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Background: Cigarette smoking has shown to be associated with sleep disturbance, espe-
cially prolonged sleep onset latency (SOL). Cigarette smoking stimulates the release of
dopamine (DA) and serotonin (5-HT), which might promote awakening and inhibit rapid
eye movement sleep. Dopamine transporter (DAT) and serotonin transporter play a key role
in the reuptake of DA and 5-HT from the synaptic cleft into presynaptic neurons. However,
the relationship among cigarette smoking, sleep disturbance and neurotransmitters has never
been investigated in human cerebrospinal fluid (CSF).

Methods: A total of 159 Chinese male subjects (81 active smokers and 78 non-smokers)
who would undergo lumbar puncture before the surgery of anterior cruciate ligament
reconstruction were recruited and SmL-CSF samples were collected incidentally. CSF levels
of DA, DAT, 5-HT, and serotonin transporter were measured using radioimmunoassay and
ELISA. Sociodemographic data and the Pittsburgh Sleep Quality Index (PSQI) scale were
collected before surgery.

Results: PSQI global scores, SOL, and CSF DA levels were significantly higher in active smokers
compared to non-smokers (2.00 [1.00—4.75] scores vs 4.00 [3.00-6.00] scores, p = 0.001; 10.00
[5.00-15.00] minutes vs 15.00 [10.00-30.00] minutes, p = 0.002; 87.20 [82.31-96.06]ng/mL vs
107.45[92.78-114.38] ng/mL, p <0.001), while CSF DAT levels were significantly lower in active
smokers (0.35 [0.31-0.39] ng/mL vs 0.29 [0.26-0.34] ng/mL, p < 0.001).

Conclusion: Cigarette smoking was indeed associated with sleep disturbance, shown by
prolonged SOL, higher DA levels and lower DAT levels in CSF of active smokers.
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Introduction
Cigarette smoking has been shown to be associated with insomnia. Insomnia is the
most common sleep disorder prevalent in 10% to 15% of the general population
characterized by difficulty in either initiating sleep or maintaining sleep continuity,
and poor sleep quality." A population based study exhibited a relationship between
cigarette smoking, difficulty in initiating sleep, and symptoms associated with sleep
fragmentation, and active smokers were significantly more likely to report difficulty in
sleeping.” Also, other studies showed similar results that active smokers frequently
report difficulty in initiating sleep,”* namely prolonged sleep onset latency (SOL).
Sleep is proven to vacillate between two distinct stages of the NREM and REM stages.
Dopamine (DA) and serotonin (5-HT) are showed to promote awakening™® and inhibit
REM sleep (REMS)*® suggesting their association with the transition between being
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awake and sleep, while cigarette smoking stimulates the
release of DA’ and 5-HT.'” DA is a highly potent wake-
promoting signal in mammals,'' and DA depletion in mice
promotes the complete suppression of REMS.'? To keep the
proper signaling levels, DA needs to be cleared from the
synaptic cleft by the dopamine transporter (DAT). DAT has
a key role in the reuptake of DA from the synaptic cleft into
presynaptic dopamine neurons.'* DAT knockout mice showed
higher wakefulness and less slow wave sleep.” Cigarette smok-
ing regulates the DA and DAT in animals and human beings’
studies. Nicotine-induced DA release is significantly elevated
in the nucleus accumbens of rats by microdialysis'* and in the
striatum of rats by positron emission tomography.'> DA was
significantly elevated in the caudate in smoker autopsies,'®
while DAT availability showed a decrease in the striatum of
male smokers by single photon emission computed
tomography.'” The bulk of neuroanatomical data available
indicates that DA-containing neurons in the brain receive
a prominent innervation from 5-HT originating in the raphe
nuclei of the brainstem.'® DA neuronal cell bodies and terminal
sites are modulated to interact with the 5-HT system of brain
regions.'® 5-HT and its transporter play roles in the modulation
of sleep,?’ and maintain wakefulness.”' 5-HT receptor knock-
out mice show a significant increase of wakefulness which has
been partly ascribed to the increase of dopaminergic
neurotransmission.® Extracellular levels of 5-HT in the brain
seem to follow the firing pattern of the raphe neurons, being
highest during the wake, lower during slow wave sleep and
lowest during REM sleep.”? Serotonin transporter (SERT)
plays a role similar to DAT. SERT knockout mice exhibit
more REM sleep than wild type litter mates and display more
frequent REM sleep bouts that last longer.> Moreover, chronic
high-dose nicotine exposure has been reported to result in age-
specific decreases in adolescent SERT densities.**

