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memory function was measured in week 15. HFD alone did not impair memory
function, but increased brain phosphorylated (p)-Tau and astrogliosis marker, while
neuron and microglia levels were decreased. E-vapour exposure significantly impaired
short-term memory function independent of diet and nicotine. Nicotine free e-vapour
induced greater changes compared to the nicotine e-vapour and included, increased
systemic cytokines, increased brain p-Tau and decreased postsynaptic density protein
(PSD)-95 levels in chow-fed mice, and decreased astrogliosis marker, increased
microglia and increased glycogen synthase kinase levels in HFD-fed mice. Increased
hippocampal apoptosis was also differentially observed in chow and HFD mice. In
conclusion, E-vapour exposure impaired short-term memory independent of diet and
nicotine, and was correlated to increased systemic inflammation, reduced PSD-95
level and increased astrogliosis in chow-fed mice, but decreased gliosis and increased
microglia in HFD-fed mice, indicating the inflammatory nature of e-vapour leading to
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Abstract

Tobacco smoking and high-fat diet (HFD) independently impair short-term memory. E-cigarettes
produce e-vapour containing flavourings and nicotine. Here, we investigated whether e-vapour
inhalation interacts with HFD to affect short-term memory and neural integrity. Balb/c mice (7 weeks,
male) were fed a HFD (43% fat, 20kJ/g) for 16 weeks. In the last 6 weeks, half of the mice were
exposed to tobacco-flavoured e-vapour from nicotine-containing (18mg/L) or nicotine-free (Omg/L))
e-fluids twice daily. Short-term memory function was measured in week 15. HFD alone did not impair
memory function, but increased brain phosphorylated (p)-Tau and astrogliosis marker, while neuron
and microglia levels were decreased. E-vapour exposure significantly impaired short-term memory
function independent of diet and nicotine. Nicotine free e-vapour induced greater changes compared
to the nicotine e-vapour and included, increased systemic cytokines, increased brain p-Tau and
decreased postsynaptic density protein (PSD)-95 levels in chow-fed mice, and decreased astrogliosis
marker, increased microglia and increased glycogen synthase kinase levels in HFD-fed mice. Increased
hippocampal apoptosis was also differentially observed in chow and HFD mice. In conclusion, E-
vapour exposure impaired short-term memory independent of diet and nicotine, and was correlated to
increased systemic inflammation, reduced PSD-95 level and increased astrogliosis in chow-fed mice,
but decreased gliosis and increased microglia in HFD-fed mice, indicating the inflammatory nature of
e-vapour leading to short term memory.
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e-vaping and diet on brain

Introduction

Tobacco smoking remains the leading cause of preventable death and disability worldwide. E-
cigarettes (electronic nicotine delivery devices) are controversial, being marketed as quit-smoking aids
despite many users having never smoked conventional cigarettes (Knight-West and Bullen, 2016;
Layden et al., 2019). E-cigarettes are popular amongst younger people, partially as a gadget and as a
‘safe cigarette’ due to fewer toxicants produced compared with the-conventional tobacco cigarettes (Li
et al., 2018; Ruszkiewicz et al., 2020).

Tobacco smoking is well-known to affect cognitive function, especially short-term memory (Sabia et
al., 2012). Synaptic plasticity plays a key role in memory formation during learning, although whether
the memory is stored in the synapasesynapse is unclear (Martin et al., 2000). Nicotine may affect
memory retention by altering presynaptic neurotransmitter release and synaptic potentiation (Sabia et
al., 2012). Human research on e-vaping is still lacking, given the short appearance of this product on
the market and its potential to cause permanent cognitive impacts during neuronal development.
Interestingly, recent publications on the influence of e-vaping on neurocognitive function in animal
models focus on in utero exposure, which is critical for early life neural development (Ruszkiewicz et
al., 2020). These studies on direct exposure focus on neurotoxic effects and lung injury (Ruszkiewicz
et al., 2020). While in utero exposure can impair short-term memory function (Church et al., 2020;
Nguyen et al., 2018), it is unknown whether direct long-term inhalation of e-vapour can influence
memory function.

Obesity/overweight is a global health issue, affecting 39% of the population worldwide in 2016, with
morbidity continuing to increase (WHO, 2018). Obesity is a low grade inflammatory disease, due to
the recruitment and accumulation of tissue macrophages in response to lipid influx in metabolic tissues
(Lumeng et al., 2008). High-fat diet (HFD) consumption is well-known to cause insulin resistance
leading to the development of type 2 diabetes. Such insulin resistance does not just occur in the glucose
metabolic organs, but also in the brain, where glucose uptake is normally insulin-independent (Arnold
et al., 2014). This phenomenon correlates with spatial memory change and reduced synaptic plasticity
(Arnold et al., 2014). However, it is not known if smoking accelerates the cognitive functional decline
associated with obesity. Body mass index (BMI) positively correlates with e-cigarette use (Lanza et
al., 2017), making it essential to investigate their combined impacts.

As shown by us and others, in mice exposed directly or in utero to e-vapour, some of the adverse effects
are nicotine independent (Chen et al., 2018a; Chen et al., 2018b; Church et al., 2020; Li et al., 2019).
This may be because the heated solvent (mainly lipid-based) produces neurotoxic chemicals
(Ruszkiewicz et al., 2020). Of the thousands of e-cigarette flavours aiming to attract younger users,
several are toxic after heating (Farsalinos et al., 2013; Kosmider et al., 2016; Lee et al., 2019). Despite
the variety of flavours, tobacco-flavoured e-fluids are the most popular option. In Australia, nicotine-
containing e-fluids are banned from sale. Therefore, using our well-established mouse models of e-
vapour exposure and HFD consumption (Chen et al., 2007; Chen et al., 2018a), we used tobacco
flavoured e-fluids with and without nicotine, aiming to investigate how e-vapour exposure alone affects
brain markers related to cognition and in the presence of long-term HFD consumption. We examined
the independent and combined effects of these two risk factors- representing an inhaled (e-vapour)
versus an ingested (HFD) form of lipids on memory behaviour, cell integrity, brain cell levels, synaptic
protein markers, brain insulin signaling, inflammation, apoptosis, and oxidative stress responses.

Materials and Methods

Animal experiments
All animal experiments were approved by the Animal Ethics and Care Committee at Northern Sydney
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HFD and e-vaping on memory

Health District (RESP17/93) and all experiments were performed according to the Australian National
Health & Medical Research Council Guide for the Care and Use of Laboratory Animals. Male Balb/c
mice (7 weeks) were housed at standard eenditienconditions (room temperature 20+2°C with a 12h
light, 12h dark cycle, ad libitum access to standard rodent chow and water). Balb/c mice were used due
to their susceptibility to the influence of cigarette smoke exposure.

Half of the mice were fed a HFD (43% fat, 20kJ/g, Specialty Feeds, WA, Australia) for 10 weeks to
induce obesity with the other half fed standard chow as control (14% fat, 14kJ/g, Gordon’s Specialty
Stockfeeds, NSW, Australia). From weeks 11-16, two sub-groups of mice (n=10) in each dietary group
were exposed to nicotine-containing e-vapour (18mg/mL (regular strength) nicotine, tobacco flavor,
50% Propylene Glycol (PG)/50%Vegetable Glycerin (VG), Vaper Empire, VIC) or nicotine-free e-
vapour (Omg/mL, tobacco flavour, 50% PG/50% VG, Vaper Empire, VIC) for 30 minutes, twice daily
in a 19L chamber as we have previously published (Chen et al., 2018a); while the same diets were
maintained. E-vapour was generated from a 3" generation e-cigarette device (KangerTech NEBOX,
KangerTech, Shenzen, China). The amount of nicotine produced by the nicotine-containing e-fluid is
equivalent to 2 cigarettes (2.4 mg nicotine) per exposure, adopted from our previous model
representing light smokers (Chan et al., 2016; Vivekanandarajah et al., 2016). The treatment chart is
illustrated in Figure 1.

At the endpoint, the mice were weighed and deeply anaesthetised with isoflurane (2%) before cardiaE
puncture for blood collection. The left hemisphere of the brain was snap-frozen and kept at -80°C, an
the right hemisphere was fixed in formalin. Retroperitoneal fat pads were dissected and weighed to
evaluate adiposity. Cotinine level was measured using a commercial ELISA kit (Abnova, Taipei,
Taiwan) as per the manufacturer’s instructions. Serum proinflammatory cytokines IL-1p and TNF
were measured by a Bio-Plex Pro™ Mouse Chemokine Panel 33-Plex kit (Bio-Rad, CA, USA)
according to the manufacturer's instruction.

