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Abstract

Background and Purpose: Traumatic brain injury (TBI) causes lifelong physical and
psychological dysfunction in affected individuals. The current study investigated the
effects of chronic nicotine exposure via E-cigarettes (E-cig) (vaping) on
TBIl-associated behavioural and biochemical changes.

Experimental Approach: Adult C57/BL6J male mice were subjected to controlled
cortical impact (CCI) followed by daily exposure to E-cig vapour for 6 weeks. Sensori-
motor functions, locomotion, and sociability were subsequently evaluated by nesting,
open field, and social approach tests, respectively. Immunoblots were conducted to
examine the expression of mature brain-derived neurotrophic factor (nBDNF) and
associated downstream proteins (p-Erk, p-Akt). Histological analyses were performed
to evaluate neuronal survival and neuroinflammation.

Key Results: Post-injury chronic nicotine exposure significantly improved nesting
performance in CCl mice. Histological analysis revealed increased survival of cortical
neurons in the perilesion cortex with chronic nicotine exposure. Immunoblots
revealed that chronic nicotine exposure significantly up-regulated mBDNF, p-Erk and
p-Akt expression in the perilesion cortex of CCl mice. Immunofluorescence micros-
copy indicated that elevated mBDNF and p-Akt expression were mainly localized
within cortical neurons. Immunolabelling of Ibal demonstrated that chronic nicotine
exposure attenuated microglia-mediated neuroinflammation.

Conclusions and Implications: Post-injury chronic nicotine exposure via vaping facili-
tates recovery of sensorimotor function by upregulating neuroprotective mBDNF/

TrkB/Akt/Erk signalling. These findings suggest potential neuroprotective properties

Abbreviations: AD, Alzheimer's Disease; AP, anterior-posterior; CCl, controlled cortical impact; CCI-Nic, CCl surgery group exposed to nicotine vapour; CCI-Veh, CCl surgery group exposed to
vehicle vapour; E-cig, E-cigarette; Em, emission; Ex, excitation; Iba-1, ionized calcium-binding adaptor molecule 1; ML, medial-lateral; MS, multiple sclerosis; NeuN, neuronal nuclear protein; OF,
open field test; p-TrkB, phosphorylated tropomyosin-related kinase receptor type B; S1, the primary somatosensory cortex; SA, social approach; Sham-Nic, Sham-surgerized mice exposed to
nicotine vapour; Sham-Veh, Sham-surgerized mice exposed to vehicle vapour; TBI, traumatic brain injury.
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1 | INTRODUCTION

Traumatic brain injury (TBI) is one of the leading causes of disability
and death in the United States. According to the Centers for Disease
Control and Prevention (CDC), over 220,000 TBI-related hospitaliza-
tions were documented in 2019, with 64,362 deaths attributed to TBI
in 2020 alone. The primary injury from TBI is caused by a strong and
abrupt mechanical force that damages the brain parenchyma. Immedi-
ate consequences include haemorrhage, neuronal damage, and disrup-
tion of the blood-brain barrier (BBB), followed by secondary injuries
arising from impaired BBB, chronic inflammation and excitotoxicity.
These secondary injuries further exacerbate neuronal cell death, trig-
gering neurodegeneration and increasing the risk of neurodegenera-
tive disorders (Brett et al., 2022).

While it is clear that premorbid use of tobacco adversely influ-
ences neurocognitive and functional outcomes in TBI, primarily due to
systemic effects that can compromise brain functions and weaken the
integrity of the BBB (Durazzo et al., 2013), the effects of smoking
post-TBI remain elusive. A recent study that recruited 336 Veterans
with TBI reported that 28% of participants were actively smoking
after TBI, with 12% of preinjury non-smokers adopting smoking post-
TBI (Silva et al., 2018). Given the notably higher prevalence of smok-
ing among Veterans and active military members, this unique demo-
graphic group may be particularly susceptible to the combined effects
of TBI and nicotine dependence. Understanding the effects of post-
TBI smoking is thus essential for developing targeted interventions to
improve overall outcomes.

Nicotine, the active ingredient in E-cig, exerts its psychoactive
effects by binding to nicotinic acetylcholine receptors (nACh recep-
tors) in the brain. In the central nervous system (CNS), nACh receptors
play crucial roles in mediating cholinergic transmission, neurotransmit-
ter and growth factor release (Castillo-Rolon et al., 2020; Serres &
Carney, 2006). nACh receptors have been implicated in various CNS
disorders, including TBI, Alzheimer's Disease (AD), Parkinson's Disease
(PD) and other neurodegenerative conditions. Over the past decade,
selective activation of a7 nACh receptors to restore lost cholinergic
signalling has gained increasing attention as a potential therapeutic
approach to treat various neurological conditions (Dineley et al., 2015;
Roberts et al., 2021). Despite preclinical studies suggesting potential
neuroprotective effects of nicotine in TBI (Lee et al., 2012; Rao
et al., 2022; Shin et al., 2012; Verbois, Scheff, & Pauly, 2003), it is cru-
cial to recognize that E-cig use is still clinically recognized as a major
risk factor for addiction, cancer and cardiovascular disease. Further-

more, the effects of long-term nicotine use on post-TBI recovery

of nicotine despite its highly addictive nature. Thus, understanding the multifaceted
effects of chronic nicotine exposure on TBIl-associated symptoms is crucial for paving

the way for informed and properly managed therapeutic interventions.

BDNF, E-cigarette, neuroprotection, nicotine, sensorimotor function, traumatic brain injury

What is already known?

e Premorbid tobacco/E-cig are linked to adverse effects on
functional outcomes in traumatic brain injury (TBI).

o Nicotine modulates biological activities and has been
shown to afford neuroprotective effects in neurodegen-

erative disease.

What does this study add?

e Chronic nicotine exposure after TBI is protective in pre-
venting neuron loss in the perilesion cortex.

o Nicotine's neuroprotective effect is mediated by the
upregulation of neuronal BDNF/TrkB signalling in the

cortex.

