6, 13-16]. Furthermore, object-location memories, which also require the
hippocampus [17], are similarly affected by 5-6 hours of SD directly following
training [18-21]. Hence, memory processes that require the hippocampus
seem to be particularly sensitive to sleep loss.
Information flows into the hippocampus from neurons of the entorhinal cortex
that project through the perforant pathway onto the granule cells of the dentate gyrus (DG) [22-24]. The granule cells then send their axons, also known
as the mossy fibers, to the pyramidal cells of the CA3 area. Subsequently,
CA3 pyramidal cell axons or Schaffer collaterals project to pyramidal cells
in the CA1 area. The information from CA1 terminates in the subiculum and
then on to deeper layers of the entorhinal cortex [22-24]. It is important to
note that both CA3 and CA1 neurons receive direct input from cortical layers as well. Because the DG filters information that enters the hippocampus
[25], it has been suggested to play a key role in learning, memory and spatial
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coding [26]. In agreement with this is the finding that DG lesions in rats causes an impairment in spatial learning [27, 28]. In addition, a mutant mouse
line, which lacks the essential subunit of the N-methyl-d-aspartate (NMDA)
receptor NR1 specifically in DG granule cells, was not able to differentiate
between two similar contexts, indicating an impairment in pattern separation
([29], reviewed in [25]). Thus, is it clear that the DG plays an important role
in memory processes.
Long-term potentiation (LTP) is a cellular model for memory storage that has
been used to study the impact of SD on specific hippocampal circuits. A
long period (i.e., 24 hour or longer) of rapid-eye movement (REM) SD impairs
long-term memory and LTP in the CA1 area of the hippocampus [30, 31].
Furthermore, even a brief period (5-6 hours) of total SD affects long-lasting
forms of LTP in the CA1 area [15, 19]. In addition, LTP is studied not only in
the CA1 area, but also in the DG. Long-term REM sleep restriction for 21 days
(18 hours a day) using the multiple platforms method attenuates LTP in the
DG [32] and such SD-induced impairments can be prevented by both chronic caffeine treatment and regular exercise [33, 34]. Importantly, even acute
REM SD for 24 hours or 3-4h of total SD already decreases LTP in the granule
cells of the DG [35, 36]. Thus, synaptic plasticity within specific subregions of
the hippocampus, such as the DG, are highly sensitive to sleep loss.
Synaptic plasticity has been closely linked to the formation, maintenance,
and elimination of dendritic spines [37-40]. For example, LTP induction
caused changes in spine morphology including the enlargement of the spine
head, as well as the widening of the spine neck [41-43]. In contrast to LTP,
long-term depression, characterized by a long-lasting decrease in synaptic
transmission, induces spine shrinkage and a decrease in spine numbers [41,
44, 45]. Such spine dynamics are thought to be crucial for the storage of new
information and memory consolidation [37, 38, 42, 46] and an impairment of
spine dynamics may be an important mechanism of SD-induced memory impairments [8, 42, 47, 48]. For instance, sleep-dependent motor learning has
recently been associated with changes in spine dynamics in the motor cortex
[49]. Furthermore, 5-6 hours of total SD leads to a reduction of spines density
of all subtypes in the CA1 region of the hippocampus [19]. The loss of spines
was causally linked to the impairments in LTP in the hippocampal Schaffer
collaterals, as preventing the spine loss in the sleep-deprived hippocampus
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made LTP and memory resilient to the negative impact of prolonged wakefulness [19]. Strikingly, such changes were absent in area CA3 of the hippocampus [19]. The latter observation suggests that CA1 neurons are more
vulnerable to the consequences of sleep loss than CA3 neurons at the level
of structural plasticity. Despite the reports that SD attenuates LTP in the DG
[35, 36], no studies have examined whether a brief period of SD affects structural plasticity in this region. Therefore, in the present study, we examined the
impact of 5 hours of SD on spine density in the DG.
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2. Materials and Methods
2.1. Subjects
Three month old male C57BL/6J mice were obtained from Jackson Laboratories and housed in groups of 4 with littermates. Animals were housed on a
12 hr light 12 hr dark schedule with lights on at 7 am (ZT 0). Mice had food
and water available ad libitum and one week prior to the SD experiment mice
were single housed. All experiments were conducted according to National
Institutes of Health guidelines for animal care and were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania.
2.2. Sleep deprivation
All mice were handled for two minutes on five consecutive days prior to the
SD experiment in order to habituate them to the experimenter without affecting synaptic plasticity [50]. After the habituation phase, the mice were
randomly assigned to the control or SD group. The animals of the SD group
were sleep deprived for five hours using the gentle stimulation method as described in our previously published papers [18, 19, 21, 51]. In short, animals
were kept awake by gently tapping the cage, gently shaking the care, 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 did not
use any novel objects, cages or other arousing stimuli to keep the animals
awake. This method of SD has been validated by our laboratory using EEG
recordings [52]. 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 [14, 15, 53-56]. The role of glucocorticoids in synaptic plasticity and
memory deficits associated with SD has been extensively discussed previously [6, 10] and briefly in the discussion of the present paper.
2.3. Golgi Analyses
Brains were impregnated using the Rapid Golgi stain kit (FD Neurotechnologies Inc., Columbia, MD, USA) according to the instructions and described
previously [19]. Coronal sections (80-µm thickness) that covered the rostro-caudal axis of DG of the hippocampus were analyzed. The serial sections
were chosen and analyzed using a stereology-based software (Neurolucida,
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v10, Microbrightfield, Williston, VT, USA) and a Zeiss Axioplan 2 image microscope with an Optronics MicroFire CCD (1600 x 1200) digital camera,
motorized X, Y, and Z-focus for high-resolution image acquisition and digital
quantitation. In combination with a 100x objective, using a sophisticated and
well-established method, this should represent a 3D quantitative profile of
the neurons sampled and prevent a failure to detect less prominent spines.
Analyses were performed blindly by Neurodigitech (San Diego, CA, USA).
Our sampling strategy was to prescreen the impregnated neurons along the
anterior/posterior axis of the region of interest to see if they were qualified for
analysis. Neurons with incomplete impregnation or neurons with truncations
due to the plane of sectioning were not analyzed. Moreover, cells with dendrites labeled retrogradely by impregnation in the surrounding neuropil were
excluded as well. We also made sure there was a minimal level of truncation
at the most distal part of the dendrites; this often happens in most of the Golgi
studies, likely due to the plane of sectioning at top and bottom parts of the
section. With consideration of the shrinkage factor after processing (generally 10-25% shrinkage), the visualization of the spine subclass is no issue as
we used a 100x Zeiss objective lens with immersion oil, which is sufficient to
resolve the details or subtype of the spines for laborious counting.
2.4. Statistics
All Golgi analyses were conducted by an experimenter blind to treatment.
Data sets were analyzed using non-paired t-tests. Differences were considered statistically significant when p < 0.05. All data are plotted as mean ±
s.e.m.
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3. Results
3.1 Sleep deprivation attenuates spine density in the dentate gyrus
To study the effect of SD on the structural plasticity within the DG, we first investigated the effect of SD on spine density within the DG as a whole. Sleep
deprivation reduced the spine density of basal dendrites of dentate granule
cells (p < 0.05, Fig. 1, 2A and B). Subsequently, we examined whether SD
has a more profound effect on either of the two blades of the dentate gyrus.
SD decreased spine density in the inferior blade (p < 0.05, Fig. 2C), whereas
there was a minor, non-significant effect on the granule cells in the superior
blade of the DG (p > 0.1, Fig. 2D). We found no effect of SD on spine length,
even when we differentiated between the two blades of the DG. Altogether,
sleep loss appears to reduce spine density, targeting predominantly the inferior blade of the DG.

▲Figure 1. Sleep deprivation reduces the spine density in dentate granule cells of the hippocampus.
Representative images of Golgi-impregnated dendritic spines of dentate granule cells from sleep deprived (SD)
and non-sleep deprived (NSD) mice. SD mice (bottom panel) showed a significant reduction in spines compared
to NSD mice (upper panel). Scale bar, 5 um.

3.2 Sleep deprivation reduces spine density of specific spine subtypes
in the dentate gyrus
To examine the effects of sleep loss on the DG in more detail, we assessed whether SD affects specific spine subtypes in the DG. The density of both thin and branched spines was reduced in the DG by SD (p <
0.05, Fig. 3A). Separate analyses of the two blades revealed that the
density of thin and branched spines was reduced in the inferior blade (p
< 0.05, Fig. 3B). In contrast, only the density of branched spines was decreased in the superior blade of the dentate gyrus (p < 0.05, Fig. 3C).
These observations indicate that specific spine subtypes are affected by
SD, and that the impact of SD affects the DG in a blade-specific fashion.
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Spine Density (#/ μm)

A
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Spine Density (#/ μm)
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▲Figure 2. Sleep deprivation predominantly the spine density in the inferior blade of the dentate gyrus. (A) Sleep deprivation decreases the total spine density of basal dendrites of DG neurons (n = 6, Student’s
t-test, p = 0.038). (B, C) Sleep deprivation attenuates spine numbers in the inferior blade of the dentate gyrus (n
= 6, Student’s t-test, p = 0.043) without affecting spine numbers in the superior blade of the dentate gyrus (n = 6,
Student’s t-test, p = 0.202). NSD: non-sleep deprived, SD: sleep deprived. Values represent the mean ± SEM. *p <
0.05, by Student’s t test.
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3.3 Sleep deprivation decreases spine density in the first few orders of
dentate granule cells
To identify whether the spine changes occur at specific branches, we analyzed branch one to six of the dendritic tree. Branch-specific analyses indicated that SD reduced the spine density from the first to fourth branch in the
DG (p < 0.05, Fig. 4A). In the inferior blade, SD strongly attenuated spine
density from the first to third branch orders (p < 0.005, Fig. 4B), with a trend
towards a decrease of spine density at branch four (p < 0.1, Fig. 4B). Comparable findings were found in the superior blade of the DG, as spine density
was also reduced from the first to third branch orders of dentate granule cells
in the superior blade (p < 0.05, Fig. 4C). Thus, these results further support
the finding that SD targets spine density in dentate granule cells, and predominantly in the inferior blade.
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▲Figure 3. Sleep deprivation attenuates the specific spine-subtypes in the dentate granule cells of the
hippocampus. (A) Sleep deprivation reduces the total number of thin and branched spines in the dendrites of
dentate granule cells (n = 6, Student’s t-test, * p < 0.05, ** p < 0.01). (B) Sleep deprivation attenuates the number
of thin and branched spines in the dendrites of dentate granule cells in the inferior blade of the dentate gyrus (n
= 6, Student’s t-test, p < 0.05). (C) Sleep deprivation specifically decreases the number of branched spines in the
dendrites of dentate granule cells in the superior blade of the dentate gyrus (n = 6, Student’s t-test, p = 0.013).
NSD: non-sleep deprived, SD: sleep deprived. Values represent the mean ± SEM. *p<0.05, by Student’s t test.
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3.4 Sleep deprivation reduces spine density at specific distances from
the soma of dentate granule cells
We previously showed that SD affects CA1 spine density at specific distances [19]. Therefore, we also investigated whether SD exerts its effect at specific distances from the soma in granule cells. Indeed, SD reduced spine density of dendrites at 30, 60, 120, and 150 μm distance from the soma of dentate
granule cells (p < 0.05, Fig. 5A). Remarkably, SD resulted in an increase of
spine density at 240 μm from soma (p < 0.05, Fig. 5A). In the inferior blade,
SD reduced spine density at 30, 60, 120, and 150 μm away from the soma
(p < 0.05, Fig. 5B). However, SD decreased spine density at 30, 120, and
150 μm from soma in the superior blade (p < 0.05, Fig. 5C), indicating that
the spines at 60 μm from soma were spared in the superior blade of the DG.
Notably, only a trend towards an increase was found at 240 μm when the
two blades were analyzed separately (p > 0.05, Fig. 5B and C). Altogether,
SD impacts spine density of dentate granule cells and especially the regions
corresponding to the beginning and middle range of the dendritic branch.
Furthermore, especially the inferior blade of the DG seems to be sensitive to
sleep loss.

67

3

Chapter 3

A

Spine Density (#/ μm)

1.40
1.20

NSD n = 4-6
SD n = 4-6

*

***

1

2

***

***

1

2

*

***

1

2

*

*

Total DG

1.00
0.80
0.60
0.40
0.20
0

3
4
Branch number

5

6

B
Spine Density (#/ μm)

1.40
1.00
0.80
0.60
0.40
0.20
0

C
1.40
Spine Density (#/ μm)

Inferior

***

1.20

3
4
Branch number

*

5

6

Superior

1.20
1.00
0.80
0.60
0.40
0.20
0

3
4
Branch number

5

6

▲Figure 4. Sleep deprivation attenuates the spine density at specific branch numbers of dentate granule cells. (A) Sleep deprivation reduces the density of dendritic spines at branch number 1-4 of the dentate
granule cells (n = 5-6, Student’s t-test, p < 0.05). (B) Sleep deprivation reduces the spine density at branch number
1-4 in the inferior blade of the dentate granule cells (n = 5-6, Student’s t-test, p < 0.005). (C) Sleep deprivation
reduces the spine density at branch number 1-3 in the superior blade of the dentate gyrus (n = 5-6, Student’s
t-test, p < 0.05). NSD: non-sleep deprived, SD: sleep deprived. Values represent the mean ± SEM. *p < 0.05, ***p
< 0.005, by Student’s t test.

68

The dentate gyrus and sleep loss
A
Spine Density (#/ μm)

1.40
1.20

Spine Density (#/ μm)
Spine Density (#/ μm)

*

*

30

60

*

***

*

***

0.80
0.60
0.40
0.20

1.40

90 120 150 180 210
Distance from soma (μm)

*

***

240

Inferior

1.20

3

1.00
0.80
0.60
0.40
0.20
0

C

***

Total DG

1.00

0

B

NSD n = 4-6
SD n = 4-6

30

60

90

120

150

180 210

240

Distance from soma (μm)
1.40

***

*

*

Superior

1.20
1.00
0.80
0.60
0.40
0.20
0

30

60
90 120 150 180 210
Distance from soma (μm)

240

▲Figure 5. Sleep deprivation decreases the spine density of basal dendrites at specific distances from
soma of dentate granule cells. (A) Sleep deprivation reduces the total spine density of dendrites at 30, 60, 120
and 150 μm from the soma, while it caused an increase in spine density at 240 μm from soma (n = 5-6, Student’s
t-test, p < 0.05). (B) Sleep deprivation reduces spine density at 30, 60, 120 and 150 μm from the soma of dentate
granule cells in the inferior blade (n = 5-6, Student’s t-test, p < 0.05). (C) Sleep deprivation attenuates the spine
density at 30, 120 and 150 μm away from the soma of dentate granule cells in the superior blade (n = 5-6, Student’s t-test, p < 0.05). NSD: non-sleep deprived, SD: sleep deprived. Values represent the mean ± SEM. *p < 0.05,
***p < 0.005, by Student’s t test.
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4. Discussion
This study demonstrated that in mice 5 hours of SD leads to a reduction of
spine density in the DG, particularly in the inferior blade of the DG. Furthermore, SD resulted in a decreased density of specific spine subtypes, without
affecting dendrite length. While SD led to a reduction of both branched and
thin spines in the inferior blade, only the density of branched spines was
reduced in the superior blade. In addition, as reflected by the analysis of
branch number and distance from soma, the effect of SD on spine density
seems most prominent in the first few branches of the dendritic tree in the
DG. This effect could be observed in both blades of the DG, although the impact of SD appeared to be more pronounced in the inferior blade of the DG.
Other studies assessing the impact of sleep loss on structural plasticity in the
hippocampus found that SD affects the CA1 region [19, 57]. In contrast, the
CA3 region of the hippocampus was unaffected by sleep loss [19]. An overview of how sleep loss impacts spine density and different spine in hippocampal subregions is shown in figure 6. Together, the data from the present
study and our previous work [19], show that sleep loss has a regional effect
at the level of dendritic structure. In line with these observations, other studies have reported changes in cortical spine numbers following SD [49, 58].
Upon closer inspection of the dendritic spine structure (e.g., spine shape,
total length, head volume, head and neck diameter) one can identify a number of different categories including thin, stubby, mushroom, filopodia and
branched spines [59-62]. After a brief period of SD, we observed a reduction
of mainly the thin and branched spines in the DG. Branched spines have
multiple heads originating from the same base spine and might reflect the
beginning of a synapse duplication, leading to enhanced receptor turnover,
which also can be observed during LTP [59, 63]. Therefore, a reduction of
branched spines might reflect a decrease in the potential to strengthen synapses, as is observed after sleep loss [61]. Thin spines have a small head
with a narrow neck and are suggested to be more flexible and react faster
to stimuli [61].This is why thin spines have are considered to be ‘learning
spines’ [61]. A decrease of thin spines might therefore indicate a loss in the
ability to react to afferent stimulations by both structural and functional plasticity such as the incorporation of new glutamate receptors in the spine head
[64]. However, how sleep deprivation selectively targets these spine subtypes is not yet known. Future research is needed to elucidate if there are
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specific mechanisms affected in these spine subtypes, how these contribute
to spine shrinkage and ultimately to memory problems. Altogether, SD resulted in a decrease of branched spines in both blades of the DG, and a reduction of thin spines only in the inferior blade of the DG, supporting our finding
that the inferior blade is more sensitive to sleep loss.

CA1

CA3

No changes
in spine
density, in
any subtypes

• Spine
density ↓
• All spine
subtypes

3

DG

• Spine
density ↓
• Thin and
branched
spine subtypes

▲Figure 6. Sleep deprivation affects specific subregions of the hippocampus. Subregion-specific spine
loss as a result of sleep deprivation was observed in the dentate gyrus and CA1 region of the hippocampus. In
contrast spine numbers in area CA3 were not affected by a brief period of sleep deprivation. Data from area CA1
and CA3 were previously published [19].