The cerebrospinal fluid (CSF) which is considered as
a better reflection of the biochemical characteristics in the
brain might be the preferable sample to study the central
nervous system. Therefore, this present study was aimed to
apply CSF samples to investigate the association among cigar-
ette smoking, levels of DA, 5-HT or their transporters, and
sleep disturbance.

Participants and Methods

Study Design

In this cross-sectional study, active smokers were treated
as cases, and non-smokers were matched by sex and age as
controls.

Participants

Due to extremely few female smokers in China,>> we
consecutively recruited 159 Han Chinese male subjects
who had scheduled for surgery of anterior cruciate liga-
ment reconstruction from 2014 to 2016, including 81
active smokers and 78 non-smokers. Sociodemographic
data, including age and years of education, and clinical
data such as the history of substance abuse and depen-
dence were obtained according to self-report and con-
firmed by the next of kin and family members. The
exclusion criteria included (1) systemic or central nervous
system diseases or (2) a family history of psychosis and
neurological diseases, determined by the Mini-
International Neuropsychiatric Interview.

Participants without a history of any substance abuse or
dependence including cigarette smoke, alcohol, opioids,
marijuana, et al, were assigned to the non-smoker group.
Active smokers were defined as those who consumed half
a pack of cigarettes (half pack=10 cigarettes) per day at
least for one year, and had no other psychiatric disorders
according to the Diagnostic and Statistical Manual of
Mental Disorders, 4th Edition. Considering sleep distur-
bance correlated with increased smoking urge,”® active
smokers were then grouped into moderate smokers (smok-
ing>10 and <20 cigarettes per day for at least 1 year) and
heavy smokers (smoking>20 cigarettes per day for at least
1 year) based on the number of cigarettes smoked per day
based on the standard of WHO criteria.

The present study was approved by the Inner
Mongolian Medical University Institutional Review
Board and conducted in accordance with the Declaration
of Helsinki and obtained written informed consent from all

subjects.

Assessments
The information on demographic and clinical character-
istics was obtained from all subjects and their medical
records. The data of high-density lipoprotein (HDL), low-
density lipoprotein (LDL), alanine aminotransferase test
(ALT), cholesterol (CHO), triglyceride (TG), gamma-
glutamyl transferase (GGT) and aspartate aminotransfer-
ase (AST) came from routine tests of the subjects to
evaluate physical condition on admission. These periph-
eral metabolic marker levels were measured in the morn-
ing on the second hospital day after an overnight fasting
period using a biochemistry analyzer (HITACH 7600,
Hitachi Co., Tokyo, The

Japan). smoking related
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variables were collected from active smokers: age at
smoking onset, years of cigarette smoking, average daily
amount of cigarette smoking, and maximum daily amount
of cigarettes smoking. Those questionnaires, including
SOL, were all finished in 24 hours before anterior cruciate
ligament reconstructive surgery by all subjects. As well,
the Self-Rating Anxiety Scale (SAS),”” 13-item Beck
Depression Inventory (BDI),”® and Chinese version of
Pittsburgh Sleep Quality Index (PSQI) scale,*® were com-
pleted in three days before the surgery by all subjects to
evaluate the anxious and depressive condition and sleep
quality.

