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Sleep deprivation (DS) is the forced elimination of sleep. While brain-derived neurotrophic factor (BDNF) has been extensively
studied in the context of in mood changes following DS, the role of other neurotrophins remains elusive. This study explores the
impact of DS on BDNF, glial cell line-derived neurotrophic factor (GDNF), neurotrophin-3 (NT3), and neurotrophin-4 (NT4) at mRNA
and protein level, considering their potential links to mood disturbances. The study involved 81 participants subjected to
polysomnography (PSG) and DS. Blood samples, mood assessments, and actigraphy data were collected twice, after PSG and DS. NT
mRNA expression and serum protein concentrations of BDNF, GDNF, NT3, and NT4 were measured. Participants were divided into
Responders and Non-Responders based on mood improvement after DS. DS reduced BDNF mRNA expression in all participants,
with no change in serum BDNF protein. GDNF protein decreased in Non-Responders, while Responders exhibited reduced GDNF
mRNA. NT3 protein increased in both groups, while NT3 mRNA decreased in Respondents. NT4 protein rose universally post-DS, but
NT4 mRNA remained unchanged. Physical activity (PA) negatively correlated with mRNA expression of BDNF, GDNF, and NT3 post-
DS. The study’s short DS duration and exclusion of immature NT forms limit comprehensive insights. GDNF, together with NT3,
might play an important role in mood response to DS. PA during DS seems to impair the mRNA expression of NTs in leukocytes.
Future studies on the subject of sleep deprivation might consider investigating the relationship between BDNF and NT4 in the
context of their apparent redundancy.
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INTRODUCTION
Neurotrophins (NT) are proteins necessary to maintain the proper
functioning of the central nervous system (CNS), mediating
processes like synaptic plasticity and neuro- and gliogenesis. There
are four NTs with similar tertiary structures: nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3
(NT-3), and neurotrophin-4 (NT-4). Glial cell line-derived neuro-
trophic factor (GDNF) has a different structure than the previous
four but fulfills similar functions as a neurotrophic factor.
Studies suggest that NTs might be linked to a wide range of

psychiatric disorders, including certain sleep disorders. Projects
conducted over the recent decades tended to focus on the BDNF,
as the most abundant NT in the CNS, which is also involved in
memory consolidation and learning through the induction of
morphological changes in neurons [1, 2]. Since this NT might cross
the blood–brain barrier in both directions, it could be assumed that
its levels in the periphery reflect those within the CNS [3]. It has
been demonstrated that insomnia and low sleep quality reduce
the level of BDNF, which in turn is also altered in related affective
disorders like depression [4, 5]. Similar findings were published for
GDNF, but neither NT3 nor NT4 were investigated [6, 7].
On the other hand, deprivation of sleep (DS) might promote the

production of NTs, which was connected to its anti-depressant
effect, frequently observed in individuals with depression. Zucconi

et al. demonstrated an upregulated rate of hippocampal
neurogenesis after DS [8]. Eckert et al. reported an increase in
serum BDNF following partial (<36 hours) DS [9]. Giese et al. made
similar findings [10]. What’s important, in their study, depressed
subjects who experienced mood improvement in the wake of
sleep loss had a higher BDNF level than non-responders, which
corroborates the hypothesis that this NT conveys the therapeutic
effects of DS [10].
However, little is known about other mechanisms underlying

the response to sleep loss, including the contribution of other NTs.
The relationship between GDNF and depression suggests that it
might act in parallel to BDNF. However, this has not been
investigated up to date [11]. The only available project on the
subject was conducted on a small number of participants and did
not include mood evaluation [12]. Moreover, proteins usually were
not evaluated in tandem with their mRNA expression. This aspect
is particularly important, as the process of their synthesis involves
biologically active immature pre-peptides, having their own
receptor—p75NTR. Measuring both mRNA and protein would
give more insight into processes occurring under the conditions of
acute sleep loss.
Physical activity (PA) was shown to significantly affect the