The observed higher sensitivity of the inferior blade compared to the superior
blade for SD could be related to the anatomical organization of the DG input.
As mentioned above, a major input to the DG arises from the entorhinal cortex, via the perforant pathway ([65], and references therein). The perforant
pathway has two divisions, called the lateral and medial pathway, originating
from the lateral and medial entorhinal cortex areas respectively. Both entorhinal projections terminate in the outer two-thirds of the molecular layer. Fibers
from the lateral pathway target in the most superficial third of the molecular
layer, whereas the fibers from the medial pathway terminate in the middle of
the molecular layer. Given the observed laminar difference in spine changes
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after SD, this may suggest that the input of the medial entorhinal cortex rather
than the lateral entorhinal cortex is affected by SD if the change is presynaptically driven. Both entorhinal areas receive input from different parts of the rhinal cortex. The perirhinal cortex preferentially projects to the lateral entorhinal
cortex whereas the postrhinal cortex mainly innervates the medial entorhinal
cortex [66]. This may indicate that different types of information processed
through the DG are differently affected by SD. Minor projections to the DG
arise in various brain regions next to this major entorhinal cortex innervations.
Associational, commissural, and hypothalamic afferents to the DG have been
found to differ greatly in density between the inferior and superior blade, although functional differences between the blades are not well defined [67].
Nevertheless, a striking anatomical difference between the blades is the difference in number of interneurons (e.g., basket cells). This number is 2 to
2.5 times higher in the superior blade [67]. Associational projections from
the pre- and parasubiculum terminate in the molecular layer between those
of the lateral and medial perforant pathway, and presumably provides the
DG with thalamic information [68]. Commissural fibers, arising from the hilar
region, mainly terminate in the inner one-third of the molecular layer, just besides those of the medial perforant path [69]. Hypothalamic afferents end in
the molecular layer as well as in the granular cell layer [70]. Taken together,
there seems to be no perfect match between the location of the spine impact
of SD and the innervations patterns known to exist, neither within a blade or
between the blades. Importantly, the vast majority of our knowledge on the
anatomy of the DG, as briefly described above, is based on rat studies and
for now we have to assume that the mouse anatomy resembles that of the
rat. It cannot be excluded that the slightly different level of sensitivity for SD
found in the two blades of the DG reflects a slight difference in intrinsic signaling processes within their DG granule cells or balances between granule
cells and interneurons, irrespective of the origin of the presynaptic terminals.
Even though the molecular mechanisms underlying the effects of sleep loss
are largely unknown, some molecular players have been identified. For example, SD decreases levels of brain-derived neurotrophic factor (BDNF), a
molecule essential for memory retrieval and long-term potentiation, in the hippocampus, and importantly, specifically in the DG [34, 71, 72]. In this same
special issue Delorme et al. show that ARC, a protein critical for synaptic
plasticity like BDNF, is also reduced in the dentate gyrus after 3 hours of
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SD [73]. Furthermore, sleep loss impacts synaptic plasticity by attenuating
cAMP levels in the hippocampus [8, 15, 74]. The reduction of cAMP after
SD could be the result of altered expression levels of specific isoforms of
the phospodiesterase (PDE) family, a group of cAMP degrading enzymes
that have been implicated in synaptic plasticity [75, 76]. Indeed, SD leads to
an increase in the protein expression of PDE4A5 isoform [74], which is predominantly expressed in area CA1 and the DG [77]. Sleep deprivation also
reduces the phosphorylation of the cAMP response element-binding protein
(pCREB), which is associated with a decrease in synaptic plasticity in the
hippocampus [15, 34]. Remarkably, the reduction of pCREB levels was also
sub-region specific, as SD only affected pCREB levels in the CA1 and DG
region of the hippocampus [15]. A regional increase of PDE4A5 expression,
leading to a decrease of cAMP and consequently resulting in the reduction of
pCREB, may contribute to the observed region-specific changes at the level
of the dendritic structure under conditions of sleep deprivation.
Chronic sleep loss inhibits hippocampal cell proliferation and neurogenesis,
phenomena that occur almost exclusively in the dentate gyrus and are important for learning and memory [78, 79]. The newborn cells in the DG that
survive and eventually develop into neurons are incorporated in the granular
cell layer and become functionally integrated in the hippocampal network
[78]. Although the available data indicate that cell proliferation an cell survival
is only affected by chronic or prolonged sleep deprivation, not by brief sleep
deprivation less than a day, it is not excluded that even a brief period of SD
for 5-6 hours affects spine formation and functional integration of the new
cells. In the present study, discriminating between very young and adult neurons was difficult, as double labeling is impossible with Golgi impregnated
sections. Therefore, whether an acute period of sleep loss causes a reduction of spines on existing cells or hampers the formation of spines on newborn cells is difficult determine. However, we only included fully branched
neurons, thereby avoiding the majority of newborn neurons. In addition, using
different techniques such as Golgi, DiI-labeling can lead to the labeling of
a different subset of neurons. Nevertheless, we have previously shown that
spine loss was observed in neurons both using Golgi and the DiI-labeling
technique [19]. In future studies, it would be interesting to use thy1-eGPF
mice, in which enhanced green fluorescent protein (EGFP) is sparsely expressed in neurons, resulting in a bright Golgi-like staining. Brain sections
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of these mice are ideally suited for double labeling studies to assess the impact of SD on specific populations of neurons at different ages in the DG. In
future studies, it would also be interesting to modulate for example cofilin or
PDE4A5 in a Cre-dependent manner, specifically in the DG. This would allow
to directly examine the effect of altered structural plasticity on certain memory tasks, such as pattern separation [29]. Unfortunately, to our knowledge it
is technically impossible to specifically target neurons in just one blade of the
DG. Therefore, the individual contribution of the inferior and superior cannot
yet be determined.
It is important to note that it is unlikely that the observed results could have
been caused by stress or other factors associated with the SD method. For
example, while chronic stress might reduce spine density [80], some studies
suggest that acute stress does not affect or even increases spine density in
the hippocampus [81]. Furthermore, previous research has shown that prolonged SD attenuates DG-dependent mechanisms, such as neurogenesis,
independent of stress hormones [78, 82-84]. Also, REM-SD for 21 days using
the multiple-platform method impairs hippocampal memory and reduces total volume of the DG [85].
Sleep loss is growing health concern, especially in our 24/7 modern society,
and entails severe consequences for brain function. Altogether, this study indicates that even a short period of sleep loss affects spine density in the DG.
Results from these experiments further suggest that the observed changes were mainly derived from the changes in spine morphology of the inferior blade, rather than the superior blade of dentate granule cells. This is in
line with recent findings showing that in children suffering from obstructive
sleep apnea syndrome, the microstructure of the DG is disrupted which correlates with decreased learning capacity [86]. Future studies are needed to
investigate the underlying mechanism by which sleep loss attenuates spine
density in the dentate gyrus. One promising signaling mechanism is the
cAMP-PKA-LIMK-cofilin pathway as we recently showed that this pathway
mediates the spine loss in CA1 neurons [19, 22, 42]. In addition, it has to be
clarified whether these reductions in spine density are a direct effect of sleep
loss, or an indirect effect via phenomena such as hampered neurogenesis.
Moreover, it would be of great value to examine whether preventing these
specific changes in spine dynamics specifically in the DG would also avoid
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hippocampus-dependent memory deficits associated with sleep loss. Investigating the impact of sleep loss at the level of the neuronal cytoskeleton adds
to the current understandings of how sleep loss results in memory deficits. In
addition, it offers an interesting therapeutic target as preventing changes at
the level of the dendritic tree might also prevent the negative consequences
commonly associated with sleep loss.
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Effect of sleep loss and glucocorticoids on memory

Abstract
The general consensus is that sleep promotes neuronal recovery and plasticity, whereas sleep deprivation impairs brain function, including cognitive
processes. Indeed, a wealth of data has shown a negative impact of sleep
deprivation on learning and memory processes, particularly those that involve the hippocampus. The mechanisms underlying these negative effects
of sleep loss are only partly understood, but a reoccurring question is whether they are in part caused by stress hormones that may be released during
sleep deprivation. The purpose of the present study is therefore to examine the role of glucocorticoid stress hormones in sleep deprivation-induced
memory impairment. Male C57BL/6J mice were trained in an object location memory paradigm, followed by 6h of sleep deprivation by mild stimulation. At the beginning of the sleep deprivation mice were injected with
the corticosterone synthesis inhibitor metyrapone. Memory was tested 24h
after training. Blood samples taken in a separate group of mice showed that
sleep deprivation resulted in a mild but significant increase in plasma corticosterone levels, which was prevented by metyrapone. However, the sleep
deprivation-induced impairment in object location memory was not prevented by metyrapone treatment. This indicates that glucocorticoids play no role
in causing the memory impairments seen after a short period of sleep deprivation.
Key words
Glucocorticoids, Hippocampus, Memory, Sleep deprivation, Stress
Statement of significance
In the current manuscript we addressed the long-standing discussion of
whether the detrimental effects of sleep deprivation on memory function are
mediated through glucocorticoids released during sleep deprivation. First,
we show that metyrapone can successfully be used to block the synthesis of
corticosterone during sleep deprivation. Second, we show that 6h of sleep
deprivation impairs memory performance which could not be prevented by
metyrapone treatment. Together these studies indicate that glucocorticoids
play no role in causing the memory impairments seen after a short period of
sleep deprivation.
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Introduction
Sleep is a universal phenomenon and a highly conserved trait through the
course of evolution. Even though its functions remain largely unknown, sleep
is often thought to be important for regulating neuronal plasticity and synaptic
strength, which, in turn, are essential for brain functions such as information
processing, learning and memory (Benington & Frank, 2003; Kreutzmann,
Havekes, Abel, & Meerlo, 2015; Raven, Van der Zee, Meerlo, & Havekes,
2017; Tononi & Cirelli, 2006). Numerous studies in both humans and animals
have demonstrated that a lack of sleep impairs the processing and storage
of new information in the brain (Havekes, Meerlo, & Abel, 2015; Kreutzmann
et al., 2015; Raven et al., 2017). More specifically, studies have shown that
sleep deprivation (SD) impairs memory processes particularly when involving the hippocampus (Graves, Heller, Pack, & Abel, 2003; Havekes et al.,
2016; Raven, Meerlo, Van der Zee, Abel, & Havekes, 2018; Vecsey et al.,
2009), a brain region crucial for learning and memory. For example, even a
short period of 6h of SD impairs object location memory and contextual fear
conditioning memory, both of which are highly hippocampus-dependent. In
contrast, learning and memory tasks that are hippocampus-independent,
such as tone-cued fear conditioning, were unaffected by SD (Graves et al.,
2003). Nevertheless, the mechanisms through which SD impairs hippocampal function and disturbs the formation and consolidation of new memories is
only partly understood.
One commonly proposed mechanism is that SD acts as a stressor and
that stress hormones released during SD may directly influence hippocampal function through pathways involved in neuronal plasticity and memory
storage. Indeed, SD can be a mild stressor and can lead to mild activation of classical neuroendocrine systems, particularly the hypothalamic-pituitary-adrenal (HPA) axis (P. Meerlo, Sgoifo, & Suchecki, 2008). In more detail,
SD could initiate the release of corticotropin-releasing hormone (CRH) from
the hypothalamus which stimulates adrenocorticotropic hormone (ACTH) release from the pituitary. Subsequently, ACTH induces the liberation of glucocorticoids from the adrenal cortex (i.e., cortisol in humans or corticosterone
(CORT) in rats and mice). In fact, slightly elevated levels of glucocorticoid
stress hormones after SD have been reported in both humans (Chapotot, Buguet, Gronfier, & Brandenberger, 2001; Leproult, Copinschi, Buxton, & Van
Cauter, 1997; Spiegel, Leproult, & Van Cauter, 1999) and laboratory rodents
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(Mirescu, Peters, Noiman, & Gould, 2006; Mongrain et al., 2010; Roman,
Hagewoud, Luiten, & Meerlo, 2006; Takatsu-Coleman et al., 2013; Tartar
et al., 2009). A number of rodent studies experimentally prevented glucocorticoid signaling during sleep deprivation and showed this manipulation
could not prevent cognitive deficits (Ruskin, Dunn, Billiot, Bazan, & LaHoste,
2006; Tiba, Oliveira, Rossi, Tufik, & Suchecki, 2008). However, in these studies sleep deprivation was conducted prior to training to assess effects on
learning capacity and not sleep deprivation after training, during the critical
phase of memory consolidation, which may involve different mechanisms. In
other words, these studies do not exclude the possibility that glucocorticoids
during sleep deprivation after training are responsible for deficits in memory
consolidation. For this reason, it was important to perform the current study in
which we selectively blocked corticosterone release during sleep deprivation
after learning.

Methods

4

Animals and housing
Eighty male C57BL/6 mice (JANVIER LABS) were ordered at 6 weeks of age
and pair-housed at the arrival. Mice were individually housed one week before the start of our experiments when the animals were 12-16 weeks old.
The experimental room was kept under constant temperature (22ºC ± 5 ºC)
and a 12h light/12h dark cycle (lights on 9:00 - 21:00). Poly carb clear cages
with a stainless steel wired lid were provided with nesting material, a paper
roll and sawdust as bedding. 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).
Experimental set-up
In a first experiment we validated the use of the glucocorticoid synthesis inhibitor metyrapone to block the release of CORT during SD. Mice received a
systemic injection of metyrapone or saline at the beginning of SD and after
3h blood samples were collected for assessment of plasma CORT levels. We
chose to assess CORT levels after 3h of SD, instead of the 6h SD applied in
other experiments (including our second experiment). We did this because
in some of our studies CORT levels after 6h SD are low and no longer sig-
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nificantly different from control, yet, not excluding the possibility that CORT
levels are higher early on in the SD session (P. Meerlo, Koehl, van der Borght,
& Turek, 2002; Palchykova, Winsky-Sommerer, Meerlo, Durr, & Tobler, 2006).
In a second experiment, we tested whether blocking CORT release during
SD by metyrapone can prevent the memory impairments that are normally
associated with SD. Mice were trained in an object location memory task
(OLM), received a systemic injection of metyrapone or saline immediately
after training, and were then subjected to 6h of SD. Memory for object location was tested next day, that is 24h after training and 18h after the end of SD
(see Figure 1).
Training
Veh/Met

0h

Test

SD

12h

24h

▲Figure 1. Experimental design for the behavioral task. Animals were trained for object-location memory at
the onset of the light phase. Directly after training, animals were sleep deprived for 6h or left undisturbed, and injected with either vehicle (veh) or metyrapone (met). Memory was tested 24h after training. SD = sleep deprivation.

Drug preparation and administration
Metyrapone [2-methyl-I,2-di-3-pyridyl-1-propanone (ALDRICH®)] was used
to reduce glucocorticoid synthesis via inhibition of steroid 11-β-hydroxylase.
Previous studies already demonstrated its potency in reducing memory recall by blocking glucocorticoid synthesis (Careaga, Tiba, Ota, & Suchecki,
2015; Clay et al., 2011). Metyrapone was dissolved in a vehicle solution containing physiological saline and 5% ethanol. The solutions were made fresh
on each experimental day and kept at 4 ºC until use. Mice were injected with
metyrapone (90 mg/kg) or vehicle subcutaneously at the start of SD.
Corticosterone assay
To measure CORT levels in experiment 1, animals were sacrificed by decapitation and trunk blood was collected in a cup containing ethylenediaminetetraacetic (9g/100ml) acid (EDTA) (Hagewoud, Whitcomb, et al., 2010;
van der Borght et al., 2006). Subsequently, the samples were centrifuged at
90
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2600 rpm at 4 ºC and the supernatant was collected in polycarbonate cups.
Plasma CORT levels were measured by a double antibody radioimmunoassay method for rodents, using immuChem™ kit (MP Biomedicals LLC, Orangeburg, NY). CORT levels of samples levels were measured in duplicate.
Sleep deprivation procedure
In the first experiments, animals were sleep deprived for 3h starting at the
beginning of the light phase. In the second experiment, mice were sleep
deprived during the first 6h of the light phase, directly after training in the
OLM. In both experiments, mice were sleep deprived using the gentle stimulation method (Havekes et al., 2016; Prince & Abel, 2013; Raven et al., 2018;
van der Borght et al., 2006). In brief, animals were kept awake by tapping
or shaking the cage. Their bedding was disturbed only in cases when mice
did not respond to tapping or shaking. Notably, we did not use any objects,
cages, clean bedding or other arousing stimuli to keep the animals awake.
This SD method has been validated previously using EEG recordings (Peter
Meerlo, de Bruin, Strijkstra, & Daan, 2001
Object location memory
The OLM is a hippocampus-dependent spatial memory task (Bruno et al.,
2011; Oliveira, Hawk, Abel, & Havekes, 2010; Vanmierlo et al., 2011). 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 rectangular 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 exploration with

91

4

Chapter 4
a time interval in-between. The first trial (T1) was the learning or acquisition
trial, in which two identical objects (objects A1 and A2) were placed symmetrically 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 24h. In this trial,
one of the objects was displaced along a straight line to a position that was
15 cm away from the previous 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 ten minutes. 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, the
testing arena, and injections.
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 exploration time of each object was scored manually by the experimenter, using a computer. 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 seconds) of each object during T1 are presented as ‘a1’ and ‘a2’. The time
spent exploring the familiar and the displaced object in T2 are represented
as ‘a3’ and ‘b’, respectively. Using this information, the following variables
were calculated: T1 [e1 (= a1 + a2)], the total exploration time during T2 [e2
(= a3 + b)] and the discrimination index [d2 (= b - a3 / e2)]. The d2 index is
a relative measure of discrimination 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 vehicle condition signifies an actual effect on memory performance by the drug.
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Statistical analysis
Statistical analysis was carried out using IBM SPSS Statistics 25 software
(IBM, Portsmouth, UK). Behavioral and CORT data were analyzed using a
two-way ANOVA. The Bonferroni procedure was used for post-hoc analysis
when necessary. Differences were considered statistically significant when p
< 0.05 and all data are plotted as mean ± standard error of the mean (S.E.M.).

Results
Plasma Corticosterone
To assess whether brief SD results in elevated CORT levels, and whether this
could be prevented by metyrapone, we measured blood samples after 3h of
SD. As can be seen in Figure 2, a short period of SD resulted in a mild but
significant increase in CORT levels. Two-way ANOVA revealed a significant
interaction between sleep deprivation (sleep deprived/non-sleep deprived)
and metyrapone injection (metyrapone/vehicle), indicating that the effect of
sleep deprivation on CORT levels depended on whether the mice were injected with metyrapone or vehicle (F1,40 = 13.0; p = 0.001). Post-hoc analyses
showed that SD mice injected with vehicle had higher CORT levels than nonSD vehicle treated mice (Bonferroni, p < 0.001; Figure 2). CORT levels in the
SD-metyrapone treated mice were significantly lower than the levels in the
SD-vehicle treated mice (Bonferroni, p < 0.001; Figure 2) and not different
from the non-SD vehicle treated mice (Bonferroni, p = 1.000; Figure 2). This
finding indicates that the SD-induced elevation of CORT was successfully
blocked by metyrapone.
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▲Figure 2. Plasma corticosterone levels in mice subjected to sleep deprivation (SD) or non-sleep deprived control animals (NSD). Animals in each group (n=10) received an injection of metyrapone (met) or vehicle (veh), and were sleep deprived (SD) or left undisturbed (NSD). Sleep deprivation caused a mild increase
in CORT levels measured after 3h SD, which was prevented by the injection of metyrapone at the start of sleep
deprivation. ***indicates significant difference from all other conditions (*** = p < 0.001, Bonferroni procedure).

Object location memory
In a next study we used the OLM to investigate whether SD affects hippocampus-dependent memory and whether this effect is mediated by glucocorticoids stress hormones. There were no significant differences in overall
exploration time for T1 (e1) or T2 (e2) between the positions, as indicated by
a one-way ANOVA (T1 (e1): F3, 39 = 0.908; p = 0.447; T2 (e2): F3,39 = 1.571; p
= 0.213; data not shown). These behavioral findings implicate that overall exploratory behavior did not differ between positions, and therefore did not influence any potential difference in performance. One-sample t-tests comparing the d2 index to zero showed that both sleep deprived groups (SD vehicle
and SD metyrapone) did not differ from chance level performance (zero), but
both non-sleep deprived group (non-SD vehicle and non-SD metyrapone)
did significantly differ from zero (p < 0.001 ; Figure 3). The latter observation
shows that the mice did recognize the new position under both non-sleep
deprived conditions, irrespective of metyrapone treatment. To test whether
sleep deprivation-induced memory deficits are mediated via glucocorticoid
stress hormones, a two-way ANOVA was conducted using SD (sleep deprived/non-sleep deprived) and metyrapone treatment (metyrapone/vehicle)
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as between-subject factors. No significant SD x metyrapone interaction effect
was found (F1,40 = 0.101; p = 0.753; Figure 3) indicating that the negative effects of SD on memory consolidation could not be prevented by the inhibition
of corticosterone. It also indicates that lowering corticosterone levels during
non-SD memory does not affect normal memory consolidation (at least not at
the behavioral level). Subsequent analysis showed a main effect for SD (F1,40
= 19.104; p < 0.001; Figure 3) indicating that SD impairs memory consolidation irrespective of metyrapone treatment.
0.4
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###

**

###

0.3

d2 memory index

0.2
0.1

4

0.0
-0.1
-0.2
-0.3
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▲Figure 3. Effects of sleep deprivation and metyrapone treatment on spatial memory consolidation as
measured with the object-location task. Animals in each group (n=10) received an injection of metyrapone
(met) or vehicle (veh), and were sleep deprived (SD) or left undisturbed (NSD). Veh = vehicle, SD = sleep deprived,
NSD = non-sleep deprived. # indicates a significant difference from chance level performance (zero; ### = p
< 0.001, one-sample t-tests); * indicates significant difference from both NSD conditions (** = p < 0.01, two-way
ANOVA).