What is the clinical significance?

o nACh receptor-selective agonists could serve as thera-
peutic agents for neuroprotection against TBI and neuro-
degenerative diseases.

e This can be achieved without inducing the addictive side
effects associated with prolonged nicotine exposure.

remain unclear; thus, a more comprehensive understanding of the
molecular and cellular changes in post-injury nicotine exposure is
urgently needed.

The current study aims to (1) provide a comprehensive neurobe-
havioral analysis of the effects of chronic nicotine exposure following
TBI; (2) elucidate the molecular mechanisms underlying nicotine-
induced behavioural changes in TBI mice; (3) examine the effects of
post-injury chronic nicotine exposure on TBIl-induced pathophysiol-
ogy. Considering the prevalent use of electronic cigarettes (E-cig) in
our society (Jones & Salzman, 2020), this study employs an E-cig
vapour exposure model to simulate human vaping sessions. This
approach enhances the relevance of the findings to current patterns
of nicotine abuse and provides insights into the impact of chronic nic-

otine exposure after TBI.
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2 | METHODS

21 | Animals

Three-month-old adult male C57BL/6) mice were obtained from
Jackson Laboratory (Bar Harbor, ME, USA) and treated in compliance
with the Guide for the Care and Use of Laboratory Animals (National
Institutes of Health, Bethesda, MD, USA). Animal use protocols
(#20-021) was approved by the Veterans Administration San Diego
Healthcare System Institutional Animal Care and Use Committee
(IACUC). Animal studies are reported in compliance with the ARRIVE
guidelines (Percie du Sert et al., 2020) and with the recommendations
made by the British Journal of Pharmacology (Lilley et al., 2020). Mice
were housed on a 12 h:12 h light-dark cycle (lights on at 6 AM) in a
temperature and humidity-controlled room with a sufficient supply of
water and food. Additionally, mice were housed with littermates (3-4
mice) in standard cages (28.4 x 18.4 x 12.5 cm) floored with corn
cob bedding in an individually ventilated caging system.

2.2 | Experimental design

Mice were randomly divided into six groups: Sham-Vehicle (Veh,
n = 16), Sham-Nicotine (Nic, n = 11), Sham-Nicotine Withdrawal (Nic
Withdrawal, n = 15), controlled cortical impact (CCl)-Vehicle (n = 16),
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CClI-Nicotine (n = 20) and CCl-Nicotine Withdrawal (n = 19). Mice
underwent either Sham surgery or CCl surgery first, followed by base-
line assessment for social preference using the three-chambered
social approach (SA) test one-week after surgery. Next, mice received
daily vehicle or nicotine-containing vapour exposure for 6 weeks.
Considering the short half-life of nicotine, post-exposure behavioural
tests, including nesting, SA test, and open field, were performed
during the last week of exposure for nicotine-exposed groups. Beha-
vioural tests for the Withdrawal groups were conducted 1 week after
the completion of the 6-week exposure period (Figure 1a). The
behavioural test operator and data analysts were blinded to the
experimental groups until the completion of data analysis. Animals
that showed signs of distress, pain, infection at the surgical site and
aggressive behaviours were excluded from all above-mentioned
behavioural tests. Upon completion of behavioural test batteries, mice
were killed by pentobarbital (100-120 mg-kg™?) overdose via intra-
peritoneal injection. A minimum of six mice per group were allocated
for immunoblot analysis. A minimum of five mice per group were
allocated for immunofluorescence and histological analysis.

2.3 | Controlled cortical impacts (CCI) model

The CCI procedure was performed as described previously (Egawa
et al, 2017). Mice were anaesthetised with isoflurane (1.5% with
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Confirmation of nicotine delivery efficacy via a new E-cigarette vapour exposure chamber. (a) Experiment timeline. (b) lllustration of the

E-cig vapour exposure chamber. (c) Cotinine concentration in blood plasma. Cotinine concentration was analysed using a one-way ANOVA followed
by post hoc Fisher's LSD test. Data are presented as mean + SEM, n=2-4 per group. No statistical test was carried out where n <5. Nic, nicotine.
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oxygen at 1 L-min~1) and kept on a 37°C heating pad during the
surgery. Mice were stabilized in a stereotaxic frame, and a
4 mm x 4 mm cranial window (AP: +1 to —3 mm, ML: 4+0.5 to
+4.5 mm) was created above the right hemisphere. A 3-mm-diameter
flat-tip impactor (Impact one; myNeurolLab.com, Richmond, IL, USA)
was centred on the dura and accelerated to 3 m-s~* to impact the
brain at a depth of 1 mm below the cortical surface. Those coordi-
nates were chosen to target the sensory and motor cortices specifi-
cally to induce major deficits in sensorimotor function. A sterilized
cover glass was placed over the cranial window, and surgical clips
were used to close the incision. Slow-released buprenorphine
(1 mg-kg™1) was used for pain control. The animals were allowed to
recover for 1 week before baseline behaviour testing and vapour

exposure.

24 | Vapour exposure chamber model

A Stick V9 Max vape pen kit was used to aerosolize nicotine-
containing E-liquid. The stick battery provides an output voltage of
2.1 to 4.1V and an output power of 60 W. An E-liquid tank of 8.5-ml
volume capacity is attached to the battery. The E-liquid vehicle con-
tains 70% Vegetable Glycerin and 30% Propylene Glycol. Nicotine
(#N3876, 299% [GC], Sigma-Aldrich, Burlington, USA), is added to the
vehicle solution to achieve a concentration of 24 mg-ml~! (Alasmari
et al.,, 2022). A paired Baby V2 S2 0.15 Ohm caoil is used to create
clouds of vape smoke. The mouthpiece of the vape pen is connected
to the exposure chamber via polyvinyl chloride (PVC) and metal tubing
for effective delivery of vape smoke. A vacuum pump set at 50 psi is
used to provide ventilation and draw vapour into the chamber. Heat-
ing tapes are secured around the chamber for temperature control. A
temperature probe is inserted into the chamber providing constant
readouts. Each exposure session lasts 40 min, and each single puff
cycle consists of 5s of heated E-cig vapour exposure followed by
25 s of air.

