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The p75 Neurotrophin Receptor Is an Essential Mediator of
Impairments in Hippocampal-Dependent Associative
Plasticity and Memory Induced by Sleep Deprivation
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Sleep deprivation (SD) interferes with hippocampal structural and functional plasticity, formation of long-term memory and cognitive
function. The molecular mechanisms underlying these effects are incompletely understood. Here, we show that SD impaired synaptic
tagging and capture and behavioral tagging, two major mechanisms of associative learning and memory. Strikingly, mutant male mice
lacking the p75 neurotrophin receptor (p75 NTR) were resistant to the detrimental effects of SD on hippocampal plasticity at both cellular
and behavioral levels. Mechanistically, SD increased p75 NTR expression and its interaction with phosphodiesterase. p75 NTR deletion
preserved hippocampal structural and functional plasticity by preventing SD-mediated effects on hippocampal cAMP–CREB-BDNF,
cAMP-PKA-LIMK1-cofilin, and RhoA-ROCK2 pathways. Our study identifies p75 NTR as an important mediator of hippocampal structural and functional changes associated with SD, and suggests that targeting p75 NTR could be a promising strategy to limit the memory
and cognitive deficits that accompany sleep loss.
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Significance Statement
The lack of sufficient sleep is a major health concern in today’s world. Sleep deprivation (SD) affects cognitive functions such as
memory. We have investigated how associative memory mechanisms, synaptic tagging and capture (STC), was impaired in SD
mice at cellular and behavioral level. Interestingly, mutant male mice that lacked the p75 neurotrophin receptor (p75NTR) were
seen to be resistant to the SD-induced impairments in hippocampal synaptic plasticity and STC. Additionally, we elucidated the
molecular pathways responsible for this rescue of plasticity in the mutant mice. Our study has thus identified p75NTR as a
promising target to limit the cognitive deficits associated with SD.

Introduction
Sleep deprivation (SD) is particularly prevalent in modern societies where many sacrifice sleep to meet work demands and social
commitments. Insufficient sleep affects cognitive and emotional
functions (Banks and Dinges, 2007; Rasch and Born, 2013). SD is
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known to impact several psychiatric disorders such as schizophrenia, anxiety, addiction disorders, and also neurodegenerative diseases such as Alzheimer’s disease (Wulff et al., 2010;
Krause et al., 2017; Shokri-Kojori et al., 2018). One of the most
profound effects of SD is the marked impairment of learning and
memory, reflected in the alterations of synaptic plasticity and
function (Havekes et al., 2012; Abel et al., 2013). Among the
various synaptic plasticity mechanisms, long-term potentiation
(LTP) is considered to be the cellular correlate of learning and
memory (Bliss and Lømo, 1973). The late-associative properties
of LTP, such as synaptic tagging and capture (STC), provide a
cellular basis for associative plasticity (Frey and Morris, 1997;
Martin et al., 2000). In STC, interaction between a synaptic tag
and plasticity related products (PRPs) within a specific time interval leads to long-lasting plasticity in weakly tetanized synaptic
inputs. The synaptic tag is created by a specific type of weak
stimulation and PRPs are generated because of strong stimulus in
two separate and independent synaptic inputs of the same neu-
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ronal population (Frey and Morris, 1997; Ballarini et al., 2009;
Redondo and Morris, 2011). Several molecules have been implicated in this process, including Ca 2⫹/calmodulin-dependent
protein kinase II and IV (CaMKII, CaMKIV), protein kinase M 
(PKM), and brain-derived neurotrophic factor (BDNF; Redondo and Morris, 2011). BDNF acts as an important PRP,
whereas its receptor Tropomyosin receptor kinase B (TrkB) plays
a critical role in setting the synaptic tag (Lu et al., 2011). Longterm plasticity and memory are known to be affected in the SD
brain, with accompanying functional and structural changes in
neuronal circuitry (Campbell et al., 2002; McDermott et al., 2003;
Guan et al., 2004; Vecsey et al., 2009; Havekes et al., 2016b).
Hippocampal-dependent synaptic plasticity is particularly vulnerable to the lack of sleep (Vecsey et al., 2009). Understanding
how sleep affects synaptic plasticity and efficacy is critical to
unravel the contribution of sleep to cognition.
The p75 neurotrophin receptor (p75 NTR) is a low-affinity receptor that can bind to different neurotrophic factors, including
nerve growth factor, neurotrophin-3, neurotrophin-4, and
BDNF (Dechant and Barde, 2002; Roux and Barker, 2002; Chao,
2003; Gentry et al., 2004; Underwood and Coulson, 2008). Some
of the intracellular signaling pathways regulated by p75 NTR in
response to neurotrophins binding include NF-kB, c-Jun kinase,
and various caspases pathways (Carter et al., 1996; Yoon et al.,
1998; Friedman, 2000; Troy et al., 2002). p75 NTR plays an important role in controlling the survival mechanisms of neurons during early neuronal development (Dechant and Barde, 2002; Lu et
al., 2005; Ibáñez and Simi, 2012). In the adult nervous system,
p75 NTR is re-expressed under different pathological conditions,
including epilepsy, axotomy, and neurodegeneration (Dechant
and Barde, 2002), where it can contribute to neuronal death and
axonal degeneration and dysfunction (Ibáñez and Simi, 2012). In
addition, p75 NTR has been shown to be involved in the modulation of synaptic transmission and plasticity, specifically in the
facilitation of long-term depression (LTD; Rösch et al., 2005;
Woo et al., 2005), a mechanism that opposes LTP, leading to
reduced synaptic efficacy (Bliss and Cooke, 2011). The loss of
p75 NTR in mutant mice has no effect on LTP, but impairs hippocampal LTD (Rösch et al., 2005). p75 NTR is important in maintaining homeostasis for hippocampal-dependent synaptic
plasticity and efficacy (Rösch et al., 2005; Woo et al., 2005). Interestingly, p75 NTR has been shown to act as a regulator of circadian clock oscillation (Baeza-Raja et al., 2013). However, its
potential role in SD and its effects on synaptic plasticity and
cognition have not been investigated. Here, we used genetically
modified p75 NTR knock-out (KO) mice to study the potential
role of this receptor in the synaptic changes resulting from SD.
Our data demonstrate that long-term plasticity, associative plasticity, and long-term memory are resistant to the detrimental
effects of SD in p75 NTR KO mice. We also provide mechanistic
insights into the molecular processes that contribute to these
effects.

Materials and Methods
Animals and SD. A total of 84 male C57BL/6J wild-type (WT) and 72
male p75 NTR KO 5–7 weeks mice were used for experiments in this study.
p75 NTR KO mice (exon III; Lee et al., 1992) were obtained from The
Jackson Laboratory and back crossed to the C57BL/6J background for at
least 10 generations. The animals were housed in standard cages and
maintained on a 12 h light/dark cycle (light from 7:00 A.M. to 7:00 P.M.)
with food and water ad libitum. All experiments were approved by the
Institutional Animal Care and Use Committees at the National University of Singapore and can be produced upon request. For SD procedure,
the mice were subjected to 5 h SD (from 7:30 A.M. to 12:30 P.M.) by