Behavioural test

The novel objective recognition (NOR) test was used to evaluate short term memory retention. At week
15 of the experiment, mice were placed in a dark-coloured box containing two identical square blocks
for familiarisation and test phases (5-minute sessions, 1-hour interval), as we have published (Chen et
al., 2016). During the test phase, one of the objects was replaced with a triangular shaped object. The
results represent the percentage of the total time spent with the new object out of the total time spent
with both objects, as previously published (Quinn et al., 2008; Thanos et al., 2015). It is the nature of
a mouse to explore a novel object; thus spending a similar amount of time with each object (old and
new) is a sign of impaired short term memory.

Western Blotting

Western blotting was performed for markers of neural integrity (phosphorylated (p)-Tau),
inflammation (IL-1pB), oxidative stress (manganese superoxide dismutase (MnSOD), and insulin
signaling elements (phosphorylated and total 5° AMP-activated protein kinase (AMPK), Protein kinase
B (Akt), and Glycogen synthase kinase 3 (GSK)). We also measured the number of neurons (via
Neuronal Nuclei, NeuN), glia (Glial fibrillary acidic protein, GFAP), and microglia (lonized calciumf-
binding adaptor protein-1, Iba-1). The left hemisphere of the brain (excluding the cerebellum and
brainstem) was homogenised using cell lysis buffers for the whole protein. Protein samples (40j.g)
were separated on NuPage® Novex® 4-12% Bis-Tris gels (Life Technologies, CA, USA) and then
transferred to PVDF membranes (Rockford, IL, USA), which were blocked with nonfat milk powder
and incubated with the primary antibodies IL-1fB (1:2,000; Cat #NBP1-19775, NOVUS), AMPK
(1:1000; Cat #5831, Cell Signaling Technology), p-AMPK (1:1000; Cat #50081, Cell Signaling
Technology), Akt (1:1000; Cat #4685 Cell Signaling Technology), p-Akt (1:1000; Cat #13038, Cell
Signaling Technology), GSK (1:1000; 12456, Cell Signaling Technology), MnSOD (1:2000; Cat
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e-vaping and diet on brain

#2651886MERCK), PSD-95 (1:1000; Cat #3409S, Cell Signaling Technology), Synapsin (1:1000; Cat
#5297S, Cell Signaling Technology), NeuN (1:2000; Cat #MAB377, MilliporeSigma), GFAP (1:1000;
Cat #20334, Dako), Iba-1 (1:2500; Cat # 019-19741 Wako Chemicals) overnight and then secondary
antibodies (goat anti-rabbit (cat #STAR124P, BIO-RAD) or rabbit anti-mouse; (Cat #ab 6789, Abcam)
1gG horseradish peroxidase-conjugated secondary antibodies, Santa Cruz Biotechnology, Texas, USA)
for 1 hour. Protein expression was detected by SuperSignal West Pico Chemiluminescent substrate
(Thermo, MA, USA) by exposure of the membrane in Chemidoc MP (Bio-Rad, California, USA).
Protein band density measured using ImageJ software (National Institute of Health, Bethesda,
Maryland, USA) with the results expressed as a ratio of the individual marker intensity relative to -
actin (1:1000, Cat #AHP2417, Bio-Rad) band intensity.

Immunostaining

For neuron staining, frozen brain hemispheres were sectioned for the hippocampus, and the slides were
incubated with mouse monoclonal neuronal nuclei (NeuN 1:500, MAB377, Merck Millipore,
Australia) antibody for 72h at 4°C followed by biotin-labelled secondary antibody (ab6813, Abcam,
UK) overnight at 4°C. All sections were then incubated in avidin-biotin complex (Vector Laboratories)
at room temperature 1 hr before NeuN immunolabelling detected with 3,3’-Diaminobenzidine (DAB,
Abacus) until desired staining levels achieved. Sections were mounted and coverslipped with 50%
glycerol solution (Sigma-Aldrich, MS, USA). Quantification of NeuN-labelled cells was performed
using the optical fractionator method (Zeiss Axio Scan.Z1, Zeiss, Germany) and the use of Stereo
Investigator 7 software (MBF Bioscience). Every 6™ section was quantified, with a total of five sections
sampled per animal. For estimations of NeuN positive populations a counting frame of 40um x 40um
and a grid size of 84um x 60um was used in conjunction with a guard zone height of 5um and dissector
height of 10um. The coefficient of error attributable to the sampling was calculated according to
Gundersen and Jensen (Gundersen and Jensen, 1987) with errors <0.10 regarded as acceptable.

Formalin fixed paraffin embedded hippocampal tissue sections, 100 um apart for each case (n=5 per
group), were stained for apoptosis (active caspase-3) and cell death (Terminal deoxynucleotidyl
transferase end labelling method; TUNEL) following our previously described methods (Chan et al.,
2017a; Chan et al., 2017b). In brief, sections were deparaffinised in xylene, hydrated by being taken
through decreased gradient ethanol concentrations to distilled water. They were then antigen retrieved
by microwaving followed by cooling and proceeded with active Caspase-3 or TUNEL staining. For
active caspase-3, sections were incubated with the antibody (1:300, 559565, BD Biosciences,
Australia) overnight, followed by the secondary antibody (horse anti-rabbit HRP, 1:200, Vector
Laboratories, USA), avidin-biotin complex (ABC) (VEPH4000, Vector Laboratories Inc., California,
USA) and then colour developed using the diaminobenzidine (DAB) chromogen (K346811, Dako).
For TUNEL, this was via the ApopTag®Peroxidase kit (57100, Merck Millipore, Victoria). Sections
were briefly incubated with 50ul of equilibration buffer and then terminal deoxynucleotidyl transferase
(tdt; 1:4 with reaction buffer) was added to each section, coverslipped and incubated for 1 hour at 37°C.
Negative controls were incubated with water instead of Tdt. The reaction was stopped by incubating
the sections in stopwash buffer. Anti-Digoxigenin-Peroxidase was added, followed by colour
development in DAB. All sections were counterstained in haematoxylin, dehydrated through
increasing concentrations of ethanol and coverslipped in DPX. Quantification was performed for the
dorsal hippocampus with reference to the brain atlas by Paxinos and Franklin (Franklin and Paxinos,
2019) ensuring only sections that spanned -1.34 to -2.3mm relative to bregma were quantified given it
was along this stretch that the 3 CA regions (CA1-3) were present. Only the CA1 and CA3 regions
were quantified given their role in memory (Dimsdale-Zucker et al., 2018; Farovik et al., 2010).
Sections were scanned (Zeiss Axio Scan.Z1, Zeiss, Germany) and quantified using the NDP.view?2
program (Hamamatsu Photonics), as a percentage of positive staining (% positive).
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HFD and e-vaping on memory

Statistical method

The results are expressed as mean + standard error of the mean (SEM) and analysed by two-way
ANOVA followed by Fisher’s least significant difference (LSD) post hoc tests (GraphPad Prism 8.3,
GraphPad, CA, USA). P< 0.05 was considered statistically significant.

Results
Body weight and adiposity

Plasma cotinine levels reflect the level of nicotine exposure. Sham exposed mice and nicotine-free e-
vapour exposed mice had similar cotinine levels regardless of diet (Table 1), similar to our previous
observations (Chan et al., 2016; Vivekanandarajah et al., 2016). Nicotine-containing e-vapour exposed
mice had nearly 4 times the cotinine levels in their blood (P<0.01 vs other groups fed the same diet,
Table 1).

At week 0, all groups started at a similar body weight (Table 1). HFD consumption induced significant
weight gain in the HFD+sham mice (P<0.05 vs Chow+sham, Table 1), with more than doubled fat
mass (P<0.01 vs Chow+sham for both net fat mass and standardised by body weight). In chow-fed
mice, e-vapour exposure reduced body weight regardless of nicotine, while in HFD-fed mice, this is
only obvious in mice exposed to nicotine-free e-vapour (P<0.05, HFD+e-cig0 vs HFD+sham) with
smaller fat pads (P<0.01 HFD+e-cig0 vs HFD+sham for both net fat mass and as a percentage of body
weight, Table 1).