95

Chapter 4

Discussion
In the current study, we examined the role of glucocorticoids in SD-induced
hippocampus-dependent memory impairment. First, we assessed whether
metyrapone successfully blocked CORT synthesis during SD. The results
show that vehicle treated sleep deprived mice had mildly increased levels of
CORT compared to non-sleep deprived mice and that metyrapone successfully prevented the SD-induced increase of CORT synthesis. Furthermore,
results from the behavioral task revealed that SD impaired memory consolidation irrespective of metyrapone treatment, indicating that the behavioral
deficits associated with SD are not a results of elevated CORT levels.
Many studies have reported that SD can have a stimulatory effect on the
HPA axis, associated with elevated CORT levels (Hagewoud, Havekes, et
al., 2010; van der Borght et al., 2006). Most often these elevations are mild
and sometimes they are even absent. In some of our earlier work in rodents
plasma levels of corticosterone were not significantly different between sleep
deprived animals and non-sleep deprived controls (Hagewoud, Havekes, et
al., 2010; van der Borght et al., 2006). In the majority of studies using comparable designs to ours, glucocorticoid levels are only measured at the end of
SD, i.e. after 5h to 6h SD (Hagewoud, Whitcomb, et al., 2010; van der Borght
et al., 2006; Vecsey et al., 2009). This does not exclude the possibility that
corticosterone may have been elevated in the early phase of SD potentially
affecting ongoing memory formation. For this reason, in the current study
CORT was measured after 3h of SD. Indeed, after 3h of SD plasma corticosterone levels were significantly elevated. The plasma CORT levels of around
60 ng/ml we found in mice after sleep deprivation during their normal resting phase, are fairly low compared with levels reported after conventional
stressors such as immobilization which can be as high as 300 - 400 ng/ml
(Palchykova et al., 2006). Even the performance of a learning task, such as
the acquisition of an object task comparable to the one we used in our study,
may induce CORT levels up to nearly 200 ng/ml (Palchykova et al., 2006),
which is still considerably higher than the levels we found after SD.
In addition, for CORT to exert any effect on learning and memory, it needs
to pass the blood-brain barrier and occupy glucocorticoid receptors (GRs).
However, since mineralocorticoid receptors (MRs) have a 10-fold greater affinity for glucocorticoids than GRs, GRs are only occupied at circadian peak
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levels. Therefore, it is highly unlikely for CORT, at the levels we currently
found after SD, to affect memory processes (Roozendaal, 2002; Veniant et
al., 2009). Of note, we are not implying that there is thus no connection between CORT and learning as a large body of literature has previously shown
this. However, for CORT to affect memory function, 1) much higher levels
must be reached compared to what we find in our SD studies, and 2) these
studies mostly observe improvements of memory function instead of impairment.
The current findings are in line with other studies showing that stress hormones cannot explain the deficits in hippocampal function that result from
SD (Ruskin et al., 2006; Tiba et al., 2008; Vecsey et al., 2009). For example,
rats subjected to 4 days of REM sleep deprivation had a diminished capacity
for subsequent learning in a fear conditioning task, which could not be prevented by blockade of glucocorticoid release by means of metyrapone injections (Tiba et al., 2008). In another study, prolonged SD for 3 days induced
acquisition deficits in the Morris water maze, which could not be prevented
by blocking CORT release through removal of the adrenals (Ruskin et al.,
2006). Furthermore, previous research has shown that prolonged SD hampers hippocampus-dependent plasticity processes, such as neurogenesis,
independent of stress hormones (Guzman-Marin, Bashir, Suntsova, Szymusiak, & McGinty, 2007; P. Meerlo, Mistlberger, Jacobs, Heller, & McGinty,
2009; Mueller et al., 2008). Importantly, whereas previous studies showed
that blocking CORT release cannot prevent memory deficits that result from
SD prior to acquisition (Roozendaal, 2002; Veniant et al., 2009), in the present study we show that blocking CORT release also does not prevent the
memory deficits that result from SD after acquisition during the critical phase
of memory storage. While together these studies support the finding that glucocorticoids are likely not responsible for producing the hippocampus-dependent memory impairments seen after a short period of SD, it is not excluded that more severe and prolonged restriction or disruption of sleep and
sleep disorders may be associated with higher levels of stress hormones that
can affect brain function and performance.
Taken together, sleep loss is a very debilitating phenomenon, especially in
our modern society with heavy workloads and around the clock lifestyles.
Our memory function seems to be particularly affected by sleep loss and,
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although several studies have shown this effect to be induced through pathways involved in hippocampal synaptic plasticity, the question remained
whether glucocorticoids could be a mediating factor. Here, we investigated
the effects of temporarily blocking glucocorticoids during SD on hippocampus-dependent memory storage. The present study is the first to show that
hippocampus-dependent memory consolidation is attenuated by a single,
short period of SD, which is not mediated by stress hormones.
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Abstract
Most living organisms of the animal kingdom have the fundamental ability to
form and retrieve memories. Most information is initially stored as short-term
memory, which is then conversed to a more stable long-term memory through
a process called memory consolidation. At the neuronal level, synaptic plasticity is crucial for memory storage and includes the formation of new spines
as well as the modification of existing spines thereby tuning and shaping
synaptic efficacy. Cofilin critically contributes to memory processes because
upon activation, it regulates the shape of dendritic spines by targeting actin
filaments. We previously found that prolonged activation of cofilin in hippocampal neurons attenuated the formation of long-term object-location memories. Because the modification of spine shape and structure is also essential
for short-term memory formation, we determined whether overactivation of
hippocampal cofilin also influences the formation of short-term memories. To
this end, mice were either injected with a virus expressing catalytically active
cofilin or an eGFP control in the hippocampus. We show for the first time that
cofilin overactivation improves short-term memory formation in the object-location memory task, without affecting anxiety-like behavior. Surprisingly, we
found no effect of cofilin overactivation on AMPA receptor expression levels.
Altogether, while cofilin overactivation might negatively impact the formation
of long-lasting memories, it may benefit short-term plasticity.
Keywords: Cofilin, Hippocampus, Memory, Synaptic plasticity, AMPA receptor
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1. Introduction
The capacity to form and retrieve memories enables an organism to adapt to
an ever-changing environment and therefore is necessary for survival (Bruel-Jungerman, Davis, & Laroche, 2007; Rasch & Born, 2013). Different types
of memory can be noted, for example working memory, short-term memory
and long-term memory. Even though many types of memory require complex
interactions between multiple brain structures, one brain structure highly important for declarative memories including spatial and episodic memory is
the hippocampus. Earliest work from Milner and colleagues indicated that the
hippocampus is crucial for the acquisition and retention of memories (Scoville & Milner, 1957, reviewed in: Kandel, Dudai, & Mayford, 2014; Squire &
Wixted, 2011). Numerous studies examining the role of the hippocampus in
the different aspects of learning and memory, underscored the importance
of this brain region in the formation of both short-term and long-term spatial
memories (Havekes & Abel, 2009).
Within the hippocampus, the formation of a memory requires both synaptic
as well as structural plasticity (De Roo, Klauser, Garcia, Poglia, & Muller,
2008; Yuste & Bonhoeffer, 2001), with the latter emphasizing changes in synaptic morphology. These phenomena take place at the level of the synapse
and involve dendritic spines, which are specialized compartments that contain many neurotransmitter receptors and several other organelles (Cajal,
1894; Kasai, Fukuda, Watanabe, Hayashi-Takagi, & Noguchi, 2010). Dendritic spines are the most actin-rich structures within in the brain (Dunaevsky,
Tashiro, Majewska, Mason, & Yuste, 1999; Matus, 2000; Matus, Ackermann,
Pehling, Byers, & Fujiwara, 1982; Sorra & Harris, 2000). Changes in the shape
of a spine involves remodeling of actin filaments by balancing assembly and
disassembly of the filaments (Yuste & Bonhoeffer, 2001). One important factor in the regulation of actin dynamics in dendritic spines, is the protein cofilin (Bamburg & Bray, 1987; Moriyama et al., 1990; Racz & Weinberg, 2006;
Rex et al., 2009). Cofilin depolymerizes actin filaments, however, when it becomes phosphorylated on Ser3, it becomes inactive and therefore loses its
destabilizing properties (Bamburg & Wiggan, 2002; Bernstein & Bamburg,
2010; Van Troys et al., 2008). Hence, the balance between active and inactive cofilin affects spine dynamics (Raven, Van der Zee, Meerlo, & Havekes,
2017). Interestingly, the level of (active) cofilin rises directly after the induction of long-term potentiation (LTP), which is a cellular model to investigate
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memory based on the electrical properties of a neuron (Bliss & Lømo, 1973),
indicating increased plasticity. Shortly after LTP induction, levels of cofilin
return to baseline, implying a period of spine stability (Chen, Rex, Casale,
Gall, & Lynch, 2007). After this period, during memory consolidation, levels of
phosphorylated (inactive) cofilin are increased in the hippocampus (Chen et
al., 2007; Fedulov et al., 2007; Fukazawa et al., 2003; Rex et al., 2009; Suzuki
et al., 2011), however, it is unknown whether high levels of active cofilin might
be beneficial for other memory types, such as short-term memory.
Cofilin is also involved in a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) glutamate receptor trafficking. The AMPA receptors are highly
expressed on postsynaptic dendritic spines (Beneyto & Meador-Woodruff,
2004) and facilitate synaptic transmission, which is essential for synaptic
plasticity and learning and memory (Matsuzaki et al., 2001; D. J. Sanderson
et al., 2008). Furthermore, AMPA receptors consist of four subunits. Phosphorylation of the GluR1 subunit at specific sites (e.g., serine site 831) is
crucial for the retention of spatial memories and synaptic plasticity (Lee et
al., 2003). In addition, during LTP, cofilin moderates AMPA receptor trafficking to the postsynaptic surface, which was surprisingly not directly coupled
to changes is spine morphology (Gu et al., 2010). Therefore, the regulation
of cofilin is crucial for synaptic plasticity memory, also via the regulation of
AMPA receptors. However, it is unclear whether constitutive activation of cofilin alters AMPA receptor phosphorylation levels.
Altogether, these data suggest that elevating cofilin levels would negatively affect spine stability and long-term memory consolidation. Indeed, recent
data showed that injecting a virus leading to the expression of a dominant
active form of cofilin specifically in the hippocampus, impaired long-term
spatial memory (Havekes, Park, Tudor, et al., 2016). Despite the accumulating evidence that (active) cofilin is elevated directly after LTP induction and
mediates AMPA receptor trafficking, which are both important for short-term
memory, no studies have examined whether cofilin overactivation specifically
in the hippocampus affects short-term spatial memory. Therefore, in the current study we investigated the effect of cofilin overactivation specifically in
the hippocampus on short-term memory and related plasticity.
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2. Materials and Methods
2.1 Subjects
For this study, male and female C57BL/6 mice were obtained from Charles
River Laboratories at 6 weeks of age. The mice were pair housed on a 12/12
hr light/dark cycle with lights on at 10 am. Food and water were available ad
libitum and the room temperature was 21°C. The mice underwent surgery
when they were at least 8 weeks old. Subsequently, behavioral experiments
started 4 weeks after surgery, at which point the viral cofilin expression levels were high enough to outcompete endogenous cofilin levels (Havekes,
Park, Tudor, et al., 2016). All behavioral experiments were conducted at the
beginning of the light phase. At 5-6 months of age mice were sacrificed by
transcardial perfusion or cervical dislocation and brains were collected for
further immunohistochemical or biochemical analyses (Havekes et al., 2012).
All experiments were approved by the national Central Authority for Scientific Procedures on Animals (CCD) and the Institutional Animal Care and Use
Committee (IVD) of the University of Groningen.
2.2 Viral constructs and surgeries
Adeno-associated viruses (AAV) were used to overexpress active cofilin (cofilinS3A) or enhanced Green Fluorescent Protein (eGFP), as a control, in excitatory neurons of the hippocampus of the mice (Havekes, Park, Tolentino, et
al., 2016; Havekes, Park, Tudor, et al., 2016). A CaMKIIα (Calcium/calmodulin-dependent protein kinase II alfa) promoter was used to restrict the expression of the viruses to excitatory neurons (Havekes, Park, Tolentino, et al.,
2016). To discriminate endogenous cofilin from the viral exogenous cofilin, an
HA-tag was added to the viral construct of cofilinS3A (Havekes, Park, Tudor, et
al., 2016). The viral vectors were produced at the viral core of the University
of Pennsylvania.
Before the start of the surgery, mice were anaesthetized with isoflurane and
received Finadyne (50μg/kg i.p.) as an analgesic. Throughout the surgery,
the animals were placed on a heating pad to maintain body temperature.
Artificial tears (Duratears Z; Alcon) were used to protect the eyes from drying out. Mice were positioned on a stereotax and a small incision was made.
KetacTM Conditioner Polyacrylic Acid (3M) was used to visualize the Bregma

108

Cofilin and hippocampal memory and plasticity
allowing the determination of the coordinates for hippocampal injection. The
coordinates of the bilateral injections were; A/P -2.0mm, L/M ± 1.5mm and
D/V -1.5mm below bregma. Holes were drilled at the place of the injections
using a microdrill (Foredom). A microsyringe pump (UMP3; WPI) connected
to a mouse stereotax and controller (Micro4; WPI) was used to control the
speed of injection (0.2μL per min.). Mice were injected with 1μL CofilinS3A
virus per hippocampus (titer: 2.52 x 1013 genome copy numbers). Control
animals were injected with eGFP virus 0.25μL per hippocampus (titer: 6,27 x
1013 genome copy numbers). After removing the injection needle, the holes
in the mouse’s skull were sealed with bone wax (Sharpoint bone wax; Surgical Specialties Corporation). The incision was sutured (Supramid USP 4/0 EP
1.5; SMI AG) and the mouse was removed from the stereotax and placed in a
cage on a heating pad. Mice were single housed for three days after surgery,
after which they were pair-housed again with their original cage mate. Each
cage contained one cofilinS3A and one eGFP control mouse.
2.3 Elevated plus maze
An elevated-plus maze was used to investigate whether cofilin overactivation
affects anxiety-like behavior. The time spent in the closed arms is an indication of anxiety-like behavior (Pellow, Chopin, File, & Briley, 1985; Walf & Frye,
2007). The arms of the maze are 32.5cm long and 5cm wide, elevated 75cm
off the ground. The maze consists of two open arms and two arms enclosed
by 16cm high walls. The mouse was placed in the center of the maze and
was allowed to freely explore for 8 minutes. Videos were recorded and analyzed with the program Media Recorder (Noldus Information Technology,
Wageningen, The Netherlands). Time spent in open arms was scored which
was defined as four limbs passing the threshold of an arm.
2.4 Object-location memory
Object-location memory (OLM) test was used to examine spatial memories.
The OLM task relies on the rodent’s innate preference for spatial novelty and
previous work has shown that the consolidation of object-location memories
are dependent on the hippocampus (Havekes et al., 2014; Oliveira, Hawk,
Abel, & Havekes, 2010). Before the start of the experiment, mice were handled for 2 minutes for five consecutive days in the testing room. On the training day, mice were first habituated to the test box. Mice were allowed to freely