J. Neurosci., July 10, 2019 • 39(28):5452–5465 • 5453

gentle handling technique before the experiments (Ledoux et al., 1996;
van der Borght et al., 2006; Vecsey et al., 2009). In this method, mice were
kept awake by tapping or gentle shaking of the cage, or by direct contact
with the animal either through a soft brush or by hand if they were not
responding to earlier disturbances (Ledoux et al., 1996; van der Borght et
al., 2006; Vecsey et al., 2009). Control mice, however, were left totally
undisturbed until experiments.
Electrophysiology. The mice were decapitated after anesthetization using CO2 and the brains were quickly removed and placed into cold (4°C)
artificial CSF (ACSF). The ACSF contained the following (in mM): 124
NaCl, 3.7 KCl, 1.0 MgSO4.7H2O, 2.5 CaCl2.2H2O, 1.2 KH2PO4, 24.6
NaHCO3, and 10 D-glucose, equilibrated with 95% O2–5% CO2 (carbogen; total consumption 16 L/h; Shetty et al., 2015). From each mouse,
6 – 8 transverse hippocampal slices (400 m thick) were prepared from
the right hippocampus by using a manual tissue chopper. The slices were
incubated at 32°C in an interface chamber (Scientific System Design) at
an ACSF flow rate of 1 ml/min. In all the electrophysiological recordings,
two-pathway experiments were performed. Two monopolar, lacquercoated stainless steel electrodes (5 M⍀; AM Systems) were positioned at
an adequate distance within the stratum radiatum of the CA1 region for
stimulating two independent synaptic inputs, S1 and S2, of a neuronal
population, thus evoking field EPSP (fEPSP) from Schaffer collateral–
commissural–CA1 synapses. Pathway specificity was tested using the
paired pulse facilitation protocol described by Sajikumar and Korte
(2011) and Li et al. (2014). For recording, one electrode was placed in the
CA1 apical dendritic layer. The signals were amplified by a differential
amplifier (Model 1700, AM Systems) and were digitized using a CED
1401 analog-to-digital converter (Cambridge Electronic Design). After
the pre-incubation period of 3 h, an input/output curve (afferent stimulation vs fEPSP slope) was plotted before experiments. To set the test
stimulus intensity, a fEPSP of 40% of its maximal amplitude was determined. Biphasic constant current pulses were used for stimulation. LateLTP was induced using three stimulus trains of 100 pulses strong tetanus
(STET), 100 Hz; duration, 0.2 ms/polarity; intertrain interval, 10 min. A
weak tetanization (WTET) protocol consisting of one 100 Hz train (21
biphasic constant-current pulses; pulse duration per half-wave, 0.2 ms)
was used to induce early-LTP. The slopes of fEPSPs were monitored
online and a baseline was recorded for 30 min. For baseline recording and
testing at each time point, four 0.2 Hz biphasic constant-current pulses
(0.1 ms/polarity) were used. More details about the preparation, incubation and electrophysiological procedures were described by Shetty et al.
(2015).
Western blotting. Whole hippocampi were isolated, snap frozen in liquid nitrogen and stored at ⫺80°C. The tissues were then lysed in Tissue
Protein Extraction reagent (T-PER; ThermoFisher Scientific) with protease and phosphatase inhibitor (ThermoFisher Scientific), followed by
centrifugation for 5 min at 10,000 rpm at 4°C. The protein concentration
was determined using Bradford protein assay (Bio-Rad). The appropriate protein concentration was determined and the protein was added to
the sample buffer, heated at 95°C for 10 min before loading onto SDSpolyacrylamide gels. The gels were then transferred to PVDF membranes
(Bio-Rad) in a semidry transfer cell (Bio-Rad) for 1 h at 15 V. Membranes
were incubated with 5% w/v dry milk or bovine serum albumin in 1⫻
TBST and immunoblotted with primary antibodies against phosphodiesterase (PDE4A5; 1:500; Abcam), p75 NTR (1:1000, Neuromics), total or
phospho-ERK (1:1000; Cell Signaling Technology), total or phosphoCREB (1:1000; Cell Signaling Technology), RhoA (1:1000, Abcam),
ROCK2 (1:1000; Cell Signaling Technology), total LIMK1 (1:1000; Cell
Signaling Technology), phospho-LIMK1 (1:1000; Abcam), total or
phospho-cofilin (1:1000; Cell Signaling Technology), and tubulin (1:
20,000; Sigma-Aldrich) followed by secondary peroxidase-conjugated
antibodies directed against mouse (tubulin), rabbit (ERK, CREB, RhoA,
ROCK2, LIMK1, and cofilin), and goat (p75 NTR). Signals were generated
by using the SuperSignal West Pico Chemiluminescent Substrate (ThermoFisher Scientific). The amount of protein was quantified by densitometric measurement of Western blots using ImageJ (NIH software). The
densitometric values of each blot were normalized to the amounts of
tubulin, which served as loading control, and were calculated in relation
to the control group.
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Immunoprecipitation. Hippocampi were microdissected posteuthanasia and snap-frozen. Snap-frozen tissue was lysed using a bead
homogenizer (Bertin Instruments) in lysis buffer containing the following (in mM): 60 octyl-␤-glucoside, 50 Tris-HCl, pH 7.6, 1 EDTA, 150
NaCl, 270 sucrose, and 0.5% Triton X-100 in the presence of protease
and phosphatase inhibitors (Nacalai Tesque). The tissue extracts were
then centrifuged at 10,000 ⫻ g and the pellet discarded. Protein concentrations were determined by Bradford protein assay (Bio-Rad). One milligram lysates were incubated with 0.8 g anti-p75 NTR (extracellular
domain) antibody (Alomone, ANT-007) or anti-PDE4A5 antibody (Abcam) overnight, followed by Protein G Fast Flow Sepharose beads (GE
Healthcare) for 2 h. The beads were collected and extensively washed in
lysis buffer excluding octyl-␤-glucoside, before the addition of Laemmli
sample buffer and analysis by SDS-PAGE and Western blotting.
ELISA. The cAMP levels in the mouse hippocampal samples were
determined using a commercially available ELISA kit (Enzo Life Sciences) in accordance with the manufacturer’s instructions. In brief, standards and samples were added to wells coated with an IgG antibody. A
cAMP conjugated to alkaline phosphatase was then added, followed by a
rabbit polyclonal antibody against cAMP. The antibody binds to cAMP
in the sample or to the conjugate in a competitive manner. The plate was
washed, leaving only bound cAMP. pNpp substrate solution was added
and produced a yellow color when catalyzed by the alkaline phosphatase
on the cAMP conjugate. The stop solution was then added and the yellow
color was read at 405 nm. The amount of signal present is indirectly
proportional to the amount of cAMP in the sample. The BDNF levels in
the mouse hippocampal samples were determined using a commercially
available ELISA kit (Biosensis) in accordance with the manufacturer’s
instructions. In brief, standards and samples were added to wells precoated with a rabbit anti-BDNF polyclonal antibody and then followed
by a biotinylated anti-BDNF detection antibody and horseradish
peroxidase-conjugated streptavidin. The plate was sequentially added
with the TMB substrate, which yields a colored reaction product and read
at 450 nm. The amount of signal present is directly proportional to the
concentration of BDNF present in the samples and standards.
Immunohistochemistry. Mice were deeply anesthetized and intracardially perfused with cold PBS followed by 4% formaldehyde (SigmaAldrich). Brains were dissected and postfixed for 16 h at 4°C. After
cryoprotection in 40% sucrose for 16 h, 40 m coronal sections were
collected on a cryostat. The sections were then blocked in 5% donkey
serum in TBS before incubation with primary antibodies against RhoA,
ROCK2, LIMK1, and cofilin (Abcam), followed by fluorophoreconjugated secondary antibodies (Invitrogen). Coverslips were mounted
onto microscopy slides using ProLong Diamond anti-fade mounting
media (Invitrogen). Confocal laser scanning microscopy was performed
on a SP8 confocal microscope (Leica).
Golgi staining. To characterize neuronal processes and spines, Golgi
staining was performed using the superGolgi Kit (Bioenno) as per the
manufacturer’s specifications. Briefly, after deep anesthesia, mice were
intracardially perfused with saline. Brains were removed from the mice
and immersed in Golgi-Cox solution for 10 d at 4°C and then transferred
into the post-impregnation buffer, and sectioned with a vibratome at a
thickness of 200 m. Slices were mounted, stained, and developed as per
the manufacturer’s instructions. Microscopy images of the CA1 pyramidal layers of the hippocampus were captured using a 63⫻ oil-immersion
objective on a SP8 confocal microscope (Leica) using confocal reflection
microscopy for 3D visualization. The number of dendritic spines were
quantified by manual counting along consecutive 100 m sections
within each image and tabulated.
Home cage and sleep monitoring. Home cage activity including sleep
pattern and amount of time spent for sleeping from WT and p75 NTR KO
mice was assessed by HomeCageScan (CleverSys). This system enables
studying unconstrained mice sleeping behaviors in a home cage for extended periods of time (24 h in this study). Sleep time (seconds) across
24 h during both light-on and light-off periods was compared between
WT and p75 NTR KO mice.
Behavioral tagging study. The mice were placed in an open field (OF)
for 10 min within 1 h before weak inhibitory avoidance (IA) training. The
OF is a plastic box with the dimension of 35 (width) ⫻ 35 (length) ⫻ 35