The SAS consists of 20 items to detect anxiety in
research and clinical practice, and the total score may
vary from 20 (no anxiety at all) to 80 (severe anxiety).
The 13-item BDI is a self-completion questionnaire that is
widely used to assess the severity of depressive symptoms
with each item rated from 0 to 3 to indicate the least-to-
most depressed mood. Its score ranges of cutoff points for
various categories of depression are 0—4 (No Depression),
5-7 (Mild), 8-15 (Moderate), and 16-39 (Severe). The
PSQI measures sleep quality retrospectively over the pre-
vious month and consists of 19 items combined to seven
components, including subjective sleep quality, sleep
latency, sleep duration, habitual sleep efficiency, sleep
disturbance, sleep medication use, and daytime dysfunc-
tion. Each component score can range from O to 3. The
seven component scores are summed to yield a PSQI
global score ranging from 0 to 21, with a cutoff of § in

30,31

Chinese people, such that the higher score indicates

poorer sleep quality.

Biological Sample Collections and

Laboratory Tests

Lumbar puncture which is part of the standard clinical
practice for patients undergoing anterior cruciate ligament
reconstructive surgery in China was performed in the
morning before surgery by a licensed anesthetist and
a SmL CSF sample was obtained via intrathecal collection
divided into tubes and immediately frozen at —80°C for
storage. The time interval between assessments and lum-
bar puncture was less than 24 hours.

Analyses were performed to measure CSF levels of
5-HT (15-2500 ng/mL) and DA (4.5-2000 ng/mL) using
radioimmunoassay kits (LDN, Nordhorn, Germany), and
DAT (0.156-10 ng/mL) and SERT (0.156-10 ng/mL)
using ELISA kits (Cloud-clone Corp., Katy, TX, USA),

respectively. The CSF samples were diluted with buffer in
the volume ratio of 1:9 for SERT. Laboratory technicians
were blinded to clinical data.

Statistical Analysis

Since the data of this study did not follow a normal dis-
tribution, the Wilcoxon rank sum tests and one-way ana-
lysis of variance (ANOVA) were used to compare the
differences of general demographic, clinical data and raw
biomarkers between groups. Analysis of covariance
(ANCOVA) for continuous variables was used to examine
the differences between groups. Pearson correlation and
partial correlation analysis were performed to determine
the correlation between continuous variables and smoking
related variables, adjusted for age and years of education,
respectively. Bonferroni adjustment was also conducted to
deal with multiple comparisons. All statistical analyses
were performed using IBM SPSS Statistics for Windows,
Version 20.0 (IBM Corp., Armonk, NY, USA) with
a significance level of 0.05 and two-sided test.

Results

Demographic and Clinical Characteristics
The longer education years were observed in non-smokers
compared to active smokers (15.00 [11.00—15.00] years vs
11.00 [8.00-15.00] years, p = 0.001), while no significant
difference was found in age, SAS and BDI scores, and
clinical characteristics between two groups (all p > 0.05).
The SAS and BDI score of all subjects were <45 scores
and <13 scores, respectively. Both the PSQI global scores
and SOL were significantly higher in active smokers com-
pared to non-smokers (2.00 [1.00—4.75] scores vs 4.00
[3.00-6.00] scores, p = 0.001; 10.00 [5.00—-15.00] minutes
vs 15.00 [10.00-30.00] minutes, p = 0.002, respectively,
shown in Table 1).

CSF Biomarkers Analysis

Using ANCOVA adjusted for years of education and all
four biomarkers as covariates, both the PSQI global scores
and SOL were higher in active smokers compared to non-
smokers (p = 0.003 and p = 0.002, respectively). The CSF
DAT levels were found significantly lower in active smo-
kers, while the CSF DA levels were significantly higher in
active smokers (both p < 0.001), shown in Table 2. The
CSF SERT levels were significantly higher in active smo-
kers (p = 0.031), but there was no significance after the
Bonferroni correction.
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Table | Clinical Characteristics of Non-Smokers and Active Smokers