Short term memory

HFD consumption itself did not affect the ability to recognise a new object; however, e-vapour
exposure impaired recognition. In chow-fed mice, both Chow+e-cig18 and Chow+e-cig0 groups spent
less time on the new object compared with the Chow+sham group (P<0.05, 0.01 respectively, Figure
2a). In the HFD mice, a similar effect of e-vapour exposure was observed albeit without statistical
significance (P=0.06 HFD+e-cig18 vs HFD+Sham, P= 0.07 HFD+e-cig0 vs HFD+Sham, Figure 2a).

Neural integrity markers and cell type levels_in the whole brain

In non-genetically modified mice, p-Tau can be detected in degenerated neurons (Baker and G6tz,
2016). HFD consumption significantly increased p-Tau level (P<0.05 HFD+sham vs Chow+sham,
Figure 2b). In chow-fed mice, the protein level of p-Tau was nearly doubled by e-vapour exposure
regardless of nicotine but did not reach statistical significance (P=0.054 Chow+e-cigl8 vk
Chow+sham, P=0.08 Chow+e-cig0 vs Chow+sham, Figure 2b). In HFD mice, additional e-vapour
exposure did not have a significant impact on p-Tau levels.

The number of neurons was semi-quantitatively assessed by NeuN which produced 2 protein bands gt
46kDa and 48kDa. Based on the literature, the 46kDA predominates in the nucleus and 48kDA
predominates in the cytoplasm of neurons (Maxeiner et al., 2014). We found HFD decreased overall
NeuN protein levels (P<0.01 HFD effect for both 46 kDa and 48 kDa, Figure 2e), while nicotine-
containing e-vapour only reduced 46kDa- NeuN in chow-fed mice (P<0.05 Chow+e-cigl8 vs
Chow+Sham, Figure 2c). Microglial marker Iba-1 was reduced in HFD-fed mice (P<0.05 HFD+sham
vs Choow+sham, Figure 2d), but was increased by exposure to e-vapour (P<0.05 HFD+e-cg0 vs
HFD+sham, Figure 2d). Astrocyte marker GFAP was increased by by nicotine-free e-vapour exposure
alone (P<0.01 Chow+e-cig0 vs Chow+sham, Figure 2e) and HFD consumption (P=0.052 HFD+sham
vs Chow+sham, Figure 2e), but was decreased by additional e-vapour exposure in the HFD groups
(P<0.05 HFD+e-cig18 vs HFD+Sham, P< 0.01 HFD+e-cig0 vs HFD+Sham, Figure 2e).

Hippocampus specific neuronal and apoptosis markers
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e-vaping and diet on brain

At the specific hippocampal level focusing on CAl and CA3 pyramidal layers, NeuN staining was
significantly reduced in the CA1 of Chow+e-cig0 and HFD+e-cigl8 groups compared with sham-
exposed mice fed the same diet (P<0.05 Chow+e-cig0 vs Chow+sham, P<0.05 HFD+e-cigl8 vs
HFD+sham, Figure 3a), while no significant difference was found in CA3 region (Figure 3b).

For the apoptosis markers, in the CA1 region, TUNEL was increased due to HFD in the e-vapour
groups (P<0.05, overall diet effect, Figure 3c), while in the CA3 region, TUNEL positive cells were
increased in the Chow+e-cig18 group (P<0.05 vs Chow+sham, Figure 3d) and HFD+e-cig0 group
(P<0.05 vs Chow+e-cig0, Figure 3d). For active Caspase-3, no statistically significant changes were
evident butexcept for an overall increase in_the CA1 region was evident in the HFD groups compared
to their chow counterparts (P< 0.05 overall HFD effect, Figure 3e).

Inflammation and oxidative stress in the whole brain

In the serum, HFD consumption doubled the amount of the pro-inflammatory cytokine IL-1pB
(P=0.67908 vs Chow-+sham, Table 1) and increased TNFa level by 2.5 times (P<0.05 vs Chow+sham,
Table 1). In Chow-fed mice, exposure to nicotine e-vapour doubled serum IL-1B and TNFa levels
albeit without statistical significance, whereas exposure to nicotine-free e-vapour led to significantly
increased IL-1B and TNFa (both P<0.05 vs Chow+sham, Table 1), which was not observed in HFD-
fed mice. However, there was no such change in brain IL-1p protein level (data not shown) and TNFa
protein was not measurable. The endogenous antioxidant MnSOD level can reflect the oxidative stress
level. In the brain, MnSOD level was marginally lower in e-vapour exposed mice consuming chow
diet, however neither HFD consumption nor e-vapour exposure significantly changed MnSOD level
(Figure 4a).

Synaptic protein markers_in the whole brain

HFD alone did not significantly change the postsynaptic density protein PSD-95 level, while e-vapour
exposure significantly reduced the PSD-95 protein level in chow-fed mice (P<0.01, Chow+e-cig18 and
Chow+e-cig0 vs Chow+sham, Figure 3b). However, no significant impact of e-vapour was found in
HFD-fed mice (Figure 4b). Neither HFD consumption nor e-vapour exposure affected synapsinthe
Synapsin level (Figure 4c).

Brain-tasutinlnsulin signaling pathway markers_in the whole brain

Neither HFD nor e-vapour exposure changed p-AMPK and total AMPK levels (Figure 5a). There was
a significant increase in the ratio of p-AMPK/total AMPK in HFD+e-cig0 mice compared to
HFD+sham group (P<0.05, Figure 5a). While p-Akt was not significantly changed by either HFD or
e-vapour, total Akt was significantly reduced in Chow+e-cig0 and HFD+Sham groups (both P<0.05
vs Chow+Sham, Figure 5b). The ratio of p-Akt/total Akt was significantly increased in Chow+e-cig0
and HFD+Sham groups due to the reduced total level (P<0.05 vs Chow+Sham, Figure 5b). GSK level
was significantly increased by e-vapour exposure among the HFD mice regardless of nicotine level
(P<0.01, HFD+e-cig18, HFD+e-cig0 vs HFD+Sham, Figure 5c¢).

Discussion

In this study, we examined the effects of two types of lipids, inhaled via e-vapour exposure and ingested
via HFD feeding. The major finding is that e-vapour exposure impaired short-term memory function,
independent of both diet and nicotine. However, there was no clear pattern of how HFD consumption
and e-vapour exposure regulate neurodegenerative and apoptotic markers. Although synaptic plasticity
seems to correlate to the functional memory decline in chow-fed mice and altered gliosis to the memory
decline in HFD-fed mice, we did not see strong evidence of the influence of nicotine.
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In our model, synaptic change may contribute to cognitive impairment. PSD-95 is a structural protein
critical to maintaining the excitatory postsynaptic density PSD and synaptic function (Chen et al.,
2011). Nicotine has been shown to slow down PSD-95 degradation after short-term treatment and it is
considered to protect synapses, especially in the setting of dementia (Inestrosa et al., 2013; Rezvani et
al., 2007). In fact, smoking can exacerbate the development of Alzheimer's disease, suggesting
chemicals other than nicotine could be the major player (Moreno-Gonzalez et al., 2013). This theory
is well presented in our mice exposed to e-vapour, whose short-term memory was impaired in the
presence of reduced PSD-95 level. HFD consumption, on the other hand, was linked to reduced PSD-
95 without affecting other synaptic markers in mice (Arnold et al., 2014). Here, long-term HFD
consumption alone did not change PSD-95 level, in line with normal memory performance. The
Synapsin level was unaffected in our model. Nevertheless, e-vapour exposure and HFD does not seem
to interact regarding their influence on the synaptic marker and memory in our model.

The memory impairment in HFD-fed mice seems to be driven by altered gliosis and involves the GSK
insulin signalling pathway. Recently, astrocytes have been closely related to learning and memory
function (Alberini et al., 2018; Kol et al., 2020; Moraga-Amaro et al., 2014), while microglia play an
important role in obesity-related cognitive decline before metabolic disorders are developed (Cope et
al., 2018). Here, we saw in the whole brain, an increase in GFAP as an astrogliosis marker and a
decrease in Iba-1 as a microglia marker in HFD-fed mice, which may be an adaptive response to
preserve their short-term memory function. The decrease in whole-brain microglia number is consistent
with a previous study (Milanova et al., 2019) yet opposite to the literature where increased Iba-1 was
observed in the hypothalamus regions (Baufeld et al., 2016; Huang et al., 2019). This may be due to
the involvement of the hypothalamus in energy homeostatic regulation in response to HFD feeding.
Nevertheless, additional e-vapour exposure impaired such adaptation to decrease GFAP reflecting
astrogliosis and increase microglia in HFD-fed mice, which correlate with their declined memory
function.