2.5 | Determination of optimal exposure
temperature and exposure duration

Previous studies have shown that chamber temperature affects
the size of aerosolized particles and smoke delivery efficiency
(Lechasseur et al., 2019); we thus first tested the efficiency of vapour
delivery at varying chamber temperatures. Mice were exposed to
vehicle vapour containing Evans Blue fluorescent dye at four different
temperatures (21, 28, 32, 36°C) within the animal's thermal neutral
zone. Animals were killed immediately after exposure, and the lungs
were imaged by an IVIS Spectrum In Vivo Imaging machine
(Em = 700, Ex = 640). To determine the optimal exposure duration,
mice were exposed to nicotine-containing vapour for 5, 20, 40 and
60 min, respectively. Plasma samples were collected to assess cotinine
concentration using the Cotinine Direct ELISA kit (Calbiotech,
CO096D, San Diego, USA).

2.6 | Behavioural tests and analyses

2.6.1 | Open Field (OF)

The Open Field (OF) test was performed to assess general locomotion
and anxiety-like behaviour. Mice were placed in a square arena
(41 x 41 x 34 cm enclosures) illuminated by a bright light. A comput-
erized video tracking system (Noldus Ethovision XT 7.1, Leesburg, VA,
USA) was used for recording during a 10-min test session. Distance
moved (cm), velocity (cm-s™%) and time spent in the centre of the
arena (s) were recorded as previously described (Wang et al., 2021).

No animals were excluded from this experiment.

2.6.2 | Nesting

Nest building is an innate and highly motivated behaviour performed by
rodents to provide adequate thermo-regulation and to support pup sur-
vival (Gaskill et al., 2012). Since this behaviour requires intricate coordi-
nation between sensory feedback and motor outputs, which includes
pulling, carrying and fluffing of the nesting material, it has been used to
assess sensorimotor function in rodents (Deacon, 2006; Fleming
et al., 2004; Paumier et al., 2013; Yuan et al., 2018). To measure nest
building, mice were housed in single cages approximately 1 h before
the start of the dark cycle. Three grams of a square-shaped nestlet
(Ancare, NES3600) was placed in each cage with no other cage enrich-
ment. Nests were scored the next day at 8 am. A nesting score is given
based on the weight of the unused nestlet, and the overall shape of the
nest (1: >90% of nestlet intact; 2: 50%-90% of nestlet intact; 3: 10%-
50% of nestlet intact; 4: <10% of nestlet intact, the nest is flat; 5: <10%
of nestlet intact, the nest is identifiable with high walls). No animals

were excluded from this experiment.

2.6.3 | Social approach (SA)

Neuropsychiatric disorders such as mood dysregulation and elevated
social anxiety are commonly seen following TBI and nicotine exposure
(Jobson et al., 2019). Thus, we assessed social preference before and
after chronic nicotine exposure to evaluate the effects of nicotine
exposure on sociability in CCl mice. The social approach (SA) test con-
sists of a habituation stage followed by a test stage. In the habituation
phase, the test mouse was given 10 min to explore the three-
chambered arena with empty, inverted stainless steel wire cups
(Galaxy Cup Inc. Streetsboro, OH) placed in the two outer chambers.
In the test stage, a stranger mouse (pre-pubescent male) was placed
under one cup located in either left or right chamber, and an object
was placed under the other cup located in the opposite outer chamber
(Figure 4a). The test mouse was then placed in the centre
chamber and allowed to explore the entire arena for 10 min. Time
spent with the stranger mouse and the non-social stimulus (object)
was recorded. The sociability of the animals was evaluated by the

social preference index defined by the difference between time spent
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with a stranger mouse and an inanimate object divided by the total
exploration time (Rein et al., 2020). Singly housed mouse and mice
that demonstrates aggressive behaviour were excluded from this

behavioural test.

2.7 | Immunoblotting (IB)

Freshly dissected cortical tissue was homogenized in cold 500-mM
sodium carbonate buffer (pH 11.0; Thermo Scientific Halt Protease
and phosphatase inhibitor cocktail included, #78446, USA) and soni-
cated three times for 10s (Wang et al., 2021). Tissue homogenates
were immunoblotted using primary antibodies for BDNF (ProteinTech
#28205-1-AP, RRID:AB_2818984, 1:500, USA), GAPDH (Cell Signal-
ing Technology #2118S; RRID:AB_561053, 1:1000, USA), p-TrkB
(Millipore #ABN1381, RRID:AB_2721199, 1:500, USA); TrkB (BD Bio-
sciences 610101; RRID:AB_397507, 1:1000, USA), p-Akt (Cell Signal-
ing Technology #9271L, 1:1000), Akt (Cell Signaling Technology
#9272S, RRID:AB_329827, 1:1500), p-ERK (Cell Signaling Technology
#4370, RRID:AB_2315112, 1:1500) and ERK (Cell Signaling #9102,
RRID:AB_330744, 1:1500) overnight at 4°. Subsequently, the mem-
brane was incubated with HRP-linked anti-rabbit 1gG (Cell Signaling

(a)

Sham-Nicotine Sham-Nicotine Withdrawal

Sham-Vehicle

8000 -
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4000

2000
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Technology #7074S, RRID:AB_2099233, 1:1000) for 1 h at room tem-
perature (RT). Lumigen ECL Ultra (Lumigen TMA-6) was used to visu-
alize the signal, and densitometry analysis was performed using
Photoshop. All bands were normalized to GAPDH, and all phosphory-
lated proteins were normalized to the respective total proteins.

