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Magnetic activation of TREK1
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TWIK-related K+ 1 (TREK1) is a potassium channel expressed in the nervous
system with multiple functions including neurotransmission and is a prime
pharmacological target for neurological disorders. TREK1 gating is controlled
by a wide range of external stimuli including mechanical forces. Previous
work has demonstrated that TREK1 can be mechano-activated using
magnetic nanoparticles (MNP) functionalised with antibodies targeted to
TREK1 channels. Once the MNP are bound, external dynamic magnetic fields
are used to generate forces on the TREK channel. This approach has been
shown to drive cell differentiation in cells from multiple tissues. In this work
we investigated the effect of MNP-mediated TREK1 mechano-activation on
early stress response pathways along with the differentiation and connectivity
of neuronal cells using the model neuronal cell line SH-SY5Y. Results
showed that TREK1 is well expressed in SH-SY5Y and that TREK1-MNP
initiate c-Myc/NF-κB stress response pathways as well as Nitrite production
after magnetic stimulation, indicative of the cellular response to mechanical
cues. Results also showed that TREK1 mechano-activation had no overall
effect on neuronal morphology or expression of the neuronal marker βIII-
Tubulin in Retinoic Acid (RA)/Brain-derived Neurotrophic factor (BDNF)
differentiated SH-SY5Y but did increase neurite number. These results
suggest that TREK1 is involved in cellular stress response signalling in
neuronal cells, which leads to increased neurite production, but is not
involved in regulating RA/BDNF mediated neuronal differentiation.
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Introduction

TREK1 is a two-pore domain outwardly rectifying potassium channel which is

sensitive to a wide range of physical and chemical cues. Its main role is to maintain

the resting potential of the cell and whilst highly expressed in the nervous system

TREK1 is also expressed in the kidney, heart, lung and smooth muscle cells (1).
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TREK1 is implicated in a range of cellular and physiological

processes and in the brain where it play roles in

neurotransmission, pain perception and neuroprotection (2).

Stress signalling pathways mediated through transcription

factors such as NF-κB, c-Myc and c-FOS or the signalling

molecule Nitric Oxide (NO) are established early stress

response pathways to mechanical force (3–6). In the brain

these signalling pathways are also intrinsically linked to

neuronal physiology and development. Normal Neocortex

development is dependent on c-Fos which regulates neural

progenitor cell fate as well as neuritogenesis (7, 8). NF-κB is

known to enhance synapse growth, activity and regulate

plasticity (9), whilst c-Myc regulates proliferation and survival

of neural stem cells and controls the fate of neural progenitors

(10). NO is also involved in neurotransmission,

neuroprotection and implicated in neurite growth and synapse

remodelling after nerve injury (11–13).

TREK1 is also coupled to the activity of some of these stress

response pathways making this channel a potential target for

regulating neuron function and fate. For instance temperature

gating of TREK1 has been shown to regulate c-FOS expression

(14),. Mechanical stimulation of TREK1 using MNP has been

shown to upregulate NF-κB gene expression in human

Mesenchymal Stem Cells (hMSC) (15), whilst NO production

in response to acetylcholine and bradykinin requires TREK1 in

endothelial cells (16). Whilst TREK1 is gated by a plethora of

different chemical and physical stimuli (1), targeted

pharmacological gating of TREK1 without initiating cross-talk

with other channels and receptors is difficult. Magnetic

nanoparticles (MNP) have varied and established uses in

biomedicine, some common examples include contrast agents,

drug delivery vehicles, stem cell tracking and hyperthermia

treatment of tumours (17). MNP can also be used as

mechanical actuators on cell and tissues, using magnetic fields

to induce a torque or pull on MNP attached to

mechanosensitive channels and receptors. In this way remote

stimulation leads to receptor activation, clustering, channel

gating and subsequent changes in cell signalling activity and

phenotype (18–21). Our previous work has shown MNP can

be targeted to TREK1 and selectively activated in a variety of

cell types using magnetic fields, with demonstrated applications

in cell and tissue engineering (22–24).