Human studies have linked type 2 diabetes to the development of dementia, especially in those without
familial history (Yarchoan and Arnold, 2014). While blood glucose has been suggested to be the
independent factor even without the diagnosis of diabetes, the underlying connection has been
suggested to be insulin resistance in the brain, or reduced insulin signaling activity (de Matos et al.,
2018; Sandoval and Sisley, 2015; Yarchoan and Arnold, 2014). Insulin resistance is due to increased
Akt phosphorylation activated by AMPK, which can no longer suppress GSK (de Matos et al., 2018;
Yarchoan and Arnold, 2014). The latter induces Tau hyperphosphorylation and [-amyloid
accumulation leading to neurodegeneration (de Matos et al., 2018; Yarchoan and Arnold, 2014).
Smoking has also been shown to interrupt brain insulin signaling, possibly through inducing AMPK
(Deochand et al., 2016; Martinez de Morentin et al., 2012). However, it is unknown how smoking and
type 2 diabetes interact during the development of dementia. In non-genetically modified mice, it is
observed that B-amyloid accumulation was not occurring despite Tau still being hyperphosphorylated
(Baker and Go6tz, 2016). In this study, HFD consumption and e-vapour exposure differentially affected
each element of the AMPK-Akt-GSK-Tau pathway, with no distinct pattern, suggesting other unknown
pathways involved.
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CA1 and CA3, because CAL plays a role in consolidating memories of different events (Daumas et al.,
2005), whereas CA3 plays arole in the rapid encoding of spatial information related to different objects
and pattern separatlon namely eplsodlc memory processmg (Rolls 2013) A—smmtar—mrsmateh—was

neureeegmtren—@veraH-Thus our data |nfers that HFD affects memory consolldatlon while nlcotlne-

containing e-vapour affects the rapid encoding of spatial information related to different objects and in
spatial pattern separation but only in chow mice, perhaps due to the potent effect of HFD alone on
Caspase-3 in CA3 region. In the whole brain, overall NeuN was reduced by HFD consumption but not
e-vapour exposure, which may be related to regions involved in energy homeostasis instead of
neurocognition. Future studies will need to adopt different behavioural tests and methods to examine
neurakintegritythese separate memory pathways in such a model.

While the industry claims the ingredients within the e-fluids are safe, heat can break down compounds
in the e-fluids to produce toxins. In addition to the nicotine, e-fluids contain flavourings and solvents
(propylene glycol and vegetable glycerin). Heated e-cigarette fluids produced inflammatory responses
in the airway of mice even at a low dose which is also nicotine independent (Chen et al., 2018a),
suggesting the solvent and flaveuringflavourings may be toxic when superheated during vaping,
inducing inflammatory responses (Behar et al., 2014; Lerner et al., 2015). Indeed in this study, serum
pro-inflammatory cytokines were increased in chow-fed mice exposed to e-vapour, especially in the
nicotine-free group. However, when HFD and e-vapour exposure were combined, there was no additive
effect, suggesting e-vapour exposure may dominate the systemic inflammatory response. Furthermore,
systemic inflammation did not correlate with brain inflammation in this study, evident by the lack of
change for IL-1p and microglia. This was unexpected, given several studies reporting the neurotoxic
effects due to direct exposure (reviewed (Ruszkiewicz et al., 2020). Yet, those studies found this to be
brain region-specific, so it remains to be determined at the cellular level whether that is also true for
our model. Moreover, consideration of lung-derived inflammatory mediators which are likely to in-
part drive some of the changes we have seen, should be made and are currently being investigated to
help tease out the effects.

Each puff of heated e-cigarette liquids regardless of nicotine concentration contains 10! free radicals
(Sussan et al., 2015), and this oxidative challenge results in oxidative stress both in vitro and in vivo,
and even in utero (Barrington-Trimis and Leventhal, 2018; Chen et al., 2018a; Ganapathy et al., 2017,
Muthumalage et al., 2018; Ruszkiewicz et al., 2020). However, in this study, e-vapour exposure seems
to induce marginal oxidative stress in the brain, which may be related to the relatively low dose of
exposure adopted. Higher doses may yield a stronger oxidative response in the brain.

There are inevitably limitations in this study. Firstly, we did not use an obese prone mouse strain, but
one prone to the impact of smoking, which may affect the development of memory deficit in mice with
HFD-feeding only. In addition, we only used the novel objective recognition test as the initial screening
test due to its high sensitivity to early memory function decline. Other cognitive tests such as Morris
Water maze and T maze need to be assessed in future studies on the impact of e-cigarette.

Conclusion

E-vapour exposure impairs short term memory retention function in mice and appears to be
independent of the presence of nicotine. Different mechanisms are involved in differenttdifferent
dietary conditions leading to the same cognitive dysfunction, essentially being that e-vapour exposure
involves systemic inflammation, reduced synaptic activity and increased astrogliosis in chow-fed mice,
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but for HFD-fed mice, this is via decreased gliosis and increased microglia.
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Table 1. Bodyweight, fat mass, and plasma cotinine level in the mice at 16 weeks

Chow+sham | Chow+e-cig18 | Chow+e-cig0 | HFD+sham | HFD+e-cigl8 | HFD+e-cig0
g‘)’dy weight at week 0 | 55 14 g3 20.10.3 20.30.3 20.0£0.3 20.2+0.6 20.30.4
Body weight at week 16 27.4+£0.2 25.3x0.5** 25.6£0.4* 29.1+0.6* 28.7£0.8 Tt 27.4+0.61 #
)
Fat mass (g) 0.18+0.02 0.10+0.03 0.13+0.02 | 0.40+0.07** | 0.31+0.0671 | 0.20+0.01##
Fat % 0.67+0.87 0.41+0.10 0.53+0.08 | 1.36+0.20** | 1.05+0.1717 | 0.75+0.05##
Serum cotinine (ng/ml) | 4.21+0.26 | 16.26 + 1.82** | 444 +0.567+ | 4.04 £0.47 | 15.74 £ 1.84## | 3.39 + 0.6585
¢
Serum IL-1B (pg/ml) ¢ | 1358 + 150 2566 + 743 3565 + 248* | 2869 + 539 2388 + 596 3395 + 824
Serum TNFo (pg/ml) ¢ 401 £53 827 + 295 1145 £ 193* | 1009 * 204* 729 + 226 892 +183

The results are expressed as mean + SEM, n =10 (¢ n = 5-7), * P<0.05, ** P<0.01 vs Chow+Sham, # P<0.05, ##P<0.01
vs HFD+Sham, 11 P<0.01 vs Chow+e-cigl 8mg, { P<0.05 vs Chow+e-cig0, 6 P < 0.01 vs HFD+e-cig1l8mg.
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Figure legends

Figure 1. Treatment timeline and grouping. The population was divided into normal chow or High Fat
Diet. The three conditions were ambient air (control/sham), E-vapour + nicotine (vehicle + nicotine),
and the E-vapour exclusively (vehicle itself).

Figure 2. Novel Object Recognition test result (a, n=10), phosphorylated (p)-Tau protein levels (b,
n=6), protein levels of NeuN (c), Iba-1 (d) and GFAP (e) in the whole brain. The results are expressed
as mean + SEM, n =5-6. * P<0.05, ** P<0.01 vs Chow-Sham, # P<0.05 vs HFD-Sham. Representative
western blotting bands are from the same gel and the groups are divided by solid lines in line with the
bar figure.

Figure 3. NeuN positive cell counts in the CA1 (a) and CAS3 regions (b),_percentage of neurons
expressing apoptosis markers, TUNEL and Caspase-3 positive counts in the CA1 (c,e) and (d,f) of the
hippocampus. Representative images of groups with significant change (g). The results are expressed
as mean + SEM, n =5.

Figure 4. Protein levels of the endogenous antioxidant manganese superoxide dismutase (MnSOD, a)
and synaptic plasticity markers, postsynaptic density protein (PSD)-95 (b) and Synapsin (c). The results
are expressed as mean = SEM, n =6. **P<0.01 vs Chow-Sham. Representative western blotting bands
are from the same gel and the groups are divided by solid lines in line with the bar figure.