Variables Non-Smokers (n = 78) Active Smokers (n =81) P

Age (years) 31.00 (26.75—40.25) 32.00 (27.00—42.00) 0.403
Education (years) 15.00 (11.00-15.00) 11.00 (8.00-15.00) 0.001*
SAS* 35.00 (33.00-36.00) 35.00 (31.25-37.00) 0.582
BDI* 1.00 (0-2.00) 2.00 (0.50-3.00) 0.057
PSQI global scores” 2.00 (1.00-4.75) 4.00 (3.00-6.00) 0.001*
Sleep onset latency” (minute) 10.00 (5.00-15.00) 15.00 (10.00-30.00) 0.002*
HDL (mM/L) 1.23 (1.09-1.35) 1.19 (1.06-1.35) 0.464
LDL (mM/L) 2.77 (2.35-3.12) 2.63 (2.27-2.96) 0.245
ALT (U/L) 26.00 (17.75-37.75) 26.00 (14.50—42.50) 0.688
CHO (mMIL) 4.85 (4.29-5.27) 471 (4.36-5.28) 0.662
TG (mM/L) 1.74 (1.27-2.44) I.51 (1.06—1.90) 0.042
GGT (U/L) 32.50 (23.75—48.75) 32.00 (23.00-59.00) 0.957
AST (U/L) 21.00 (17.00-24.00) 20.00 (15.00-25.00) 0.339
CSF Dopamine (ng/mL) 87.20 (82.31-96.06) 107.45 (92.78-114.38) <0.001*
CSF DAT (ng/mL) 0.35 (0.31-0.39) 0.29 (0.26-0.34) <0.001*
CSF 5-HT (ng/mL) 302.14 (284.05-326.76) 285.20 (274.05-297.50) <0.001*
CSF SERT (ng/mL) 83.29 (73.45-90.42) 83.29 (76.36-92.49) 0.306

Notes: All data were reported as median (IQR) using the Mann-Whitney U-test; “Using ANOVA; *p < 0.05.
Abbreviations: SAS, Self-Rating Anxiety Scale; BDI, Beck Depression Inventory; PSQI, Pittsburgh Sleep Quality Index; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; ALT, alanine aminotransferase; CHO, cholesterol; TG, triglyceride; GGT, gamma-glutamyl transferase; AST, aspartate aminotransferase; CSF, cerebral spinal fluid;
DAT, dopamine transporter; 5-HT, serotonin; SERT, serotonin transporter; IQR, interquartile range; ANOVA, one-way analysis of variance.

Table 2 CSF Biomarkers Differences Between Non-Smokers and Active-Smokers

Mean Differences 95% ClI p
PSQI global scores -1.87 —3.08, —0.66 0.003*
Sleep onset latency (minute) —-10.81 —17.43, -4.19 0.002*
CSF Dopamine (ng/mL) —16.42 —26.61, —11.24 <0.001*
CSF DAT (ng/mL) 0.06 0.03, 0.08 <0.001*
CSF 5-HT (ng/mL) 11.23 —3.83, 26.27 0.142
CSF SERT (ng/mL) -7.92 -15.10, —0.74 0.031*

Notes: ANCOVA was used for PSQI global scores and sleep onset latency with years of education and four biomarkers as covariates; ANCOVA was used for each

biomarker with years of education and other biomarkers as covariates; *p < 0.05.

Abbreviations: PSQI, Pittsburgh Sleep Quality Index; CSF, cerebral spinal fluid; DAT, dopamine transporter; 5-HT, serotonin; SERT, serotonin transporter; Cl, confidence

interval; ANCOVA, analysis of covariance.

Correlation and Difference in Active

Smokers
Using partial correlation adjusted for age, years of education,
scores of SAS and BDI, and smoking related variables, there
was no correlation of the PSQI global scores and SOL with
four CSF biomarkers (all p > 0.05). There was no correlation
of the PSQI global scores and SOL with smoking related
variables using partial correlation adjusted for age, years of
education, scores of SAS and BDI, and the other smoking
related variables (all p > 0.05).