In the current study we explored the application of our

magnetic actuation system in a neural cell engineering model.

We magnetically stimulated TREK1, expressed by the SH-SY5Y

cell line and explored the effects of TREK1 activation on stress

signalling and neuronal differentiation of SH-SY5Y cells.
Methods

Cell culture. SH-SY5Y cells (PHE, UK) were grown to

confluency in basal media consisting of DMEM:F12 (Corning)
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supplemented with 1% antibiotics and 10% foetal bovine

serum (FBS) (Gibco) and incubated at 37 °C and 5% CO2.

Culture medium was replaced twice per week, cells were

passaged once they reached approximately 80% confluency.

Cells of passage 18–30 were used in all experiments. For

neuronal differentiation, cells were seeded on pre-coated

laminin (Sigma) plates and cultured in basal media for 24 h

to allow cell attachment. Cells were differentiated using a

neuronal differentiation protocol based on Encinas et al. (25).

Briefly, media was changed to neuronal differentiation media

consisting of basal media with the addition of 10 mM

Retinoic Acid (RA) (Sigma) for 4 days after which media was

switched to serum free media with RA and 25 ng/ml Brain

Derived Neurotrophic Factor (BDNF) (R&D systems) for a

minimum of 8 days. Neuronal differentiation was confirmed

microscopically by observing morphology changes and

staining for betaIII-Tubulin (Figure 1C).

MNP functionalisation. 250 nm SPIO carboxyl

functionalised magnetic nanoparticles (Micromod, Germany)

were covalently coated with anti-TREK1 antibody (Alomone

labs) by carbodiimide activation method as described

previously (26). 2 mg of particle suspension was activated

with EDAC/NHS in 0.5M MES buffer (Sigma) for 1 h at

room temperature. After washing on a permanent magnet and

re-suspension in 0.1M MES buffer (Sigma), particles were

coated overnight at 4 °C with 40 µg of either anti-Rabbit-IgG

(Abcam) or anti-Rabbit IgG-594 in 0.1M MES buffer. The

coating solution was aspirated on a permanent magnet and

MNP re-suspended in 0.1M MES buffer containing 20 µg

anti-TREK1 and mixed for 3 h at room temperature. The

particle suspension was then blocked with 25 mM Glycine

(Sigma), washed in PBS (Lonza) and re-suspended in 2 ml

PBS (Fisher) and stored at 4 °C.

Cell MNP labelling. Adherent SH-SY5Y cells were cultured

in reduced serum basal media for 3 h prior to addition of

25 µg MNP/2 × 105 cells. Cells were incubated with MNP for

1.5 h, then washed with PBS to remove unbound particles

before addition of fresh media. For the neuronal

differentiation study cells were cultured in neuronal

differentiation media for 4 days before labelling with MNP

and washing as above. Media was then changed to serum free

media with RA and BDNF and MNP and cultured for a

minimum of 8 days.

Magnetic stimulation. Magnetically stimulated groups were

treated with ≥25 mT magnetic fields provided by arrays of

NdFeB magnets in 1 h sessions at 1 Hz using a vertically

oscillating magnetic force bioreactor (MFB), (MICA

Biosystems, UK). The bioreactor was housed in a cell culture

incubator maintained at 37 °C, 5% CO2. Non-stimulated

control groups were cultured under identical conditions

(without magnetic field).

Polymerase Chain Reaction (PCR). At each time-point, total

RNA was extracted using an RNAeasy extraction kit (Qiagen)
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FIGURE 1

TREK1 is expressed by SH-SY5Y. Reverse transcription-PCR confirmed TREK1 gene expression in SH-SY5Y in basal media, S1-3 represent sample
number (n= 3), NTC represents non-template control (A). Quantitative reverse transcription-PCR indicated TREK1 gene expression remained
broadly stable with minor increases in expression over 12 days in neuronal differentiation media (B), n= 3, # represents ANOVA p > 0.05, bars
represent mean fold change, error bars represent standard deviation. Immunofluorescent microscopy confirmed that differentiated neurons
expressing βIII-Tubulin (Green) also expressed TREK1 (Red) (C), Cell nuclei is shown by DAPI staining (Blue), images representative of n= 3, scale
bar represents 50 μm.
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according to the manufacturer’s instructions. Reverse

transcription was performed on 1 μg RNA using a high-

capacity reverse transcription kit (Applied Biosystems). PCR

reaction mixes were prepared using diluted cDNA mixed with

PCR master mix (Applied Biosystems) and commercially
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available primers for KCNK2 (TREK1), NF-κB, c-Myc, c-FOS,