production of different NTs. However, this aspect was overlooked
in studies on DS [13, 14].
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Studies on subjects without affective disorders are also lacking
as usually depressed subjects were involved, who were not naive
to pharmacological intervention, which could skew the results—
BDNF and GDNF were shown to be affected by antidepressants,
albeit not unanimously [7, 10, 15].
Thus, the present study aims to compare the levels of mRNA

expression and serum protein concentration of BDNF, GDNF, NT3,
and NT4 after a night of normal sleep and DS, depending on
changes in the severity of depressive symptoms as well as
evaluate correlations between mentioned NTs, various subjective
sleep parameters, and physical activity.

MATERIALS AND METHODS
Study group
One hundred and thirteen participants were recruited for the study. Out of
the group, 32 individuals did not complete the protocol. Data from the
remaining 81 individuals were analyzed.
The study protocol was approved by The Bioethical Committee of the

Medical University of Lodz (number: RNN/302/20/KE).
Following inclusion criteria were applied: informed consent to

participate in both phases of the study (PSG and DS) evidenced by
signing the appropriate form provided by the Department of Sleep
Medicine and Metabolic Disorders, compliance with the study protocol,
age above 18 and below 35, body mass index (BMI) 20–30 kg/m2.
Exclusion criteria were: pregnancy or breastfeeding, chronic diseases

(inflammatory, endocrine, cardiopulmonary/renal insufficiency), radio or
chemotherapy, neoplasms other than basal-cell carcinoma, surgery during
the last 6 months, substance abuse, presence of sleep disorders, such as
primary insomnia, obstructive sleep apnea, intercontinental flights 2 weeks
before qualification or during the study, other psychiatric disorders (e.g.,
obsessive–compulsive disorder or bipolar disorder) based on the interview
and questionnaires (Mood Disorder Questionnaire, Yale-Brown
Obsessive–Compulsive Scale).

Protocol
The study protocol involved 2 stages, PSG and DS. Participants were asked
to lead a sleep diary 2 weeks prior to the PSG, according to the instructions
provided by the researchers. This allowed for the collection of subjective
data regarding total sleep time, time spent in bed, sleep quality, as well as
number and duration of naps.
To perform a standard PSG examination, participants were admitted to

the Department on the evening of the scheduled day. General physical
examination and history taking were carried out by a physician shortly
thereafter. PSG duration was set at 9 hours, from 10 PM to 7 AM.
PSG examination included a standard set of parameters: electroence-

phalography (EEG), electromyography (EMG), electrooculography (EOG),
respiratory effort (chest and abdomen), airflow (oronasal thermistor placed
underneath nose), electrocardiography, body position, blood oxygen
saturation. Parameters were recorded with Alice 4, Phillips-Respironics
(Monroeville, PA, USA). PSG recordings were interpreted by one researcher,
to standardize results.
PSG findings were analyzed in concordance with the standards of the

American Academy of Sleep Medicine; epoch length was set at 30 s [16].
Focus was placed on detecting signs of sleep disorders, e.g., obstructive
sleep apnea or periodic limb movement disorder.
Participants with average total sleep time (based on data from sleep

diary and PSG recording) below 5 h per day were excluded from further
analysis.
DS was conducted between 2 and 4 weeks after the PSG and lasted ca.