cm (height). A weak IA training, which induces short-term memory can
be consolidated into long-term memory by an exploration to a novel
environment occurring close in time to the training session (Moncada
and Viola, 2006, 2007; Moncada et al., 2015). Because the hippocampus
is important in detecting and responding to new stimuli (Knight, 1996;
Grunwald et al., 1998; Moncada and Viola, 2006), the effects of the interaction between the spatial novel exploration and the IA training in the
mice hippocampus is a suitable behavioral tagging study. The IA apparatus is a 50 (width) ⫻ 25 (height) ⫻ 25 cm (length) Plexiglas box with a
5 (height) ⫻ 8 (width) ⫻ 25 cm (length) platform on the left end of a
series of bars, which constitutes the floor of the box. During the training
session, mice were placed on the platform facing the left rear corner of the
box. When they stepped down, putting their four paws on the bars, they
received a weak foot shock (0.3 mA, 2 s). After which, they were removed
from the box and returned to their home cage. As a control experiment,
the mice were also tested with weak IA without OF. Memory was measured by comparing the step-down latency in the training session to that
in the test session. The cutoff time for step-down latency was 4 min. A
high percentage of step-down latency indicates that the animal has better
associative memory. Memory was tested at three different time points:
1 h, 24 h, and 7 d after training sessions.
Pharmacology. TrkB/Fc chimera human recombinant (TrkB/Fc; 688TK, R&D Systems) was dissolved in sterile PBS and stored at ⫺20°C. The
stocks were stored for not more than a week. The cell-permeable p75 NTR
signaling inhibitor TAT-Pep5 (Calbiochem) was dissolved in DMSO and
stored at ⫺20°C. The stocks were stored for not more than a month. Just
before application, the stocks were diluted to the final concentration in
ACSF and bubbled with carbogen to be bath applied for specified durations. The final concentration used for TrkB/Fc was 1 g/ml and for
TAT-Pep5 was 0.1 M.
Statistical analysis. All data are represented as mean ⫾ SEM. The fEPSP
slope value expressed as percentages of average baseline values per time
point were subjected to statistical analysis using GraphPad Prism 6.0.
Nonparametric tests were used as the normality variations at small sample sizes. Wilcoxon signed rank test (Wilcox test) was used to compare
within a group and the Mann–Whitney U test (U test) was used to compare data between groups. Statistical comparisons for the behavioral tagging, Western blot, ELISA, and spine count data were performed using
unpaired Student’s t test or one-way ANOVA. p ⬍ 0.05 was considered as
the cutoff for statistically significant difference.

Results
Deletion of p75 NTR prevents late-LTP deficits caused by SD
First, we evaluated whether there is a change in the sleep pattern
in p75 NTR KO mice compared with WT mice. The amount of
time spent resting and sleeping was comparable between WT and
p75 NTR KO mice when left undisturbed during the light cycle
(Fig. 1). However, it was reported earlier that neurotrophin factors modulate the electrical activity of neurons in the rostral pontine tegmentum, which is responsible for the generation of rapid
eye movement sleep, by acting on neurotrophin receptors including p75 NTR (Yamuy et al., 1995, 2000). It would be worthwhile to
examine sleep staging in future studies given that p75 NTR is
highly expressed in brainstem regions implicated in sleep staging
and arousal (Yamuy et al., 1995). p75 NTR is widely expressed in
the peripheral nervous system, with a wide range of functions in
metabolism (Baeza-Raja et al., 2012), bone formation (Tomlinson et al., 2017), and thermosensitivity (Niklison-Chirou et al.,
2013). However, we could not observe differences in body weight
between the WT and p75 NTR KO mice (C57BL/6J WT 21.83 ⫾
0.67g and p75 NTR KO, 21.26 ⫾ 0.24g), similar to a previous finding (Yeo et al., 1997). Previous studies have shown that SD is
associated with deficits in hippocampal LTP (Campbell et al.,
2002; McDermott et al., 2006; Vecsey et al., 2009). We hence
performed experiments to discern the effects of SD on early-LTP
(which is protein synthesis-independent) and late-LTP (which
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was 160.60 ⫾ 10.79% (Wilcox test, p ⫽
0.02) and for SD (Fig. 2D, open red circles) was 152.58 ⫾ 6.99% (Wilcox test,
p ⫽ 0.008). The increase in fEPSPs in S1
(closed red circles) stayed statistically significant up to 80 min (Wilcox test, p ⫽
0.03) or up to 100 min (U test, p ⫽ 0.007)
after WTET for NSD mice. S1 (open red
circles) showed a statistically significant
potentiation that lasted until 75 min (Wilcox test, p ⫽ 0.02; U test, p ⫽ 0.02) for SD
NTR
KO mice displayed
Figure 1. Monitoring of sleep pattern in WT and p75 NTR KO mice. Sleep pattern and amount of time spent for sleeping from WT mice. NSD p75
NTR
and p75 KO mice were assessed by HomeCageScan (CleverSys). Histograms showing sleep time (seconds) across 24 h during unaltered late-LTP (Fig. 2E). The mean
both light-on and light-off periods were compared between WT and p75 NTR KO mice; N ⫽ 4 for each group. We could not observe fEPSP value immediately after the first
any difference in the amount of sleeping time between WT and p75 NTR KO mice during light-on and light-off periods. Error bars tetanization (closed red circles), 153.72 ⫾
indicate ⫾SEM.
8.44%, was statistically different from the
baseline (Wilcox test, p ⫽ 0.03) and the
depends on protein synthesis) in Schaffer collateral–CA1 synpotentiation maintained for up to 4 h (Wilcox test, p ⫽ 0.02; U
apses of hippocampal slices derived from either non-SD (NSD)
test, p ⫽ 0.005). These data further support normal LTP in
or SD WT mice. A two-pathway experimental design (Fig. 2A)
p75 NTR KO mice (Rösch et al., 2005; Woo et al., 2005). To test
was used to study two independent synaptic inputs to the same
whether SD impairs late-LTP in p75 NTR KO, we applied STET to
CA1 pyramidal neuron population. A single WTET (100 Hz, 21
induce late-LTP at synaptic input S1 in SD p75 NTR KO mice (Fig.
2E, open red circles). The fEPSP slope value after the first tetanipulses) resulted in early-LTP, which gradually decayed to basezation was 170.73 ⫾ 8.47% (Wilcox test, p ⫽ 0.02). In contrast to
line after 1–2 h (Fig. 2B, closed and open red circles for NSD and
SD mice, respectively). The first mean fEPSP slope value after
SD WT mice, late-LTP from SD p75 NTR KO mice remained staWTET was 157.93 ⫾ 11.88% (Wilcox test, p ⫽ 0.01) and
tistically significant throughout the entire recording period of 4 h
159.45 ⫾ 7.11% (Wilcox test, p ⫽ 0.008) for NSD and SD mice,
(160.20 ⫾ 6.46%, Wilcox test, p ⫽ 0.02; U test, p ⫽ 0.005). The
respectively. The potentiation in S1 (closed red circles) was stabaseline in synaptic input S2 (closed and open blue circles for
tistically significant up to 55 min (Wilcox test, p ⫽ 0.03) or up to
NSD and SD mice, respectively) were stable throughout the re110 min (U test, p ⫽ 0.04) for NSD mice. Whereas in SD mice,
cording period in all experiments (Fig. 2 D, E). These results show
that the deletion of p75 NTR prevents the deficits in late-LTP
significant potentiation in S1 (open red circles) was observed
caused by SD, suggesting an essential role of p75 NTR in mediating
until 55 min (Wilcox test, p ⫽ 0.008; U test, p ⫽ 0.04). Next, we
the adverse impact of SD on hippocampal neuronal plasticity.
evaluated late-LTP by providing STET (Fig. 2C). In NSD WT
mice, three spaced trains of STET resulted in long-lasting lateLTP (closed red circles). The mean fEPSP slope value immediDeletion of p75 NTR prevents STC deficits caused by SD
Although the effects of SD on LTP have been known for some
ately after first tetanization was 157.08 ⫾ 9.70% (Wilcox test, p ⫽
time, it is unclear whether SD would also affect associative plas0.008) and the potentiation was maintained for up to 4 h
ticity as elicited by the STC protocol. To investigate STC, we used
(159.95 ⫾ 15.44%, Wilcox test, p ⫽ 0.02; U test, p ⫽ 0.009). The
the “strong before weak” (SBW) experimental paradigm (Frey
same stimulation paradigm also resulted in the induction of LTP
and Morris, 1998), in which late-LTP is induced in S1 by STET 30
in SD WT mice (Fig. 2C, open red circles) with mean fEPSP slope
value at 149.32 ⫾ 9.83% (Wilcox test, p ⫽ 0.02). However, the
min before the induction of early-LTP by WTET in S2 (Fig. 3A–
LTP decayed to baseline within 35 min (Wilcox test, p ⫽ 0.04) or
D). First, we investigated STC in hippocampal slices from NSD
50 min (U test, p ⫽ 0.04) and stayed stable until the end of the
WT mice. After recording a stable baseline of 30 min in S1 and S2,
recording (94.39 ⫾ 8.39%, Wilcox test, p ⫽ 0.56). The control
late-LTP was induced in S1 by STET. After 30 min, WTET was
synaptic input S2 (closed and open blue circles for NSD and SD
applied to induce early-LTP in S2 (Fig. 3A, red and blue circles).
The post-tetanization potentiation in S1 was statistically signifimice, respectively) in both early- and late-LTP experiments in
cant immediately after tetanization (156.90 ⫾ 4.88%, Wilcox
NSD and SD groups (Fig. 2 B, C) remained stable at baseline
throughout the entire recording period. In summary, these findtest, p ⫽ 0.03) and maintained at significant levels until the end of
ings show that SD impairs late plasticity without affecting early
recording (144.62 ⫾ 6.46%, Wilcox test, p ⫽ 0.03). WTET at S2
plasticity, in agreement with earlier reports (Guan et al., 2004;
also led to a statistically significant potentiation (164.91 ⫾ 6.18%,
Kopp et al., 2006; Vecsey et al., 2009; Havekes et al., 2016b).
Wilcox test, p ⫽ 0.02) immediately after tetanization and stayed
As p75 NTR has been shown to contribute to different disease
up to 4 h (140.40 ⫾ 9.37%, Wilcox test, p ⫽ 0.02). Thus, STC was
states in the nervous system, we investigated whether this recepexpressed in NSD WT mice. However, the same experimental
tor plays a role in the detrimental effects of SD on hippocampal
protocol did not result in STC in the hippocampal slices of SD
circuitry and function. We found that SD significantly increased
WT mice (Fig. 3B, red and blue circles). The post-tetanization
potentiation in S1 was statistically significant (147.22 ⫾ 10.90%,
( p ⫽ 0.0286) the expression of p75 NTR in the WT mouse hippocampus compared with control NSD mice (Fig. 2 F, G). To
Wilcox test, p ⫽ 0.03) immediately after STET but stayed only up
investigate whether p75 NTR plays a role in synaptic plasticity
to 125 min (Wilcox test, p ⫽ 0.02). The fEPSP gradually decayed
changes associated with SD, we compared early-LTP between
to the baseline values toward the end of recording (97.43 ⫾
NSD and SD p75 NTR KO mice. Similar to WT mice, early-LTP
3.30%, Wilcox test, p ⫽ 0.57). The post-tetanization potentials in
induction in the hippocampal slices derived from both NSD and
S2 showed statistically significant potentiation until 95 min (WilSD p75 NTR KO mice led to a decaying form of LTP. The first
cox test, p ⫽ 0.03) and the potentiation gradually decayed to
fEPSP slope value after WTET in NSD (Fig. 2D, closed red circles)
baseline at the end of recording (98.66 ⫾ 12.27%, Wilcox test,
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Figure 2. p75 NTR KO displays normal late-LTP regardless of SD and hippocampal p75 NTR protein level increases after sleep loss. A, Schematic representation of a hippocampal slice showing the
location of electrodes in the CA1 region. Recording electrode (rec) was positioned onto CA1 apical dendrites flanked by two stimulating electrodes S1 and S2 in the stratum radiatum (sr) to stimulate
two independent Schaffer collateral (sc) synaptic inputs to the same neuronal populations. The WTET in synaptic input S1 in B resulted in early-LTP that gradually decayed to baseline in NSD (closed
red circles; N ⫽ 7) and SD (open red circles; N ⫽ 7) WT mice. C, The STET in S1 resulted in a significant potentiation that maintained for 4 h in NSD WT mice (closed red circles; N ⫽ 6). The STET in
S1 (open red circles) resulted in late-LTP that was gradually decayed to baseline potentials in SD WT mice (N ⫽ 7). The WTET in S1 in D resulted in early-LTP that gradually decayed to baseline in NSD
(closed red circles; N ⫽ 7) and SD (open red circles; N ⫽ 6) p75 NTR KO mice. E, The STET in S1 resulted in a significant potentiation that maintained for 4 h in NSD p75 NTR KO mice (closed red circles;
N ⫽ 7). STET in S1 (open red circles) resulted in a significant potentiation that also maintained for 4 h in SD p75 NTR KO mice (N ⫽ 7). Control potentials from S2 (closed and open blue circles) remained
stable during the recording period in all experiments. Analog traces represent typical fEPSPs of inputs S1 and S2 15 min before (solid line), 60 min after (dashed line) tetanization, and at the end of
the recording (dotted line). Single arrow represents the time of induction of early-LTP by WTET. Three solid arrows represent STET for the induction of late-LTP. Scale bars: vertical, 2 mV; horizontal,
3 ms. Error bars indicate ⫾SEM. F, Western blot analysis of hippocampal p75 NTR level between NSD and SD WT mice. G, Ratio of fold-change from Western blot. The p75 NTR protein level was
significantly increased ( p ⫽ 0.028) in SD WT mice compared with NSD WT mice; N ⫽ 4 for each group. The values of the individual groups were calculated in relation to the control group, whereas
tubulin serves as a loading control. Asterisk indicates significant differences between groups (unpaired t test, *p ⬍ 0.05). Error bars indicate ⫾SEM.