NOS3 and 18 s (Qiagen). Thermocycling was performed on a

Stratagene MX3000P system. Gene expression was normalised

to 18 s. Fold change in gene of interest expression was

calculated using the delta-delta CT method. PCR products
frontiersin.org

https://doi.org/10.3389/fmedt.2022.981421
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org/


Rotherham et al. 10.3389/fmedt.2022.981421
were resolved on a 2% Agarose gel and imaged using a GelDoc-

It2 imager system (UvP).

Immunocytochemistry. For establishment of neuronal

differentiation and TREK1 expression, cells were fixed with 4%

PFA in PBS (Fisher) for 15mins, permeabilised with 0.1%

Triton-X in PBS for 10 min, washed with PBS, then blocked

with 2% BSA/PBS for 2 h. Cells were then stained with β3-

tubulin (Abcam) diluted 1:1000 and TREK1 (Alomone labs)

diluted 1:100. All primary antibodies were diluted in 1% BSA/

PBS and incubated overnight at 4 °C. After washing with PBS,

cells were stained with goat anti-mouse-FITC (Sigma) diluted

1:1000 and Rabbit anti-goat-555 (Life technologies) diluted

1:2000 for TREK1. Both secondary antibodies were diluted in

1% BSA/PBS and incubated for 2 h at room temperature. Cells

were washed with PBS X3 cells then counterstained with DAPI

(Sigma) for 15 min and stored in PBS. Fluorescence microscopy

was performed on an Eclipse Ti-S microscope (Nikon).

MNP labelling of cells was determined using

immunofluorescence to identify the dextran matrix of the

MNP. After labelling with MNP cells were fixed, blocked, then

stained with an anti-dextran antibody (Stem Cell Technologies)

diluted 1:1000 in 1% BSA in PBS overnight at 4 °C. Cells were

then washed with PBS and stained with anti-mouse-FITC

secondary antibody (Sigma) diluted 1:1000 in 1% BSA in PBS

for 1 h at room temperature. Cells were then washed with PBS

and counterstained with DAPI (Sigma) to visualise cell nuclei

and Phalloidin-iFluor-594 (Stratech) to visualise F-Actin.

MNP binding to TREK1 channels was determined using

immunofluorescence to stain TREK1 channels along with MNP

fluorescence from anti-Rabbit-IgG-594 coated MNP. Cells were

cultured on glass coverslips before labelling with MNP as

above. For the TREK-blocked groups TREK-MNP were

incubated with TREK1 blocking peptide for 2 h at room

temperature (Alomone labs), at a concentration of 1μg peptide

per μg of anti-TREK coated on the MNP. After MNP labelling,

cells were fixed, permeabilised, then blocked as above. Samples

were then stained with an anti-TREK1 antibody raised against

the C-terminus of the TREK1 channel (Santa Cruz) which was

diluted 1:200 in 1% BSA in PBS and incubated overnight at 4 °

C. Cells were then washed with PBS then stained with anti-

mouse-ATTO 488 sary antibody (Sigma) diluted 1:1000 in 1%

BSA in PBS for 1 h at room temperature. Cells were then

washed with PBS and counterstained with DAPI (Sigma) to

visualise cell nuclei before storing in PBS. Coverslips were

mounted onto slides (Fisher) using Permaflour (Fisher).

Fluorescence microscopy was performed on an EVOS M5000

microscope (ThermoFisher).

Griess assay. At each time-point media was aspirated, cells

washed with PBS, then lysed using 0.1% Triton-X in d.H2O,

samples were then stored at −20 °C before analysis. Nitrite

concentration in cell lysates was quantified using the Griess

assay (Fisher) according to the manufacturer’s instructions.