2.8 | Lesion volume and neuronal survival
assessment

Mice were transcardially perfused with cold PBS followed by z-fix zinc
formalin fixative (Cat#182, ANATECH LTD, USA). Brains were then
carefully removed for post-fixation in z-fix at 4 °C overnight, followed
by dehydration in 30% sucrose on the following day. Serial 40-um
coronal sections were collected and stained with cresyl violet stain
solution (0.1%). Lesion area and neuronal count were analysed using
Photoshop. Lesion size was quantified by normalizing the size of the
lesion area in the ipsilateral hemisphere to the intact contralateral
hemisphere to control for unwanted sources of variations from dehy-
dration and rehydration processes during tissue processing. Lesion
size measurements were calculated by using a total of five sections

with 1-mm intervals starting from AP +1.4 mm to AP —2.6 mm as

(b)

250 *
200+
150

100

Time in Centre (s)

3]
o
1

Sham CcCl

o Vehicle ¢ Nicotine = Nicotine Withdrawal

(d)

20

Velocity (cm-s™)
— —
o (3]
1 1
XS

(3]
1

Sham

FIGURE 2 Chronic nicotine exposure induces transient hyperactivity and anxiolytic effects in controlled cortical impact (CCl) mice.

(a) Representative open field test (OF) track visualization. (b) Time in the centre of the OF arena at the end of post-exposure Week 5. (c,d) Total
distance travelled and velocity of animals in the OF arena. Panels (b)-(d) are analysed using two-way ANOVA followed by post hoc Fisher's LSD
comparison test. Data are presented as mean + SEM, n = 11-20 per group. *P < 0.05, significantly different from vehicle within Sham and CCl groups.
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illustrated in Figure S5a. Lesion volume was determined by averaging
lesion size from all five sections. Neuronal count analysis was per-
formed using 40X image captured by Keyence All in One (BZ-X700,
Keyence Corporation of America, IL, USA). Nissl-stained neurons were
counted manually in the motor cortex at the perilesion area. Mean
values were calculated from two approximately equidistant slices.

2.9 | Immunofluorescence microscopy (IF)

Floating sections (40 um thickness) were blocked in 10% goat serum
in Tris-buffered saline (TBS)-Triton 0.25% solution for 1h at
RT. Subsequently, sections were incubated with primary antibodies:
anti-p-Akt (Cell Signaling #9271L, 1:100), anti-lba 1 (Wako
#019-19741, RRID:AB_839504, 1:500, Japan), and anti- neuronal
nuclear protein (NeuN) (Millipore Sigma #ABN91, RRID:AB_
11205760, 1:1000) diluted in the blocking solution at 4°C for 48 h
followed by incubation with species-specific fluorescent secondary
antibodies in the dark for 2 h at RT. For p-akt and BDNF staining,
sections were heated in 10-mM sodium citrate buffer (pH 6.0 and
0.05% Tween 20) for 20 min at 95-100°C for antigen retrieval. Next,
slices were pretreated with hydrogen peroxide for 30 min prior to
overnight anti-BDNF (Protein Tech #28205, 1:2000) incubation.
On the following day, sections were incubated with Biotin-
SP-AffiniPure Goat anti-Rabbit IgG (H+L): (Jackson ImmunoResearch
Labs Cat# 111-065-003, RRID:AB_2337959, USA) for 2 h followed

—_
Q
~
—_
O
~

by 30 min of incubation in an Avidin-Biotin Complex solution (Vector
Laboratories, PK6100). Next, sections were treated with a biotinyl
tyramide solution for 20 min followed by incubation with streptavidin
647 (Invitrogen, S21374, 1:500, USA) for 2h in the dark. The
Immuno-related procedures used comply with the recommendations
made by the British Journal of Pharmacology (Alexander et al., 2018).

210 |
analysis

Microglia cell count and morphological

Images of the perilesion region (500 um away from the lesion boundary)
were captured using a 20X objective lens (PlanApo), NA 0.75) with z-
stack of 14 um thickness. Composite images were processed in Photo-
shop. Microglia were manually counted using the Photoshop count
function and normalized to total cell counts identified by DAPI staining.

Morphological analysis of microglia process endpoints and branch
length was performed using the protocol described by Young and
Morrison (Young & Morrison, 2018). Three z-stacked photomicro-
graphs of the perilesion cortex were captured for each tissue
section using a 40X objective lens (Olympus P, NA 0.75). Fluorescent
images were converted to 8-bit grayscale images using ImageJ. Bright-
ness and contrast were subsequently adjusted to ensure clear and
consistent visualization of microglia. The unsharp mask filter was
added to increase the contrast of the image further. The de-speckle

function was subsequently used to remove salt-and-pepper noise
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FIGURE 3 Chronic nicotine exposure facilitates sensorimotor function recovery in controlled cortical impact (CCI) mice. (a,b) Percentage of
total nestlet used and nesting score after 6 weeks exposure. (c) Biweekly nesting assessment. (d) Representative image of Nissl staining showing
lesion in the motor and sensory cortex. Red box represents the selected area for neuronal count analysis. (e,f) Representative image of zoomed-in
Nissl staining in the perilesion motor cortex and the quantification. Panels (a)-(c) are analysed using two-way ANOVA followed by post hoc
Fisher's LSD comparison test. F is analysed using one-way ANOVA followed by post hoc Fisher's LSD comparison test. Data are presented as

mean + SEM. Significance was assumed when *P < 0.05. Nic, nicotine.
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FIGURE 4 Chronic nicotine exposure inhibits social approach behaviour. (a) Schematic diagram of the three-chambered social approach test.
(b) Pre-exposure baseline social preference of Sham and controlled cortical impact (CCl) mice. (c) Interaction time with object and stranger before
exposure (after Sham or CCl surgery). (d) Interaction time with object and stranger after 30-day exposure. (e) Social preference changes from pre-

exposure to post-exposure time point. Panel (b) is analysed using unpaired

t test. Panels (c)-(e) are analysed using two-way ANOVA followed by

post hoc Fisher LSD's comparison test. Data are presented as mean + SEM. Significance was assumed when *P < 0.05.

generated by the unsharp mask filter. The image was then converted
to binary using the threshold function. The de-speckle, close- and
remove outlier functions were applied in sequence to remove single-

pixeled noise and close gaps between processes. Lastly, binary images

were skeletonized and analysed with Imagel's Analyzeskeleton
(2D/3D) function. Branch information of microglia was copied to an
Excel spreadsheet for sorting and filtering. A cutoff pixel length of

0.168 was determined for undesired fragments by measuring and
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averaging the length of six fragments using the line tool in Imagel.
The total number of microglial process endpoints was summed and
normalized by the total number of microglia on the 40X micrograph.
The same analysis was performed three times for each image, and the

average was taken for final statistical analysis.