109

5

Chapter 5
explore the rectangular test box (40cm x 30cm x 30cm) with a visual cue
placed on one of the test box walls in absence of objects for 10 minutes. Subsequently, three training sessions were performed in which mice were placed
in the same box including three similar objects and allowed to explore for 10
minutes. One hour later, the mouse was placed in the same test box containing three objects, of which one is moved to a novel location, and allowed to
explore for 10 minutes. The box was cleaned with 70% alcohol and the objects were cleaned with 10% alcohol between sessions. Each training or test
session was recorded and the exploration time of each object was scored
blindly by the experimenter using Observer (Noldus Information Technology,
Wageningen, The Netherlands). Increased amount of time spent exploring
the displaced object indicates object-location memory.
2.5 Immunohistochemistry
Mice were perfused by transcardial perfusion and brains were collected for
immunohistochemistry to determine whether the virus was injected in the correct location. Mice were first perfused with 0.9% NaCl and 2 U/mL heparin
followed by fixation solution containing 4% PFA in 0.1M PB, after which the
brains were post fixated in the fixative for 24hrs at 4°C. After dehydration with
30% sucrose, brains were frozen and sliced in 30μm thick coronal sections in
a cryostat (Leica LM 3050) at -14°C.
Staining for the cofilinS3A HA-tag was performed as described previously
(Havekes, Park, Tudor, et al., 2016). In short, sections were rinsed with TBS,
blocked TBS with 3% BSA and 0.1% TritonTM X-100. Subsequently, sections
were incubated with the following antibodies: anti-HA-tag (1:200, Roche,
RRID:AB_390918), anti-Mouse Anti-Glial Fibrillary Acidic Protein (GFAP;
1:20000, Sigma-Aldrich, RRID:AB_477010), anti-Iba-1 (1:2500, Wako,
RRID:AB_839504), and corresponding Alexa fluor-conjugated secondary
antibodies (1:500, Invitrogen, AB_162542, AB_162543, AB_2535794). Fluorescent images were taken using a confocal microscope.
2.6 Western blot
Animals were sacrificed by cervical dislocation and hippocampi were collected and homogenized in a cold homogenization buffer (Tris 50mM, Sodium
Deoxycholate 1%, NaF 50mM, Sodium Vanadate 20uM, EDTA 20uM, Beta
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Glycephosphate 40uM) with Roche Tablets (catalogue number:11836170001)
using a Tissue Lyser Adapter Set (Qiagen, Germany) (Havekes, Park, Tudor, et al., 2016). Bradford analyses was used to determine the protein concentration. Samples were loaded in pre-cast BoltTM 4-12% Bis-Tris Plus (Invitrogen, USA), and after electrophoresis blotted with iBlotTM Gel Transfer
System (Invitrogen, USA). Then, the membranes were blocked for 1h and
incubated overnight with either one of the following primary antibodies: anti-p-cofilin (1:750, Cell Signaling Technology, RRID:AB_2080597), anti-cofilin
(1:2000, BD Biosciences, RRID:AB_399516), anti-GAPDH (1:3000, Thermo
Fisher Scientific, RRID:AB_568547), anti-p-AMPA receptor ser831 (1:3000,
Millipore, RRID:AB_1977218), anti-total AMPA receptor GluR1 (1:1000 Genetex, RRID:AB_11168026). Subsequently, membranes were incubated
with the corresponding HRP-conjugated secondary antibodies for 2 hours
(goat-anti mouse, Santa Cruz Biotechnology RRID:AB_631736; goat-anti rabbit RRID:AB_2099233). GAPDH was used as loading control. Bands were
visualized with PierceTM ECL solution (ThermoFisher Scientific, USA) and Molecular Imager ChemiDoctm XRS System (BioRad, USA).
2.6 Statistics
All analyses were conducted by an experimenter blind to treatment. Statistical differences in behavior between the cofilinS3A mice and control eGFP mice
were examined using a two-way ANOVA. Sex was included as an independent variable. A repeated-measures ANOVA was used to investigate exploration times during the training phase of the OLM, in which training session
was the within-subject factor, and sex and group were the between-subject
factors. Differences in protein levels between control and cofilinS3A mice were
calculated with a one-way ANOVA. The Tukey procedure was used for posthoc analysis when necessary Data are presented as mean ± SEM. Data were
analyzed using the SPSS 24.0 software (IBM Corp. Armonk, NY, USA). Differences were considered statistically significant when p < 0.05.
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3. Results
3.1 CofilinS3A is expressed in hippocampal excitatory neurons
We first assessed whether expression of cofilinS3A is limited to hippocampal
neurons and whether total cofilin levels were increased, as cofilinS3A is also
detected by the total cofilin antibody. An overview of the different viruses
used in this study is shown (Figure 1A). Western blot analyses of hippocampal lysates indicated that the virus was indeed detectable as indicated by
the HA-bands (Figure 1B). In addition, the cofilin levels were increased by
approximately a 6-fold compared to eGFP control (t1, 19 = 6.9, p < 0.001; Figure 1B). Furthermore, viral expression of cofilinS3A did not alter p-cofilin levels,
which was examined in a separate batch of animals (data not shown). We
found that expression was restricted to the dorsal hippocampus and part of
the ventral hippocampus (representative images are shown in Figure 1C).
Subsequently, we wanted to verify that non-neuronal cells, such as microglia
and astrocytes did not express the virus. Double labeling studies demonstrated that virally expressed neurons did not co-localize with microglia, as
indicated by iba-1 positive cells (Figure 1E-F), or astrocytes, as indicated by
GFAP positive neurons (Figure 1G-H). Together, these data show that we
could successfully express cofilinS3A selectively and robustly into hippocampal excitatory neurons.
3.2 Cofilin overactivation improves short-term object-location memory
As a next step, we investigated whether cofilin overactivation would have
functional effects at the behavioral level. Because the consolidation of OLM
requires the activation of the hippocampus (Florian, Vecsey, Halassa, Haydon, & Abel, 2011; Oliveira et al., 2010), we used this task to examine the
effect of hippocampal cofilin overactivation at the behavioral level. Even
though previous worked showed that cofilin overactivation decreased longterm OLM (Havekes, Park, Tudor, et al., 2016), we questioned how overexpression of constitutively active cofilin levels would impact short-term OLM.
As expected, there was a significant decrease in total exploration time across
the three training sessions (F2, 110 = 60.406, p < 0.001; Figure 2A), which did
not differ between groups (F1, 55 = 0.045, p = 0.832) or sexes (F1, 55 = 1.597, p
= 0.212). There was also no significant three-way interaction effect between
training session, group and sex (F2, 110 = 0.840, p = 0.435). Neither was there
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a significant interaction between training session and group (F2, 110 = 0.858, p
= 0.427), nor an interaction between training session and sex (F2, 110 = 0.117,
p = 0.890). These analyses indicate that hippocampal cofilinS3A expression
does not affect exploratory activity during the training sessions of the OLM
task.
As can be seen from figure 2B, cofilinS3A mice spent significantly more time
exploring the relocated object relative to control animals (F1, 55 = 11.683, p <
0.001) during the short-term memory test one hour after training. There was,
however, a significant sex effect, in which males in general spent more time
at the replaced object, indicating that male mice performed better, independent of viral treatment (F1, 55 = 4.676, p < 0.05). Furthermore, there was no significant interaction effect between group and sex (F1, 55 = 0.414, p = 0.522).
These data indicate that the injection of cofilinS3A did not affect male and
female mice differently. In addition, total exploration during the test session
did not differ between cofilinS3A and eGFP mice (F1, 55 = 1.273, p = 0.264), or
sexes (F1, 55 = 0.868, p = 0.356), nor was there an interaction effect between
group and sex (F1, 55 = 0.335, p = 0.565). Altogether, cofilinS3A expression in
the hippocampus mice showed an increased performance during the shortterm memory task of the OLM task compared with eGFP mice.
3.3 Cofilin overactivation does not affect anxiety behavior.
Because a change in anxiety could affect the outcome in the OLM task, as a
next step we assessed the impact of cofilinS3A overexpression on exploratory
behavior using the elevated plus maze (Walf & Frye, 2007). CofilinS3A mice
did not spend more time in the open arms than eGFP mice (F1, 35 = 1.898, p
= 0.177; Figure 2C). Furthermore, there was also no sex effect (F1, 35 = 0.916,
p = 0.345), nor an interaction effect between group and sex (F1, 35 = 0.396, p
= 0.533; figure 2C). Furthermore, mice expressing cofilinS3A made a similar
amount of entries compared to eGFP injected mice (F1, 35 = 0.060, p = 0.808).
Although there was no interaction effect of group and sex (F1, 35 = 0.410, p
= 0.526), there was a significant sex effect in which males in general made
more entries than female mice (F1, 35 = 7.029, p < 0.05). In summary, even
though male mice made more entries than female mice, there were no differences in anxiety-like behavior between cofilinS3A and eGFP mice.
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3.4 Cofilin overactivation affects memory probably in an AMPA receptor
independent manner
Next, we examined effects of cofilinS3A on the GluR1 subunit of the AMPA
receptor, which is highly important for hippocampus-dependent short-term
memory (Kessels & Malinow, 2009; Lee et al., 2003; David J. Sanderson et
al., 2010). Specifically, we investigated whether cofilin overactivation would
affect the phosphorylation status of Serine 831 on the GluR1 AMPA receptor,
as this site is found to be crucial for integration of the GluR1 AMPA receptor
into the synaptic membrane and LTP via CaMKII (Banke et al., 2000; Esteban et al., 2003). There was, surprisingly, no difference in phosphorylation
levels of GluR1 receptor at Serine 831 between cofilinS3A and eGFP-injected
animals (F1, 19 = 0.442, p = 0.514). In addition, total GluR1 levels not different
between groups (F1, 19 = 0.000, p = 0.986; Figure 3B). To see if cofilin overactivation affects the specific phosphorylation status or in general GluR1 AMPA
receptor levels, we calculated the ratio between GluR1 Serine 831 phosphorylation and total GluR1 levels. As can be seen in Figure 3C, cofilin overactivation did not affect the pGluR1 (ser831):GluR1 ratio (F1, 19 = 0.453, p = 0.509).
Hence, cofilin overactivation likely does not affect the phosphorylation or total
levels of GluR1 AMPA receptor.

Discussion
Here, we examined the effect of cofilin overactivation specifically in hippocampal excitatory neurons on aspects of cognition and related synaptic
plasticity. This study demonstrates that cofilin overactivation improves hippocampus-dependent short-term memory in the object-location task, in both
male and female mice. Furthermore, cofilinS3A overexpression did not affect
anxiety-like behavior in the elevated plus maze in either sex. Interestingly,
there were sex differences, as, for example, male mice performed better in
the OLM task and made more entries in the EPM. Surprisingly, cofilinS3A overexpression did not affect phosphorylation of hippocampal GluR1 AMPA receptors. Together, these data suggest that constitutively active cofilin has
a beneficial effect on hippocampus-dependent short-term memory, which
possibly resulted from increased synaptic plasticity in an AMPA receptor-independent fashion.
As cofilin plays a key role in spine dynamics, it is not surprising that cofilin
activity is altered in certain neurological disorders, such as autism, aggres-
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sion, Alzheimer’s disease, and sleep deprivation (Shaw & Bamburg, 2017).
Indeed, cofilin has been identified as an important factor in the memory impairments seen after sleep deprivation. A short period of only 5 hours of sleep
deprivation resulted in elevated cofilin levels, leading to spine loss in the hippocampus and eventually to hippocampus-dependent memory impairments
(Havekes, Park, Tudor, et al., 2016). Furthermore, we also showed previously
expressing a dominant negative form of cofilin in the hippocampus, prevents
the spine loss and the memory deficits associated with sleep loss (Havekes,
Park, Tudor, et al., 2016). Overactivating cofilin in the hippocampus, using
the the same viral approach same virus as used in the present study, impaired the formation of long-term object-location memories (Havekes, Park,
Tudor, et al., 2016). Cofilin most likely has a different role in long-term memory compared to short-term memory, as mentioned previously. While low cofilin activity, and therefore spine stability, is needed for memories to persist,
high cofilin activity is likely beneficial for short-term memory. Indeed, longterm memory initially requires structural reorganization in spines, ultimately
leading to stable actin filaments (Hofer & Bonhoeffer, 2010). This actin stability might restrict receptors in their movements to keep their localization
in a synapse (Hanley, 2014). For long-term memory this stability might be
beneficial, however, short-term memory might be benefitted more by a highly
dynamic environment within the dendritic spines (Hofer & Bonhoeffer, 2010).
Therefore, short-term memory might rely less on stable actin filaments which
require inactive or phosphorylated cofilin. Higher levels of active cofilin could
lead to higher structural plasticity in actin filaments which could facilitate trafficking of vesicle-containing receptors towards the synaptic density. Therefore, higher levels of active cofilin might be beneficial for short-term memory.
Furthermore, during a brief period of time after long-term potentiation (LTP)
cofilin seems to be active before inactivation by higher levels of phosphorylated cofilin (Bosch et al., 2014; Chen et al., 2007). This could indicate that
active cofilin is needed for the initial period of increased plasticity after LTP.
In addition, a study showed that blocking actin polymerization in adult rats
by latrunculin prevents the development of late-phase LTP (8 hrs), but leaves
early-phase (30-50 min.) LTP intact (Fukazawa et al., 2003; Lamprecht &
LeDoux, 2004). This suggests that the late phase of LTP is dependent on
the stabilization of the actin filaments but not early-phase LTP. Hence, even
though cofilin activity is altered in various neurological diseases (e.g., sleep
deprivation (Havekes, Park, Tudor, et al., 2016)) elevated cofilin levels can
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also be beneficial, such as for short-term spatial memory.
Whereas the increase in spatial short-term memory is in line with our expectations, the finding that hippocampal GluR1 AMPA receptor levels were
unaffected in our study is slightly unexpected. Previous findings show that
these receptors are needed not only for LTM, but also for short-term memory by stabilizing spine morphology (Izquierdo et al., 1998; Lamprecht & LeDoux, 2004). Moreover, AMPA receptors and cofilin are functionally closely
dependent on each other. For example, Gu et al. (2010) showed that increased active cofilin enhances AMPA receptor insertion into the post-synaptic membrane after LTP, while cofilin inhibition stopped AMPA receptor addition. However, while LTP was used to induce plasticity in that study, different
mechanisms might occur during the formation and retrieval of object-location
memories during the behavioral task in the present study. Furthermore, we
looked at the phosphorylation status of GluR1 at Serine 831 which is the
binding site for PKC and CAMKII and phosphorylation at this site facilitates
LTP, and was necessary for normal conditioned reinforcement (Crombag
et al., 2008; Kessels & Malinow, 2009). Even though phosphorylated GluR1
(ser831) levels and total GluR1 levels were not elevated, it would be interesting to examine if the phosphorylated fraction of GluR1 (ser831) receptors is
higher specifically in the synapse. Therefore, future experiments should use
subcellular fractioning to identify in which organelles, or where specifically
GluR1 AMPA receptors (ser831) are potentially affected by cofilin overactivation. In addition, it would be interesting to investigate if other phosphorylation sites are affected by cofilin overactivation such as the Ser 845 phosphorylation site, which is the binding site for PKA, and has been associated
with spatial memory (Lee et al., 2003). In addition, while we examined GluR1
AMPA receptor levels, it would be interesting to also investigate if other subunits are affected. The GluA3 subunit is expressed highly in AMPA receptors
in the hippocampus and are activated upon high levels of cAMP where they
mediate synaptic plasticity through activation of both protein kinase A (PKA)
and the GTPase Ras (Renner et al., 2017; Schwenk et al., 2014).
One strength of the present study is the use of both male and female mice.
Although there were no differences in anxiety-like behavior in the elevated
plus maze, we did find increased entries in the maze in males compared to
female eGFP controls. Estrogens generally have a stimulating effect on activ-
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ity levels (Morgan, Schulkin, & Pfaff, 2004). Therefore, female rodents are often found to be more active than males, in particular during estrus. However,
Morgan and Pfaff (2001) hypothesized that the effect of estrogens depends
on the context. Estrogens lead to a generally increased arousal and this can
result in increased activity in a safe environment but increased emotional reactivity or fear in a potentially dangerous environment (Morgan et al., 2004).
Mice administered with estradiol benzoate made significantly fewer entries
than control mice in the EPM but did not differ in time spent in open arms
(Morgan & Pfaff, 2002). Moreover, estrogens have been shown to increase
fear response as seen by lower entries in EPM (Morgan & Pfaff, 2001). These
findings are in line with the data in the current study of the EPM. The mice
were not handled or habituated before the EPM was performed. This could
have led to an increased fear response in the EPM in females, which may
have resulted in the decreased locomotor activity observed in females compared to males. Nonetheless, male and female eGFP mice showed no differences in the percentage of time spent in the open arms in the EPM, indicating
no difference in anxiety levels.
Altogether, we demonstrate for the first time that cofilin overactivation specifically in the hippocampus could lead to improvements in short-term spatial
memory. As most studies on, for example, sleep deprivation or cofilin have
focused on long-term memory, it is of great relevance to investigate their
effects on short-term memory. Therefore, it would be of additional value to
examine if the effect observed in OLM can be translated to other short-term
memory tasks. In addition, the underlying molecular mechanisms that facilitate short-term hippocampus-dependent memory is currently unknown. It
will be interesting to see under which conditions cofilin overactivation in the
hippocampus, generating a flux of increased synaptic plasticity, influences formation and retrieval of hippocampus-dependent memories. Ultimately,
future research on how molecular mechanisms benefit short-term memory
could potentially contribute to new therapeutic approaches for patients that
suffer from psychiatric disorders that are accompanied by short-term memory problems.
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◄Figure 1. Coﬁlin overactivation in the hippocampus.
(A) Mice were bilaterally injected with pAAV9-CaMKIIa0.4-eGFP or pAAV9-CaMKIIa0.4-cofilinS3A-HA to express
either eGFP or the catalytically active version of cofilin (cofilinS3A) in hippocampal excitatory neurons. The active
version of cofilin was created by replacing Serine 3 for Alanine. An HA-tag was used to discriminate between mutant and endogenous cofilin. (B) Western blot data showing that virally delivered cofilinS3A protein levels increased
cofilin activity by an approximate 6-fold compared to protein levels of control animals. An HA-tag antibody was
used to detect the mutant inactive form of cofilin. A representative blot is depicted in which each band represents
an individual animal. Data are presented as the mean, the area (band) around the mean shows the SEM, the
smoothed density curve (bean) indicates the full data distribution, dots represent the individual data points. (CD) Representative images showing that viral eGFP or cofilinS3A expression was restricted to the hippocampus,
excluded from microglia (F) and astrocytes (H) in the dentate gyrus of the hippocampus, indicated by a lack of
co-labeling with iba-1 (E) and GFAP (G) expression respectively. Scale bar, 1 mm (C), 100 μm (D-H).

▲Figure 2. Coﬁlin overactivation in the hippocampus improves short-term memory and does not aﬀect
anxiety-related behavior.
(A) Mice either injected with cofilinS3A or eGFP were trained for object-location memory a≠≠≠nd tested 1 hr after
training. Mice injected with cofilinS3A performed better than eGFP injected mice (p < 0.001). (B) There was a significant decrease in exploration time across the three training sessions (p < 0.001). In addition, there were no
differences in exploration time between the groups during the training (p = 0.832). (C) Percentage of time spent
in open arms of the elevated plus maze of mice either injected with cofilinS3A or a control eGFP expressing virus.
There were no differences in percentage of time spent in open arms (p = 0.166). (D) There was also no difference
in the amount of entries made between cofilinS3A and eGFP injected mice (p = 0.775). Data are presented as the
mean, the area (band) around the mean represents the SEM, the smoothed density curve (bean) indicates the
full data distribution, dots show the individual data points.
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◄Figure 3. Coﬁlin overactivation does not aﬀect
phosphorylation or total levels of GluR1 AMPA receptors.
Effects of cofilin overactivation on hippocampal phosphorylated and total GluR1 AMPA receptor levels. (A)
Phosphorylated GluR1 (ser831) protein levels in lysated
hippocampi from eGFP and CofilinS3A expressing mice
(p = 0.514). (B) Total GluR1 levels did not differ between
groups (p = 0.986). (C) Cofilin overactivation did not affect the pGluR1 (ser831):GluR1 ratio (p = 0.509). A representative blot is shown in which each band represents
an individual animal. Data are presented as the mean,
the area (band) around the mean represents the SEM,
the smoothed density curve (bean) indicates the full
data distribution, dots show the individual data points.
CofS3A: CofilinS3A-expressing mice.
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Abstract
It is widely acknowledged that de novo protein synthesis is crucial for the
formation and consolidation of long-term memories. While the basal activity
of many signaling cascades that modulate protein synthesis fluctuate in a circadian fashion, it is unclear whether the temporal dynamics of protein synthesis-dependent memory consolidation varies depending on the time of day.
More specifically, it is unclear whether protein synthesis inhibition affects hippocampus-dependent memory consolidation in rodents differentially across
the day (i.e., the inactive phase with an abundance of sleep) and night (i.e.,
the active phase with little sleep). To address this question, male and female
C57Bl6/J mice were trained in a contextual fear conditioning task at the beginning or the end of the light phase. Animals received a single systemic
injection with the protein synthesis inhibitor anisomycin or vehicle directly, 4
hours, 8 hours, or 11.5 hours following training, and memory was assessed
after 24 hours. Here, we show that protein synthesis inhibition impaired the
consolidation of context-fear memories selectively when the protein synthesis
inhibitor was administered at the first three time points, irrespective of timing
of training. Even though the basal activity of signaling pathways regulating
de novo protein synthesis may fluctuate across the 24h cycle, these results
suggest that the temporal dynamics of protein synthesis-dependent memory
consolidation are similar for day-time and night-time learning.
Keywords: Anisomycin, hippocampus, memory, mice, protein synthesis
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Introduction
The capacity to form new memories is crucial for an animals’ adaptation to
a complex and often changing environment (Bruel-Jungerman et al., 2007).
The formation of new memories involves a wide range of molecular and cellular processes (Nadel et al., 2012; Asok et al., 2019). Memory processes can
be divided into different phases and include: (1) the acquisition of new information, (2) the consolidation of short-term into long-term memories, and (3)
the retrieval of the stored information (Abel & Lattal, 2001). These processes
occur in different time frames and depend on different molecular mechanisms, although some of the underlying mechanisms may overlap (Abel &
Lattal, 2001; Akkerman et al., 2016). The initial acquisition of sensory input
takes place at the moment when new information is presented and includes
the encoding of this information (Abel & Lattal, 2001; Tonegawa et al., 2015).
Memory consolidation starts directly following acquisition (Abel & Lattal,
2001; Havekes et al., 2015). During this process, the initial labile memory is
stabilized into a long-term memory, and this process is sensitive to disruption
(Abel & Lattal, 2001; Havekes et al., 2015). Subsequently, when necessary,
the stored information can be accessed and recalled during retrieval (Abel &
Lattal, 2001; Havekes et al., 2015).
The hippocampus critically contributes to the formation of declarative and
episodic memories including spatial and contextual memories (Scoville & Milner, 1957; Morris et al., 1982; Phillips & LeDoux, 1992; Squire, 1992; Nadel &
Moscovitch, 1997; Moser & Moser, 1998; Daumas et al., 2005; Oliveira et al.,
2010; Eichenbaum & Cohen, 2014). A frequently used paradigm to elucidate
the molecular underpinnings of context-specific memories is the contextual
fear conditioning (CFC) task, which relies on both the hippocampus as well
as the amygdala (Phillips & LeDoux, 1992; Rudy et al., 2002; Daumas et al.,
2005; Parsons et al., 2006; Kochli et al., 2015; Havekes et al., 2016a). Training in this paradigm results in a context-fear association of the conditioning
box (the conditioned stimulus, CS) with an unexpected adverse stimulus, often a mild foot shock (the unconditioned stimulus, US). Upon re-exposure to
the same context, mice that successfully learned to associate the CS with the
US show high levels of freezing (i.e., the complete lack of movement except
for respiratory behavior), indicating a context-fear memory. As only a single
training session is needed to form a robust contextual-fear memory, this test
is ideally suited to examine the molecular mechanisms contributing to the
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different memory stages.
The consolidation of stable, naturally retrievable long-term memories including those dependent on proper hippocampal function, require de novo protein synthesis (Davis & Squire, 1984; Bourtchouladze et al., 1998; Lattal et
al., 2004; Jarome & Helmstetter, 2014; Ryan et al., 2015). Indeed, blocking
protein synthesis using protein synthesis inhibitors attenuates the formation
of object memories (Rossato et al., 2007), spatial memories (Artinian et al.,
2008), and context-fear associations (Bourtchouladze et al., 1998). Interestingly, the regulation of processes involved in learning and memory, such
as protein synthesis, may vary across the day and night (Ramm & Smith,
1990; Nakanishi et al., 1997; Gerstner & Yin, 2010; Jilg et al., 2010; Frank,
2016; Rawashdeh et al., 2016; Aten et al., 2018; Snider et al., 2018; Kim et
al., 2019). For example, hippocampal cAMP levels as well as the phosphorylation of mitogen-activated protein kinase (MAPK), and cAMP response element-binding protein (CREB) show daily oscillations, which may suggest
circadian regulation of cAMP/MAPK/CREB pathways (Mizuno & Giese, 2005;
Trifilieff et al., 2006; Eckel-Mahan et al., 2008; Rawashdeh et al., 2016; Snider et al., 2018). Importantly, the regulation of mammalian target of rapamycin
complex 1 (mTORC1) signaling pathway, which is key for protein synthesis
by initiating translation, also shows daily oscillations (Jouffe et al., 2013; Saraf
et al., 2014; Robles et al., 2017). Recently, it was shown that accumulation of
Per2, a core clock protein, results in the inactivation of mTORC1, decreasing
translation of proteins (Wu et al., 2019). Hence, the regulation of processes
that are important for learning and memory show oscillations across the day
and night.
Despite these observations, it is unclear whether these daily oscillations in
the basal activity of signaling pathways critical for learning and memory affect the temporal dynamics of protein synthesis-dependent memory consolidation. In other words, does daily variation in the basal activity of these pathways mean that the processing and storage of new information that depends
on protein synthesis also varies across the day? To answer this question,
we assessed in mice whether inhibition of protein synthesis affects memory
consolidation similarly during the light phase (the resting phase) and dark
phase (the active phase). Animals were trained at the beginning or end of
the light phase, and the protein synthesis inhibitor anisomycin or vehicle was
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systemically delivered at different time points following training in the hippocampus-dependent contextual fear conditioning task.