Values were normalised to the DNA content of the respective
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cell lysates using a PicoGreen assay (Invitrogen) according to

the manufacturer’s instructions.

Image analysis. The mean gray value of BIII-Tubulin and

DAPI staining was quantified using ImageJ, BIII-Tubulin

staining intensity was then normalised to DAPI staining.

Neuritogenesis was quantified from BIII-Tubulin stained

samples using the Neurite Analyser ImageJ plug-in developed

by Haas et al. (27).

Statistical analysis. All data is presented as means +/-

Standard Deviation unless stated otherwise. Statistical

significance at 95% confidence level was determined using 1-

way or 2-way ANOVA with post-hoc Tukey tests using Mini-

tab (v16). Data was tested for normality and equal variance

before analysis. For non-normal/unequal variance data sets,

non-parametric Kruskal-Wallis and post-hoc Dunn’s test were

performed, with statistical significance at 95% confidence

level. Analysis was performed using Graphpad Prism 6 or

PlotsOfDifferences web application (28).
Results

TREK1 is expressed by differentiated
SH-SY5Y cells

The expression of TREK1 was first confirmed in SH-SY5Y cells

cultured in basal media using rt-PCR (Figure 1A). SH-SY5Y were

differentiated using a combination of RA and Brain Derived

Neurotrophic Factor (BDNF) over 12 days with q-rt-PCR used to

track changes in TREK1 gene expression during the differentiation

process. TREK1 expression was found to be marginally increased

by 1.5-fold (not statistically significant) during neuronal

differentiation (Figure 1B). Immunocytochemistry was then used

to assess neuronal differentiation and TREK1 expression in

differentiated SH-SY5Y cells. βIII tubulin staining confirmed

neuronal differentiation with almost all βIII Tubulin positive cells

also co-expressing TREK1, mainly at the cell bodies (Figure 1C).
SH-SY5Y tagging with MNP

Dextran-MNP with a diameter 250 nm were functionalised

with anti-TREK1 antibodies, then used to tag SH-SY5Y cells.

Immunocytochemistry was used to stain and visualise the

dextran matrix of the MNP coating and to qualitatively assess

MNP association with the cells. Fluorescent microscopy

confirmed both Control (Blank-MNP) and TREK-MNP

binding to cells post labelling (Figure 2A). Quantification of

bound MNP indicated an average of 2–3 MNP clusters bound

per cell (Supplementary Figure S1). Immunocytochemistry

was also used to determine the specificity of the TREK-MNP

for TREK1 channels. Cells were immunostained for TREK1

after labelling with TREK-MNP that had been pre-coated with
frontiersin.org
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FIGURE 2

TREK-MNP labelling of SH-SY5Y. (A) Immunofluorescent microscopy showing unlabelled cells (top row) and cells labelled with Blank-MNP (middle
row) or TREK-MNP (bottom row). MNP are shown by Dextran staining (green), cell cytoskeleton is shown by Actin staining (red) and cell nuclei are
shown by DAPI staining (Blue). Images representative of n= 3, scale bar represents 25 μm. (B) Immunofluorescent microscopy showing unlabelled
cells (top row), cells labelled with fluorescent TREK-MNP (middle row) or fluorescent TREK-MNP pre-blocked with a TREK blocking peptide (bottom
row). TREK1 channels are shown in green, MNP are shown in red and cell nuclei are shown by DAPI staining (Blue). Images representative of n= 3,
scale bar represents 50 μm.
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a fluorescent secondary antibody, to allow visualisation of the

particles (Figure 2B). Results confirmed labelling of TREK1

channels with the TREK-MNP (middle row), whilst pre-

incubation of the TREK-MNP with a TREK blocking peptide

resulted in reduced binding to the cells (bottom row).