211 | Dataanalysis

Data were analysed by Student t tests, one-way analysis of variance
(ANOVA), or two-way ANOVA followed by Fisher's LSD or Bonferro-
ni's multiple comparisons tests as appropriate using GraphPad Prism
10 (La Jolla, California). Post-hoc tests were run only if F achieved
P<0.05 and there was no significant variance inhomogeneity. Data
were presented as mean = SEM, and significance was assumed when
*P < 0.05. Experimental groups were blinded to the observer, and the
code was broken for analysis. The statistical analysis was performed
for experiments with a group size of five or more. No data points were
excluded from the statistical analysis in any experiment. Data and sta-
tistical analysis complied with the recommendations of the British
Journal of Pharmacology on experimental design and analysis in phar-
macology (Curtis et al., 2022).

212 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, and
are permanently archived in the Concise Guide to PHARMACOLOGY
2021/2022 (Alexander, Fabbro et al., 2023a,b; Alexander, Mathie
et al,, 2023).

3 | RESULT

3.1 | Confirmation of nicotine delivery efficacy via
a new semi-automated vapour exposure chamber

The current study utilized a semiauto vapour exposure chamber to
mimic human vaping (Figure 1b). As shown in Figure S1, fluorescent
imaging of inflated lungs displayed no significant difference in Evans
Blue Dye intensity at all four temperatures after 30 min of vapour
exposure. Next, the optimal exposure duration was determined as
shown in Figure 1c. Plasma cotinine level showed a significant

increase after 20 min of exposure to nicotine-containing aerosol,
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reaching 63.6 + 8.3 ng-ml~! at 20 min, comparable to the blood cotin-
ine level detected in human E-cig users (60.6 + 34 ng~m|f1) after 1 h
of an active vaping session (Flouris et al., 2013). Since the plasma
cotinine concentration was not statistically different among mice that
were exposed to nicotine for 20, 40 and 60 min, 40-min E-cig expo-
sure at 28°C was chosen for all following experiments to ensure effi-

cacious and adequate delivery of nicotine.

3.2 | Chronic nicotine exposure induces transient
hyperlocomotion and decreases thigmotactic
behaviour in CCl mice

Mice generally exhibit a strong thigmotactic behaviour, a tendency to
remain close to the walls of the testing arena due to a natural aver-
sion to open space. Thus, the OF test (Figure 2a) was performed to
evaluate the effects of chronic nicotine exposure on locomotor activ-
ity and anxiety-like behaviours. In the current study, while no differ-
ence was observed in all three parameters within the three Sham
groups, mice from CCI-Nic group exhibited significantly increased
velocity, total distance travelled and time spent in the arena centre
compared to CClI-Veh and CCI-Nic Withdrawal group (Figure 2b-d),
indicating that chronic nicotine exposure induced a transient increase
in locomotor activity accompanied by suppressed thigmotaxis in
CCI mice.

3.3 | Chronic nicotine exposure improves long-
term sensorimotor function recovery and protects
against neuronal loss in the perilesion motor cortex

We next performed the nesting test to assess sensorimotor function
and the general wellness of mice after chronic nicotine exposure.
Nesting performance was evaluated quantitatively and qualitatively
via percent nestlet usage and nesting score, respectively. After
5 weeks of exposure, no difference in nestlet usage and nesting score
was observed within Sham groups (Figure 3a,b), suggesting that
chronic nicotine exposure or withdrawal did not affect the animal's
tendency and ability to construct nests. Since the current CCl model
causes significant tissue loss in the motor and sensory cortices, mice
from the CCI-Veh group exhibited, as expected, a significant decrease
in percent nestlet usage and nesting score compared to that of the
Sham-Veh group. This result is consistent with a previous study using
a similar chronic CCl mouse model (Ritzel et al., 2020). On the other

hand, mice from CCI-Nic and CCI-Nic Withdrawal groups displayed

FIGURE 5

Chronic nicotine exposure increases mBDNF expression and up-regulates neuronal BDNF-TrkB signalling in the ipsilateral cortex.

(@) Immunoblot (IB) analyses of the expression of p-TrkB, TrkB, p-Akt, Akt, p-ERK, ERK, mBDNF and GAPDH in the ipsilateral cortex of Sham

(a) and controlled cortical impact (CCl) mice. (b) Quantification of IBs in (a), n = 6-11 per group. (c) Representative immunofluorescence

(IF) images of BDNF (green) and neuronal marker neuronal nuclear protein (NeuN) (red). Images in the lower row show higher magnification
images of the box region in the respective upper row. Bottom panel shows zoomed-in view as indicated by the arrowhead in 40X image. Data are
analysed using one-way ANOVA followed by Fisher's LSD tests. Data are presented as mean + SEM. Significance was assumed when *P < 0.05.