Figure 5. Protein levels of insulin signaling elements, (a) phosphorylated (p)-5' AMP-activated protein
kinase (AMPK), total AMPK, and the ratio between p-AMPK and total AMPK, (b) p-protein kinase B
(Akt), total Akt, and the ratio between p-Akt/Akt, and (c) Glycogen Synthase Kinase-3 (GSK). The
results are expressed as mean + SEM, n = 6. * P< 0.05 vs Chow-Sham, #P< 0.05, ## P<0.01 vs HFD-
Sham. Representative western blotting bands are from the same gel and the groups are divided by solid
lines in line with the bar figure.
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Highlights

e E-vapour exposure impairs short term memory, independent of nicotine

e E-vapour exposure increased brain p-Tau levels, independent of nicotine

e E-vapour exposure decreased brain postsynaptic density protein PSD-95 levels in low fat
diet fed mice

e E-vapour exposure changed gliosis in high fat diet fed mice

e High fat diet consumption does not interact with E-vapour exposure on cognition
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Abstract

Tobacco smoking and high-fat diet (HFD) independently impair short-term memory. E-cigarettes
produce e-vapour containing flavourings and nicotine. Here, we investigated whether e-vapour
inhalation interacts with HFD to affect short-term memory and neural integrity. Balb/c mice (7 weeks,
male) were fed a HFD (43% fat, 20kJ/g) for 16 weeks. In the last 6 weeks, half of the mice were
exposed to tobacco-flavoured e-vapour from nicotine-containing (18mg/L) or nicotine-free (Omg/L))
e-fluids twice daily. Short-term memory function was measured in week 15. HFD alone did not impair
memory function, but increased brain phosphorylated (p)-Tau and astrogliosis marker, while neuron
and microglia levels were decreased. E-vapour exposure significantly impaired short-term memory
function independent of diet and nicotine. Nicotine free e-vapour induced greater changes compared
to the nicotine e-vapour and included, increased systemic cytokines, increased brain p-Tau and
decreased postsynaptic density protein (PSD)-95 levels in chow-fed mice, and decreased astrogliosis
marker, increased microglia and increased glycogen synthase kinase levels in HFD-fed mice. Increased
hippocampal apoptosis was also differentially observed in chow and HFD mice. In conclusion, E-
vapour exposure impaired short-term memory independent of diet and nicotine, and was correlated to
increased systemic inflammation, reduced PSD-95 level and increased astrogliosis in chow-fed mice,
but decreased gliosis and increased microglia in HFD-fed mice, indicating the inflammatory nature of
e-vapour leading to short term memory.
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e-vaping and diet on brain

Introduction

Tobacco smoking remains the leading cause of preventable death and disability worldwide. E-
cigarettes (electronic nicotine delivery devices) are controversial, being marketed as quit-smoking aids
despite many users having never smoked conventional cigarettes (Knight-West and Bullen, 2016;
Layden et al., 2019). E-cigarettes are popular amongst younger people, partially as a gadget and as a
‘safe cigarette’ due to fewer toxicants produced compared with conventional tobacco cigarettes (LI et
al., 2018; Ruszkiewicz et al., 2020).

Tobacco smoking is well-known to affect cognitive function, especially short-term memory (Sabia et
al., 2012). Synaptic plasticity plays a key role in memory formation during learning, although whether
the memory is stored in the synapse is unclear (Martin et al., 2000). Nicotine may affect memory
retention by altering presynaptic neurotransmitter release and synaptic potentiation (Sabia et al., 2012).
Human research on e-vaping is still lacking, given the short appearance of this product on the market
and its potential to cause permanent cognitive impacts during neuronal development. Interestingly,
recent publications on the influence of e-vaping on neurocognitive function in animal models focus on
in utero exposure, which is critical for early life neural development (Ruszkiewicz et al., 2020). These
studies on direct exposure focus on neurotoxic effects and lung injury (Ruszkiewicz et al., 2020). While
in utero exposure can impair short-term memory function (Church et al., 2020; Nguyen et al., 2018),
it is unknown whether direct long-term inhalation of e-vapour can influence memory function.

Obesity/overweight is a global health issue, affecting 39% of the population worldwide in 2016, with
morbidity continuing to increase (WHO, 2018). Obesity is a low grade inflammatory disease, due to
the recruitment and accumulation of tissue macrophages in response to lipid influx in metabolic tissues
(Lumeng et al., 2008). High-fat diet (HFD) consumption is well-known to cause insulin resistance
leading to the development of type 2 diabetes. Such insulin resistance does not just occur in the glucose
metabolic organs, but also in the brain, where glucose uptake is normally insulin-independent (Arnold
et al., 2014). This phenomenon correlates with spatial memory change and reduced synaptic plasticity
(Arnold et al., 2014). However, it is not known if smoking accelerates the cognitive functional decline
associated with obesity. Body mass index (BMI) positively correlates with e-cigarette use (Lanza et
al., 2017), making it essential to investigate their combined impacts.

As shown by us and others, in mice exposed directly or in utero to e-vapour, some of the adverse effects
are nicotine independent (Chen et al., 2018a; Chen et al., 2018b; Church et al., 2020; Li et al., 2019).
This may be because the heated solvent (mainly lipid-based) produces neurotoxic chemicals
(Ruszkiewicz et al., 2020). Of the thousands of e-cigarette flavours aiming to attract younger users,
several are toxic after heating (Farsalinos et al., 2013; Kosmider et al., 2016; Lee et al., 2019). Despite
the variety of flavours, tobacco-flavoured e-fluids are the most popular option. In Australia, nicotine-
containing e-fluids are banned from sale. Therefore, using our well-established mouse models of e-
vapour exposure and HFD consumption (Chen et al., 2007; Chen et al., 2018a), we used tobacco
flavoured e-fluids with and without nicotine, aiming to investigate how e-vapour exposure alone affects
brain markers related to cognition and in the presence of long-term HFD consumption. We examined
the independent and combined effects of these two risk factors- representing an inhaled (e-vapour)
versus an ingested (HFD) form of lipids on memory behaviour, cell integrity, brain cell levels, synaptic
protein markers, brain insulin signaling, inflammation, apoptosis, and oxidative stress responses.

Materials and Methods

Animal experiments
All animal experiments were approved by the Animal Ethics and Care Committee at Northern Sydney
Health District (RESP17/93) and all experiments were performed according to the Australian National
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Health & Medical Research Council Guide for the Care and Use of Laboratory Animals. Male Balb/c
mice (7 weeks) were housed at standard conditions (room temperature 20+2°C with a 12h light, 12h
dark cycle, ad libitum access to standard rodent chow and water). Balb/c mice were used due to their
susceptibility to the influence of cigarette smoke exposure.

Half of the mice were fed a HFD (43% fat, 20kJ/g, Specialty Feeds, WA, Australia) for 10 weeks to
induce obesity with the other half fed standard chow as control (14% fat, 14kJ/g, Gordon’s Specialty
Stockfeeds, NSW, Australia). From weeks 11-16, two sub-groups of mice (n=10) in each dietary group
were exposed to nicotine-containing e-vapour (18mg/mL (regular strength) nicotine, tobacco flavor,
50% Propylene Glycol (PG)/50%Vegetable Glycerin (VG), Vaper Empire, VIC) or nicotine-free e-
vapour (Omg/mL, tobacco flavour, 50% PG/50% VG, Vaper Empire, VIC) for 30 minutes, twice daily
in a 19L chamber as we have previously published (Chen et al., 2018a); while the same diets were
maintained. E-vapour was generated from a 3" generation e-cigarette device (KangerTech NEBOX,
KangerTech, Shenzen, China). The amount of nicotine produced by the nicotine-containing e-fluid is
equivalent to 2 cigarettes (2.4 mg nicotine) per exposure, adopted from our previous model
representing light smokers (Chan et al., 2016; Vivekanandarajah et al., 2016). The treatment chart is
illustrated in Figure 1.

At the endpoint, the mice were weighed and deeply anaesthetised with isoflurane (2%) before cardiac
puncture for blood collection. The left hemisphere of the brain was snap-frozen and kept at -80°C, and
the right hemisphere was fixed in formalin. Retroperitoneal fat pads were dissected and weighed to
evaluate adiposity. Cotinine level was measured using a commercial ELISA kit (Abnova, Taipei,
Taiwan) as per the manufacturer’s instructions. Serum proinflammatory cytokines IL-1p and TNFa
were measured by a Bio-Plex Pro™ Mouse Chemokine Panel 33-Plex kit (Bio-Rad, CA, USA)
according to the manufacturer's instruction.