24 h, beginning in the morning of the DS day. Analogously to PSG,
participants were required to make a visit to the Department twice, in the
evening and in the following morning. Enrolled individuals were allowed
to keep themselves occupied throughout the night as long as it did not
break the protocol.
Physical activity (PA) of study subjects was recorded with actigraphy

(Actigraph GENEActive Original, ActivInsights Ltd.). Each participant was
provided with the appropriate appliance during the evening visit to the
Department. The results of actigraphy were presented as a gravity-
subtracted sum of vector magnitudes. Actigraphy recordings were
interpreted by one researcher to standardize the results.
Venous blood samples (9 ml), as well as questionnaires evaluating sleep

quality, daytime sleepiness, and symptoms of insomnia and depression,

were collected during each participant’s visit to the Department, in the
evening before PSG, DS, and on the following morning.
Montgomery–Åsberg Depression Rating Scale (MADRS) is a scale

evaluating depression severity, the prime focus of which is placed on
mood rather than somatic aspects of this disorder. Ten items include,
among others: tension, lassitude, and problems with concentration. A
score above 7 is indicative of depression. Athens Insomnia scale (AIS) is an
instrument used in the diagnostic process of insomnia [17, 18]. It contains
8 items, such as sleep continuity, sleep time, and distress; each is rated 0–3.
A score above 5 is considered abnormal and suggestive of insomnia.
Pittsburgh Sleep Quality Index (PSQI) is a questionnaire applied to the
general assessment of sleep quality [19]. It covers a wide range of
symptoms of inadequate sleep, like disrupted sleep continuity or impaired
daily functioning. The cut-off point for poor sleep is 5. Epworth sleepiness
scale (ESS) evaluates daytime sleepiness by inviting an individual to assess
the probability of them falling asleep in 8 situations from daily life [20]. An
outcome above 10 requires further investigation to detect the causes of
excessive sleepiness.
Study subjects were divided into two groups based on changes in

depression severity as measured with MADRS. MADRS score of Responders
(RE) improved after DS or remained the same if the baseline was below 8,
whereas that of non-responders (NR) worsened overnight.

Molecular analysis
Isolation of RNA was conducted according to the Trizol method, with the
use of TRIzol (Invitrogen). Evaluation of RNA concentration and RNA
Integrity Number (RIN) was performed with a Nanodrop Colibri Micro-
volume Spectrometer (Titertek Berthold, Germany). Reverse Transcription
Kit (SuperScript IV First-Strand Synthesis System, Thermo Fisher Scientific
Inc., California, United States) was used to synthesize cDNA; the procedure
was done in compliance with the manufacturer’s protocol.
Quantitative real-time polymerase chain reaction was performed to

assess mRNA level of expression. Reaction mixture included: gene-specific
probes (TaqMan assays for: BDNF, GDNF, NT3, NT4 reference gene: beta-
actin). Assays underwent annealing at 60 °C for 60 s. For each sample, three
reactions and a calculation of the cycle threshold (CT) were done. The
obtained results were presented as ΔCT and analyzed with the Livak
method [21].

Biochemical analysis
The serum neurotrophin protein concentrations were assessed by
appropriate ELISA kits (BDNF, GDNF, NT3, and NT4 FineTest; Wuhan,
China). The procedure was conducted in accordance with the protocol
provided by the manufacturer. Absorbance was measured at λ= 450 nm
wavelength (BioTek 800 TS, Agilent Technologies, Santa Clara, CA, USA).

Statistical analysis
Statistica 13.1 PL (StatSoft, Tulsa, OK, USA) was used in data analysis. The
level of statistical significance was set at p < 0.05. Evaluation of distribution
(normal or non-normal) was performed with the Shapiro–Wilk test. Data
was presented as mean with standard deviation or median with
interquartile range (IQR: first–third quartile) in case of normal and non-
normal distribution, respectively. Independent parametric variables were
analyzed with a student t-test, whereas the Wilcoxon or Mann–Whitney U
test was applied for non-parametric dependent or independent ones,
respectively. Correlations were calculated with Spearman’s correlation test.