Veh: Vehicle; Nic: Nicotine.
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significant improvement in nestlet usage and nesting score compared
to CCI-Veh group (Figure 3a,b). To further identify the time course of
functional recovery, a separate cohort was used to track nesting per-
formance biweekly. As shown in Figure 3c, an increasing trend in
percent nestlet use (P = 0.09) was observed as early as post-
exposure Week 3, and a significant enhancement in nestlet usage
was detected at post-exposure Week 5. Histological analyses of cor-
tical tissue damage using Nissl stain revealed that while neuron num-
ber in the CCI-Veh group significantly decreased compared to Sham-
Veh group, The CCI-Nic group showed a significantly higher neuron
count compared to that of CCI-Veh group (Figure 3d-f). No signifi-
cant difference was observed between CCI-Nic group and CCI-Nic
withdrawal group. Together, our data suggest that nicotine exposure
could significantly enhance long-term sensorimotor functional recov-
ery after CCI.

3.4 | Withdrawal from chronic nicotine exposure
adversely affects social approach behaviour in
CClI mice

One of the most common symptoms observed in TBI patients is social
maladjustment (Walz et al., 2009). However, baseline comparison of
pre-exposure social preference showed no significant difference
between Sham and CCI mice, and the social preference index for both
groups fell within the normal range (Figure 4b) (Rein et al., 2020). The
mice were then randomized to Veh, Nic and Nic withdrawal groups to
ensure all groups exhibited similar interaction time with the stranger
mouse and the object (Figure 4c). As shown in Figure 4d, after
exposure, both Sham-Nic and CCI-Withdrawal groups showed no
difference in time interacted with the stranger mouse and the object,
suggesting that nicotine exposure suppressed social behaviour in
Sham operated mice while nicotine withdrawal inhibited social behav-
iour in the CCI mice. We further compared pre- and post-exposure
social preference indices (Figure 4e) and observed a significant
decrease in social preference in the CCI-Nic Withdrawal group,
suggesting a compounding effect of nicotine withdrawal and CCl on

social approach behaviour.

3.5 | Chronic nicotine exposure increases mBDNF
expression and activates associated downstream
pro-survival signalling in the cortex

Since BDNF expression is regulated by various neurotransmitter
systems that are sensitive to nicotine (Knipper et al., 1994; Li
et al, 2014), we examined BDNF expression and its associated
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signalling proteins in the cortex. As shown in Figure 5a,b, ipsilateral
cortical tissue from Sham-Nic mice showed significantly increased
mature BDNF (mBDNF) expression compared to both the Sham-Veh
and Sham-Nic withdrawal groups, findings supported by a previous
study that reported nicotine treatment increased mBDNF expression
in the hippocampus (Lee et al., 2012). Corresponding to up-regulated
mBDNF expression, we detected increased phosphorylated tyrosine
receptor kinase B (p-TrkB), p-Akt and p-Erk expression in the Sham-
Nic group, compared to that of the Sham-Veh and Sham-Nic with-
drawal groups, confirming the activation of the BDNF-TrkB signalling
pathway triggered by chronic nicotine exposure. Similar to what was
observed within Sham groups, ipsilateral cortical tissue from CCI-Nic
mice exhibited significantly elevated mBDNF, p-TrkB, p-AKT and
p-Erk expression compared to the CCI-Veh and CCI-Nic withdrawal
groups (Figures 5a,b), suggesting a nicotine-induced upregulation in
BDNF signalling despite extensive damage to the ipsilateral cortex.
No difference was observed in mBDNF, p-TrkB, p-Akt and p-Erk
expression between Sham-Veh and CCI-Veh groups (Figure S2). Since
Immunoblotting could not identify changes in specific subregions of
the cortex nor cell types that contribute to the increased BDNF
expression, we further performed immunostaining of BDNF and
NeuN. As shown in Figure 5c (top three rows), while CCI-Veh
and Sham-Veh presented a similar pattern of weak and sparse BDNF
signals in a few cells, the CCI-Nic group showed a strong BDNF stain-
ing within multiple NeuN-positive neurons located in the perilesional
area (Figure 5c bottom row).

A similar pattern of upregulation of mBDNF and associated
downstream proteins was observed in the contralateral cortex of
Sham-Nic and CCI-Nic mice (Figure 6a,b), revealing a global increase
in BDNF-TrkB signalling due to chronic nicotine exposure. Further-
more, immunostaining revealed that p-Akt was colocalized with
NeuN-positive neurons in the contralateral S1 cortex of CCI-Nic mice
(Figure 6c), indicating activation of neuronal Akt signalling, a pro-
growth and pro-survival signalling pathway that affords beneficial
effects in multiple neurological disorders. Additional Immunoblotting
of cortical tissue revealed that the up-regulated mBDNF and down-
stream signalling proteins maintained at a high level even at 1 week
after nicotine cessation which gradually returned to baseline level at

2 weeks post cessation of nicotine (Figure S3).

3.6 | Chronic nicotine exposure attenuates
microglia-mediated chronic neuroinflammation in
CClI mice

TBI is known to increase the proliferation and activation of micro-

glia (Acosta et al., 2013). Nicotine, on the other hand, has been

FIGURE 6 Chronic nicotine exposure increases mBDNF expression and up-regulates BDNFTrkB signalling in the contralateral cortex.

(a) Immunoblot analyses of the expression of p- TrkB, TrkB, p-Akt, Akt, p-ERK, ERK, mBDNF and GAPDH in contralateral cortex of Sham and
controlled cortical impact (CCl) mice. (b) Quantification of above blots in (a), n = 6-7 per group. (c) Representative immunofluorescence images of
p-Akt (red) and neuronal marker neuronal nuclear protein (NeuN) (green). Scale bar, 500 um. Data are analysed using one-way ANOVA followed
post hoc Fisher's LSD tests. Data are presented as mean + SEM. Significance was assumed when *P < 0.05. Veh, Vehicle; Nic, nicotine.
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FIGURE 7 Chronic nicotine exposure mitigates microglia-mediated neuroinflammation in controlled cortical impact (CCI) mice.