Behavioural test

The novel objective recognition (NOR) test was used to evaluate short term memory retention. At week
15 of the experiment, mice were placed in a dark-coloured box containing two identical square blocks
for familiarisation and test phases (5-minute sessions, 1-hour interval), as we have published (Chen et
al., 2016). During the test phase, one of the objects was replaced with a triangular shaped object. The
results represent the percentage of the total time spent with the new object out of the total time spent
with both objects, as previously published (Quinn et al., 2008; Thanos et al., 2015). It is the nature of
a mouse to explore a novel object; thus spending a similar amount of time with each object (old and
new) is a sign of impaired short term memory.

Western Blotting

Western blotting was performed for markers of neural integrity (phosphorylated (p)-Tau),
inflammation (IL-1B), oxidative stress (manganese superoxide dismutase (MnSOD), and insulin
signaling elements (phosphorylated and total 5' AMP-activated protein kinase (AMPK), Protein kinase
B (Akt), and Glycogen synthase kinase 3 (GSK)). We also measured the number of neurons (via
Neuronal Nuclei, NeuN), glia (Glial fibrillary acidic protein, GFAP), and microglia (lonized calcium-
binding adaptor protein-1, Iba-1). The left hemisphere of the brain (excluding the cerebellum and
brainstem) was homogenised using cell lysis buffers for the whole protein. Protein samples (40ug)
were separated on NuPage® Novex® 4-12% Bis-Tris gels (Life Technologies, CA, USA) and then
transferred to PVDF membranes (Rockford, IL, USA), which were blocked with nonfat milk powder
and incubated with the primary antibodies IL-1p (1:2,000; Cat #NBP1-19775, NOVUS), AMPK
(1:1000; Cat #5831, Cell Signaling Technology), p-AMPK (1:1000; Cat #50081, Cell Signaling
Technology), Akt (1:1000; Cat #4685 Cell Signaling Technology), p-Akt (1:1000; Cat #13038, Cell
Signaling Technology), GSK (1:1000; 12456, Cell Signaling Technology), MnSOD (1:2000; Cat
#2651886 MERCK), PSD-95 (1:1000; Cat #3409S, Cell Signaling Technology), Synapsin (1:1000; Cat

3



131
132
133
134
135
136
137
138
139

140
141
142
143
144
145
146
147
148
149
150
151
152
153

154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

177

e-vaping and diet on brain

#5297S, Cell Signaling Technology), NeuN (1:2000; Cat #MAB377, MilliporeSigma), GFAP (1:1000;
Cat #20334, Dako), Iba-1 (1:2500; Cat # 019-19741 Wako Chemicals) overnight and then secondary
antibodies (goat anti-rabbit (cat #STAR124P, BIO-RAD) or rabbit anti-mouse; (Cat #ab 6789, Abcam)
IgG horseradish peroxidase-conjugated secondary antibodies, Santa Cruz Biotechnology, Texas, USA)
for 1 hour. Protein expression was detected by SuperSignal West Pico Chemiluminescent substrate
(Thermo, MA, USA) by exposure of the membrane in Chemidoc MP (Bio-Rad, California, USA).
Protein band density measured using ImageJ software (National Institute of Health, Bethesda,
Maryland, USA) with the results expressed as a ratio of the individual marker intensity relative to f3-
actin (1:1000, Cat #AHP2417, Bio-Rad) band intensity.

Immunostaining

For neuron staining, frozen brain hemispheres were sectioned for the hippocampus, and the slides were
incubated with mouse monoclonal neuronal nuclei (NeuN 1:500, MAB377, Merck Millipore,
Australia) antibody for 72h at 4°C followed by biotin-labelled secondary antibody (ab6813, Abcam,
UK) overnight at 4°C. All sections were then incubated in avidin-biotin complex (Vector Laboratories)
at room temperature 1 hr before NeuN immunolabelling detected with 3,3’-Diaminobenzidine (DAB,
Abacus) until desired staining levels achieved. Sections were mounted and coverslipped with 50%
glycerol solution (Sigma-Aldrich, MS, USA). Quantification of NeuN-labelled cells was performed
using the optical fractionator method (Zeiss Axio Scan.Z1, Zeiss, Germany) and the use of Stereo
Investigator 7 software (MBF Bioscience). Every 6" section was quantified, with a total of five sections
sampled per animal. For estimations of NeuN positive populations a counting frame of 40um x 40um
and a grid size of 84um x 60um was used in conjunction with a guard zone height of 5um and dissector
height of 10um. The coefficient of error attributable to the sampling was calculated according to
Gundersen and Jensen (Gundersen and Jensen, 1987) with errors <0.10 regarded as acceptable.

Formalin fixed paraffin embedded hippocampal tissue sections, 100 um apart for each case (n=5 per
group), were stained for apoptosis (active caspase-3) and cell death (Terminal deoxynucleotidyl
transferase end labelling method; TUNEL) following our previously described methods (Chan et al.,
2017a; Chan et al., 2017b). In brief, sections were deparaffinised in xylene, hydrated by being taken
through decreased gradient ethanol concentrations to distilled water. They were then antigen retrieved
by microwaving followed by cooling and proceeded with active Caspase-3 or TUNEL staining. For
active caspase-3, sections were incubated with the antibody (1:300, 559565, BD Biosciences,
Australia) overnight, followed by the secondary antibody (horse anti-rabbit HRP, 1:200, Vector
Laboratories, USA), avidin—biotin complex (ABC) (VEPH4000, Vector Laboratories Inc., California,
USA) and then colour developed using the diaminobenzidine (DAB) chromogen (K346811, Dako).
For TUNEL, this was via the ApopTag®Peroxidase kit (S7100, Merck Millipore, Victoria). Sections
were briefly incubated with 50ul of equilibration buffer and then terminal deoxynucleotidyl transferase
(tdt; 1:4 with reaction buffer) was added to each section, coverslipped and incubated for 1 hour at 37°C.
Negative controls were incubated with water instead of Tdt. The reaction was stopped by incubating
the sections in stopwash buffer. Anti-Digoxigenin-Peroxidase was added, followed by colour
development in DAB. All sections were counterstained in haematoxylin, dehydrated through
increasing concentrations of ethanol and coverslipped in DPX. Quantification was performed for the
dorsal hippocampus with reference to the brain atlas by Paxinos and Franklin (Franklin and Paxinos,
2019) ensuring only sections that spanned -1.34 to -2.3mm relative to bregma were quantified given it
was along this stretch that the 3 CA regions (CA1-3) were present. Only the CA1 and CA3 regions
were quantified given their role in memory (Dimsdale-Zucker et al., 2018; Farovik et al., 2010).
Sections were scanned (Zeiss Axio Scan.Z1, Zeiss, Germany) and quantified using the NDP.view?2
program (Hamamatsu Photonics), as a percentage of positive staining (% positive).

Statistical method
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The results are expressed as mean + standard error of the mean (SEM) and analysed by two-way
ANOVA followed by Fisher’s least significant difference (LSD) post hoc tests (GraphPad Prism 8.3,
GraphPad, CA, USA). P< 0.05 was considered statistically significant.

Results
Body weight and adiposity

Plasma cotinine levels reflect the level of nicotine exposure. Sham exposed mice and nicotine-free e-
vapour exposed mice had similar cotinine levels regardless of diet (Table 1), similar to our previous
observations (Chan et al., 2016; Vivekanandarajah et al., 2016). Nicotine-containing e-vapour exposed
mice had nearly 4 times the cotinine levels in their blood (P<0.01 vs other groups fed the same diet,
Table 1).

At week 0, all groups started at a similar body weight (Table 1). HFD consumption induced significant
weight gain in the HFD+sham mice (P<0.05 vs Chow+sham, Table 1), with more than doubled fat
mass (P<0.01 vs Chow+sham for both net fat mass and standardised by body weight). In chow-fed
mice, e-vapour exposure reduced body weight regardless of nicotine, while in HFD-fed mice, this is
only obvious in mice exposed to nicotine-free e-vapour (P<0.05, HFD+e-cig0 vs HFD+sham) with
smaller fat pads (P<0.01 HFD+e-cig0 vs HFD+sham for both net fat mass and as a percentage of body
weight, Table 1).

Short term memory

HFD consumption itself did not affect the ability to recognise a new object; however, e-vapour
exposure impaired recognition. In chow-fed mice, both Chow+e-cig18 and Chow-+e-cig0 groups spent
less time on the new object compared with the Chow+sham group (P<0.05, 0.01 respectively, Figure
2a). In the HFD mice, a similar effect of e-vapour exposure was observed albeit without statistical
significance (P=0.06 HFD+e-cig18 vs HFD+Sham, P= 0.07 HFD+e-cig0 vs HFD+Sham, Figure 2a).