A total of 81 active smokers were grouped into mod-
erate smokers (n = 47) and heavy smokers (n = 34). No
difference was found in age, years of education, BDI

scores, PSQI global scores, SOL, and other clinical char-
acteristics between two groups, except for CHO (4.86
[4.56-5.40] mM/L vs 4.47[4.07-4.99] mM/L, p = 0.005)
and SAS scores (34.50[30.00-36.00] scores vs 36.00
[34.00-38.00] scores, p = 0.021) (shown in Table 3).
There was no significant difference in CSF levels of DA,
DAT, 5-HT and SERT between moderate and heavy smo-
kers, adjusted for age, years of education and other
biomarkers.

Discussion
This is the first study in human CSF to investigate the
association among cigarette smoking, neurotransmitters
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Table 3 Clinical Characteristics of Moderate Smokers and Heavy Smokers

Variables Moderate Smokers (n = 47) Heavy Smokers (n =34) p

Age (vears) 32.00(25.00-43.00) 33.00(28.50-42.00) 0716
Education (years) 11.00(1 1.00—15.00) 1 1.00(8.00—15.00) 0.235
SAS* 34.50(30.00-36.00) 36.00(34.00-38.00) 0.021*
BDI* 2.00(1.004.00) 2.00(0-2.00) 0.233
PSQI global scores™ 3.00(2.00-6.00) 4.00(3.00-6.00) 0.865
Sleep onset latency” (minute) 20.00(10.00-30.00) 15.00(5.00~27.50) 0.254
HDL (mMIL) 1.23(1.11-1.42) 1.15(0.97-1.31) 0.070
LDL (mMIL) 2.63(2.38-2.92) 2.49(2.08-3.01) 0215
ALT (U/L) 24.00(14.00—42.00) 30.50(15.50—44.25) 0.500
CHO (mMIL) 4.86(4.56-5.40) 4.47(4.07-4.99) 0.005*
TG (mMIL) 1.59(1.08-2.21) 1.36(1.03—1.57) 0.122
GGT (U/L) 31.50(22.75-57.50) 32.00(24.50-69.00) 0.441
AST (U/L) 19.00(16.00-24.00) 21.00(13.75-25.25) 0.886
CSF Dopamine (ng/mL) 107.90(95.28—118.30) 102.60(91.70—1 1 1.20) 0.065
CSF DAT (ng/mL) 0.29(0.26-0.34) 0.29(0.25-0.35) 0.736
CSF 5-HT (ng/mL) 286.40(274.45-297.50) 283.75(270.95-298.53) 0.376
CSF SERT (ng/mL) 80.62(76.36-92.49) 83.79(74.50-90.68) 0781

Notes: All data were reported as median (IQR) using the Mann-Whitney U-test; “Using ANOVA; *p < 0.05.

Abbreviations: SAS, Self-Rating Anxiety Scale; BDI, Beck Depression Inventory; PSQI, Pittsburgh Sleep Quality Index; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; ALT, alanine aminotransferase; CHO, cholesterol; TG, triglyceride; GGT, gamma-glutamyl transferase; AST, aspartate aminotransferase; CSF, cerebral spinal fluid;
DAT, dopamine transporter; 5-HT, serotonin; SERT, serotonin transporter; IQR, interquartile range; ANOVA, one-way analysis of variance.

with sleep disturbance. The primary finding showed that
cigarette smoking was indeed associated with sleep distur-
bance, shown by poorer sleep quality, prolonged SOL, as
well as higher DA levels and lower DAT levels in CSF of
active smokers compared to non-smokers. Previous studies
have demonstrated that cigarette smoking is associated with
exacerbated sleep quality in adults and adolescents using
polysomnography.>?>* Studies on large cohorts of smokers
have shown a reduction of subjectively sleep quality and
more insomnia-like symptoms, including poor sleep quality,
long time to fall asleep and less restorative sleep.®”® Several
polysomnographic studies reported that active smokers have
a longer SOL and a higher percentage of time in the NREM
N1 stage resulting in shallower and poor sleep significantly
compared to nonsmokers.>*=” Also, better sleep quality is
associated with withdrawal.*® By positron emission tomo-
graphy, a human study showed that cigarette smoking
induced the upregulation of DA levels in the limbic striatum
which correlates with the urge to smoke. Elevations in extra-
cellular DA induced by smoking have been associated to the
craving or improved mood, which can continue to promote
smoking behavior and further increase the DA release.’®
Nicotine as the primary psychoactive ingredient in tobacco

93941 Nicotinic acetylcholine

promotes the DA release.
receptors are expressed presynaptically on dopamine axon

terminals, and their chronic desensitization reduces the

dynamic range of dopamine release in response to dopamine
cell activity and contrast between high and low dopamine
activity.*” This might enhance the urge to smoke to promote
DA release in another way.