Materials and methods
Subjects
A total of 64 male and 64 female C57BL/6J mice were obtained at 6 weeks
of age (Janvier Labs), and housed in same-sex pairs throughout the experiment. Cages contained a cardboard roll, standard bedding and nesting material. Food and water were available ad libitum. During the experiment, the
mice were housed under constant temperature (21 °C) and on a 12 h light/12
h dark schedule with lights on at 10 am for animals that were trained at the
beginning of the light phase, and lights on at 10 pm for animals trained at the
end of the light phase (see next paragraph). Experiments were performed
when the animals were 12-16 weeks old. All described 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).
Experimental design
This study consisted of 16 groups of mice, each with a total of 7-8 animals
(equal males and females) and animals were randomly assigned to the
groups. Half of the groups was trained in the CFC task at the beginning of
the light phase, i.e., at the beginning of their circadian resting phase, and
half of the animals were trained in the last hour of the light phase, i.e., just
before the start of their active phase. The second time point was chosen to
avoid having to expose these animals to light when they normally would not
perceive, which would have been the case if animals had been trained at the
beginning in the dark phase. Both groups of mice were injected with a protein synthesis inhibitor (see below) or vehicle solution either directly (“T0”),
4 hours after training (“T4”), 8 hours after training (“T8”), or 11.5 hours after
training (“T11.5”). In all cases, the CFC test trial occurred 24 hours after the
initial training. For an overview of the experimental design, see Figure 1.
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▲Figure 1. Experimental design.
Animals are either trained at the beginning of the light phase (“light phase”) or at the end of the light phase (“dark
phase”). Animals are trained in the contextual fear conditioning task where they receive a shock of 0.75mA. After
the shock animals are injected subcutaneously with vehicle or anisomycin, either directly after training, 4 hours,
8 hours, or 11.5 hours following training. Twenty-four hours after the fear conditioning training, animals are re-exposed to the same training context to measure freezing levels. ANI; Anisomycin. SC; subcutaneous.

Habituation and fear conditioning
Three consecutive days prior to the CFC task, animals were transported to
the experimental room and handled by the experimenter for 2 minutes a day.
On the last day of habituation, animals were weighed and received a tail mark
with a black permanent marker for identification. Furthermore, the day before
CFC training, mice also received a subcutaneous mock injection of 50μl 0.9%
saline in order to habituate them to this procedure.
Animals were trained in the CFC task using a foreground conditioning protocol (Havekes et al., 2012; Havekes et al., 2016a). On the training day, mice
were placed in the fear conditioning box (Ugo Basile). After 2.5 minutes,
mice were subjected to a single 2-seconds foot shock of 0.75 mA. Thirty seconds following the shock, mice were returned to the housing chamber and
received a subcutaneous injection of anisomycin or vehicle at a specific time
point as shown in Figure 1. Twenty-four hours after training, animals were
re-exposed to the conditioning box for 5 consecutive minutes, without the delivery of a shock. Before the training and test session of each new mouse, the
fear conditioning box was cleaned with 70% ethanol. Fear conditioning was
assessed by scoring freezing behavior, defined as a complete lack of movement except for respiratory behavior, which was determined using EthoVision
XT software (Noldus Information Technology). This software yields reliable
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measurements of freezing behavior (Pham et al., 2009).
Drug treatment
Animals were injected subcutaneously with anisomycin (150 mg/kg; A&E Scientific, Marcq, Belgium) to temporally inhibit protein synthesis, or with equivalent volume of vehicle solution (0.9% saline). Anisomycin was dissolved in
0.9% saline using 3.7% HCl, after which the pH was adjusted to 7.4 using
4% NaOH. At the concentration used, anisomycin inhibits cerebral protein
synthesis in mice for 15-45 min (Davis & Squire, 1984). Injections were performed in the housing room by an experimenter different from the one who
performed the behavioral task.
Statistics
Delta freezing levels were obtained by normalizing the animal’s freezing behavior during the test to baseline (= pre-shock) freezing levels. Differences
in normalized freezing behavior between the anisomycin-injected mice and
control mice per phase and time-point were calculated with ANOVA. A oneway ANOVA was used to calculate differences between time-points for the
vehicle-injected animals per phase. A one-way between subjects ANCOVA
was used to test for the effect of sex. Additionally, to calculate the relative
differences between anisomycin and vehicle injected animals, we first averaged the mice injected with vehicle per time point, per phase. Then, we subtracted all individual anisomycin data points by their corresponding vehicle
average. A two-way ANOVA, using time point and phase as independents,
and anisomycin normalized to vehicle freezing levels as dependent, was performed to examine whether the effect of anisomycin on freezing depended
on time point of injection, (2) light or dark phase, and (3) whether there was
an interaction effect of time point and phase.
Five animals showed very high freezing levels during the pre-shock training interval, i.e., more than 2 SD above the group mean, and were therefore excluded from the analysis (SPSS extreme value analysis). These five
animals belonged to the groups: Light phase, T0, Anisomycin; Dark phase,
T4, Anisomycin; Dark phase, T8, Vehicle; Dark phase, T8, Anisomycin; Dark
phase T11.5, Anisomycin. Data are presented as mean ± SEM, including a
pirateplot showing the spread of the individual data points. Statistical analy-
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ses were performed using SPSS 25.0 software (Armonk, NY, USA: IBM Corp).
Data figures were produced in R (Boston, MA, USA), using the yarrr package
(Phillips, 2017). Differences were considered statistically significant when
p < 0.05.

Results
We first examined at which time points protein synthesis inhibition impaired
hippocampus-dependent memory consolidation when the animals were
trained in the beginning of the light phase (Figure 1). Animals received subcutaneous vehicle or anisomycin injections after contextual fear conditioning
and 24 hours after training, animals were re-exposed to the CFC chamber
and freezing levels were measured. No differences were found in pre-shock
freezing levels during the training at the beginning of the light phase (T0:
Control 0.9 ± 0.3% (n=8), Anisomycin 0.7 ± 0.3% (n=7), ANOVA F < 1; T4:
Control 0.7 ± 0.2% (n=8), Anisomycin 1.7 ± 0.7% (n=8), ANOVA F = 1.7; T8:
Control 1.3 ± 0.3% (n=8), Anisomycin 1.2 ± 0.4% (n=8), ANOVA F < 1; T11.5:
Control 1.6 ± 0.4% (n=8), Anisomycin 0.8 ± 0.2% (n=8), ANOVA F = 2.9; see
also supplementary figure 1A).
Subsequently, we calculated the delta freezing levels by normalizing the animal’s freezing behavior during the test to baseline (pre-shock) freezing levels. As indicated in Figure 2, anisomycin successfully inhibited CFC memory
consolidation when injected directly, 4 hours and 8 hours after training (respectively, F1, 14 = 24.6, p < 0.001; F1, 15 = 6.4, p < 0.05; F1, 15 = 11.2, p < 0.01;
Figure 2A). However, anisomycin did not impair memory consolidation when
injected 11.5 hours following training (F1,15 = 0.1, p > 0.5; Figure 2A). Importantly, there was no difference in freezing levels between the different time
points for the vehicle-injected animals (F3, 31 = 0.9, p > 0.1; Figure 2A). Hence,
protein synthesis inhibition directly following training, or 4, and 8 hours following training effectively impaired memory consolidation in the light phase. In
contrast, delivery of the protein synthesis inhibitor at 11.5 hours after training
did not impact the consolidation of context-fear memories.
In the next set of studies, we examined whether protein synthesis inhibition
impaired memory consolidation at the same time points following training
when training was conducted just before the onset of the dark phase, i.e., the
animals’ active phase (Figure 1). Again, animals did not differ in pre-shock
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freezing levels during the training at the end of the light phase (T0: Control
2.4 ± 0.6% (n=8), Anisomycin 2.3 ± 0.6% (n=8), ANOVA F < 1; T4: Control
2.7 ± 0.8% (n=8), Anisomycin 4.6 ± 0.7% (n=7), ANOVA F = 2.9; T8: Control
0.8 ± 0.2% (n=7), Anisomycin 1.6 ± 0.5% (n=7), ANOVA F = 1.5; T11.5: Control 1.1 ± 0.3% (n=8), Anisomycin 0.8 ± 0.2% (n=7), ANOVA F < 1; see also
supplementary figure 1B).
As can be seen in figure 2B, delivery of anisomycin directly, 4 hours and 8
hours after training during the dark phase inhibited CFC memory consolidation (respectively, F1, 15 = 14.8, p < 0.01; F1, 14 = 7.4, p < 0.05; F1, 13 = 23.9, p
< 0.001; Figure 2B). However, when injected 11.5 hours after training, anisomycin did not result in a memory deficit (F1,15 = 1.0, p > 0.1; Figure 2B). In
addition, the vehicle-injected animals showed no difference in freezing levels
between the different time points of injection (F3, 30 = 1.1, p > 0.1; Figure 2B).
Therefore, these data indicate that inhibition of protein synthesis directly after
training as well as 4, and 8 hours following training attenuates memory consolidation, in the dark and light phase in a similar fashion.
In addition, we calculated the relative differences between anisomycin and
vehicle injected animals by first averaging the mice injected with vehicle per
time point, per phase. Then, we subtracted all individual anisomycin data
points by their corresponding vehicle average and plotted this for both the
light and dark phase (Figure 2C). In line with the previous findings, there is
a significant effect of time point of injection, indicating that the effect of anisomycin on freezing levels depends on the time when administered (F3, 52 =
10.1, p < 0.001; Figure 2C). In addition, there is no general effect of phase,
suggesting that the delta freezing levels do not differ between the light and
dark phases (F1, 52 = 3.2, p > 0.05; Figure 2C). Furthermore, there is no interaction effect between phase and time point of injection (F3, 52 = 1.0, p <
0.1; Figure 2C). Altogether, this additional analyses suggest that the effect
of anisomycin on the delta freezing levels only depends on the time point of
injection, irrespective of phase, which is in accordance with our conclusion
based on the analyses above.
Finally, we assessed whether sex differences influenced freezing levels and
response to protein synthesis inhibition. We first performed a one-way between subjects ANCOVA to examine the effect of protein inhibition on freez-
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ing levels during the test phase (i.e., 24 hours after the training) controlling
for the effect of sex. Analysis indicated that sex was not significantly related
to freezing levels (F1, 120 = 2.7, p > 0.1; data separated for sexes not shown).
Altogether, protein synthesis inhibition decreased freezing levels in both
phases in a similar fashion independent of sex.
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▲Figure 2. Protein synthesis inhibition attenuates the consolidation of context-fear memories at speciﬁc
time points following training, irrespective of time of day.
Animals were trained in the contextual fear conditioning paradigm either at the beginning or the end of the light
phase. Injections were given either directly (T0), 4 hours (T4), 8 hours (T8), or 11.5 hours (T11.5) after training. Animals were re-exposed to the same context 24 hours after training during which freezing levels were measured.
Then, delta-freezing levels were calculated by normalizing freezing levels during the test to baseline (pre-shock).
A) Delta-freezing levels after contextual fear training at the beginning of the light phase and drug treatment
during the light phase. T0: vehicle n=8, Anisomycin n=7 (p < 0.001); T4: vehicle n=8, Anisomycin n=8 (p = 0.024); T8:
vehicle n=8, Anisomycin n=8 (p = 0.005); T11.5: vehicle n=8, Anisomycin n=8 (p = 0.912). B) Delta-freezing levels after
contextual fear training at the end of the light phase and drug treatment during the dark phase. T0: vehicle n=8,
Anisomycin n=8 (p = 0.002); T4: vehicle n=8, Anisomycin n=7 (p = 0.017); T8: vehicle n=7, Anisomycin n=7 (p < 0.001);
T11.5; vehicle n=8, Anisomycin n=7 (p = 0.168). C) Delta-freezing levels in anisomycin treated animals relative to
vehicle treated animals. T0: Light phase n=7, Dark phase n=8; T4: Light phase n=8, Dark phase n=7; T8: Light
phase n=8, Dark phase n=7; T11.5: Light phase n=8, Dark phase n=7.
Panel A & B: data are expressed as the mean, the area (band) around the mean indicates SEM, the smoothed
density curve (bean) shows the full data distribution, dots indicate individual data points. Freezing behavior was
assessed during 300s. * p < 0.05, ** p < 0.01, *** p < 0.001, as calculated by ANOVA. Panel C: All data are expressed
as the mean ± SEM. Freezing behavior was assessed during 300s. Time point ***p < 0.001, Phase p = 0.081, interaction effect p = 0.386, as calculated by a two-way ANOVA.
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Discussion
This study aimed to gain insight into the role of protein synthesis in the consolidation of hippocampus-dependent memories across different phases of
the 24-hour cycle. For this purpose, we trained mice in the CFC task either at
the beginning or end of the light phase and inhibited protein synthesis at different time points following training. We found that protein synthesis inhibition
impaired CFC memory consolidation independent of the timing of training,
directly, 4 hours and 8 hours following training. These data underscore the
importance of de novo protein synthesis for the consolidation of contextual
fear memories and suggest that the temporal dynamics of protein synthesis-dependent consolidation of contextual-fear memories is similar across
the light and dark phase.
Interestingly, we found that blocking protein synthesis 8 hours after CFC training at the beginning of the light phase impaired memory consolidation. This
finding is somewhat surprising as previous work revealed that CFC memory
is selectively affected by inhibition of protein synthesis either directly or 4
hours, but not 8 hours after training (Bourtchouladze et al., 1998). Regarding this discrepancy, it should be noted that Bourtchouladze and colleagues
used a background conditioning rather than foreground conditioning protocol. During background conditioning, the US is paired with a tone, which acts
as a second CS in addition to the training context. Thus, subtle differences in
the CFC training protocol (in this case the presence or lack of a tone during
the shock) may alter the temporal dynamics of protein synthesis-dependent
memory consolidation. Indeed, the use of a more robust background conditioning training protocol (i.e., with multiple shocks) results in the consolidation
of context-fear memories that is disrupted by anisomycin treatment immediately following training, but not at the four-hour time point (Bourtchouladze
et al., 1998). However, in line with our observations, Trifilieff et al. showed
that CFC training leads to an activation of the ERK/CREB pathway in the CA1
region of the hippocampus approximately nine hours following training (Trifilieff et al., 2006). This activation may contribute to the de novo synthesis of
proteins that are crucial for the consolidation of contextual fear memories.
In future studies, it would be interesting to examine how subtle alterations in
CFC training protocols affect the temporal dynamics of protein synthesis-dependent memory consolidation and activation patterns of the related signaling pathways.
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As mentioned previously, the activity of signaling pathways involving MAPK,
cAMP, and PKA are critical for learning and memory and vary across the
circadian cycle (Eckel-Mahan et al., 2008). Whereas some studies examined
baseline circadian rhythms of signaling pathways, other studies focused on
learning-induced plasticity. Background conditioning, for example, is associated with a single phase of activation of the ERK/CREB pathway in the CA1
region of the hippocampus directly after training. Unpairing of the tone and
the US – i.e., when the tone is given pseudorandomly, not together with the
shocks – leads to a paradigm that is more comparable to foreground conditioning and the protocol that was used in this study. This results in two distinct
waves of ERK/CREB activation in the CA1 region: one directly after training
and the second approximately nine hours after training (Trifilieff et al., 2006).
Inhibition of ERK/CREB during any of these phases was sufficient to impair
memory formation after unpaired fear conditioning. As stated in the previous
paragraph, the timing of these two waves of ERK/CREB activation appears
to be comparable to the time points directly and eight hours after contextual
fear training in this study, at which the consolidation of contextual fear memories depends on de novo synthesis of proteins. Thus, ERK/CREB signaling
may contribute to the de novo synthesis of proteins that are crucial for the
consolidation of contextual fear memories directly or 8-9 hours after training. Protein synthesis at the 4-hour time point may be orchestrated by other ERK-independent mechanisms such as the PKA-CREB pathway. Indeed,
intrahippocampal injection with Rp-cAMPs (a PKA inhibitor) at 4 hours following fear conditioning impairs the consolidation of context-fear memories
(Bourtchouladze et al., 1998). The notion of two waves of protein synthesis
is supported by another study which used a motor learning paradigm (Peng
& Li, 2009).
It is important to note that it is challenging to separate the circadian, and/
or time-of-day effects on memory consolidation from changes in the sleep/
wake cycle (Snider et al., 2018). Sleep has a strong influence on memory
processes, and hippocampus-dependent memories are vulnerable to sleep
loss (Graves et al., 2003; Vecsey et al., 2009; Havekes et al., 2014; Havekes
et al., 2016b; Raven et al., 2017). For example, 5-6 hours of sleep deprivation
(SD) directly after CFC training impairs memory consolidation in both mice
and rats (Graves et al., 2003; Vecsey et al., 2009; Hagewoud et al., 2010;
Kreutzmann et al., 2015). Importantly, these studies were conducted in the
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light phase, which is the main resting phase of sleep phase of laboratory rats
and mice. In contrast, six hours of sleep deprivation directly following training at the beginning of the dark phase, the active phase in which rodents
sleep far less, did not impair memory consolidation (Hagewoud et al., 2010).
Only when animals were deprived of sleep for twelve hours, spanning the
entire dark period, it hampered the formation of long-term CFC memories
(Hagewoud et al., 2010). While these findings suggested that the temporal
regulation of the molecular processes underlying hippocampus-dependent
memory consolidation may differ across the active and the inactive phase,
dependent on the amount of sleep in these phases, they raise the question
how it is possible that protein synthesis inhibition affects memory consolidation independent of time of day. Does it imply that the negative consequences of sleep loss are at least in part protein synthesis independent? For a
memory to come to exist, an initial memory trace needs to be made from de
novo proteins, eventually forming actin filaments creating new spines, hence
forming new synaptic connections. Therefore, inhibition of protein synthesis
directly hampers memory consolidation as new memories cannot be formed.
This process involves, and is sensitive to, many molecular constructors modulating the formation of new synapses. One example of such a molecular
constructor is cofilin. Cofilin is an actin destabilizing protein and when activated, disassembles actin filaments causing loss of dendritic spines (Bamburg & Wiggan, 2002; Bernstein & Bamburg, 2010). A short period of SD
in the light phase increases cofilin activation eventually causing spine loss
(Havekes et al., 2016b). Furthermore, SD reduces mTORC1 activity signaling in the hippocampus, affecting translation, thereby also indirectly reducing protein synthesis, potentially resulting in memory impairments (Tudor et
al., 2016). Together, SD impairs important molecular mediators of synaptic
plasticity, and thereby indirectly affecting memory storage. This could explain why SD only impairs memory in the light phase, when sleep pressure is
high, targeting the constructors instead of the fundamental building blocks of
memories itself (Figure 3).
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▲Figure 3. A hypothetical model describing how sleep deprivation and protein synthesis inhibition impact
memory consolidation.
Long-term memory requires synthesis of de novo proteins, which are the building blocks of dendritic spines,
eventually forming new synaptic connections. Inhibition of de novo protein synthesis during sensitive periods
therefore directly impairs long-term memory. On the other hand, the building blocks need to be assembled by
protein assembly regulators or “builders” such as actin (de)stabilizers. When the balance between regulators is
disturbed during sensitive periods, for example as a result of sleep deprivation, memory can be impaired. ANI,
Anisomycin; SD, Sleep deprivation.