Unlabelled cells are shown in the top row.
TREK1-MNP activate stress-response
gene expression

The role of TREK1 in triggering stress response pathways was

explored by assessment of known early stress-response genes

using q-rt-PCR (Figure 3). NF-κB gene expression was

significantly elevated in SH-SY5Y 24 h after a 1 h treatment

with TREK-MNP and magnetic stimulation. In contrast
FIGURE 3

TREK-MNP induce stress-response gene expression in SH-SY5Y. Quantitative
and NOS3 gene expression 24 h after treatment with MNP and or magne
stimulation resulted in elevated NF-κB expression compared to cells +m
treatment with control (Blank)-MNP had no significant effect on NF-κB e
groups with c-Fos gene expression (not statistically significant), (B). TREK
elevated c-Myc expression vs. controls, whist control (Blank)-MNP caused n
was significantly elevated after treatment with Trek-MNP +magnetic field
and Blank-MNP +magnet control group. In contrast treatment with control
on NOS3 expression compared to the respective cell only controls (D). n= 4
# represents p > 0.05 (2-way ANOVA).
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treatment with TREK-MNP without magnetic stimulation or

treatment with control (blank-MNP) with or without magnetic

field stimulation had no clear effect on NF-κB expression

(Figure 3A). Expression of c-FOS was also elevated (but did

not reach statistical significance) in response to treatment with

TREK-MNP in combination with magnetic field stimulation,

whilst expression across all other groups remained around the

baseline (Figure 3B). Expression of c-Myc was again

significantly elevated when cells were treated with TREK-MNP

in conjunction with magnetic field stimulation, whilst treatment

with TREK-MNP alone or control (blank-MNP) had modest

(non-significant) effects on c-Myc expression (Figure 3C).

NOS3 expression was also significantly elevated by TREK-MNP

and magnetic field stimulation compared to both magnet

control groups (cells +magnet and blank-MNP+magnet),

whilst treatment with Control (blank-MNP) with or without
-reverse transcription-PCR was used to measure NF-κB, c-Fos, c-Myc
tic field stimulation. Treatment with TREK-MNP and magnetic field
agnet control group and Trek-MNP alone treatment. In contrast

xpression (A). The same overall trend was also observed across the
-MNP and magnetic field stimulation also resulted in significantly
o significant changes in c-Myc expression (C). NOS3 gene expression
stimulation compared to the magnet control group (Cells +magnet)
(Blank)-MNP with or without magnetic field stimulation had no effect
, plots represent median fold change with IQR, * represents p < 0.05,
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magnetic field stimulation had no overall effect on expression

compared to the respective cells only control groups (Figure 3D).
TREK1 stimulation initiates nitrite
production

Nitrite (NO−
2 ) production is a proxy for NO production by

cells and another stress-response indicator. NO−
2 production by

SH-SY5Y cells in response to MNP and magnetic stimulation

was assessed using the Griess assay, a routinely used assay for

NO−
2 . Treatment of SH-SY5Y cells with Trek-MNP and

magnetic field stimulation led to a significant four-fold increase

in NO−
2 production 24 h post-treatment. NO−

2 production was

also elevated by magnetic stimulation alone and Trek-MNP

alone but did not reach statistical significance (Figure 4).

Treatment with Control (Blank-MNP) marginally reduced NO−
2

production compared to its experimental control (not

statistically significant). The DNA content of the cell lysates

was also assessed and used as a normalisation factor for NO−
2

production in order to control for cell number. Treatment with

TREK-MNP or control (blank-MNP), with or without

magnetic field stimulation, caused negligible (non significant)

changes in DNA content (Supplementary Figure S2).
TREK1 does not regulate neuronal
differentiation

The effect of TREK-targeted MNP on neuronal differentiation

was then evaluated using immunocytochemistry to monitor
FIGURE 4

TREK-MNP induce NO signalling in SH-SY5Y. Nitrite prduction was
assayed using the Greiss assay. Treatment with TREK-MNP plus
magnetic field stimulation resulted in a 4-fold increase in Nitrite
production whilst uncoated (Blank-MNP) had no effect on Nitrite
production. n= 3-4, bars represent mean fold change, * represents
p < 0.05, # represents p > 0.05 (2-way ANOVA).
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neuronal morphology and expression of the pan-neuronal

marker BIII-Tubulin after TREK stimulation. Cells were cultured

in reduced serum neuronal induction media (RA media) for

four days then labelled with MNP. Media was then switched to

neuronal induction media containing RA and BDNF for a

further 8 days with intermittent magnetic stimulation.

