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CHAPTER 7

GENERAL SUMMARY AND DISCUSSION
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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 process-
ing 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 pro-
cesses, 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 depri-
vation 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 sug-
gested that SD may be stressful and that releases of stress hormones may 
be part of the mechanism underling SD-induced memory deficits. In Chap-
ter 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 syn-
aptic plasticity might be beneficial for short-term hippocampus-dependent 
memory processing. Finally, in Chapter 6, we looked at the regulation of hip-
pocampus-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 depriva-
tion?

In line with previous published studies, data from thesis suggest that SD re-
sults in a decrease of synaptic connections in the hippocampus. Yet, as dis-
cussed 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 pre-
synaptic 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 wakeful-
ness. 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 ini-
tiates spine growth in layer 2 of the motor cortex. Therefore, whether the in-
creases in spine density after SD are due to extended wakefulness, locomo-
tion, 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 re-
gion 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 ex-
press 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 unfortunate-
ly 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 examin-
ing 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 un-
known 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 com-
bination with confocal laser scanning, as well as electron microscopy, offer 
higher precision and 3D analyses, but limit the sampling area [8]. Further-
more, 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 interest-
ing 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 de-
pending 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 eluci-
date 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 associat-
ed 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 im-
pairments 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., opto-
genetics) [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 con-
tinuously 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 plas-
ticity. This is why, in Chapter 5, we investigated the effects of cofilin over-
activation 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. Surprising-
ly, 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 hippo-
campal 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 re-
ceptor 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 hip-
pocampus [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. Surprising-
ly, 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 mem-
ory 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 prom-
ising 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 ef-
fect 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. Sur-
prisingly, 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 indi-
cates 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 
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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 experi-
ment. 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 mem-
ory, 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 hip-
pocampal 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 mem-
ory tasks, as can be seen in Figure 2. Interestingly, we saw no differences 
between male and female mice in short-term object-location memory perfor-
mance 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 be-
tween 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 corticos-
terone 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 ani-
mal 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 mo-
lecular 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 hippocam-
pus-dependent memory consolidation independent of elevated glucocorti-
coid 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 corticoste-
rone 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 activa-
tion 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-



General summary and discussion

7

165

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 sys-
tem may be involved as well. For example, the wake-inducing orexinergic 
neurons are strongly activated after stressful SD protocol [52], and orexi-
genic peptide levels increase in the CSF after SD [53-55]. Optogenetic stim-
ulation 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 indi-
cate 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 hippo-
campus-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 pro-
cesses of certain aspects of memory, and shows similarities between day-
time 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 with-
in 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 



Chapter 7

166

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 bet-
ter 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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◄Figure 1. pCofi lin and cofi lin do not show clear cir-
cadian oscillations. 

Mice were housed on a 12:12 L/D cycle and sacrifi ced 
at 4 diff erent time points: directly at the beginning of the 
light phase (Light T0), 8 hours after light onset (Light 
T8), directly at the beginning of the dark phase (dark 
T0), and 8 hours after start of the dark phase (Dark T8). 
After sacrifi ce, tissue was collected and prepared for 
western blot. GAPDH was used as loading control. 

A. pCofi lin levels, corrected for GAPDH. N =9-10 per 
group. pCofi lin did not diff er between groups (F3,35 = 
0.928, p = 0.437). 

B. Cofi lin levels, corrected for GAPDH. N =9-10 per 
group. Cofi lin did not diff er between groups (F3,35 = 
0.566, p = 0.641).

C. pCofi lin/Cofi lin ratio. N =9-10 per group. Cofi lin did 
not diff er between groups (F3,35 = 0.430, p = 0.733).

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 one-way ANO-
VA was used to test for statistical diff erences between 
groups. P < 0.05 was considered statistically signifi cant.



Chapter 7

168

Fr
ee

zi
ng

 %

NSD SD

0

10

20

30

40

50

Fr
ee

zi
ng

 %

NSD SD NSD SD
Male Female

0

10

20

30

40

50

A B

▲Figure 2. The eff ect of SD on contextual fear conditioning memory consolidation.

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 diff erences 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 signifi cant interaction eff ect between SD and sex (F3,11 = 4.926, p < 0.05). Additional analysis 
of simple eff ects were not signifi cant.

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 diff erences between SD and NSD. A two-way ANOVA was used to test for statistical diff erences between 
SD and sex. P < 0.05 was considered statistically signifi cant. SD = Sleep deprived, NSD = Non-sleep deprived
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