Given that sleep loss has a strong effect on learning and memory (Havekes
& Abel, 2017; Raven et al., 2017), one might wonder if the effects of anisomycin on memory formation are not only directly caused by inhibition of
protein synthesis, but perhaps in part indirectly by affecting sleep. Although
in our study we did not measure EEG or motion during the course of the experiment, literature shows that anisomycin can have subtle effects on sleep.
For example, whereas non-rapid eye movement (NREM) sleep is more often
reported to be unaffected, injections of anisomycin might decrease rapid
eye movement (REM) sleep (Rojas-Ramirez et al., 1977; Drucker-Colin et al.,
1979; Gutwein et al., 1980). Yet, it is uncertain whether these effects on sleep
are strong enough to explain the memory deficits in our study. Moreover,
such an indirect effect of anisomycin on memory through changes in sleep
is not supported by the results of the injections at the end of the dark phase,
just before the start of the main circadian sleep phase. If anisomycin would
have major effects on sleep that could impair memory formation, one would
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expect this to have occurred with injections at that time point as well, which
was not the case.
Although, as mentioned previously, the indirect effects of anisomycin on
memory are largely unknown, it remains one of the most widely used tools
to manipulate protein synthesis in order to investigate memory processes
(Davis & Squire, 1984; Rudy et al., 2006; Gold, 2008). Using anisomycin, researchers found that protein synthesis is necessary for long-term memories
to persist. Several studies have been performed applying anisomycin locally
and therefore increasing spatial resolution, combined with its already advantageous temporal resolution. Recently, Ryan et al. (2015) showed that anisomycin impaired memory, but that this amnesia could be recovered, thereby
implying that protein synthesis is important for structural strengthening of the
synapse, which is necessary during memory retrieval (Ryan et al., 2015).
One disadvantage of anisomycin is that it is also capable of disrupting basic
neurobiological functions, for example by causing apoptosis (Iordanov et al.,
1997), which can affect the neurons’ well-being and thereby contribute to
memory impairments. For example, a few studies showed that anisomycin
hampered basic membrane properties of hippocampal neurons (Sharma et
al., 2012; Scavuzzo et al., 2019). Therefore, the memory impairments seen
after injections of anisomycin could also be influenced by anisomycin-induced alterations in neural activity. However, in our study, we observed no
effects of anisomycin at the latest time point, which indicates that if anisomycin reduced basic cell properties, these effects are almost negligible in our
paradigm of the contextual fear conditioning task. Nevertheless, the use of
other more specific inhibitors, such as rapamycin, which specifically targets
mTORC1 is advised, to largely rule out any effects on basic cell functioning.
Knowledge on the dynamics of memory consolidation across the day and
night is of great importance for all studies that aim to unravel the molecular
mechanisms underlying memory formation. Future research should examine
whether other molecular mechanisms supporting memory and known to be
susceptible to SD are differently affected across the day and night. These
may include transcription, translation, RNA-binding and ubiquitination, as revealed by a genomic analysis (Vecsey et al., 2012). Furthermore, future studies can utilize novel and more sophisticated techniques, such as optogenetics to tag neurons in an activity-dependent way to see how and when certain
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memories are formed and preserved in time (Ryan et al., 2015; Tonegawa et
al., 2015). These technological advances may lead to a better understanding
of the molecular underpinnings of hippocampus-dependent memory consolidation across day and night.
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▲Supplementary Figure 1. Pre-shock freezing levels do not diﬀer between groups.
A) Freezing responses during contextual fear conditioning training before receiving the shock, at the beginning
of the light phase. T0: vehicle n=8, Anisomycin n=7 (p = 0.628); T4: vehicle n=8, Anisomycin n=8 (p = 0.218); T8: vehicle n=8, Anisomycin n=8 (p = 0.832); T11.5; vehicle n=8, Anisomycin n=8 (p = 0.110). B) Freezing responses during
contextual fear training before receiving the shock, at the end of the light phase. T0: vehicle n=8, Anisomycin
n=8 (p = 1.0); T4: vehicle n=8, Anisomycin n=7 (p = 0.111); T8: vehicle n=7, Anisomycin n=7 (p = 0.237); T11.5; vehicle
n=8, Anisomycin n=7 (p = 0.516). Freezing behavior was assessed during 2.5 minutes. Data are expressed as the
mean, the area (band) around the mean indicates SEM, the smoothed density curve (bean) shows the full data
distribution, dots indicate individual data points.
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General summary and discussion
Most theories about the mechanisms by which memory is stored in the brain
are based on the strengthening of existing and the formation of new neuronal
connections (i.e., synapses). Sleep is thought to promote memory processing while sleep loss perturbs these processes. Earlier studies in rodents have
revealed that the protein cofilin, a negative regulator of spine formation, is
one of the proteins that plays an essential role in the memory deficits that are
associated with sleep deprivation. In this thesis, we built on this earlier work
and further examined the link between neuronal plasticity and memory processes, with special emphasis on the mechanisms through which sleep loss
can perturb aspects of memory processing.
In Chapter 2 we reviewed the available literature on effects of sleep deprivation on structural plasticity and concluded that recent work from different
laboratories support the view that sleep promotes synapse strengthening
and sleep deprivation (SD) results in synaptic demise. This view is further
supported by our results described in Chapter 3, where we found that a brief
period of sleep deprivation decreases spine density in the mouse dentate
gyrus of the hippocampus, especially in the inferior blade. It has been suggested that SD may be stressful and that releases of stress hormones may
be part of the mechanism underling SD-induced memory deficits. In Chapter 4, we reveal that sleep deprivation, rather than glucocorticoids released
during SD, leads to memory impairments. Previous studies indicated that a
chronic state of increased actin dynamics might be deleterious for long-term
memories. Results from Chapter 5, however, indicate that increased synaptic plasticity might be beneficial for short-term hippocampus-dependent
memory processing. Finally, in Chapter 6, we looked at the regulation of hippocampus-dependent memory consolidation across the day and night. We
found that the temporal dynamics of protein synthesis-dependent memory
consolidation was similar for day-time and night-time learning.

Synaptic strengthening or weakening during sleep deprivation?
In line with previous published studies, data from thesis suggest that SD results in a decrease of synaptic connections in the hippocampus. Yet, as discussed in Chapter 2, there is a considerable amount of literature suggesting
that (extended) wakefulness results in synaptic upscaling (i.e., an increase
of spine density), while sleep leads to synaptic downscaling (i.e., a loss of
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dendritic spines) [1, 2]. To prevent the continuous growth and saturation of
(new) spines, which requires a lot of energy, sleep would serve to downscale
synapses allowing for new spine formation that benefits new learning, for
example. This is supported by a recent study that uses pups in combination
with electron microscopy. In this paper, De Vivo et al. [3] showed that the
axon-spine interface (AXI) – which is the area of contact between the presynaptic axon and postsynaptic dendritic spine – is decreased in layer 2 of
the motor cortex after 6 hours of sleep compared to sleep deprivation, which
is sometimes also mentioned as wake, or as extended or enforced wakefulness. However, results presented in this thesis are based on data from adult
mice, and spine dynamics are very different in the developing pup, which
have been used in this paper [3]. In addition, even though De Vivo et al. [3]
also mention the use of gentle handling for SD of the mice, they also make
use of novel objects, which most likely induces locomotion and thereby initiates spine growth in layer 2 of the motor cortex. Therefore, whether the increases in spine density after SD are due to extended wakefulness, locomotion, or novelty-induced, is hard to disentangle. Furthermore, another paper
published recently, describes the effect of sleep and SD on hippocampal
CA1 spine density in adolescent mice, also using electron microscopy [4].
Whereas our previous work shows a reduction of spine density in the CA1 region of the hippocampus [5], this recent study shows that both spine density
and AXI increase after SD [4]. However, this study uses 1-month old mice as
well as novel objects to keep the animals awake. Thus, it is hard to conclude
whether the increases in spine density can be ascribed to SD or exposure to
novelty. Therefore, it appears that SD due to gentle handling – without novelty
exposure – results in a decrease of synaptic connections (Chapters 2 and
3), whereas the use of novel objects to keep the animals awake may have
very different, even opposing, effects on brain plasticity.
In contrast, another study used gentle handling stimulation method – without
the use of any (novel) objects – and found an increase in spine density in
the CA1 region of the hippocampus after 5 hours of SD [6]. This study used
adult Vglut2-Cre mice injected with an AAV-DIO-ChR2-mCherry virus to express mCherry in glutamatergic excitatory neurons, allowing visualization of
spines with confocal microscopy. Importantly, while in our studies, we looked
at branch 1 up to 11 for the CA1 region, the authors of this study unfortunately only looked at primary and secondary branches, as dendrites further from
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the cell soma would be truncated. Interestingly, we find the largest effect in
the middle part of the dendrite, approximately branch 3 - 9, at a 60 - 150 um
distance from soma [5]. Thus, our data and the study from Gisabella et al.,
do not contradict.
All in all, the effect of SD not only depends on the age of the subjects but also
to a large extent on the method used to keep the animals awake. Therefore,
we suggest not to use novelty-inducing materials or methods when examining the effects of SD on the behavioral or dendritic spine level. In addition,
we would recommend a combination of methods to visualize spines. Golgi
staining allows for the identification of spines on a large area, but it is still unknown how some cells are stained and others are not, which appears random
[7, 8]. Lipophilic tracer dyes, such as DiI fluorescent dyes and its derivatives,
label tissue in a shorter time frame, allows both quantitative and qualitative
analyses, but diffuses over time [9]. The immuno-labeling of targets in combination with confocal laser scanning, as well as electron microscopy, offer
higher precision and 3D analyses, but limit the sampling area [8]. Furthermore, these methods are quite laborious and time-consuming. Now, newer
methods are emerging such as stimulated emission-depletion or STED with a
spatial resolution of approximately 60nm, although unfortunately this method
is highly expensive [8, 10]. Lastly, the Brainbow technique is another interesting tool, which uses the Cre-lox system to randomly expresses a combination
of transgenes in a certain neuron, labeling multiple neurons with fluorescent
proteins, all in a different color [11]. This method could be combined with
GRIN miniscopes enabling live imaging of the hippocampus [12, 13], which
allows one to follow spines during SD. All methods have their benefits and
limitations, and researchers should decide which technique they will use depending on their research questions.

How sleep loss affects memory and structural plasticity: a
role for cofilin?
As discussed in Chapter 1, 2 and 3, sleep loss causes a loss of synaptic
connections in the hippocampus, and specifically in CA1 and DG regions
of the hippocampus. Even though the underlying mechanisms of how sleep
loss causes memory deficits and perturbs underlying structural and synaptic
plasticity are still not completely understood, a few studies aimed to elucidate some of the underlying mechanisms. As mentioned earlier, one of the
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proteins that plays an essential role in the memory deficits that are associated with sleep deprivation is cofilin. Interestingly, cofilin activity was elevated
after a short period of SD [5]. Although cofilin knockout mice are embryonic
lethal [14], local expression of a dominant negative version of cofilin in the
hippocampus (CofilinS3D) was sufficient to prevent memory deficits and impairments in structural and synaptic plasticity associated with sleep loss [5].
Therefore, cofilin is suggested to be a very important player in the relationship
between SD and associated hippocampus-dependent memory problems.
Future experiments should investigate if local suppression of cofilin activity
is also sufficient to prevent deficits in other types of memory, for example
spatial working memory and CFC memories, both of which are susceptible to
SD [15, 16]. As SD affects different regions of the hippocampus differently,
future studies should examine if cofilin manipulation in specific hippocampal
subregions would be sufficient to prevent the memory problems associated
with SD. For example, as spine density is decreased in the CA1 and dentate
gyrus ([5] and Chapter 3), but not CA3 of the hippocampus [5], manipulating
cofilin in only those two specific subregions has potential. In addition, it might
be interesting to suppress cofilin function in a temporal fashion, for example
by using a photoactive version of Rac1, which inhibits cofilin by means of
phosphorylation via LIMK, in combination with optical stimulation (i.e., optogenetics) [17]. In this way, cofilin activity can be reduced specifically during
the SD window.
As cofilin inactivation protects hippocampal functioning and connectivity
against the negative consequences of sleep loss, one might wonder what
the effects are of an increased activity in the same brain region. Since continuously high levels of active cofilin results in spine shrinkage and retraction,
which could occur during LTD [18, 19], one might expect negative effects
on memory processing. Indeed, previous data suggest that local expression
of constitutively active cofilin (CofilinS3A) in the hippocampus is detrimental
for long-term hippocampus dependent memory formation, for example in an
object-location memory paradigm [5]. However, as elevated cofilin activity
increases actin dynamics, which occurs during the early phases of LTP [20,
21], constitutively active cofilin might benefit short-term memory and plasticity. This is why, in Chapter 5, we investigated the effects of cofilin overactivation in the hippocampus on a short-term version of the object-location
memory task and underlying plasticity. We found that expression of Cofi-
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linS3A enhances hippocampus-dependent short-term memory in both male
and female mice. Because AMPA receptors are highly implicated in synaptic
plasticity necessary for learning and memory [22, 23], and cofilin plays an
important role in AMPA receptor trafficking during synaptic plasticity [21], we
chose to examine whether our cofilin manipulation would affect basal levels
or phosphorylation status of AMPA-receptor specific subunits. Surprisingly, we did not see large effects on total or phosphorylation levels of GluA1.
However, it should be noted that we looked at total non-fractionated hippocampal lysates. Therefore, it might be interesting to see if AMPA receptor
(phosphorylation) levels are different in different subcellular domains, such
as the post-synaptic density. Indeed during elevated cofilin levels, AMPA receptor might traffic to specific loci in the cell, for example to the postsynaptic
density [21]. AMPA receptor trafficking and insertion into the postsynaptic
membrane, but not spine size, have been suggested to be a more functional
aspect of cofilin-mediated actin dynamics in dendritic spines within the hippocampus [21, 24, 25]. Therefore, it would be of great value to investigate
the relationship between cofilin and AMPA receptor subunits in more detail.
Clearly, cofilin is involved in the link between sleep, memory and plasticity
[5, 26]. As SD affects hippocampus-dependent memory consolidation more
during the light phase [27] than during the dark phase [27], could it be that
cofilin activity is differentially regulated during the light phase compared with
the dark phase? If basal cofilin are already high during the light phase, then
SD could elevate those levels until a point that F-actin disassembly occurs
very fast resulting in loss of synaptic connections and perhaps eventually
memory problems. On the other hand, if cofilin activity during the dark phase
is very low, then even SD might not increase cofilin levels above a certain
threshold to induce breakdown of actin filaments and spine shrinkage, as
the ability of cofilin to induce actin assembly or disassembly depends on its
concentration relative to actin. To examine if there is a circadian fluctuation of
cofilin activity, we sacrificed mice at four different time-points of the day and
night, and analyzed hippocampal protein levels by western blot. Surprisingly, there were no clear differences in pCofilin, Cofilin, or their ratio, although
there was a large variation within groups (see Figure 1).
In addition to cofilin, the temporal dynamics of other key proteins involved in
hippocampal memory formation should be investigated, such as members
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of the PDE4A5-cAMP-PKA-cofilin pathway. Establishing a circadian baseline
for these proteins, such as cofilin, provides clues about the time-of-day effect
on memory formation and provides an indication when learning is optimal.
Furthermore, future intervention studies (e.g., involving SD or temporal cofilin
manipulation) can appeal to these baseline expression levels to determine
the effect of a particular intervention. In fact, the development of therapeutic
peptides mediating cofilin activity is already in clinical trials [25], and these
would greatly benefit from new knowledge of cofilin day-night oscillations.
Altogether, continuous activation of cofilin results in actin disassembly and a
loss of synapses and neuronal connectivity, which is associated with memory impairments and linked to multiple neurodegenerative and neurological
disorders such as Alzheimer's disease, Down syndrome, autism and SD [5,
28-32]. Conversely, a temporal increase of cofilin is beneficial for short-term
memory and plasticity [20, 33, 34]. Therefore, previous studies together with
the results presented in this thesis, warrants further investigation of the effect
of cofilin manipulation and other members of the cofilin pathway, as a promising novel treatment strategy to combat diseases that entail morphological
and functional modifications in dendritic spines.

Are the effects of sleep deprivation sex-dependent?
Whereas we only used male mice in the studies of Chapter 3 and 4, the effect of sleep deprivation on contextual fear conditioning memory might be
sex dependent. For example, in one study we examined the effect of SD
on CFC memory consolidation in both male and female C57Bl/6j mice. Surprisingly, we did not find an effect of SD on CFC memory consolidation in
general, which is inconsistent with most of the existing SD and CFC results
(Figure 2). However, upon closure inspection of the data, we observed that
the effect of SD interacted with sex (Figure 2). Results from this study indicates that the effect of sleep deprivation might depend on sex, where SD
might reduce CFC memory consolidation in male mice, but might result in
an increase of the consolidation of fear memories in females. In fact, many
studies indicate that there are sex differences in rodent models in aspects of
learning and memory as well as sleep patterns [35-37]. However, this topic
remains very controversial as the influence of sex on cognitive processes are
not yet well established. Most studies performed in the field of learning and
memory, including a few studies in the chapter of this thesis (Chapter 3 and
4), make use of only male rodents. The main reason is very valid: to reduce

162

General summary and discussion
the total amount of animals needed for conducting the experiment, as the
estrous cycle of females can have an influence on the outcome of an experiment. Previous studies indicated that females have higher and more variable
HPA axis activation, which varies across the estrous cycle [38]. Furthermore,
spine dynamics in the hippocampus, which is crucial for learning and memory, is heavily influenced by the estrous cycle [39]. Hence, on which day of
the estrous cycle female mice are tested influences the outcome, especially
when investigating hippocampus-dependent learning and memory, and hippocampal dendritic spines [39].
As the estrous cycle can affect spine dynamics in the hippocampus, it is no
surprise that it can change the outcome of hippocampus-dependent memory tasks, as can be seen in Figure 2. Interestingly, we saw no differences
between male and female mice in short-term object-location memory performance with or without elevated hippocampal cofilin levels (Chapter 5). Yet,
in the same study we found differences in the amount of entries made during
the EPM, in which females were more active than male mice. This could be
the result of increased estrogen levels, especially during estrus, which led to
increased activity levels [40]. In another study, we found no differences between males and female mice during the test phase of CFC, with or without
anisomycin treatment (Chapter 6). However, the effect of estrogens might
also depend on the context [40], for example whether it is a safe or unsafe
environment. So, if female mice already have higher basal levels of corticosterone and show higher elevated corticosterone levels after being exposed
to stress (e.g., a shock in CFC), then the negative effects mediated by SD
could be counteracted by the positive, memory-enhancing effects of higher
corticosterone levels in comparison with males. This is in line with previous
findings indicating that female mice are more resilient to an acute period of
sleep loss [41]. For example, one recent study found that males were more
affected by 6 h of SD than female Wistar rats in a passive avoidance task
[41], which is also contextual and hippocampus-dependent. On the contrary,
other studies using the same SD methods found different results and similar
behavioral paradigms. In this context, Fernando found that 6 h of sleep loss
impaired memory consolidation of passive avoidance and CFC similarly in
male and female Swiss mice [42]. This is interesting as both studies also use
gentle handling to stimulate the animals during SD, but differed in the animal model. Together, this indicates that the susceptibility to acute periods of
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sleep loss of both sexes might depend on the type of behavioral task and the
animal model. Others also suggested that both the duration and the method
by which SD is performed might influence the effect of SD on both sexes [37].
Altogether, these findings underscore the point that many effects obtained in
males cannot be generalized to females and highlight the need to investigate
the effect of sleep deprivation on memory and underlying structural and molecular levels in both sexes.