Cells appeared to differentiate normally after treatment with

TREK- or Control-MNP (with or without magnetic field

stimulation) with cells displaying a typical neuronal morphology

with extended processes. Cells also strongly expressed βIII-

Tubulin regardless of MNP or magnetic field treatment

(Figure 5A). Quantification of βIII-Tubulin staining confirmed

that both TREK- and the Control (Blank-MNP) maintained

βIII-Tubulin expression with neither treatment having any

significant effects overall on staining intensity (Figure 5B).
TREK1 regulates neuritogenesis during
neuronal differentiation

The effect of TREK1 stimulation on neuritogenesis was also

assessed by quantifying Neurite number, branch number, branch

length and number of neurite junctions using an ImageJ analysis

plugin NeuriteAnalyser. Results showed that TREK-MNP with

magnetic field stimulation led to an overall significant increase

in neurite number per cell (median of three neurites/cell)

compared to control groups (median of two neurites/cell), whilst

control (Blank)-MNP had no effect on neurite number

(Figure 6A(i–iii)). In contrast, the average neurite branch length

was significantly decreased in response to TREK-MNP with

magnetic field stimulation, whilst Control (Blank-MNP) with

magnetic field stimulation slightly increased branch length

compared to Blank-MNP alone or the TREK-MNP treated

groups, (Figure 6B(i–iii)). The number of branches per neurite

(Supplementary Figure S3A) and number of neurite junctions

(Supplementary Figure S3B) remained consistent across all

groups with no overall effect observed.
Discussion

The TREK1 potassium channel plays a range of roles in the

nervous system, including neurotransmission and pain

perception. The channel is gated by a wide range of physical

and chemical stimuli, modulators of TREK1 are therefore of

interest for pharmaceutical drug discovery (1, 2). MNP

represent a novel method for remotely controlling ion channel

activity using magnetic fields and this study adds to the

growing area of MNP mediated mechano-activation of cells to

trigger intra-cellular signalling pathways to control cell

behaviour (29). In this work we explored the effects of MNP-

mediated mechano-activation of the TREK1 potassium channel
frontiersin.org
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FIGURE 5

TREK-MNP do not regulate SH-SY5Y neuronal differentiation. Immunofluorescent microscopy showed that TREK-MNP (alone or with magnetic field
stimulation) do not influence neuron morphology or expression of βIII-tubulin during RA/BDNF mediated neuronal differentiation (A). βIII-Tubulin is
shown in green, cell nuclei are shown by DAPI staining (Blue), images representative of n= 4, bar represents 50 μm. Pixel intensity analysis of βIII-
Tubulin staining confirmed that neither TREK-MNP nor Blank-MNP had any significant effect on βIII-Tubulin staining intensity (B). n= 4, plots
represent median fold change and IQR.
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expressed by SH-SY5Y cells to influence stress signalling,

neuronal differentiation and neuronal connectivity.

External stress factors such as heat, nutrient starvation or UV

light have been shown to alter neuron morphology and induce

neurite growth (30). Mechanical forces are another form of

external stress and control transcription of early stress response

genes, which can be used as early indicators of cellular

mechanical stress (3–5, 31). Mechanical forces such as stretch

are also known to influence neurite extension, even in the

absence of neurogenic factors such as RA (32). Tensile forces

provided by MNP have also been shown to promote neurite

elongation in PC12 cells (33). This demonstrates the beneficial

role that mechanical forces can play in neural tissue engineering.

In the brain, stress response pathways are activated after

injury and are involved in initiating repair. For instance,
Frontiers in Medical Technology 08
c-Myc is known to be up-regulated after nerve injury and its

expression was shown to drive transcription of a range of

regeneration associated genes (34). Our results show that

targeted magnetic activation of TREK1 using MNP leads to

increased expression of common stress response genes,

including c-Myc, which is consistent with activation of

cellular stress response pathways in response to mechanical

stimulation of cells.