Neural integrity markers and cell type levels in the whole brain

In non-genetically modified mice, p-Tau can be detected in degenerated neurons (Baker and Gotz,
2016). HFD consumption significantly increased p-Tau level (P<0.05 HFD+sham vs Chow+sham,
Figure 2b). In chow-fed mice, the protein level of p-Tau was nearly doubled by e-vapour exposure
regardless of nicotine but did not reach statistical significance (P=0.054 Chow+e-cigl8 vs
Chow+sham, P=0.08 Chow+e-cig0 vs Chow+sham, Figure 2b). In HFD mice, additional e-vapour
exposure did not have a significant impact on p-Tau levels.

The number of neurons was semi-quantitatively assessed by NeuN which produced 2 protein bands at
46kDa and 48kDa. Based on the literature, the 46kDA predominates in the nucleus and 48kDA
predominates in the cytoplasm of neurons (Maxeiner et al., 2014). We found HFD decreased overall
NeuN protein levels (P<0.01 HFD effect for both 46 kDa and 48 kDa, Figure 2e), while nicotine-
containing e-vapour only reduced 46kDa- NeuN in chow-fed mice (P<0.05 Chow+e-cigl8 vs
Chow+Sham, Figure 2c). Microglial marker Iba-1 was reduced in HFD-fed mice (P<0.05 HFD+sham
vs Choow+sham, Figure 2d), but was increased by exposure to e-vapour (P<0.05 HFD+e-cg0 vs
HFD+sham, Figure 2d). Astrocyte marker GFAP was increased by by nicotine-free e-vapour exposure
alone (P<0.01 Chow+e-cig0 vs Chow+sham, Figure 2e) and HFD consumption (P=0.052 HFD+sham
vs Chow+sham, Figure 2e), but was decreased by additional e-vapour exposure in the HFD groups
(P<0.05 HFD+e-cig18 vs HFD+Sham, P< 0.01 HFD+e-cig0 vs HFD+Sham, Figure 2e).

Hippocampus specific neuronal and apoptosis markers
At the specific hippocampal level focusing on CAl and CA3 pyramidal layers, NeuN staining was
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significantly reduced in the CA1 of Chow+e-cig0 and HFD+e-cigl8 groups compared with sham-
exposed mice fed the same diet (P<0.05 Chow+e-cig0 vs Chow+sham, P<0.05 HFD+e-cigl8 vs
HFD+sham, Figure 3a), while no significant difference was found in CA3 region (Figure 3b).

For the apoptosis markers, in the CA1 region, TUNEL was increased due to HFD in the e-vapour
groups (P<0.05, overall diet effect, Figure 3c), while in the CA3 region, TUNEL positive cells were
increased in the Chow+e-cigl8 group (P<0.05 vs Chow+sham, Figure 3d) and HFD+e-cig0 group
(P<0.05 vs Chow+e-cig0, Figure 3d). For active Caspase-3, no statistically significant changes were
evident except for an overall increase in the CA1 region was evident in the HFD groups compared to
their chow counterparts (P< 0.05 overall HFD effect, Figure 3e).

Inflammation and oxidative stress in the whole brain

In the serum, HFD consumption doubled the amount of the pro-inflammatory cytokine IL-1p (P=0.08
vs Chow+sham, Table 1) and increased TNFa level by 2.5 times (P<0.05 vs Chow+sham, Table 1). In
Chow-fed mice, exposure to nicotine e-vapour doubled serum IL-1B and TNFa levels albeit without
statistical significance, whereas exposure to nicotine-free e-vapour led to significantly increased IL-1f
and TNFa (both P<0.05 vs Chow+sham, Table 1), which was not observed in HFD-fed mice. However,
there was no such change in brain IL-1p protein level (data not shown) and TNFa protein was not
measurable. The endogenous antioxidant MnSOD level can reflect the oxidative stress level. In the
brain, MnSOD level was marginally lower in e-vapour exposed mice consuming chow diet, however
neither HFD consumption nor e-vapour exposure significantly changed MnSOD level (Figure 4a).

Synaptic protein markers in the whole brain

HFD alone did not significantly change the postsynaptic density protein PSD-95 level, while e-vapour
exposure significantly reduced the PSD-95 protein level in chow-fed mice (P<0.01, Chow+e-cigl8 and
Chow+e-cig0 vs Chow+sham, Figure 3b). However, no significant impact of e-vapour was found in
HFD-fed mice (Figure 4b). Neither HFD consumption nor e-vapour exposure affected the Synapsin
level (Figure 4c).

Insulin signaling pathway markers in the whole brain

Neither HFD nor e-vapour exposure changed p-AMPK and total AMPK levels (Figure 5a). There was
a significant increase in the ratio of p-AMPK/total AMPK in HFD+e-cig0 mice compared to
HFD+sham group (P<0.05, Figure 5a). While p-Akt was not significantly changed by either HFD or
e-vapour, total Akt was significantly reduced in Chow+e-cig0 and HFD+Sham groups (both P<0.05
vs Chow+Sham, Figure 5b). The ratio of p-Akt/total Akt was significantly increased in Chow+e-cig0
and HFD+Sham groups due to the reduced total level (P<0.05 vs Chow+Sham, Figure 5b). GSK level
was significantly increased by e-vapour exposure among the HFD mice regardless of nicotine level
(P< 0.01, HFD+e-cig18, HFD+e-cig0 vs HFD+Sham, Figure 5c).

Discussion

In this study, we examined the effects of two types of lipids, inhaled via e-vapour exposure and ingested
via HFD feeding. The major finding is that e-vapour exposure impaired short-term memory function,
independent of both diet and nicotine. However, there was no clear pattern of how HFD consumption
and e-vapour exposure regulate neurodegenerative and apoptotic markers. Although synaptic plasticity
seems to correlate to the functional memory decline in chow-fed mice and altered gliosis to the memory
decline in HFD-fed mice, we did not see strong evidence of the influence of nicotine.

In our model, synaptic change may contribute to cognitive impairment. PSD-95 is a structural protein
critical to maintaining the excitatory postsynaptic density PSD and synaptic function (Chen et al.,
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2011). Nicotine has been shown to slow down PSD-95 degradation after short-term treatment and it is
considered to protect synapses, especially in the setting of dementia (Inestrosa et al., 2013; Rezvani et
al., 2007). In fact, smoking can exacerbate the development of Alzheimer's disease, suggesting
chemicals other than nicotine could be the major player (Moreno-Gonzalez et al., 2013). This theory
is well presented in our mice exposed to e-vapour, whose short-term memory was impaired in the
presence of reduced PSD-95 level. HFD consumption, on the other hand, was linked to reduced PSD-
95 without affecting other synaptic markers in mice (Arnold et al., 2014). Here, long-term HFD
consumption alone did not change PSD-95 level, in line with normal memory performance. The
Synapsin level was unaffected in our model. Nevertheless, e-vapour exposure and HFD does not seem
to interact regarding their influence on the synaptic marker and memory in our model.

The memory impairment in HFD-fed mice seems to be driven by altered gliosis and involves the GSK
insulin signalling pathway. Recently, astrocytes have been closely related to learning and memory
function (Alberini et al., 2018; Kol et al., 2020; Moraga-Amaro et al., 2014), while microglia play an
important role in obesity-related cognitive decline before metabolic disorders are developed (Cope et
al., 2018). Here, we saw in the whole brain, an increase in GFAP as an astrogliosis marker and a
decrease in Iba-1 as a microglia marker in HFD-fed mice, which may be an adaptive response to
preserve their short-term memory function. The decrease in whole-brain microglia number is consistent
with a previous study (Milanova et al., 2019) yet opposite to the literature where increased Iba-1 was
observed in the hypothalamus regions (Baufeld et al., 2016; Huang et al., 2019). This may be due to
the involvement of the hypothalamus in energy homeostatic regulation in response to HFD feeding.
Nevertheless, additional e-vapour exposure impaired such adaptation to decrease GFAP reflecting
astrogliosis and increase microglia in HFD-fed mice, which correlate with their declined memory
function.