p ⫽ 0.4688). These results indicate that SD disrupts the expression of STC in hippocampal neurons.
Given the resistance of p75 NTR KO mice to the effects of SD on
late-LTP, we investigated the expression of STC in these mice. In
NSD p75 NTR KO mice, induction of late-LTP in S1 by STET led
to statistically significant potentiation (Fig. 3C, red circles;
138.73 ⫾ 11.04%, Wilcox test, p ⫽ 0.02) immediately after teta-

nization and the potentiation remained stable until the end of
recording (Wilcox test, p ⫽ 0.009). Similarly, induction of earlyLTP by WTET also resulted in a statistically significant potentiation in S2 after the first tetanization (Fig. 3C, blue circles;
170.87 ⫾ 1.73%, Wilcox test, p ⫽ 0.02), which remained stable
up to 4 h (141.22 ⫾ 6.84%, Wilcox test, p ⫽ 0.02). Interestingly,
SD p75 NTR KO mice displayed normal STC similar to both the
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Figure 3. p75 NTR KO displays normal STC regardless of SD. SBW paradigm was used to study STC. A, Both STET in S1 (closed red circles) and WTET in S2 (closed blue circles) resulted in a significant
potentiation that maintained until the end of recording in NSD WT mice (N ⫽ 6). B, Both STET in S1 (open red circles) and WTET in S2 (open blue circles) resulted in early-LTP that was not reinforced
into late-LTP in SD WT mice (N ⫽ 7). C, Both STET in S1 (closed red circles) and WTET in S2 (closed blue circles) resulted in a significant potentiation that maintained until the end of experiment in
NSD p75 NTR KO mice (N ⫽ 7). D, Both STET in S1 (open red circles) and WTET in S2 (open blue circles) resulted in a significant potentiation that maintained until the end of recording in SD p75 NTR
KO mice (N ⫽ 7). E, The STET in S1 resulted in a significant potentiation that maintained for 4 h in WT mice with gentle handling (GH; open red circles; N ⫽ 6) and those without (closed red circles;
N ⫽ 6). F, STET in S1 resulted in a significant potentiation that maintained for 4 h in p75 NTR KO mice with GH (open red circles; N ⫽ 5) and those without (closed red circles; N ⫽ 5) p75 NTR KO mice.
Control potentials from S2 (closed and open blue circles) remained stable during the recording period in all experiments. E, F, Experiments were conducted from the hippocampal slices obtained from
animals maintained at dark cycle. Scale bars: vertical, 2 mV; horizontal, 3 ms. Error bars indicate ⫾SEM. Symbols and analog traces as in Figure 1.