(a) Representative image of Ibal(red) staining in the ipsilateral brain. DAPI (blue) indicates the nucleus. The boxed area indicates the perilesion
region where microglia count and morphology were examined. (b) Representative images of resting (ramified) vs. activated (deramified) microglial
morphology. (c) High-magnification full micrographs of Ibal staining in the perilesion primary sensory cortex. Corresponding binary and
skeletonized images are shown in the middle and bottom rows. (d) Percentage of Ibal+ cells in the counting field (n = 3 for Sham-Vehicle group,
n = 6 for all CCl groups). (e) Number of microglia process endpoints per cell. Data are analysed using one-way ANOVA followed by post hoc
Fisher's LSD tests. Data are presented as mean + SEM. Significance was assumed when *P < 0.05. No statistical comparison was made with the

sham group, since n<5. Veh, Vehicle; Nic, nicotine.

shown to regulate microglia activation and suppress inflammation
in the CNS via interactions with a7 acetylcholine receptors (Noda &
Kobayashi, 2017; Shytle et al., 2004; Zhang et al., 2017). Thus, we
performed Iba-1 immunolabelling to determine the effects of
chronic nicotine exposure on CCl-induced chronic neuroinflamma-
tion. As shown in Figure 7b, while microglia in the Sham-Veh group
maintained a ramified morphology, reactive microglia with a distinct
amoeboid shape were found in all three CCI groups, confirming per-
sistent microglia-mediated neuroinflammation at 2 months post CCI.
Quantification of the Ibal-positive cells in the perilesion primary
sensory cortex (Figure 7c,d) showed that the CCl-Veh group pre-
sented an increased microglia count compared to that of the explor-
atory Sham-Veh group. Most importantly, the perilesion cortex of
nicotine-exposed mice showed a significantly decreased microglia
count compared to the CCI-Veh group. A similar decreasing trend
(P =0.067) in the microglial count was observed in the CCI-Nic
Withdrawal group, suggesting that chronic nicotine exposure via
E-cig alleviated microglia-mediated neuroinflammation following
CCI. Further analysis of microglia morphology by quantifying the
number of process endpoints per cell showed decreased process
endpoints in the perilesional cortex of CCIl-Veh group when com-
pared to the exploratory Sham-Veh group (Figure 7c,e). Importantly,
process endpoint analysis revealed a significantly more ramified
microglia morphology in the CCI-Nic group compared to that of the
CCI-Veh group. No difference in microglial ramification was
detected between the CCI-Veh and CCI-Nic withdrawal groups,
suggesting that continuous administration of nicotine is necessary
to drive and maintain a more ramified microglia morphology follow-

ing experimental TBI.

4 | DISCUSSION

The current study utilized a clinically relevant full-body E-cig vapour
exposure system to investigate the effects of chronic nicotine expo-
sure on traumatic brain injury. While several a7-nAChRs agonists have
been developed as pro-cognitive agents for neurological disorders like
schizophrenia (Lieberman et al., 2013) and Alzheimer's Disease (Gault
et al., 2015; Roberts et al., 2021), this study is the first to demonstrate
the neuroprotective effect of nicotine in preserving sensorimotor
function after TBI. Our results revealed that chronic nicotine exposure
via E-cig inhalation significantly improved long-term sensorimotor
functional recovery in CCl mice. This improvement was accompanied
by an increase in cortical expression of mBDNF and upregulation of
BDNF/TrkB-associated pro-survival signalling pathways, including
p-Erk and p-Akt. Notably, the increased BDNF and p-Akt signalling
were predominantly observed in neurons. Additionally, chronic nico-
tine exposure alleviated microglia-mediated chronic neuroinflamma-
tion following CCIl. However, it is noteworthy that nicotine
withdrawal significantly impeded social approach behaviour in the CClI
mice, indicating a need for further exploration of withdrawal effects in
the context of TBI recovery.

Individuals with severe TBI suffer from long-lasting sensorimotor
deficits due to significant neuronal loss, diffuse axonal injuries and
chronic neuroinflammation. While studies using moderate and diffuse
TBI rodent models showed that nesting behaviour could recover to
baseline level at 7 days post CCl (Muccigrosso et al., 2016), severe
TBI models presented persistent nesting deficits that last for months
(Ritzel et al., 2020). In this current study, both the CCI-Nic and the
CCI-Nic Withdrawal groups showed significantly enhanced function
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recovery, suggesting that the functional improvement is not depen-
dent on nicotine's transient modulating effects on dopamine (DA)-
mediated motivation change but a true improvement in long-term
functional recovery after CCI. No significant difference was observed
in the lesion size among the three CCl groups (Figure S4), a result
expected as nicotine exposure did not begin until 7 days post-injury.
Together, these results suggest that the observed beneficial effect of
nicotine on nesting performance is possibly achieved by alleviating
secondary injuries such as neurodegeneration and/or chronic neuroin-
flammation during the chronic phase of TBI. Considering that an
upward trend in nesting performance could be detected as early as
3 weeks post-exposure, future studies that examine whether a shorter
nicotine treatment could achieve similar functional recovery while
avoiding nicotine dependence and associated symptoms may provide
valuable information for the development of nicotine-based therapy
for TBI patients. Additionally, given that several animal studies sug-
gested that nicotine treatment before and immediately post-injury
could provide potential benefits for TBI-induced deficits by compen-
sating impaired cholinergic, serotonergic, and dopaminergic signalling
(Lee et al., 2012; Shin et al.,, 2012; Verbois, Hopkins, et al., 2003;
Verbois, Scheff, & Pauly, 2003), it would be interesting to investigate
the effect of activation of nicotinic receptors at an earlier time point
after TBI on BDNF related signalling pathway and sensorimotor func-
tion recovery.