We also observed some fluctuations in the expression of

these stress response genes in response to non-specific

(blank)-MNP with and without magnetic fields (e.g., c-Myc

and NF-κB). This response may be expected given that these

MNP still bind to the cells in a non-specific manner and in

similar numbers to TREK targeted MNP. Whilst the cell-

binding affinity of control-MNP is likely to be different
frontiersin.org

https://doi.org/10.3389/fmedt.2022.981421
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org/


FIGURE 6

TREK-MNP increase neurite number and decrease branch length. Neurite analysis of Immunofluorescent images indicated that TREK-MNP with
magnetic field stimulation significantly increased the overall number of neurites per cell as shown by histogram (A(i)) and violin plots (A(ii)) whilst
all other groups had no significant effect and remained similar to the control (cells only). The differences between the groups relative to the cells
only control are shown by the median difference plots (A(iii)). Branch length analysis of neurites indicated that TREK-MNP (with magnetic field
stimulation) significantly decreased neurite branch length compared to the respective controls (cells +magnet and Blank-MNP +Magnet) as
shown by histogram (B(i)) and violin plots (B(ii)). Blank-MNP +magnet marginally increased neurite branch length compared to Blank-MNP alone
or TREK-MNP. The differences between the groups are shown by the median difference plots (B(iii)). Histograms and Violin plots represent
median value (median denoted by white circles); box limits indicate the 25th and 75th percentiles; polygons represent density estimates of data
and extend to extreme values. Differences between groups were compared using the non-parametric Kruskal-Wallis test, with Dunn’s post-hoc
multiple comparison. A minimum of 271 cells were analysed for each group.
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compared to antibody binding via Trek-MNP, the fact that

control-MNP still bind to cells suggests that they are capable

of transducing generic force to the cell membrane. In
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principle this could trigger expression of the same stress

response genes under certain conditions. Previous work from

our group has shown that control MNP do not activate
frontiersin.org

https://doi.org/10.3389/fmedt.2022.981421
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org/


Rotherham et al. 10.3389/fmedt.2022.981421
downstream signalling pathways in the same manner as

antibody targeted MNP. However, the cell binding properties

and signalling activity of various control-MNP (either

uncoated or non-specifically targeted) can be variable

depending on the cell type, experimental conditions and assay

used (18, 19, 21, 35). A major factor in determining the cell

binding properties of nanomaterials is the protein corona

which forms when materials are immersed in biological fluids.

The composition of proteins in the corona may differ

depending on whether the MNP are uncoated or pre-

functionalised with biological ligands, which may in turn

affect the cell binding efficacy. This factor must therefore be

carefully considered in experiments using serum containing

conditions, due to the effect that the corona has on regulating

MNP-cell association and uptake (36, 37). It is also plausible

that the control-MNP are binding to glycan-binding or

scavenger receptors through interaction with the dextran

matrix of the MNP (38, 39). Altogether this highlights the

importance of carefully selecting the appropriate control

coatings on the surface of MNP and considering the effect of

the protein corona when examining the cellular responses to

targeted MNP.

NF-κB signalling is a ubiquitous stress response pathway

and is expressed in most cells. We have previously

demonstrated NF-κB upregulation in response to MNP

mediated TREK1 activation in hMSC (15), the fact this effect

was also observed in the current study suggests that TREK1 is

a regulator of NF-κB signalling across multiple cells from

varied tissues. The gating mechanism of TREK1 has been

implicated in differentially regulating stress response gene

expression. For example, temperature gating of TREK1 has

been linked to c-FOS expression. In one study cold

temperatures resulted in TREK1 closing and increased c-FOS

expression but at the same time TREK1 knockout also

reduced overall c-FOS expression (14), whilst in our study c-

FOS was mildly elevated. This suggests that the functional

effects of TREK1 activation can vary depending on the cell

type and/or the type of stimulus received.