NSD p75 NTR KO mice and NSD WT mice (Fig. 3D, red and blue
circles). Statistically significant potentiation was observed in S1
(140.88 ⫾ 8.10%, Wilcox test, p ⫽ 0.03) after STET and the
potentiation remained stable up to the end of recording
(137.19 ⫾ 9.41%, Wilcox test, p ⫽ 0.03). In S2, WTET yielded
statistically significant potentiation immediately after induction
(157.87 ⫾ 9.15%, Wilcox test, p ⫽ 0.03) and the potentiation
maintained until the end of the recording (130.93 ⫾ 5.39%, Wilcox test, p ⫽ 0.03). These results show that deletion of p75 NTR
prevents the deficits in associative plasticity that are caused by SD.
To confirm that the observed changes in synaptic plasticity are
because of SD and not from gentle handling itself, both WT and
p75 NTR KO mice were either left undisturbed or subjected to 5 h
of gentle handling during the dark cycle before late-LTP recording. In undisturbed WT mice, three spaced trains of STET
resulted in long-lasting late-LTP (closed red circles) that main-

tained for up to 4 h (154.30 ⫾ 4.52%, Wilcox test, p ⫽ 0.03; U test,
p ⫽ 0.002; Fig. 3E). The same stimulation paradigm also resulted
in late-LTP (open red circles) that maintained toward the end of
recording in WT mice subjected to gentle handling (162.60 ⫾
13.24%, Wilcox test, p ⫽ 0.03; U test, p ⫽ 0.002; Fig. 3E). Undisturbed p75 NTR KO mice displayed unaltered long-lasting potentiation during the entire recording period of 4 h (158.00 ⫾ 1.63%,
Wilcox test, p ⫽ 0.03; U test, p ⫽ 0.008; Fig. 3F ). In p75 NTR KO
mice subjected to gentle handling, the late-LTP was maintained
at significant levels throughout the entire recording period of 4 h
(156.80 ⫾ 6.11%, Wilcox test, p ⫽ 0.03; U test, p ⫽ 0.008; Fig.
3F ). The control synaptic input S2 (closed and open blue circles
for undisturbed and mice subjected to gentle handling, respectively) in both WT and p75 NTR KO mice (Fig. 3 E, F ) remained
stable at baseline levels throughout the entire recording period.
These results show that the effects of SD in this study were not
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three different time points ( p ⫽ 0.007 for 1 h, p ⫽ 0.007 for 24 h,
and p ⫽ 0.0227 for 7 d; Fig. 4B). In general, SD reduced the
step-down latency in WT mice to a level similar to that shown by
NSD mice that did not experience OF exploration. We could not
observe any difference in step-down latency between nonbehavioral tagging NSD group (Fig. 4B, blue bars) and behavioral
tagging SD group (Fig. 4B, green bars), suggesting impaired
memory acquisition and retention in WT mice subjected to SD.
In contrast, both SD and NSD p75 NTR KO mice exhibited normal
memory that was maintained for up to 7 d (Fig. 4C). These results
show that p75 NTR KO mice are resistant to the detrimental effects
of SD on associative memory.

Figure 4. p75 NTR KO displays normal associative memory regardless of SD. A, Schematic
diagram of behavioral tagging experiment protocol. A mouse with or without being placed in a
novel environment/OF for 10 min within 1 h before weak IA. Step-down latency was tested at
1 h, 24 h, and 7 d post-IA. B, Associative memory was impaired in SD WT mice. C, Associative
memory was normal in SD p75 NTR KO mice. Asterisks indicate significant differences between
groups (unpaired t test, **p ⬍ 0.01, ***p ⬍ 0.001). Error bars indicate ⫾SEM.

related to the amount of stimulation the mice received from the
SD method. This observation is consistent with a previous study
which demonstrated that applying the same amount of stimulation (gentle handling) in the waking phase (i.e., the dark phase)
does not lead to memory impairments (Hagewoud et al., 2010).
Deletion of p75 NTR restores associative memory in SD mice
We investigated whether the effects of SD and p75 NTR KO on
synaptic plasticity were reflected in behavior by testing associative memory. To this end, we used a behavioral tagging paradigm
(Moncada and Viola, 2007), in which mice are exposed to a novel
environment or OF before the application of a weak foot shock
(Fig. 4A). Previous studies have demonstrated that weak memory
(i.e., weak foot shock) can be consolidated into a strong memory
if it was coupled with strong stimulation (i.e., OF environment;
Moncada and Viola, 2007). Associative memory strength was
measured as the latency to step down to bars that were associated
with a weak foot shock at various time points (1 h, 24 h, and 7 d).
A longer step-down latency indicates a stronger associative memory as the mice would stay on the platform for a longer time
before stepping down to the bars. The pre-shock (training) stepdown latency was 11.61 ⫾ 1.365% and 9.363 ⫾ 1.077% for WT
and p75 NTR KO mice, respectively (Fig. 4 B, C). In agreement
with a previous study (Moncada and Viola, 2007), the step-down
latency at all three different time points measured was significantly higher ( p ⫽ 0.0006 for 1 h, p ⫽ 0.0029 for 24 h, and p ⫽
0.0029 for 7 d) in mice that received the weak foot shock after OF
spatial exploration, compared with mice that were not exposed to
the OF (Fig. 4 B, C). Both WT and p75 NTR KO mice responded in
a similar way. However, after SD, WT mice that experienced a
foot shock after OF exploration had a significantly lower stepdown latency compared with the control NSD WT mice at all