The open field test has long been used to measure anxiety-related
behaviour in rodents (Bailey & Crawley, 2009) since mice generally
display strong centre-avoidance behaviour (thigmotaxis). Our study
demonstrated that nicotine induces hyperlocomotion along with
decreased thigmotaxis in mice from the CCI-Nic group compared to
the CCI-Veh and CCI-Nic withdrawal groups. Increased exploration of
the anxiogenic centre may suggest an attenuated response to envi-
ronmental stressors in TBI-Nic mice. We suspect such behavioural
change could be due to an impaired serotonin system following nico-
tine exposure (Ribeiro et al., 1993), a system that plays a key role in
modulating anxiety (Gordon & Hen, 2004). This is consistent with pre-
vious research that established the anxiolytic effect of nicotine.
Importantly, no changes in locomotion and thigmotactic behaviour
were observed in the CCI-Nic withdrawal group, indicating that the
effects of nicotine on psychomotor behaviour are likely short-lived.
Together, these results could possibly explain the prevalent use of
nicotine-containing products among TBI patients as a form of self-
medication to cope with negative affective states caused by brain
injuries (Brown, 2010; Silva et al., 2018).

BDNF, an important neurotrophin that binds to TrkB receptors, is
well-established for its role in enhancing neuronal survival in the
injured CNS (Gustafsson et al., 2021; Wurzelmann et al., 2017). Nico-
tine, by binding to nicotinic receptors, has been shown to interact
with the BDNF-TrkB pathway (Serres & Carney, 2006). However,
while some studies claimed that chronic nicotine treatment could
increase BDNF mRNA or protein expression in the adult rodent brain
(Alasmari et al., 2021; Kenny et al., 2000; Naha et al., 2018), others
reported no change or decreased BDNF mRNA/protein expression

after chronic nicotine treatment (Aleisa et al, 2006; Ortega
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et al., 2013). In the setting of TBI, Lee and colleagues have demon-
strated that chronic exposure to cigarette smoke before TBI induces
upregulation of hippocampal BDNF mRNA and affords neuroprotec-
tive effects (Lee et al., 2012). The current study further demonstrates
that chronic nicotine exposure, begun one week after the initial injury,
still increased cortical mBDNF expression in the perilesion cortex.
Importantly, the increased Erk and Akt activation suggests that, even
in the setting of TBI, which has been shown to induce significant defi-
cits in Erk activation (Atkins et al., 2009), chronic nicotine exposure
still induced activation of Erk and Akt, two crucial kinases responsible
for promoting neuronal survival. Furthermore, immunostaining con-
firmed that the up-regulated p-Akt signals in the perilesion area are
mostly localized within the neuronal population, which could explain
the preservation of perilesion neurons and greater functional recovery
observed in nicotine-exposed CCl mice.

Microglia activation is an important pathological hallmark of TBI.
Mounting evidence has shown that microglia activation can persist
beyond months to years in the rodent TBI model, contributing to
accelerated neurodegeneration and  encephalopathy  (Simon
et al, 2017). The cholinergic anti-inflammatory pathway, which
depends on the activation of a7 nACh receptors on immune cells,
plays an important role in regulating CNS inflammation (Shytle
et al., 2004). Furthermore, activation of microglial o7 nACh receptors
has been shown to promote the conversion of pro-inflammatory
microglia to the anti-inflammatory type (Zhang et al., 2017). Consis-
tent with these previous findings, the current study revealed signifi-
cantly increased microglia process endpoints in the CCI-Nic group
compared to that of CCI-Veh and CCI-Nic withdrawal groups, sug-
gesting a less reactive phenotype of microglia in nicotine-treated
mice. Together, our data suggest that post-injury nicotine exposure
attenuates neuroinflammation by suppressing microgliosis in the peri-
lesional cortex of CCl mice, which may, in part, facilitate recovery of
sensorimotor function.

Although nicotine treatment affords beneficial effects on sensori-
motor recovery after TBI, the current study also demonstrated signifi-
cant inhibition of SA behaviour in CCI-Nic withdrawal mice. Such
inhibition may reflect anhedonia and/or a disrupted mental state,
symptoms that are closely associated with nicotine withdrawal (Mayer
et al., 2001). The unaltered social behaviour observed in the CCI-Veh
group can be attributed to the CCl model used in the current setting,
which does not directly damage the medial prefrontal cortex and
amygdala, two brain regions that are primarily responsible for modu-
lating social behaviour (Adolphs, 2009). The absence of nicotine's
inhibitory effect in the CCI-Nic group may indicate that, in the injured
CNS, nicotine-mediated activation of native cholinergic signalling is
disrupted due to extensive damage in the cortex and hippocampus
(Schmidt & Grady, 1995; Shin & Dixon, 2015). Together, these find-
ings suggest that, while chronic nicotine exposure provides neuropro-
tective effect for TBI, nicotine withdrawal could adversely affect
social behaviour in TBI patients. Furthermore, preclinical and clinical
studies have suggested that increased brain BDNF levels may be
related to drug dependence (Vargas-Perez et al., 2014). Therefore, the
potential side effects associated with chronic nicotine exposure must
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be considered while exploring the pharmacological utility of nicotinic
receptor agonism to treat brain injury and other neurodegenerative
conditions.

One limitation of this study is that we exclusively investigated the
biochemistry change in perilesion cortical tissue, but the E-cig nicotine
exposure model likely affects the whole CNS, especially regions that
rely on DA signalling such as the basal ganglia circuitry (Shin
et al., 2012). Further investigations on the effects of chronic nicotine
exposure on the dopaminergic pathway in the injured brain may pro-
vide additional insights into the therapeutic potential of nicotine.

In conclusion, the present study showed that post-injury chronic
nicotine exposure via E-cigs facilitated long-term functional recovery
from CCl-induced sensorimotor deficits by upregulating neuroprotec-
tive BDNF-TrkB signalling and alleviating microglia-mediated
neuroinflammation. However, nicotine withdrawal induced abnormal
social behaviours in CCl mice. Further investigation into specific
treatment regimens (delivery route, dose, and duration) of nicotine
and selective a7 nACh receptors agonists in the setting of TBI could
provide valuable information on potential therapeutic targets for trau-

matic brain injury and other forms of neurodegeneration.
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