RESULTS
Demographic data (age, sex, BMI, etc. of the study group (n= 81)
were presented in Table 1; no statistically significant differences
were noted between the groups (all p > 0.05). Depending on
changes in MADRS score following DS, participants were divided
into Responders (RE, n= 50) and Non-Responders (NR, n= 31),
with the response rate as defined by assumed criteria being
61.7%.
In comparison between the morning after PSG and DS, BDNF

protein did not change (p= 0.731, p= 0.829 for RE and NR,
respectively; Table 2.); BDNF mRNA, on the other hand, was
reduced in all participants (p < 0.001) after DS. GDNF protein
decreased in the NR group after DS compared to baseline
(p= 0.030). RE, but not NR individuals, exhibited a decreased
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GDNF mRNA expression (p= 0.006, p= 0.554, respectively). NT3
protein increased after DS (p < 0.001) in all participants. NT3 mRNA
expression was reduced after DS in the RE but not NR (p= 0.009,
p= 0.802, respectively). A post-DS increase in NT4 protein was
observed in all study subjects (p < 0.001), while NT4 mRNA
expression was not impaired by DS (p= 0.392).
On the between-group analysis, RE individuals showed a greater

post-DS/post-PSG ratio of NT3 protein concentration than the NR
(NR: 1.41, IQR: 1.29–1.51 vs RE: 1.47, IQR: 1.43–1.56, p= 0.018). In
the case of other studied proteins and mRNA transcripts, the
discussed ratio remained similar between the study groups.
PA was negatively correlated with post-DS BDNF, GDNF, and,

NT3 mRNA expression (R=−0.24, p= 0.040, n= 76; R=−0.30,
p= 0.009, n= 76; R=−0.26, p= 0.023, n= 75, respectively), but
not with NT4 mRNA (R=−0.17, p= 0.148, n= 76) and with
proteins (BDNF: R= 0.17, p= 0.120, n= 81; GDNF: R=−0.07,
p= 0.565, n= 80; NT3: R= 0.11, p= 0.350, n= 81; NT4: R=−0.03,
p= 0.801, n= 81).

DISCUSSION
Studies conducted in recent decades suggest that the beneficial
influence of DS on depression might be caused by alterations in
the synthesis of neurotrophins; literature on this subject covers
primarily BDNF, while the role of other NTs remains elusive [22].
In the present study, BDNF protein concentration was not

affected by DS. Results of projects on this subject conducted on
individuals without comorbid psychiatric disorders, like depres-
sion, vary. Gorgulu et al. also did not note any changes in serum
BDNF protein levels in their healthy controls [23]. However, in a
later study on a smaller group (n= 17 in comparison to the
previous n= 33) of younger individuals (19.82 ± 1.01 vs
35.00 ± 12.24 in the previous study), they observed an increase
in serum BDNF protein concentration after 24 hours of DS, which
was maintained after 36 hours [12]. Giaccobo et al. in a similar
project on non-depressed individuals subjected to 24-h sleep
deprivation, demonstrated that serum BDNF protein increased in
the sleep-deprived group in comparison to the controls [24]. In
contrast, Kuhn et al., in their study on young adults, observed a
significant decrease in plasma BDNF protein; it must be noted that
since BDNF is stored in the platelets, comparing protein
concentration in plasma and serum might substantially differ,
thus such comparisons are rather tentative [25]. It is also possible
that the 24-h duration of DS applied in this study was not
sufficient to note any significant changes in protein production. As
already mentioned, acute sleep loss is famed for its rapid, albeit
transient antidepressant effect in patients with depression, which
has long been linked to BDNF increase [9]. Participants of the
present study were not clinically depressed. However, the lack of

differences between NR and RE groups regarding BDNF protein
suggests the need for further investigation of the molecular
background behind mood alterations induced by DS.
We noted that the expression of BDNF mRNA was significantly