Deletion of p75 NTR prevents SD-mediated changes in
PDE4A5-cAMP–CREB-BDNF pathway
Next, we investigated the possible mechanisms by which p75 NTR
prevents SD-mediated functional and structural deficits. Hippocampal phosphodiesterase PDE4A5 plays an important role in
mediating the electrophysiological and behavioral effects of SD
(Vecsey et al., 2009; Havekes et al., 2016a). Specifically, SD was
shown to have resulted in increased PDE4A5 levels in the hippocampus (Vecsey et al., 2009). Consistent with earlier findings,
we confirmed that SD significantly increased ( p ⫽ 0.0079) the
levels of hippocampal PDE4A5 in WT but not p75 NTR KO mice
compared with NSD mice (Fig. 5 A, B). A previous study has demonstrated that PDE4A5 interacts with p75 NTR (Sachs et al., 2007),
an observation that we also confirmed by co-immunoprecipitation from mouse hippocampal extracts (Fig. 5C). PDE4A5
hydrolyzes cAMP and, in agreement with this, hippocampal
cAMP levels were found to be significantly decreased ( p ⫽
0.0043) in SD WT mice compared with NSD WT mice (Fig. 5D).
However, SD did not affect hippocampal cAMP levels in p75 NTR
KO mice (Fig. 5D). These results show that the deletion of
p75 NTR preserves cAMP levels in hippocampus from SD mice by
affecting PDE4A5 function.
The extracellular signal-regulated kinases (ERK1/2) are also
key players in the maintenance of long-term synaptic plasticity
(Impey et al., 1999; Roth and Sweatt, 2008). In the hippocampus,
the phosphorylation of ERK1/2, a key event in ERK1/2 activation,
was significantly reduced ( p ⫽ 0.0022) in WT mice after SD (Fig.
5 A, B), consistent with previous findings (Guan et al., 2004; Ravassard et al., 2009). However, SD did not affect the levels of
phosphorylated ERK1/2 in SD p75 NTR KO mice (Fig. 5 A, B).
Similar effects were observed in the phosphorylation levels of
cAMP responsive element-binding protein (CREB), a transcription factor important for synaptic plasticity and memory (Vecsey
et al., 2009). A significant decrease ( p ⫽ 0.0079) in phosphorylated CREB was observed after SD in WT but not p75 NTR KO
mice compared with NSD WT mice (Fig. 5 A, B). Together,
ERK1/2 and CREB signaling pathways were found to be preserved in p75 NTR KO mice subjected to SD. This is in line with the
resistance to SD-induced synaptic plasticity and memory deficits
observed in p75 NTR KO mice.
Given the fact that CREB regulates BDNF expression, ELISA
and Western blot analysis were performed to detect BDNF expression in hippocampal extracts. The ELISA experiments revealed that both mature- and pro-BDNF levels were significantly
decreased ( p ⫽ 0.0128 for mature BDNF and p ⫽ 0.0012 for
pro-BDNF) in SD WT mice compared with NSD WT mice (Fig.
6A), but p75 NTR KO mice did not show these changes (Fig. 6A).
Western blot analysis further confirmed that SD significantly reduced the expression of mature BDNF ( p ⫽ 0.0138) and proBDNF ( p ⫽ 0.0286) in WT mice but not p75 NTR KO mice (Fig.
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(Wilcox test, p ⫽ 0.04) after which the
potentiation gradually decayed to the
baseline (104.60 ⫾ 12.27%, Wilcox test,
p ⫽ 0.4688). These results further support
a significant role of BDNF in maintaining
late-LTP and STC in p75 NTR KO mice after SD.
Deletion of p75 NTR prevents SDmediated changes in RhoA-ROCK2 and
cAMP-PKA-LIMK1-cofilin pathway
RhoA-ROCK and cAMP-PKA-LIMKcofilin pathways are well known signaling
cascades in the regulation of actin dynamics (Ohashi et al., 2000; Hsieh et al., 2006;
Nadella et al., 2009). It has been previously reported that p75 NTR signaling can
modify the activity of the Ras homolog
gene family member A (RhoA; Yamashita
et al., 1999). We found that SD significantly increased ( p ⫽ 0.03) RhoA protein
levels in SD WT but not SD p75 NTR KO
mice compared with NSD control WT
mice (Fig. 7 A, B), indicating a role of
p75 NTR in the upregulation of RhoA protein after SD. Moreover, the level of Rhoassociated coiled-coil containing protein
kinase 2 (ROCK2) was also significantly
increased ( p ⫽ 0.0123) in WT but not
p75 NTR KO mice after SD (Fig. 7 A, B). In
addition, SD significantly decreased ( p ⫽
0.0016) the phosphorylation of LIMK1 at
threonine 508 in WT mice after SD (Fig.
7 A, B). No significant change ( p ⫽
Figure 5. Effects of SD on PDE4A5, ERK, CREB, and cAMP levels in the hippocampus. A, Western blot analysis of hippocampal
0.8826)
was observed in SD p75 NTR KO
NTR
PDE4A5, ERK, and CREB levels between NSD and SD from WT and p75 KO mice. B, Ratio of fold-change from Western blot. The
PDE4A5 protein level was significantly increased ( p ⫽ 0.0079) in SD WT mice compared with NSD WT, NSD p75 NTR KO, and SD mice (Fig. 7 A, B). In turn, LIMK has been
p75 NTR KO mice; N ⫽ 4 for each group. The phospho/total ERK ratio was significantly decreased in SD WT mice compared with NSD implicated in the regulation of cofilin acWT ( p ⫽ 0.0022), NSD p75 NTR KO ( p ⫽ 0.0022), and SD p75 NTR KO ( p ⫽ 0.0043) mice; N ⫽ 6 for each group. The phospho/total tivity (Endo et al., 2003). We found that
CREB ratio was significantly decreased ( p ⫽ 0.0079) in SD WT mice compared with NSD WT, NSD p75 NTR KO, and SD p75 NTR KO cofilin phosphorylation at serine 3 was
mice; N ⫽ 5 for each group. The values of the individual groups were calculated in relation to the control group while tubulin serves significantly lower ( p ⫽ 0.0495) in SD WT
as a loading control. Asterisks indicate significant differences between groups (one-way ANOVA, **p ⬍ 0.01). Error bars indicate mice compared with control WT mice
⫾SEM. C, Immunoprecipitation of hippocampal tissues reveals an interaction between p75 NTR and PDE4A5 in both NSD and SD (Fig. 7 A, B). However, phosphorylated
conditions. D, ELISA analysis of hippocampal cAMP level between NSD and SD mice. The cAMP level was significantly decreased in cofilin level was unchanged in p75 NTR KO
SD WT mice compared with NSD WT ( p ⫽ 0.0043), NSD p75 NTR KO ( p ⫽ 0.0216), and SD p75 NTR KO ( p ⫽ 0.0087) mice; N ⫽ 6 for
after SD (Fig. 7 A, B). A previous study has
each group. Asterisks indicate significant differences between groups (one-way ANOVA, *p ⬍ 0.05, **p ⬍ 0.01). Error bars
demonstrated
that SD decreases LIMK
indicate ⫾SEM.
serine 596 phosphorylation and cofilin
phosphorylation at serine 3 as a result of
6 B, C). To further elucidate the role of BDNF in SD, TrkB/Fc
decreased cAMP-PKA activity (Havekes et al., 2016b). Spine
chimera recombinant protein (1 g/ml) was bath applied to the
counts from Golgi staining in CA1 pyramidal neurons of the
hippocampal slices from SD p75 NTR KO mice 30 min before and
hippocampus (Fig. 8A) showed that SD significantly decreased
30 min after the first STET (Fig. 6 D, E). In the presence of TrkB/
( p ⬍ 0.0001) spine density in WT mice compared with NSD WT,
Fc, STET led to an immediate increase in fEPSP in S1, 151.40 ⫾
NSD p75 NTR KO, and SD p75 NTR KO mice (Fig. 8B). SD significantly reduced the number of apical dendrites ( p ⬍ 0.0001; Fig.
4.30% (Wilcox test, p ⫽ 0.02), but the potentiation was statisti8C) and basal dendrites ( p ⫽ 0.0003; Fig. 8D) of CA1 neurons in
cally significant only up to 75 min (Wilcox test, p ⫽ 0.04) or 140
WT but not p75 NTR KO mice. Furthermore, SD significantly
min (U test, p ⫽ 0.04), after which the fEPSP remained at baseline
reduced ( p ⫽ 0.0286) the spine density of apical/basal dendrites
until the end of the recording period of 4 h (108.40 ⫾ 6.81%,
located 60 –150 m away from the soma of CA1 neurons in WT
Wilcox test, p ⫽ 0.68). Similarly, in the STC experiment, with
but not p75 NTR KO mice (Fig. 8E). Immunostaining of the proTrkB/Fc bath application, potentiation in S1 was statistically sigteins RhoA, ROCK2, LIMK1 and cofilin (Fig. 7C) showed that
nificant (179.70 ⫾ 8.28%, Wilcox test, p ⫽ 0.02) immediately
these proteins were distributed in all subregions of the hippocamafter STET but remained only for 150 min (Wilcox test, p ⫽ 0.03)
pus although the staining of RhoA is weak. SD has been shown to
and gradually decayed to the baseline values toward the end of
lead to the loss of dendritic spines in CA1 and dentate gyrus but
recording (108.20 ⫾ 8.18%, Wilcox test, p ⫽ 0.38). The fEPSP in
not CA3 region, although the underlying mechanisms that acS2 showed statistically significant potentiation until 110 min
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Figure 6. Effects of SD on BDNF levels in the hippocampus. A, ELISA analysis of hippocampal mature- and pro-BDNF level between NSD and SD mice. The mature BDNF level was significantly
decreased ( p ⫽ 0.0128) in SD WT mice compared with NSD WT mice; N ⫽ 6 for each group. The mature BDNF level was significantly decreased ( p ⫽ 0.0221) in SD WT mice compared with both
NSD and SD p75 NTR KO mice; N ⫽ 6 for each group. The pro-BDNF level was significantly decreased ( p ⫽ 0.0012) in SD WT mice compared with NSD WT, NSD p75 NTR KO, and SD p75 NTR KO mice;
N ⫽ 6 for each group. Asterisks indicate significant differences between groups (one-way ANOVA, *p ⬍ 0.05, **p ⬍ 0.01). Error bars indicate ⫾SEM. B, Western blot analysis of hippocampal
mature- and pro-BDNF levels between NSD and SD from WT and p75 NTR KO mice. C, Ratio of fold-change from Western blot. The pro-BDNF level was significantly decreased ( p ⫽ 0.0286) in SD WT
mice compared with NSD WT, NSD p75 NTR KO, and SD p75 NTR KO mice; N ⫽ 4 for each group. The mature-BDNF level was significantly decreased in SD WT mice compared with NSD WT ( p ⫽ 0.0138),
NSD p75 NTR KO ( p ⫽ 0.0218), and SD p75 NTR KO ( p ⫽ 0.0286) mice; N ⫽ 4 for each group. Asterisk indicates significant differences between groups (one-way ANOVA, *p ⬍ 0.05). Error bars
indicate ⫾SEM. D, Induction of late-LTP by STET in S1 (open red circles) in the presence of TrkB/Fc (1 g/ml) resulted in a decremental LTP in SD p75 NTR KO mice (N ⫽ 7). Control potentials from
S2 (open blue circles) remained stable during the recording period. E, Both STET in S1 (open red circles) and WTET in S2 (open blue circle) in the presence of TrkB/Fc (1 g/ml) resulted in early-LTP
that was not reinforced into late-LTP in SD p75 NTR KO mice (N ⫽ 7). Scale bars: vertical, 2 mV; horizontal, 3 ms. Error bars indicate ⫾SEM. Symbols and analog traces as in Figure 1.