We also examined the production of reactive oxygen

species after magnetic Trek activation. Nitrite is a stable

reaction metabolite of NO, a free radical with an extremely

short half-life in the oxidising environment of cells (40). NO

has a number of physiological roles in the central nervous

system which includes neurotransmission (11) and the

brain’s response to injury, ischaemia or stroke where eNOS

derived NO exhibits neuroprotective effects by increasing

blood flow to promote brain repair (13). NO has also been

shown to increase neuronal growth and promote synaptic

remodelling (12). The link between NO and TREK1 has

been made before; NO is thought to activate potassium

channels, as well as regulate TREK1 activity (41, 42).

Another study has shown that NO production in endothelial

cells requires TREK1 activity (16), in related studies TREK1
Frontiers in Medical Technology 10
was thought to induce calcium flux and increase NO

synthesis in endothelial cells (43–45). Our results showed

that TREK1 activation led to increased NOS3 gene

expression and Nitrite production, whilst this response was

largely absent when cells were treated with control MNP.

This confirms the link between TREK1 and NO production

and is consistent with the cellular stress response to

mechanical activation (6). Altogether, this suggests a role for

TREK channels in regulating the cellular response to

mechanical loading via NO signalling.

We then explored the effects of magnetic TREK1

activation on neuronal differentiation. We intermittently

stimulated TREK1 expressed by SH-SY5Y cells cultured in

neuronal differentiation media. Our results indicated that

TREK1 stimulation had no clear effect on neuronal

differentiation and did not appear to regulate the

differentiation process. This is unsurprising given that

TREK1 appears to play its main roles in mature neuron

function and neurotransmission rather than neural

progenitor cell differentiation (2). In our previous work we

demonstrated that activation of the Wnt pathway

augmented dopaminergic marker expression in

differentiated SH-SY5Y cells (19). This indicates that

receptor selection is important when considering targets

for stimulating optimal neuronal differentiation using

MNP. Perhaps just as importantly, the differentiating SH-

SY5Y cells in this study appeared to tolerate MNP-

mediated TREK1 stimulation, which had no obvious

adverse effect on neuronal differentiation capacity or cell

morphology. This is an important factor to consider if

MNP based therapies are to be adopted for neuronal tissue

engineering.

Our results did however indicate that control-MNP and

magnetic fields influenced neurite branch length to some

extent. Interestingly, similar results have been observed in

other studies utilising non-specifically targeted or

internalised MNP. In these studies magnetic fields were used

to enhance neurite extension and exert directional control

over neurite direction (33, 46, 47). This suggests a role for

non-specific MNP in promoting directional neurite extension

under applied magnetic fields. In contrast to non-specifically

bound MNP, targeted TREK1 stimulation resulted in

increased neuritogenesis. In our system MNP-mediated

TREK1 activation caused an overall increase in neurite

production and decrease in neurite branch length. These

effects can be explained by TREK1′s links with stress

response and repair pathway activation. Given the fact that

stress mediators play roles in regulating neuronal

connectivity, neuritogenesis and synaptogenesis (8, 9, 12), it

is reasonable to suggest that increased neurite production in

our system is a result of increased stress signalling and NO

production after mechano-activation of TREK1. An increase

in neurite number would subsequently allow decreased
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branch length as neuron connectivity may be achieved by

increased neurite numbers alone.
Conclusions

New tools are required to regulate cell behaviour in the

growing cell therapy industry. MNP are versatile materials

within the tissue engineering toolkit and have growing

applications in regenerative medicine including the regulation

of cell signalling, function and fate.

Our results have shown that magnetic activation of TREK1

potassium channel initiates stress-response gene expression and

nitrite production in neuronal SH-SY5Y cells, consistent with

the cellular response to mechanical loading. TREK1

stimulation did not appear to influence neuronal

differentiation of SH-SY5Y cells but did increase

neuritogenesis, suggesting TREK1 may play a role in

regulating neuronal connectivity. The approach presented here

has useful applications for regulating neuronal stress signalling

and network connectivity which could form part of future

injectable cell therapies for neuronal tissue engineering, or

treatment of neurodegenerative diseases which require

restoration of neuronal connectivity.
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