Does sleep deprivation stress out the hippocampus?
When investigating sleep deprivation and its negative consequences on
memory processes, there is the continuous question whether the effects can
be dedicated to the sleep loss per se or to the nature of the sleep deprivation
method which can induce stress depending on the method used. In Chapter
4 we showed that sleep deprivation by gentle handling disrupts hippocampus-dependent memory consolidation independent of elevated glucocorticoid levels. These findings are in line with previous studies indicating that the
SD affects hippocampus-dependent memory function independent of stress
hormones [43-45].
Results in Chapter 4 suggest that SD is only mildly stressful as corticosterone levels rise significantly, but are still relatively low compared with levels
seen after being exposed to an object learning task for example [46]. Even
though corticosterone is the major stress hormone released upon stress, we
cannot conclude that SD is not stressful and that by inhibiting ‘stress’ we see
the effect of sleep loss per se. For example, there are many other peptides
or hormones in addition to the ones belonging to the HPA-axis that reflect
increased stress levels, such as adrenaline (also referred to as epinephrine)
which is the end result of an activated sympathoadrenal system. Indeed,
one study showed that in hypertensive patients, adrenaline levels increased
after brief awakening during periods you normally sleep, which resulted in
increased heart rate and blood pressure [47]. For a detailed review on this
topic, see [48]. However, another study showed that SD did not alter saliva
alpha amylase - which is a biomarker of sympathetic nervous system activation and therefore an indicator of stress - or caused variations in heart rate
in young or older healthy adults [49]. Yet, elevated levels of adrenaline have
a rather positive effect on memory consolidation (reviewed in [50] and [51]).
Thus, even if adrenaline levels would increase after gentle handling stimula-
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tion, one could expect that it negates the negative effects of sleep loss.
It is important to note that other systems, such as the hypocretin/orexin system may be involved as well. For example, the wake-inducing orexinergic
neurons are strongly activated after stressful SD protocol [52], and orexigenic peptide levels increase in the CSF after SD [53-55]. Optogenetic stimulation of these neurons during sleep hampered memory consolidation and
impaired performance in a novel-object recognition task [56]. However, other
studies showed that orexinergic neurons were only mildly activated after SD
using the gentle handling stimulation method [57, 58]. Notably, it is likely that
more prolonged and severe periods of sleep loss could lead to more stress
and eventually result in a vicious circle, which can disrupt brain function and
performance. Altogether, the studies mentioned above, together with the
data from the present thesis, show that the relationship between sleep and
stress is complex and bi-directional. However, together these studies indicate that it is less likely that stress contributed to the negative effects of an
acute period of sleep loss, at least as a results of gentle handling, on hippocampus-dependent memory consolidation.

Concluding remarks and future perspectives
The findings in this thesis demonstrate that an acute period of sleep loss
hampers hippocampal memory formation and underlying structural plasticity.
In addition, results from this thesis shed some light on the underlying processes of certain aspects of memory, and shows similarities between daytime and night-time learning.
The brain, and specifically the hippocampus, is without a doubt is sensitive to
sleep loss [26, 45, 59-62]. However, it is still unclear how certain regions within the hippocampus are more susceptible to SD than others. For example, it
is still unknown how CA3 neurons and their connections are largely spared
by sleep loss. Therefore, fundamental research to examine the differences
in morphology and function between neurons of the different hippocampal
regions should be a priority. Furthermore, although the majority of this thesis
focuses on the study of excitatory neurons and their connections, the brain
consists of an equal amount of glial cells and interneurons, and research
has shown that they play an important role in the relationship between sleep,
memory and structural plasticity [63-66]. Thus, future studies should focus
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not only at the neuronal level, but should attempt to examine the effect of
sleep loss on the intricate network of neurons, glial cells and interneurons.
In addition, there is still a large discussion on the effect of sleep and SD
on the structural level. More research is needed on the effect of different
methods of SD and how they cause changes at the spine level. Fortunately,
technological advances have opened novel promising avenues to study the
effect of SD on neuronal connections at an unprecedented level. Hence, the
coming few years are exciting and will hopefully provide more clues how the
brain responds to an acute period of sleep loss at the structural level.
Even though there is a growing amount of literature on the impact of sleep
and SD on hippocampal plasticity, there is also a clear influence of circadian
rhythmicity [65, 67-69]. Although not all underlying mechanisms of learning
and memory show clear daily oscillations as is presented in this thesis, a better understanding of basal oscillations of key protein in memory formation is
needed.
Sleep loss is a growing health issue in the current society, where we got
used to an around-the-clock lifestyle. Therefore, elucidating the molecular
pathway through which a brief period of sleep loss targets the hippocampus
and hampers memory consolidation is crucial. Data from this thesis provide
some clues in understanding the molecular mechanisms that are ultimately
responsible for the cognitive deficits observed with brief sleep loss, and are
also important for other neurodegenerative diseases that include a loss of
neural connections in specific parts of the hippocampus. Further research on
how SD affects underlying structural plasticity may ultimately pave the way
for novel therapeutic strategies to treat neurodegenerative and neurological
disorders that are accompanied by sleep disturbances and sleep loss.
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Mice were housed and sleep deprived in the testing room. 24 hours after the training mice were placed back in
the shocked context for 5 min and the freezing levels were measured. (A) Mice that were SD for 6 hours after
training show no loss of memory when placed back into the shocked environment for 5 min compared to the
NSD mice (n = 7-8; t1,13 = 0.558, p = 0.586). (B) Sex differences between SD and NSD mice (n = 3-4). SD male mice
display lower levels of freezing compared to NSD male mice, while female mice show enhanced memory after
SD, as indicated by a significant interaction effect between SD and sex (F3,11 = 4.926, p < 0.05). Additional analysis
of simple effects were not significant.
Data are presented as the mean, the area (band) around the mean represents the SEM, the smoothed density
curve (bean) indicates the full data distribution, dots show the individual data points. A student-t test was used to
test for differences between SD and NSD. A two-way ANOVA was used to test for statistical differences between
SD and sex. P < 0.05 was considered statistically significant. SD = Sleep deprived, NSD = Non-sleep deprived
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Achtergrond
Wij zijn in staat om informatie in de hersenen op te slaan en op een later tijdstip weer terug te halen. Herinneringen, en vooral ruimtelijke, worden
gevormd met behulp van de hippocampus, een structuur gelegen in de temporale kwab van de hersenen. De hippocampus bestaat uit verschillende
regionen. In het algemeen komt de informatie die we opnemen via onze zintuigen aan in de gyrus dentatus (GD). Vervolgens gaat deze informatie door
de Cornu Ammonis (CA) 1, 2 en 3 van de hippocampus. Informatie komt de
hippocampus binnen in de vorm van elektrische energie die door middel
van neurotransmitters wordt overgedragen van het ene neuron (hersencel)
op het andere. Het punt waar deze informatieoverdracht plaatsvindt, heet
de synaps. Naarmate neuronen vaker met elkaar communiceren, worden
hun onderlinge verbindingen sterker en neemt de synaptische kracht toe.
De mogelijkheid van synapsen om sterker of zwakker te worden, wordt ook
wel synaptische plasticiteit genoemd, en dit wordt vaak beschouwd als de
biologische basis van geheugenvorming. Met andere woorden: informatie
wordt opgeslagen in de vorm van sterkere verbindingen tussen neuronen
in specifieke netwerken. Ook wordt gedacht dat slaap belangrijk is voor het
reguleren van synaptische plasticiteit. Langs deze weg zou slaap dus een
significante rol kunnen spelen bij geheugenvorming.
Slaap en slaapdeprivatie (SD) hebben inderdaad een sterk effect op alertheid, gemoedstoestand en cognitieve functies. Eén van de negatieve gevolgen van SD op de hersenen is verstoorde geheugenvorming, met name
verlies van hippocampus-afhankelijke herinneringen, wat bestudeerd is in
knaagdieren. Slechts één nacht (ongeveer zes uur) SD is al voldoende voor
het ontwikkelen van geheugenproblemen, wat wordt weerspiegeld door een
verlies van neuronale verbindingen, en dus synaptische kracht, binnen de
hippocampus. Hoewel de onderliggende mechanismen waarlangs SD leidt
tot geheugenproblemen nog steeds niet bekend zijn, lijkt het eiwit cofilin een
belangrijke rol te spelen. Cofilin zorgt in het algemeen voor destabilisatie van
verbindingen tussen neuronen. Eerder onderzoek heeft aangetoond dat 6 uur
SD cofilin-activiteit verhoogt, wat leidt tot destabilisatie van verbindingen en
een afname van synaptische kracht, en uiteindelijk waarschijnlijk resulteert
in geheugenproblemen. Het doel van het project beschreven in deze thesis
was om te onderzoeken hoe hippocampus-afhankelijke geheugenvorming
wordt beïnvloed door SD en dag-nachtritme. Aangezien de structuur van de
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hippocampus bij mensen vergelijkbaar is met die bij muizen, werden deze
proefdieren gebruikt als model voor het bestuderen van hippocampus-afhankelijk geheugen. Bovendien doorlopen muizen dezelfde slaapfasen (REM-,
en non-REM-slaap) als mensen, en vormen ze dus een uiterst geschikt model
voor het beantwoorden van de vraagstukken in dit proefschrift.
Synaptische kracht: toename of afname na slaaptekort?
Er bestaan verschillende theorieën over hoe de sterkte van neuronale
verbindingen wordt beïnvloed door slaap en SD. De “synaptische homeostase hypothese (SHY)” suggereert dat synaptische kracht in het brein
afneemt tijdens slaap, om te voorkomen dat het brein vol raakt door een
constante groei aan neuronale verbindingen als gevolg van alledaagse activiteiten. Omdat het in stand houden van al deze verbindingen veel energie
kost, zou slaap zorgen voor een afname van verbindingen, zodat er de volgende dag ruimte is voor de aanmaak van nieuwe verbindingen. Ook kijken
slaaponderzoekers naar specifieke onderdelen van neuronale verbindingen, namelijk dendritische uitstulpingen of “spines”, die het postsynaptische
deel vormen van de synaps. Zo heeft één studie aangetoond dat het aantal
spines in de sensorische en motor cortex is afgenomen na een periode van
slaap. Een recentere onderzoek constateerde met 3D-microscopie een afname van het volume van zowel de spine als synaps. Deze studies ondersteunen dus de eerdergenoemde synaptische homeostase hypothese. Een
andere theorie suggereert echter dat slaap juist een rol speelt in het selectief
sterker maken van synaptische verbindingen (synaptische potentiëring). Recent werk heeft bijvoorbeeld aangetoond dat tijdens slaap synaptische potentiëring plaatsvindt in de visuele cortex. Daarnaast zijn er studies die laten
zien dat de vorming en het behoud van spines en synaptische verbindingen
in de motorische cortex en de hippocampus juist worden gestimuleerd door
slaap.
De resultaten beschreven in dit proefschrift laten zien dat verbindingen afnemen na vijf tot zes uur SD waarbij gebruikt wordt gemaakt van een milde
methode (“gentle stimulation”). Hoofdstuk 2 bestaat uit een literatuurstudie
waarin we hebben gekeken naar de invloed van slaap en SD op spines.
Sommige studies laten zien dat SD zorgt voor een afname van spines in de
CA1-regio van de hippocampus, hetgeen in overeenstemming is met eerdere resultaten van onze groep. SD heeft echter geen effect op de spinedich-
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theid in de CA3-regio van de hippocampus. Resultaten uit hoofdstuk 3 laten
zien dat ook het aantal spines in de GD afneemt na een korte periode van SD.
Gebaseerd op de literatuurstudie in hoofdstuk 2 en de data uit hoofdstuk
3, kunnen we concluderen dat de effecten van SD op spines verschillen per
gebied in de hersenen, en soms zelfs verschillend kunnen zijn in één bepaalde hersenstructuur, zoals de hippocampus. Aangezien het aantal spines
afneemt in de CA1 en GD van de hippocampus, kunnen we concluderen dat
in ieder geval in deze gebieden sprake is van een verlaging van synaptische
kracht na SD. Vervolgonderzoek zal moeten uitwijzen waarom sommige
hersengebieden kwetsbaarder zijn dan andere voor de gevolgen van SD.
Hoewel de laatstgenoemde bevindingen aantonen dat slaap zorgt voor een
toename van spines en daarbij behorende synaptische kracht, zijn er ook
studies die het tegenovergestelde effect laten zien en de SHY-hypothese
ondersteunen. Naast de verschillende effecten die slaap en SD hebben op
verschillende gebieden van de hersenen, bediscussiëren we in hoofdstuk 2
ook andere potentiële aspecten die deze schijnbaar tegenovergestelde conclusies kunnen verklaren. Zo zou de methode die gebruikt wordt om de dieren wakker te houden, een verklaring kunnen vormen voor deze discrepantie.
Sommige studies die SHY ondersteunen, maken gebruik van onbekende objecten die in de kooi van de dieren gezet worden om ze wakker te houden. Het
gebruik van objecten lijkt in eerste instantie uiterst geschikt, aangezien het
inspeelt op het nieuwsgierige karakter van knaagdieren en ook niet stressvol
lijkt. Een nieuw object brengt echter ook bepaalde processen in de hersenen
op gang, zoals leren. Tijdens leertaken worden immers ook hetzelfde soort
objecten gebruikt om nieuwe herinneringen te creëren, en waarmee dus ook
de aanmaak van nieuwe neuronale verbindingen worden opgewekt. Dit zou
het effect van SD kunnen camoufleren of zelfs tegengaan. Hieruit kunnen we
concluderen dat het gebruik van objecten zeer waarschijnlijk niet geschikt is
om de effecten van SD op spines te onderzoeken. Zo kunnen verschillende
methodes die worden gebruikt voor hetzelfde doel, toch tot verschillende resultaten leiden. Of er sprake is van een toename of afname van verbindingen
en synaptische kracht na slaap, blijft een zwaar bediscussieerd onderwerp
(hoofdstuk 2). Hoewel sommige hersenstructuren sterker worden getroffen
dan andere, laat ons onderzoek, dat gebruikt maakt van de “gentle stimulation”-methode, in ieder geval zien dat SD leidt tot een afname van neuronale
verbindingen in verschillende gebieden van de hippocampus.
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Zijn de geheugenproblemen na slaaptekort te wijten aan stress?
Ons onderzoek heeft gekeken naar de effecten van SD op geheugenproblemen. Het roept echter de vraag op of de negatieve gevolgen van SD niet te
wijten zijn aan stress. SD zou een vorm van stress kunnen opleveren, waarbij
stresshormonen worden afgegeven die de geheugenopslag kunnen beïnvloeden. SD kan inderdaad worden gezien als een lichte stressor en kan
leiden tot milde activatie van de neuro-endocriene systemen zoals de hypothalamus-hypofyse-bijnier-as, hetgeen uiteindelijk resulteert in de afgifte van
glucocorticoïde stresshormonen (CORT; cortisol in mensen, corticosteron in
muizen). Zowel bij mensen als bij dieren zijn na een periode van SD inderdaad mild verhoogde CORT-waardes gerapporteerd. Er waren echter nog
geen studies die rechtstreeks hadden onderzocht of deze milde verhoging
van CORT na SD, ook daadwerkelijk verantwoordelijk zou kunnen zijn voor
de geheugenproblemen die worden geassocieerd met SD. Dit was het doel
van het experiment beschreven in hoofdstuk 4. Hiermee hebben we laten
zien dat de CORT-bloedwaarden van muizen na SD hoger zijn dan die van
de controledieren, hoewel ze veel lager zijn dan bij veelgebruikte stressors,
als immobilisatie van proefdieren. Vervolgens hebben we onderzocht of er
tijdens remming van CORT nog steeds geheugenproblemen zouden ontstaan ten gevolge van SD. Hiervoor werden de muizen getraind in een hippocampus-afhankelijke objectlocatietaak, waarbij muizen tijdens een trainingsfase twee identieke objecten konden exploreren. Vervolgens werden ze 6 uur
wakker gehouden terwijl CORT geremd werd. Vierentwintig uur na de trainingsfase werden de muizen getest op geheugen. Tijdens de testfase werd
een object verschoven ten opzichte van de trainingsfase. Omdat muizen van
nature nieuwsgierig zijn, verwachtten we dat muizen met een goed geheugen meer tijd zouden besteden aan het exploreren van het verplaatste object. We vonden dat slaapgedepriveerde muizen waarbij CORT geremd was,
geen onderscheid konden maken tussen het verplaatste en niet verplaatste
object. Er waren dus nog steeds geheugenproblemen na SD, ook als we de
productie van CORT remden. Deze studie laat dus zien dat de verstoring van
hippocampus-afhankelijke geheugenopslag door SD niet wordt gemedieerd
door glucocorticoïde stresshormonen.
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Geheugenvorming en synaptische manipulatie
Dendritische spines vormen de neuronale verbindingen die een belangrijke
rol spelen bij geheugenprocessen. Het manipuleren van dendritische spines
kan dus een grote invloed hebben op ons geheugen. De vorm en grootte
van spines wordt bepaald door actinefilamenten. Het eerdergenoemde enzym cofilin is één van de eiwitten die spines reguleren door depolymerisatie
(destabilisatie) en daaropvolgende afbraak van actinefilamenten. Cofilin kan
echter door fosforylering worden geïnactiveerd, waarna spines niet langer
worden afgebroken. Daarom is de balans tussen actieve en inactieve cofilin
cruciaal voor de spinedynamiek. Tijdens de eerste momenten van geheugenvorming wordt een verhoogde cofiline-activiteit waargenomen. Daardoor
worden actinefilamenten instabiel, hetgeen kan leiden tot het ontstaan van
nieuwe spines, en daarmee de vorming van nieuwe synapsen, of verandering in de grootte en vorm van bestaande spines. Tijdens de verdere consolidatie van geheugen wordt cofilin weer grotendeels weer inactief zodat actine
filamenten, en daarmee ook de spines, kunnen stabiliseren. Recent onderzoek heeft aangetoond dat het ruimtelijke langetermijngeheugen verslechtert
wanneer cofilinwaarden worden verhoogd, net zoals gebeurt tijdens slaaptekort. Het was echter nog niet bekend hoe het verhogen van cofilin-activiteit
het kortetermijngeheugen beïnvloedt. In hoofdstuk 5 hebben we deze vraag
proberen te beantwoorden door muizen via een stereotactische operatie een
virale vector – een deels geïnactiveerd virus dat genetisch materiaal vervoert – te geven waardoor in beide hippocampi de cofilin-activiteit constant
hoog bleef. Controledieren ondergingen ook stereotactische operaties, maar
kregen een andere virale vector die een fluorescerend eiwit tot expressie
bracht, dat de cofilin-activiteit niet beïnvloedde. Vervolgens werden alle muizen getraind in een objectlocatietaak waarbij ze dezelfde objecten mochten exploreren. Een uur later werd één van die objecten verplaatst, en werd
gemeten hoe lang het dier elk object exploreerde. Hoewel alle dieren de
voorkeur gaven aan het verplaatste object, besteedden de muizen met hoge
cofilinwaarden meer tijd daaraan dan de controledieren. Daarbij was er geen
onderscheid tussen mannetjes- en vrouwtjesmuizen. Na de gedragsexperimenten hebben we de hersenen van de proefdieren onderzocht op tekenen
van toegenomen synaptische kracht, wat de betere prestatie in de ruimtelijke kortetermijngeheugentaak zou kunnen verklaren. We vonden echter geen
duidelijke aanwijzingen voor een verandering van synaptische kracht op eiwitniveau van bepaalde synaptische markers, zoals (p)GLuR1 (onderdeel
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van een glutamaatreceptor). Al met al worden verhoogde waarden van cofilin
geassocieerd met SD en verslechtering van het ruimtelijke langetermijngeheugen, maar resultaten uit hoofdstuk 5 laten zien dat ze ook een positief effect kunnen hebben op het ruimtelijke kortetermijngeheugen. Verder onderzoek zal moeten plaatsvinden om uit te zoeken welke cellulaire processen
worden beïnvloed door manipulatie van cofilin wat resulteert in een beter
ruimtelijk kortetermijngeheugen.
Geheugenvorming: verschil van dag en nacht?
Het dag-en-nachtritme kan invloed hebben op geheugenprocessen. Een
dergelijk ritme kan ontstaan door ritmische variatie op cellulair, neurobiologisch niveau, of door afwisseling van slapen en waken op gedragsniveau.
Een studie in 1998 heeft bijvoorbeeld laten zien dat de aanmaak van nieuwe
eiwitten tijdens de eerste uren van de nacht, cruciaal is voor geheugenvorming. Andere studies hebben aangetoond dat de waarde van bepaalde eiwitten die belangrijk zijn voor geheugenvorming, ook een dag-en-nachtritme
vertonen. Desalniettemin was het nog niet duidelijk of de dag-nachtverschillen in de basale waarden van deze eiwitten betekenen dat de opslag van
nieuwe informatie ook verschilt tussen dag en nacht. Daarom hebben wij in
hoofdstuk 6 onderzocht of de invloed van remming van de eiwitsynthese op
geheugenconsolidatie, verschilt tussen dag en nacht. Net als andere nachtdieren, zijn muizen actief wanneer het donker is en passief wanneer het licht
is. Voor dit experiment hebben we muizen getraind in een hippocampusafhankelijk contextueel angstconditioneringsprotocol, waarin ze een onaangename gebeurtenis (een zeer milde schok) leerden te associëren met de
context. Direct na de training werden de muizen op verschillende tijdstippen
(subcutaan) geïnjecteerd met anisomycine, waardoor de eiwitsynthese werd
geremd, of met een fysiologische zoutoplossing als controle. Vierentwintig
uur na de training werden de dieren weer teruggezet in de angstconditioneringskooi, maar ditmaal zonder een schok. Als de dieren een associatie hebben gelegd tussen de negatieve ervaring (de schok) en de context (de kooi),
laten ze een typische reactie zien die we “freezing” noemen (roerloos blijven
staan). Muizen die zijn getest in de lichtfase (dus inactieve fase), lieten na
injecties met anisomycine op tijdstippen T0 (direct na training), T4 (4 uur na
training) en T8 (8 uur na training), minder freezing zien, en waren dus niet
meer in staat een goede associatie te vormen. Muizen die geïnjecteerd waren op T12 (12 uur na de training), lieten echter evenveel freezing zien als de
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controledieren, en waren dus wel in staat zich de associatie te herinneren.
Daaruit kunnen we concluderen dat direct, tot in ieder geval 8 uur na de
training in de lichtfase, de aanmaak van nieuwe eiwitten belangrijk is voor de
opslag van contextuele onaangename gebeurtenissen. Verrassend genoeg
vonden we hetzelfde voor muizen die waren getraind in de donkerfase (dus
actieve fase). Tevens bleken er in dit opzicht geen verschillen te bestaan
tussen mannetjes- en vrouwtjesmuizen. Deze data laten dus zien dat eiwitsynthese een belangrijke rol speelt bij geheugenopslag direct na een leertaak tot wel 8 uur erna, en dat niet alle onderliggende mechanismen van geheugenopslag verschillen tussen leren overdag of ‘s nachts. Vervolgstudies
die dag-en-nachtritmes in geheugenvorming onderzoeken, zouden kunnen
kijken op andere niveaus dan eiwitsynthese, zoals transcriptie, translatie en
posttranslationele modificatie.
Tot slot
Tegenwoordig leven we steeds meer in een 24/7-samenleving, waarin er een
toenemende economische en sociale druk is om beschikbaar te zijn buiten
de gewone werkuren. Hierdoor krijgen veel mensen niet genoeg slaap, met
als gevolg dat hun kwaliteit van leven en hun gezondheid achteruitgaan. Resultaten uit dit proefschrift laten eenduidig zien dat de hersenen, en met name
de hippocampus, gevoelig zijn voor slaaptekort. Begrijpen hoe slaaptekort
zorgt voor verminderd functioneren van het brein en ontstaan van geheugenproblemen, zal hopelijk leiden tot meer bewustwording van de biologische
noodzaak van slaap en het belang om er ook in deze moderne maatschappij
voldoende tijd voor in te ruimen.
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DANKWOORD