count for these region-specific changes remain to be investigated
(Havekes et al., 2016b; Raven et al., 2019). Thus, we postulated
that the RhoA-ROCK2 and cAMP-PKA-LIMK1-cofilin pathways in the CA1 and dentate gyrus regions may be more vulnerable to the negative consequences of SD. To further elucidate the
role of p75 NTR in SD, the cell-permeable p75 NTR signaling inhibitor TAT-pep5 (0.1 M) was bath applied to the hippocampal
slices from SD WT mice throughout the LTP and STC experiments (Fig. 9 A, B). In late-LTP experiment, the mean fEPSP slope
value immediately after first tetanization was 155.30 ⫾ 7.28%
(Wilcox test, p ⫽ 0.03). The potentiation in S1 remained stable

up to 4 h (158.7 ⫾ 7.56%, Wilcox test, p ⫽ 0.03; U test, p ⫽ 0.002;
Fig. 9A). In STC experiment, the increase in post-tetanization
potential in S1 was statistically significant (156.30 ⫾ 8.63%, Wilcox test, p ⫽ 0.04) immediately after STET and the mean fEPSP
stayed up until the end of recording (141.70 ⫾ 13.40%, Wilcox
test, p ⫽ 0.04). The post-tetanization potentials in S2 also showed
statistically significant potentiation until the end of recording
(144.30 ⫾ 2.65%, Wilcox test, p ⫽ 0.04). These results further
support a significant role of p75 NTR in mediating plasticity
changes in SD. Together, these data suggest that SD modulates
the RhoA-ROCK2 and cAMP-PKA-LIMK1-cofilin pathways via
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pathways underlying hippocampal-dependent synaptic plasticity and efficacy.
Synaptic associativity transforms shortterm plasticity to long-term plasticity, enabling the neural networks to encode
stable long-term memories. One characteristic consequence of SD is a deficit in
associative plasticity or memory consolidation evident predominantly in behavioral studies (Graves et al., 2003; Prince
and Abel, 2013; Havekes et al., 2016b).
Using the STC paradigm, our study provides evidence of disrupted associative
plasticity after SD, which corroborates behavioral tagging experiments in which SD
impaired associative memory. It has been
postulated that during behavioral tagging,
PRPs synthesized under the influence of
novelty, could transform transient forms
of plasticity into long-lasting forms
(Moncada and Viola, 2007). Interestingly,
evidence from rodent experiments has
suggested that hippocampus replays recent awake experiences during sleep,
which in turn can influence later memory
performance. This demonstrates the important role of hippocampal replay in
memory consolidation (Ji and Wilson,
2007; Bendor and Wilson, 2012). In humans, the consolidation of hippocampal-dependent memories during
sleep is causally related to the replay of
hippocampal neural activities during
sleep (Hanert et al., 2017; Schapiro et al.,
2018). Overall, the findings from our electrophysiological and behavioral tagging
Figure 7. Effects of SD on RhoA, ROCK2, LIMK1, and cofilin levels in the hippocampus. A, Western blot analysis of hippocampal studies further support the importance
RhoA, ROCK2, LIMK1, and cofilin levels between NSD and SD mice. B, Ratio of fold-change from Western blot. The RhoA level was of sleep in regulating hippocampalsignificantly increased in SD WT mice compared with NSD WT ( p ⫽ 0.0300), NSD p75 NTR KO ( p ⫽ 0.0298), and SD p75 NTR KO ( p ⫽ dependent long-term memory and asso0.0164) mice; N ⫽ 4 for each group. The ROCK2 level was significantly increased in SD WT mice compared with NSD WT ( p ⫽ ciative memory.
0.0123), NSD p75 NTR KO ( p ⫽ 0.0435), and SD p75 NTR KO ( p ⫽ 0.0282) mice; N ⫽ 3 for each group. The phosphorylated LIMK1
In agreement with previous studies
protein level was significantly decreased in SD WT mice compared with NSD WT ( p ⫽ 0.0016), NSD p75 NTR KO ( p ⫽ 0.0084), and (Rösch et al., 2005; Woo et al., 2005), our
SD p75 NTR KO ( p ⫽ 0.0329) mice; N ⫽ 4 for each group. The phosphorylated cofilin level was significantly decreased in SD WT mice data show that p75 NTR KO mice exhibit
compared with NSD WT ( p ⫽ 0.0495), NSD p75 NTR KO ( p ⫽ 0.0387), and SD p75 NTR KO ( p ⫽ 0.0388) mice; N ⫽ 3 for each group. normal late-LTP and STC. Amazingly, the
The values of the individual groups were calculated in relation to the control group while tubulin serves as a loading control. deletion of p75 NTR prevented the deficits
Asterisks indicate significant differences between groups (one-way ANOVA, *p ⬍ 0.05, **p ⬍ 0.01). Error bars indicate ⫾SEM. C,
typically observed after SD, suggesting that
Representative images of stained WT mice hippocampus with RhoA (red), ROCK2 (green), LIMK1 (green), and cofilin (green), and
the cellular and synaptic alterations that
counterstained with DAPI (blue). Scale bars, 200 m.
arise during SD do not take place in cells
lacking this receptor. Together, our data
suggest that p75 NTR contributes to the inp75 NTR. This in turn impairs actin dynamics, which is important
hibitory influence on hippocampal plasticity, associative plasticity,
for synaptic function and efficacy.
and associative memory that follows sleep loss.
What could be the possible mechanism for the preservation of
Discussion
associative plasticity and memory in SD mice lacking p75 NTR?
In the present study, we show that 5 h of SD in mice affected
We found that SD-mediated increase in PDE4A5 levels did not
late-LTP but not the short-lasting form of LTP (early-LTP) in the
occur in p75 NTR mutant mice. Increased PDE4A5 levels have
hippocampal CA1 region. It has been reported earlier that probeen shown to impair a long-lasting form of hippocampal synlonged SD (24 –72 h) inhibits the induction of LTP in the hipaptic plasticity and attenuate hippocampal-dependent memory
pocampus of rodents (Campbell et al., 2002; Ravassard et al.,
consolidation by interfering with PKA activation (Havekes et al.,
2009). Consistent with earlier findings, our study indicates that
2016b). In fact, blockade of PDE4A5 signaling has been proven to
the degree of impact of SD on hippocampal function correlates
be an effective mechanism to prevent SD-induced changes in
with the length of SD (Campbell et al., 2002; Ravassard et al.,
synaptic plasticity (Vecsey et al., 2009). Our data show that SD
2009). In general, acute SD is sufficient to disrupt the signaling
increases p75 NTR protein expression. Induction of p75 NTR ex-
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pression has been observed upon nervous
system injury and in a number of neurodegenerative diseases, contributing to
neuronal death (Dechant and Barde,
2002). A previous study demonstrated
that p75 NTR interacts directly with
PDE4A5, thereby regulating the PDE4A5cAMP-PKA pathway, leading to decreased cAMP levels (Sachs et al., 2007).
We also provide evidence that PDE4A5
interacts with p75 NTR in the hippocampus. Thus, our results support the idea
that p75 NTR contributes to enhanced
PDE4A5 signaling during SD, thereby
limiting cAMP-dependent plasticity and
memory processes.
Similar to cAMP-PKA signaling (Vecsey et al., 2009), a decrease in ERK1/2
activation, visualized as ERK phosphorylation, has been reported in SD (Guan et
al., 2004; Ravassard et al., 2009). Crosstalk
between the ERK pathway and cAMPPKA pathway, through the exchange protein activated by cAMP (Epac) and Ras
(Roht and Sweatt, 2008), has also been described (Sindreu et al., 2007; Havekes et
al., 2012). Hence, changes in cAMP-PKA
activity could also influence ERK activity
in SD. Both pathways are important for
regulating CREB-mediated gene expression at the transcriptional level, which
promotes the expression of proteins that
will consolidate labile memories into
long-term memories (Roberson et al.,
1999). Interestingly, BDNF plays a critical
role in maintaining late-LTP and STC in Figure 8. Effects of SD on spine density in hippocampus. A, Representative image of Golgi-Cox stained dendritic spines of CA1
p75 NTR KO mice after SD, which is con- pyramidal neurons from WT and p75 NTR KO mice in both NSD and SD conditions. B, WT mice had significant reductions ( p ⬍
NTR
sistent with earlier findings in which we 0.0001) in spine density post-SD compared with NSD WT and both NSD and SD p75 KO mice; N ⫽ 20 sections per group. C, WT
( p ⬍ 0.0001) in the number of apical dendrites of CA1 neurons post-SD compared with NSD WT and
and others have showed the critical role of mice had significant decrease
NTR
had significant decrease in the number of basal dendrites
BDNF as a plasticity protein in maintain- both NSD and SD p75 KO mice; N ⫽ 10 sections per group. D, WT miceNTR
of CA1 neurons post-SD compared with NSD WT ( p ⫽ 0.0003), NSD p75 KO ( p ⫽ 0.007) and SD p75 NTR KO ( p ⫽ 0.0005) mice;
ing long-lasting plasticity and STC (Barco
N ⫽ 10 sections per group. E, WT mice had significant reductions ( p ⫽ 0.0286) in spine density of apical/basal dendrites between
et al., 2005; Sajikumar et al., 2009).
60 and 150 m away from the soma of CA1 neurons post-SD compared with NSD WT and both NSD and SD p75 NTR KO mice; N ⫽
Sleep loss has been shown to reduce 4 per each group. Asterisks indicate significant differences between groups (one-way ANOVA, *p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍
spine density and attenuate synaptic effi- 0.001, ****p ⬍ 0.0001). Error bars indicate ⫾SEM.
cacy in the hippocampus (Raven et al.,
2017). The size and shape of spines are
decreases phosphorylation of LIMK1 in the hippocampus. Actin
dependent on actin protein and its dynamics is strongly associdepolymerizing protein cofilin is a downstream target of LIMK1.
ated with activity-dependent long-term plasticity (Rudy, 2015).
Modulation of cofilin activity has been shown to be essential for
RhoA-ROCK and cAMP-PKA-LIMK-cofilin pathways have been
the reorganization of the actin cytoskeleton (Bamburg and Bernimplicated in regulating actin dynamics (Nadella et al., 2009;
stein, 2010). An earlier study has demonstrated that SD reduced
Tönges et al., 2011). p75 NTR can activate RhoA in response to
cofilin phosphorylation, reflecting higher activity of cofilin in the
myelin-derived ligands and activated RhoA in turn causes
hippocampus (Havekes et al., 2016b). Indeed, our study shows a
ROCK2 activation (Maekawa et al., 1999; Wang et al., 2002;
decrease
in cofilin phosphorylation and spine density after SD in WT
Wong et al., 2002). In our study, we found that the levels of
mice.
Surprisingly,
deletion of p75 NTR prevents the SD-mediated
hippocampal RhoA and ROCK2 increased after SD. RhoAmodulation
of
RhoA-ROCK2
and cAMP-PKA-LIMK1-cofilin
ROCK activation can activate downstream effectors, which regpathways
in
the
hippocampus
and
hence, preserves spine density.
ulate cytoskeleton reorganization such as growth cone collapse
NTR
Furthermore,
p75
signaling
inhibitor
TAT-pep5 is able to reand neurite outgrowth inhibition (Lingor et al., 2007; Wu et al.,
store late-LTP and STC deficits in the hippocampus after SD, reveal2013). LIMK1 activation can result in growth cone collapse
ing that the role of p75 NTR in SD is not developmental, as it can be
(Maekawa et al., 1999) and its activity is regulated by the cAMPinduced acutely in adult animals.
PKA pathway (Nadella et al., 2009). Downregulation of LIMK1
It has been reported that the setting of synaptic tags and stawas shown to have a critical role in BDNF/CaMKII␤-mediated
bilization of STC is governed by actin polymerization (Ramneurite outgrowth (Saito et al., 2013). Our data show that SD
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Figure 9. Effect of TAT-pep5 on synaptic plasticity associated with SD. A, The STET in S1 (open red circles) in the presence of TAT-pep5 (0.1 M) resulted in late-LTP that was maintained for up
to 4 h in SD WT mice (N ⫽ 6). Control potentials from S2 (open blue circles) remained stable during the recording period. B, Both STET in S1 (open red circles) and WTET in S2 (open blue circles)
resulted in a significant potentiation that was maintained until the end of recording in SD WT mice (N ⫽ 5). Scale bars: vertical, 2 mV; horizontal, 3 ms. Error bars indicate ⫾SEM. Symbols and analog
traces as in Figure 1.