Human studies have linked type 2 diabetes to the development of dementia, especially in those without
familial history (YYarchoan and Arnold, 2014). While blood glucose has been suggested to be the
independent factor even without the diagnosis of diabetes, the underlying connection has been
suggested to be insulin resistance in the brain, or reduced insulin signaling activity (de Matos et al.,
2018; Sandoval and Sisley, 2015; Yarchoan and Arnold, 2014). Insulin resistance is due to increased
Akt phosphorylation activated by AMPK, which can no longer suppress GSK (de Matos et al., 2018;
Yarchoan and Arnold, 2014). The latter induces Tau hyperphosphorylation and B-amyloid
accumulation leading to neurodegeneration (de Matos et al., 2018; Yarchoan and Arnold, 2014).
Smoking has also been shown to interrupt brain insulin signaling, possibly through inducing AMPK
(Deochand et al., 2016; Martinez de Morentin et al., 2012). However, it is unknown how smoking and
type 2 diabetes interact during the development of dementia. In non-genetically modified mice, it is
observed that f-amyloid accumulation was not occurring despite Tau still being hyperphosphorylated
(Baker and Gotz, 2016). In this study, HFD consumption and e-vapour exposure differentially affected
each element of the AMPK-Akt-GSK-Tau pathway, with no distinct pattern, suggesting other unknown
pathways involved.

At the specific hippocampal regional level, our data indicate active apoptotic mechanisms present due
to HFD in the CAL region, while that for the effect of nicotine-containing e-vapour was only apparent
in chow-fed mice in CA3 regions. This was partly mirrored by the NeuN counts within these regions.
Our attention was given to CA1 and CA3, because CAL plays a role in consolidating memories of
different events (Daumas et al., 2005), whereas CA3 plays a role in the rapid encoding of spatial
information related to different objects and pattern separation, namely episodic memory processing
(Rolls, 2013). Thus, our data infers that HFD affects memory consolidation, while nicotine-containing
e-vapour affects the rapid encoding of spatial information related to different objects and in spatial
pattern separation but only in chow mice, perhaps due to the potent effect of HFD alone on Caspase-3
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in CA3 region. In the whole brain, overall NeuN was reduced by HFD consumption but not e-vapour
exposure, which may be related to regions involved in energy homeostasis instead of neurocognition.
Future studies will need to adopt different behavioural tests and methods to examine these separate
memory pathways in such a model.

While the industry claims the ingredients within the e-fluids are safe, heat can break down compounds
in the e-fluids to produce toxins. In addition to the nicotine, e-fluids contain flavourings and solvents
(propylene glycol and vegetable glycerin). Heated e-cigarette fluids produced inflammatory responses
in the airway of mice even at a low dose which is also nicotine independent (Chen et al., 2018a),
suggesting the solvent and flavourings may be toxic when superheated during vaping, inducing
inflammatory responses (Behar et al., 2014; Lerner et al., 2015). Indeed in this study, serum pro-
inflammatory cytokines were increased in chow-fed mice exposed to e-vapour, especially in the
nicotine-free group. However, when HFD and e-vapour exposure were combined, there was no additive
effect, suggesting e-vapour exposure may dominate the systemic inflammatory response. Furthermore,
systemic inflammation did not correlate with brain inflammation in this study, evident by the lack of
change for IL-1p and microglia. This was unexpected, given several studies reporting the neurotoxic
effects due to direct exposure (reviewed (Ruszkiewicz et al., 2020). Yet, those studies found this to be
brain region-specific, so it remains to be determined at the cellular level whether that is also true for
our model. Moreover, consideration of lung-derived inflammatory mediators which are likely to in-
part drive some of the changes we have seen, should be made and are currently being investigated to
help tease out the effects.

Each puff of heated e-cigarette liquids regardless of nicotine concentration contains 10** free radicals
(Sussan et al., 2015), and this oxidative challenge results in oxidative stress both in vitro and in vivo,
and even in utero (Barrington-Trimis and Leventhal, 2018; Chen et al., 2018a; Ganapathy et al., 2017;
Muthumalage et al., 2018; Ruszkiewicz et al., 2020). However, in this study, e-vapour exposure seems
to induce marginal oxidative stress in the brain, which may be related to the relatively low dose of
exposure adopted. Higher doses may yield a stronger oxidative response in the brain.

There are inevitably limitations in this study. Firstly, we did not use an obese prone mouse strain, but
one prone to the impact of smoking, which may affect the development of memory deficit in mice with
HFD-feeding only. In addition, we only used the novel objective recognition test as the initial screening
test due to its high sensitivity to early memory function decline. Other cognitive tests such as Morris
Water maze and T maze need to be assessed in future studies on the impact of e-cigarette.

Conclusion

E-vapour exposure impairs short term memory retention function in mice and appears to be
independent of the presence of nicotine. Different mechanisms are involved in different dietary
conditions leading to the same cognitive dysfunction, essentially being that e-vapour exposure involves
systemic inflammation, reduced synaptic activity and increased astrogliosis in chow-fed mice, but for
HFD-fed mice, this is via decreased gliosis and increased microglia.
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Table 1. Bodyweight, fat mass, and plasma cotinine level in the mice at 16 weeks

Chow+sham | Chow+e-cigl8 | Chow+e-cig0 | HFD+sham | HFD+e-cigl8 | HFD+e-cig0
(Bg‘;dy weight at week 0 | o1, 3 20.1+0.3 20.3+0.3 20.0+0.3 20.2+0.6 20.3+0.4
Body weight at week 16 | 27.4%0.2 25.3+0.5%* 25.620.4% | 29.1+0.6* | 287408 11 | 27.4+0.61 #
(9)
Fat mass (g) 0.18+0.02 0.10+0.03 0.13£0.02 | 0.40+0.07** | 0.3120.06tF | 0.20%0.01##
Fat % 0.67+0.87 0.41%0.10 0.53+0.08 | 1.36+0.20%* | 1.05+0.1771 | 0.750.05##
Serum cotinine (ng/ml) | 4.21%0.26 | 16.26 « 1.82** | 4.44 + 0.56TT | 4.04+ 0.47 | 15.74 * 1.84## | 3.39 + 0.6585
]
Serum IL-1B (pg/ml) ¢ | 1358+ 150 | 2566+ 743 | 3565 + 248* | 2860 + 530 | 2388+596 | 3395 + 824
Serum TNFa (pg/ml) ¢ | 401 + 53 827 +295 | 1145+ 193* | 1009  204* | 729 + 226 892 +183

The results are expressed as mean £ SEM, n =10 (¢ n = 5-7), * P<0.05, ** P<0.01 vs Chow+Sham, # P<0.05, ##P<0.01
vs HFD+Sham, {1 P<0.01 vs Chow+e-cigl 8mg, 1 P<0.05 vs Chow+e-cig0, 66 P < 0.01 vs HFD+e-cig18mg.
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Figure legends

Figure 1. Treatment timeline and grouping. The population was divided into normal chow or High Fat
Diet. The three conditions were ambient air (control/sham), E-vapour + nicotine (vehicle + nicotine),
and the E-vapour exclusively (vehicle itself).

Figure 2. Novel Object Recognition test result (a, n=10), phosphorylated (p)-Tau protein levels (b,
n=6), protein levels of NeuN (c), Iba-1 (d) and GFAP (e) in the whole brain. The results are expressed
as mean = SEM, n =5-6. * P<0.05, ** P<0.01 vs Chow-Sham, # P<0.05 vs HFD-Sham. Representative
western blotting bands are from the same gel and the groups are divided by solid lines in line with the
bar figure.

Figure 3. NeuN positive cell counts in the CA1 (a) and CA3 regions (b), percentage of neurons
expressing apoptosis markers, TUNEL and Caspase-3 positive counts in the CA1 (c,e) and (d,f) of the
hippocampus. Representative images of groups with significant change (g). The results are expressed
as mean = SEM, n = 5.

Figure 4. Protein levels of the endogenous antioxidant manganese superoxide dismutase (MnSOD, a)
and synaptic plasticity markers, postsynaptic density protein (PSD)-95 (b) and Synapsin (c). The results
are expressed as mean + SEM, n =6. **P<0.01 vs Chow-Sham. Representative western blotting bands
are from the same gel and the groups are divided by solid lines in line with the bar figure.

Figure 5. Protein levels of insulin signaling elements, (a) phosphorylated (p)-5' AMP-activated protein
kinase (AMPK), total AMPK, and the ratio between p-AMPK and total AMPK, (b) p-protein kinase B
(Akt), total Akt, and the ratio between p-Akt/Akt, and (c) Glycogen Synthase Kinase-3 (GSK). The
results are expressed as mean + SEM, n = 6. * P< 0.05 vs Chow-Sham, #P< 0.05, ## P<0.01 vs HFD-
Sham. Representative western blotting bands are from the same gel and the groups are divided by solid
lines in line with the bar figure.
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