The role of DA as a sleep suppressor has been well
recognized, and induced arousal states are associated with
altered DA neurotransmission.” DA is involved in
increased wakefulness in animal experiments and human
studies. On the contrary, the depletion of DA in humans
provokes sleepiness.'> The DAT transports DA against
a concentration gradient from the synapse into the intracel-
lular space as the primary mechanism and provides spatial
and temporal control of the dopamine signal.** Recently,
a series of molecular imaging studies showed a significant
reduction in DAT availability and function in active smokers
compared to non-smokers.'*>*® DA uptake by the DAT is
electrogenic (bringing negative charge into the cell) and
abolishing the internal positive charge at the plasma mem-
brane by depolarization would counteract rather than pro-
mote DA uptake. Consequently, membrane trafficking was
responsible for DAT downregulation,*” which explained the
DAT decrease in active smokers of our study.

In addition, nicotine induces an increase of 5-HT levels
in some brain regions.*® However, nicotine activates an
increase of DA in merely a few seconds,*” and produces
minimal effects on 5-HT neurons™ with the induced release
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of 5-HT much lower.>! Also, 5-HT and DA are metabolic
degraded by monoamine oxidase, and 5-HT neurons have
greater regulation by monoamine oxidase than DA.>' So,
though a lower level of 5-HT was not found in active
smokers, the decrease of 5-HT could depend on a greater
activation of monoamine oxidase. Besides, in our study, no
correlation was observed between sleep variables and DA or
5-HT, which might result from that PSQI reflecting the
overall sleep quality could not reflect the length of REM
sleep. DA and SHT are recognized to be correlated with
length of REM sleep in normal conditions, the extra stimu-
lation of nicotine affecting the secretion and function of DA
and SHT might be another reason. The laboratory tests of
blood levels of HDL, LDL, ALT, CHO, TG, GGT and AST
were only a part of the routine examination on admission.
The previous studies showed that cigarette smoking could

damage the metabolic function of liver,*>*

which might
explain the difference of CHO levels between the groups.

There are some limitations to the present study. First,
CSF cannot directly reflect neuron changes during sleep;
nevertheless, it is considered to represent biochemical
changes in the brain, unlike DA and 5-HT plasma levels;
DA, 5-HT and many other substances cannot cross the
blood brain barrier.>*>® Secondly, participants recruited in
this study were subjects with anterior cruciate ligament
injuries instead of healthy populations, which might be
seen as a confounder when interpreting the results.
Finally, cigarette smoking has also effects on other neuro-
transmitters, and we will make deep research in this field
in the future.

Conclusion

Cigarette smoking was indeed associated with sleep dis-
turbance, shown by prolonged SOL, higher DA levels and
lower DAT levels in CSF of active smokers.

Abbreviations

SOL, sleep onset latency; DA, dopamine; 5-HT, serotonin;
REM, rapid eye movement; NREM, non-rapid eye move-
ment; DAT, dopamine transporter; SERT, serotonin transpor-
ter; CSF, cerebral spinal fluid; PSQI, Pittsburgh Sleep
Quality Index; SAS, Self-Rating Anxiety Scale; BDI, Beck
Depression Inventory; ANOVA, one-way analysis of
variance; ANCOVA, analysis of covariance; HDL, high-
density lipoprotein; LDL, low-density lipoprotein; ALT,
alanine aminotransferase; CHO, total cholesterol; TG, trigly-
ceride; GGT, gamma-glutamyl transferase; AST, aspartate
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