Figure 10. A proposed mechanism of the p75 NTR as a mediator of synaptic changes during
SD. This diagram depicts the signaling pathway by p75 NTR in mediating LTP and associative
memory impairment after sleep loss. SD increases PDE4A5 level and this protein can interact
directly with p75 NTR, which leads to a reduced level of cAMP. Moreover, SD also decreases
ERK1/2 activity. Both cAMP and ERK pathways are important in regulating gene expression at
the transcriptional level via CREB, which promotes upregulation of expression of proteins, for
example BDNF that will consolidate labile memories into long-term memories. Both CREB and
BDNF levels are decreased in SD. The BDNF and TrkB receptor have been shown to be involved in
STC process, which is critical for memory consolidation, are impaired during SD. In addition, SD
modulates the cAMP-PKA-LIMK1 pathway. Modulation of this pathway increases the activity of
cofilin, which leads to loss of spine density. SD also increases RhoA level leading to an increase in
ROCK2 activity, which has been implicated in regulating spine density. As a whole, p75 NTR
mediates PDE4A5-cAMP–CREB-BDNF, cAMP-PKA-LIMK1-cofilin, and RhoA-ROCK2 pathways,
which eventually lead to changes in both functional and structural plasticity. As a consequence,
LTP and associative memory are impaired after sleep loss. Red arrow indicates increases. Green
arrow indicates decreases.

achandran and Frey, 2009) and cofilin is a widely distributed
actin-modulating protein. On the other hand, BDNF/TrkB signaling, which is downregulated in SD, is important for regulating
LTP maintenance in the hippocampus by promoting actin polymerization within dendritic spines (Rex et al., 2007). Moreover,
cofilin also regulates the trafficking and insertion of AMPAR at
postsynaptic sites upon LTP induction (Gu et al., 2010). Thus, we
postulate that SD may interfere with the tagging process during
LTP and STC, thus preventing their maintenance by interfering
with the setting of synaptic tags and the distribution of PRPs.
Inhibition of p75 NTR could, however, hinder cofilin activity by
preventing modulation of the cAMP-PKA-LIMK1 pathway while

promoting actin dynamics. The exon III p75 NTR KO mice used in
this study may express an alternatively spliced isoform (von
Schack et al., 2001), which is able to support some signaling activity although the expression level is expected to be low. Alternatively, there exists a conditional complete p75 NTR KO mouse
strain (Bogenmann et al., 2011), which carries a complete deletion of the transmembrane and cytoplasmic domains of the receptor. In the future, it will be intriguing to study the effects of SD
using this conditional complete p75 NTR KO mouse as it will not
be hampered by complexities associated using the p75 NTR KO
mice with only exon III deletion. The conditional complete
p75 NTR KO mice are expected to produce a similar result or even
better outcome in restoring plasticity deficits associated with
sleep loss.
In conclusion, our findings demonstrate that p75 NTR is an
important mediator of the alterations in hippocampal-dependent synaptic plasticity and memory caused by SD. The study
elucidates the signaling pathways activated by p75 NTR to regulate
both functional and structural plasticity changes associated with
SD and contributes to the understanding of how deletion of
p75 NTR restores hippocampal plasticity changes after sleep loss.
In general, deletion of p75 NTR prevents SD-mediated changes of
the following pathways: (1) PDE4A5-cAMP–CREB-BDNF, (2)
cAMP-PKA-LIMK1-cofilin, and (3) RhoA-ROCK2 (Fig. 10). Alterations in these pathways underlie the disruption of functional
and structural plasticity in hippocampus, which eventually contributes to the failure of STC and hence associative memory after
SD. Thus, targeting p75 NTR could be an attractive strategy to
counteract the impairments in cognitive function that result
from sleep loss.
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