impaired in all participants. To the best of our knowledge, this is
the first study to evaluate the expression of BDNF mRNA in
peripheral blood leukocytes (PBL) under the conditions of DS;
previous studies focused on region-dependent BDNF expression
in the brain using animal models. For example, Fujihara et al.
observed that in mice, BDNF mRNA was upregulated in the
hippocampus but not in the brainstem or cerebellum in the wake
of a sleepless night [26]. Due to the short BDNF mRNA half-life,
alterations of this parameter could also more reliably reflect
changes in BDNF production than measurements of protein
concentration [27]. Stunted BDNF mRNA expression in the wake of
DS could be a form of protection against an increase in proBDNF,
which has opposite effects to its mature form, promoting
apoptosis, synaptic elimination, etc. This model has certain
restrictions. Since the vast majority of BDNF is produced in the
central nervous system, alterations in the intensity of BDNF mRNA
synthesis in the PBLs might not correlate with serum BDNF protein
concentration.
Analysis of NT4 protein and its mRNA complements the findings

discussed above, as those NTs are functionally redundant in
mammals [28]. It was observed that NT4 serum protein increased
in all participants after sleep loss compared to post-PSG outcomes.
NT4 mRNA production, on the other hand, remained at the same
level regardless of response to DS. Based on such results, it could
be inferred that DS propelled posttranscriptional processes,
including the synthesis of mature NT4 from its pre-peptide.
Post-DS rise in NT4 observed here could compensate for unaltered
BDNF serum protein, which is usually seen in the aftermath of
acute sleep deprivation [28].
In this study post DS serum GDNF protein was reduced only in

the NR in comparison to their baseline values, whereas no
significant changes were observed in the RE and when both
groups were analyzed together. There is only one available study
on the subject of the influence of DS on GDNF protein conducted
by Gorgulu et al., where serum concentration of this NT, along
with BDNF and VEGF, were elevated in all participants after
24 hours of lack of sleep [12]. The authors did not divide their
study group based on mood response to DS [12]. Here, even
though significant differences regarding this parameter in the
between-group analysis were not present, the decrease in GDNF
protein was observed only in subjects whose mood worsened
after DS, suggesting that this NT bears a relation to emotional
response to sleep loss. Differences in outcomes obtained by
Gorgulu et al. and in our study could be to some extent ascribed
to a smaller number (n= 17) of younger participants in the former,

Table 1. Baseline characteristics of study participants.

Parameter Non-respondents Respondents P

n 49 31 –

Women, n, %
Men, n, %

23, 46.9%
26, 53.1%

17, 54.8%
14, 45.2%

0.491

Age, median (IQR) 23 (22-26) 24 (22-26) 0.541

BMI, [kg/m2], median (IQR) 22.05 (19.49–23.78) 22.85 (22.04-24.72) 0.065

Smoking, n, % 6, 12.2% 3, 9.7% 0.723

Higher education, n, % 22, 44.9% 16, 51.6% 0.345

Total sleep time during the PSG night, [min], median (IQR) 400 (360–480.5) 430 (366–468.75) 0.987

Sleep latency during the PSG night, [min], median (IQR) 33.5 (17.5–51) 34.5 (23.75–57.75) 0.467

Sleep efficiency during the PSG night [%], median (IQR) 78.6 (71.7–89.5) 81 (69.25–85.65) 0.487

BMI body mass index, IQR interquartile range.
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some of which would still be considered adolescents (aged 18–25,
with a mean age of 19 years) [12]. GDNF mRNA expression was
lower in all participants in the post-DS morning compared to the
baseline; in the between-group analysis, we noted an opposite
finding to that in the case of GDNF serum protein concentration,
namely a decrease in GDNF mRNA in RE, but not NR. This suggests
that sleep loss in RE stimulated the production of the mature NT
from its pre-peptide, whereas in NR, posttranscriptional processes
were disrupted.
As for NT3 protein, it was observed that its serum protein