Dankwoord
Van Maastricht naar Groningen. Het avontuur zit erop! Ik heb de afgelopen
jaren als heel leuk ervaren, zowel in als rondom het lab. Ook was de afgelopen periode heel leerzaam, niet alleen betreft onderzoek doen en persoonlijke ontwikkeling, maar ik heb natuurlijk ook veel geleerd over Groningen en
Ommeland. Daarom wil ik iedereen bedanken die hieraan heeft bijgedragen!
Graag wil ik ook een aantal mensen in het bijzonder bedanken.
Allereerst wil ik graag mijn promotieteam bedanken: Prof. Dr. Eddy van der
Zee, Dr. Robbert Havekes, en Dr. Peter Meerlo.
Beste Eddy, bedankt voor alle leuke meetings die we hebben gehad. Waar
ik soms vastliep over hoe ik problemen het beste kon oplossen in de toekomst, wist jij deze wel SMART op te lossen. Naast het onderzoek, konden
we tijdens een koffie/thee pauze ook discussiëren over wie nou de mol was
en hadden we het eigenlijk altijd bijna goed. Verder heb ik heel veel van je
kunnen leren over hoe je kennis op een enthousiaste en makkelijke manier
overbrengt. Dit niet alleen tijdens onze meetings, maar ook tijdens colleges,
zowel op de afdeling als bijvoorbeeld in Papendal.
Beste Peter, bij ons eerste gesprek (tijdens mijn sollicitatie) weet ik nog goed
dat ik heel erg onder de indruk was over het slaap onderzoek in al die verschillende diersoorten. Zeker omdat ik in Maastricht nauwelijks vakken over
slaap had gehad, was ik heel blij dat je lid wilde worden van mijn promotieteam. Bedankt voor al je scherpe inzichten in het ontwerpen van experimenten en interpreteren van data. Ook heb ik tijdens het schrijven van manuscripten veel kunnen leren van je uitgebreide stilistische suggesties. Verder
nog bedankt voor het in leven brengen van het stress-slaap-geheugen experiment, wat een mooie toevoeging is geworden aan mijn proefschrift! Hopelijk
kunnen we al deze prestaties nog een keer vieren, bijvoorbeeld tijdens een
congres in Chicago of in je favoriete restaurant Taste en Flavour.
Last but not least, beste Robbert, daar stond ik dan op het station en voor
het eerst ooit zo hoog in het Noorden. Na een redelijk intense sollicitatie dag
was ik ook super blij te horen dat ik jouw eerste PhD-student mocht zijn en
wilde de uitdaging zonder twijfel aangaan. De eerste dag was inderdaad
ook meteen een uitdaging, ‘winter was here’ en de hele stad was bedekt met
een laag ijs. Nadat ik alle schaatsende mensen had vermeden, was ik dan
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uiteindelijk toch aangekomen op Zernike. Hoewel ik hierbij de eerste uitdaging had overwonnen, was het gebouw dicht en kon ik direct weer naar huis.
In deze afgelopen periode heb ik veel uitdagingen gehad op meerdere vlakken omtrent onderzoek en onderwijs. Dankzij jouw hulp heb ik ze allemaal
weten te overwinnen, met de grootste natuurlijk het afleveren van dit werkstuk. Jouw deur stond, net als onze deur, altijd open en ik kon altijd bij je terecht. Met name jouw drijfveer heeft er voor gezorgd dat ik het uiterste uit de
kan kon halen, en gelukkig zonder dat twijgje te breken. Jouw enthousiasme
motiveerde mij enorm en het was ook gezellig, bijvoorbeeld tijdens de vele
virale operaties, slaap deprivatie sessies, en ook tijdens de vele lab etentjes,
borrels met de gebruikelijke zoektocht naar bier, en tijdens congressen. Robbert bedankt voor alles!
Ik wil jullie alle drie heel erg bedanken voor jullie hulp, vertrouwen, enthousiasme en humor!
Ook wil ik graag de leden van de leescommissie bedanken voor het lezen en
beoordelen van dit proefschrift. Prof. dr. Martien Kas, Prof. dr. Jos Prickaerts, Prof. dr. Helmut Kessels, heel erg bedankt!
Beste Jos, ook nog een extra bedankje voor alle hulp afgelopen jaren, tijdens
de master in Maastricht, en de vele malen daarna. Zonder jouw hulp en connecties was ik waarschijnlijk nooit zover gekomen! Hopelijk blijven we elkaar
tegenkomen op conferenties of FN parties.
I would also like to thank all co-authors who have helped with the different
chapters of this thesis. Thank you for your support and contribution.
All the work described in this thesis would not have been possible without
the support and expertise of the Neurobiology group. Mick, Regien, Roelof
and Uli, I would like to thank you all for the helpful discussions during the
Molecular neurobiology and Chronobiology lab meetings, and for the nice
conversations in the hallway. Ook wil ik graag de analisten Jan K., Wanda,
Kunja, Roel en Jan B. bedanken. Bedankt voor alle hulp en advies tijdens
de afgelopen jaren, van western blots, perfusies, immuno’s, genotyperingen,
en assays tot rode knoppen... Zonder jullie expertise was het me nooit gelukt
(en zat misschien het hele gebouw nu zonder stroom)! Ook wil ik graag
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Pleunie bedanken voor het regelen van ontelbare kantoorartikelen of als mijn
pas of elektronische toegang bijvoorbeeld wéér verlengd moest worden.
Henri, bedankt voor je advies en handige oplossingen bij mijn technische
vraagstukken, de poster hangt nog steeds. Mijn dank is ook groot voor alle
dierverzorgers die me helpen geholpen tijdens de afgelopen jaren: Wendy,
Roelie, Benjamin, Diane, Linda, Robin, Saskia en Brendan. Ik kon altijd bij
jullie terecht voor advies en hulp. Miriam en Martijn, ook wil ik jullie graag
bedanken voor jullie advies tijdens de IvD meetings en het meedenken over
de opzet en uitvoering van de experimenten. Allen bedankt voor de ondersteuning!
I was very lucky to find such a nice company at work. I would like to thank
all my PhD and postdoc buddies from neurobiology. We were (and are!) a
very nice group, so I would like to thank all the 4th floor people who supported
me during the past few years: Ate, Doortje, Els, Iris, Kata, Leonie, Marelle,
Natalia, Peter, Pim, Romy (&Janne), Tamás, Valentina, Vibeke, YingYing,
Youri, and Vlad. Thank you for the nice dinners, walks, dangerous indoor
sport activities, games (Mario kart and the ghost pc game :P) and parties! I
would also like to thank all other PhD and postdoc friends who helped me get
through this: Anouschka, Bente, Betty, Desje, Deepika, Giorgio, Iris, Kevin, Laura, Maria, Mila, Niels, Remco, Renate, Sjoerd, Steffen, Suzanne
and Warner. Thank you all for your support and the fun activities during the
day and night.
Ook was ik heel blij met de lab groep. Hoewel die eerst uit alleen uit Robbert
en mij bestond, groeide die vrij snel uit. Youri, mijn kleine PhD broertje, wat
waren we een goed team en wat hadden we het leuk. Van de eindeloze SD
sessies en experimenten midden in de nacht, western blotten met de studenten, en tot de late feestjes in de stad en in de onderwereld. Wat vulde
we elkaar ook goed aan, waar jij dingen wel eens verloor, vond ik ze weer
terug. En ook al had ik het soms zwaar, toch bracht je altijd een lach op mijn
gezicht, bijvoorbeeld wanneer je de kamer binnenkwam en met een van je
vele passies bezig was geweest zoals genotyperen. Dank voor alle gezelligheid, sportieve activiteiten, en hulp bij experimenten tijdens de afgelopen
jaren, en succes met het afronden van de PhD!
Versterking uit het zuiden – wat had ik nog meer kunnen wensen. Pim, super
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leuk dat je ook de stap naar het hoge noorden hebt durven maken! Ook al
hebben we niet heel lang kunnen samenwerking, toch was het altijd gezellig
en mega productief! Heel fijn dat, dankzij jou, de objectlocatietaak eindelijk
ging werken! Bedankt voor de hulp bij de experimenten en de discussies
rondom data, en de gezellige ritjes naar het zuiden.
Gelukkig hoefde ik een groot deel van de dier en lab experimenten niet zelf
te doen maar kreeg ik hulp. Roy, heel erg bedankt voor je hulp bij de stereotactische operaties, perfusies, western blots, en favoriete bezigheden zoals
bradford of natuurlijk coupes opslepen. Ook nog bijzonder bedankt voor de
nachtelijke anisomycine experimenten op bijna onmenselijke tijdstippen:
21:00, 01:30 en 05:30, wat was het een feest. Gelukkig konden we na die
experimenten altijd op bijna lichtsnelheid naar huis. Roy, bedankt voor alle
hulp en gezelligheid!
Els (PKU), ook jij hebt zeker een eervolle vermelding verdiend. Na een hoop
plezier in het WB lab kwam daar, opeens, een subliem blotje uit. Het PKU
Cofilin project was geboren. Wat een mooi project hebben wij de wereld in
gebracht. Ik denk dat jouw enthousiasme en eeuwige optimisme cruciaal zijn
geweest voor dit project! Bedankt voor de leuke samenwerking, de vele frikandellenbroodjes, en hopelijk leidt dit alles tot dat Nature paper!
Performing all those experiments was a lot of work, but luckily I was almost
never alone. I would also like to thank all the students that performed their
internship under my wings and helped me during my PhD. Especially, I would
like to thank: Lara, Bas, Annemiek – Martha – Ieva – Yovita (Angels!), Elvan, Lucas, Iris and Sjoukje. Thank you for all the hard work, and for the fun
times at the animal facility, in the lab, or around!
Ook wil ik graag vrienden uit Sittard bedanken, Ivo T., Ivo K., Freek , Levien
en Aisha om er een paar te noemen, voor de wandelingen, tennis, lunches,
diners, bezoekjes in Groningen, ‘na al die jaren’, wintersport & après-ski,
en natuurlijk de vele carnaval escapades (masker kwam onlangs nog van
pas…). Dankzij jullie heb ik gelukkig niet de badjas in de ring geworpen – om
iemand te citeren. Bedankt!
I would also like to thank my running buddies: Iris, Francien, Maria, Natalia,
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Sjoerd, and Youri! What started out as running just for fun, rapidly evolved
into a committed running group embracing the flames, shakes, Groningen
wildlands, carpetos, and worshiping during the cool down. No matter if it is
early in the morning or already dark, whether it is -10°C or +30°C, we never
complain. Thank you for the fun during and after the runs!
Enjana, Gea, I would also like to thank you for all the fun we had, not only in
Boston, but also in Chicago, San Francisco, or during the skype meetings!
Hope to see you again soon and best of luck with your future endeavors,
whether they are in research, medicine, animal crossing, or bruschettas.
René en Ingrid, bedankt voor de gezellige raids en CDs, ter voet of tijdens
een road trip door Zernike! Hoogtepunt was toch wel toen onze acties vereeuwigd werden op Sikkom – wat waren we trots.
Coen en Annabel, bedankt voor de vele spellenavonden, uitstapjes,
bezoekjes naar Maastricht, Sittard, Groningen en nu Mesch! Bedankt voor
de support en gezelligheid!
Glenn, Maud, Niels, Sanne, Bart, Danique en Robin, aka de treinlimbo’s,
bedankt voor alle gezellige etentjes, video meetings, escape rooms en andere uitjes in Sittard, Maastricht, Valkenburg en Groningen!
Juliette en Robert, ik wil jullie beiden heel erg bedanken voor jullie taaltechnische ondersteuning bij de Nederlandse samenvatting.
Nikki, na een mooie samenwerking wat resulteerde in een leuke video, wilde
ik je maar wat graag vragen voor het ontwerpen van mij kaft. En dat heb je
super gedaan – heel erg bedankt! Ook bedankt voor de vele CD wandelingen (of soms sprintjes..) in Sittard, Groningen en zelfs Dortmund! We waren
altijd super goed voorbereid; telefoons, powerbanks helemaal opgeladen,
en lekker warm aangekleed. Het was altijd heel erg gezellig. Bedankt voor
het ontwerpen en de gezellige afgelopen jaren, en heel veel succes met je
aankomende carrière.
Betty en Marelle, mijn paranymfen. Ik had jullie misschien pas laat gevraagd
om mijn paranymfen te worden, maar de keuze was eigenlijk al lang gemaakt.
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Betty, we kennen elkaar sinds het begin van onze Master Fundamental Neuroscience in Maastricht. Je was een tijdje aan het zoeken naar een PhD en
ik was heel blij om te horen dat je ook naar Groningen zou komen! Naast de
talloze uitstapjes wil je ook je specifiek bedanken voor het introduceren van
badminton in mijn leven! Een super leuke sport die ik zonder jou waarschijnlijk nooit had ontdekt. Ook hebben we veel, heel veel, series en films gekeken, in de bioscoop in Pathé of bij jou thuis, met nog the X-Files als toppertje.
Helaas hebben we nog maar ‘een paar’ afleveringen te gaan.. Ook bedankt
voor de uitnodiging voor de Nijmeegse 4-daagse, en ook al bleef ik geen 4
dagen, ik vond het erg leuk om op die manier je hometown te leren kennen.
Marelle, het duurde een tijdje voordat ik je durfde aan te spreken, voornamelijk omdat er grote onzekerheid heerste omtrent je naam. Toen eenmaal het contact was gelegd, klikte het al vrij snel en maakten we al gauw
de meest sterke verhalen geloofwaardig. Hoeveel sporten hebben we wel
niet samen gespeeld, ik tel er al minstens 10! Van tennis tot boulderen, van
wielrennen tot skiën, en van jeu de boules tot de zoektocht naar lapras. Ook
waren de uitstapjes naar bijvoorbeeld de McDonalds, de Makro of toen we
ons een weg moesten banen door de Ikea, erg leuk. Verder werkte je doorzettingsvermogen heel inspirerend en was een extra motivatie om dit boekje
af te ronden (entres nous, hopelijk vind je de voorkant niet te eng…).
Ook wil ik graag alle leden van Team Friet (vs. Patat) bedanken: Betty, Desje
en Marelle. Ik wil jullie bedanken voor het aanhoren van al mijn geklaag tijdens de afgelopen jaren, het eten van veel friet en mamoet frikandellen, de
vakanties naar Lissabon en Athene, de conferenties in bijvoorbeeld Lunteren
en Berlijn, en natuurlijk de jumbollen.
Lieve papa en mama, bedankt voor alle support, al vanaf het moment dat de
wetenschappelijke richting op ging, en vooral ook tijdens dit mooie traject!
Jullie stonden altijd voor me klaar, al tijdens de het verhuizen en het in elkaar
zetten van alle spullen, tot de laatste loodjes. Ook al was het soms een lang
reis, een weekend bij jullie was soms net een mini vakantie waar ik weer even
tot rust kon komen. Ook was het heel fijn om een paar keer er echt samen
tussen uit te gaan naar bijvoorbeeld Costa Rica, een hele mooie reis waar we
gelukkig niet zo erg ziek zijn geworden. Bedankt voor jullie constante liefde
en steun.
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