concentrations were significantly increased in the aftermath of DS.
Moreover, the ratio of post-DS/post-PSG NT3 protein was higher in
RE than in NR. The expression of NT3 mRNA was lower in all
participant regardless of their mood status after sleep loss. To the
best of our knowledge, this is the first study to analyze those
neurotrophins in the periphery under the influence of acute sleep
loss. Hamatake et al., in their study on rat pups, observed that NT3
protein in the neocortex decreased after DS [29]. Studies have also
shown that NT3 might have anxiolytic properties; in rats, blockade
of BDNF/TrkB signaling, but not NT3/TrkC or NGF/TrkA was
associated with alleviation of depressive or anxious behaviors in
animals [30]. However, the molecular basis for such an effect is yet
to be elucidated. Sheldrick et al. observed that NT3, as well as
BDNF production, was elevated in different regions of the brains
of individuals medicated for depression with selective serotonin
reuptake inhibitors or tricyclic antidepressants compared to their
counterparts whose depression was not managed pharmacologi-
cally [31].
What concerns PA, we found that it stunts the leukocyte

expression of BDNF, GDNF, and NT3 mRNA under the conditions of
acute sleep loss. To the best of our knowledge, this is the first
study assessing actigraphy scores in the context of NT productions
during DS. Most studies on the interactions between PA and NTs
focused on BDNF; available evidence shows that exercise might
enhance its synthesis. Authors showed that rats with unlimited
access to a running wheel exhibited an upregulated production of
BDNF in different regions of the brain, hippocampus in particular
[32]. In humans, acute exercise also upregulated both BDNF
protein concentration in serum and gene expression in peripheral
blood mononuclear cells; however, such effect was not present in
the case of low-intensity training, thus showing that a certain
threshold needs to be met to intensify BDNF production at least in
the short term, which did not occur in the present study [33, 34].
As of 2023, there are no studies on the subject of PA and the
expression of leukocyte-derived GDNF. Nevertheless, GDNF
appears to have an important role in neuromuscular diseases,
such as amyotrophic lateral sclerosis, where in animal models it
could prevent the degeneration of motor neurons [35]. In a study
on rats authors demonstrated that training might increase the
GDNF protein concentration in the spinal cord [36]. Other
researchers suggested that physical activity could be a good
countermeasure attenuating the decrease in GDNF mRNA in
muscles, preventing neurodegeneration [13]. Since sleep loss
exerts a highly negative effect on physical performance, further
investigation of alterations in GDNF mRNA expression and protein
concentration in muscles following sleep deprivation would be
desirable [37]. The analogous reaction of NT3 mRNA to PA is not
surprising since, similarly to GDNF, this NT is abundant in muscles,
promoting their innervation [38]. Ying et al. also showed that
exercise might upregulate the production of NT3 transcript in
muscles as well as the spinal cord of rats [39]. Future studies might
consider analyzing the three discussed NTs together to determine
how sleep and different types of PA influence the dynamics of
their synthesis.
Albeit comprehensive, this study has several limitations. One of

the most important is the relatively short DS duration, which was
set here at 24 h. It is possible that applying total DS as well as
analyzing blood samples at two time points: after 24 and 36 h ofTa
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sleep loss, like did some other researchers, would give more
insight into the dynamics of alterations in the synthesis of NTs
under the influence of DS. In the present study analysis of
immature forms of selected NTs as well as NGF was also omitted,
as it could further convolute an already complex set of data, thus
making it difficult to draw any conclusions. Actigraphy is
considered to be a reliable method of monitoring one’s sleep/
wake rhythm. However, it has its shortcomings, such as a lack of
sufficient sensitivity to detect short naps.
To conclude, acute sleep loss influences the production of NTs

from the level of transcription. PA under such circumstances
seems to have a paradoxical effect on the mRNA expression of the
discussed proteins, inhibiting their synthesis in leukocytes. GDNF,
together with NT3, might play an important role in mood
response to DS. Future studies on the subject of sleep deprivation
might consider investigating the relationship between BDNF and
NT4 in the context of their apparent redundancy, which implies a
possibility of compensation. Projects exploring the balance
between NT3 and BDNF in the periphery might also be validated,
especially considering recent findings about the anxiolytic proper-
ties of the former.
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