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A B S T R A C T   

Transplantation of olfactory ensheathing cells (OECs) is a promising approach for repairing the injured nervous 
system that has been extensively trialed for nervous system repair. However, the method still needs improvement 
and optimization. One avenue of improving outcomes is to stimulate OEC migration into the injury site. Lir-
aglutide is a glucagon-like peptide-1 receptor agonist used for management of diabetes and obesity. It has been 
shown to be neuroprotective and to promote cell migration, but whether it can stimulate glial cells remains 
unknown. In the current study, we investigated the effects of liraglutide on OEC migration and explored the 
involved mechanisms. We showed that liraglutide at low concentration (100 nM) overall promoted OEC 
migration over time. Liraglutide modulated the migratory behavior of OECs by reducing time in arrest, and 
promoted random rather than straight migration. Liraglutide also induced a morphological change of primary 
OECs towards a bipolar shape consistent with improved migration. We found that liraglutide activated extra-
cellular signal-regulated kinase (ERK), which has key roles in cell migration; the timing of ERK activation 
correlated with stimulation of migration. Furthermore, liraglutide also modulated the extracellular matrix by 
upregulating laminin-1 and down-regulating collagen IV. In summary, we found that liraglutide can stimulate 
OEC migration and re-model the extracellular matrix to better promote cell migration, and possibly also to 
become more conducive for axonal regeneration. Thus, liraglutide may improve OEC transplantation outcomes.   

1. Introduction 

Cell transplantation using olfactory ensheathing cells (OECs) is a 
promising strategy for repairing nerve injuries. OECs are the glial cells of 
the primary olfactory system, which extends between the olfactory 
epithelium in the nasal cavity and the olfactory bulb. This system is 
unique in that it continuously regenerates throughout life and after 
injury. OECs are considered essential for this process, and act by 
secreting neurotrophic factors, providing structural support and guiding 
the axons towards their correct target (glomerulus) in the olfactory bulb 
[1–3]. In attempts to translate this regenerative capacity to distant 
injured regions of the nervous system, transplantation of OECs has been 
trialed both in animals and humans, particularly for spinal cord injury 
(SCI) repair. Improvement of motor and/or sensory function after OEC 

transplantation has been reported in several SCI studies [4–10], and 
recently also for animal models of peripheral nerve injury [11,12]. 
However, the outcomes of SCI studies to date are highly variable and the 
method needs improvement [13–18]. One key problem is that the 
transplanted OECs often do not migrate far enough into the injury site. 
Whilst some studies have shown that transplanted OECs can migrate 
well into the injury site [19,20], in other studies, OEC migration has 
been limited [21,22]. Therefore, compounds that can stimulate OEC 
migration are highly warranted [23,24]. 

The extracellular signal-regulated kinases (ERK) pathway is well 
known to regulate migration during wound healing and regeneration 
[25,26]. When mesenchymal stem cells mediate tissue repair and 
regeneration, the increased proliferation and migration of fibroblasts 
occurs due to ERK activation [25]. Activation of ERK is also important 
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for supporting survival and migration of neural stem cells in brain 
injury, which can lead to regeneration [26]. ERK activation is also 
closely correlated with migration of glial cells, including Schwann cells 
[27], oligodendrocyte precursor cells [28] and astrocytes [29]. ERK has 
also been shown to regulate OEC migration both in vitro and in vivo. 
Stimulation of OEC migration by TNF-α [30], as well as the natural 
compounds curcumin [31], linckoside A and granulatoside A [32], in-
volves ERK activation. In the injured spinal cord, astrocytes have been 
shown to stimulate transplanted OECs to migrate into the injury site via 
TNF-α-mediated ERK activation [30]. The extracellular matrix (ECM) 
composition is very important for cell migration [33,34]. The relation-
ship between ERK activation, the ECM and cell migration has also been 
well documented [reviewed in [35,36]]. Therefore, drug candidates 
capable of modulating ERK activation and/or ECM composition may be 
potential regulators of OEC migration. 

Liraglutide (Fig. 1A) and is a glucagon-like peptide-1 receptor (GLP- 
1R) agonist which is used clinically for management of type 2 diabetes 
and obesity [37,38] and has been shown to activate ERK in other models 
[39]. Endogenous GLP-1 (Fig. 1B) is well known to activate pro-survival 
signals in different cell types [40,41]. Whilst exhibiting 97% sequence 
homology with endogenous GLP-1, liraglutide has a longer half-life than 
GLP-1 [42]. A variety of pharmacological activities of liraglutide have 
been reported, including anti-inflammatory [43,44], anti-apoptotic 
[45–47], pro-autophagic [47,48], and neuroprotective [43,49–51] 
functions. Liraglutide can protect against peripheral diabetic neuropa-
thy, likely involving suppression of inflammation and oxidative stress 
[52]. Liraglutide has also been shown to attenuate neuroinflammation 
in different brain regions [43,53] and has been found to ameliorate 
motor neuron damage, and promote functional recovery in animal 
models of SCI [47,48]. 

Liraglutide has been shown to promote migration of certain cell 
types, including keratinocytes [54] and periodontal ligament cells [55]. 
Modulation of ERK activation and ECM remodeling by liraglutide has 
also been described. Liraglutide exhibits neurotrophic and 
neurite-promoting activities at least partly through ERK [56]. 
Liraglutide-mediated neuroprotection against ischemia has been re-
ported to involve the ERK pathway [57]. Activation of ERK by liraglu-
tide decreases Alzheimer’s-like pathology in mice, resulting in 
functional improvements including better memory [58]. The neuro-
protective effects of liraglutide in diabetic neuropathy have also been 
suggested to involve remodeling of the ECM [52]. Thus, liraglutide has 
been shown to be neuroprotective and stimulate regeneration, including 
after SCI [47,48], and its use in humans is already well documented (it is 
considered safe, but may be associated with a low risk of gastrointestinal 
side-effects) [37,38]. To date, the modulation of OEC behavior by lir-
aglutide has not been described. Because liraglutide (1) is neuro-
protective, (2) can activate ERK and modulate the ECM and (3) can 

promote cell migration, we hypothesized that liraglutide may promote 
OEC migration. 

2. Material and methods 

2.1. Animal ethics and biosafety 

All experiments related to genetic modification or animal handling 
were conducted with the approval of Griffith University’s Biosafety 
Committee (approval NLRD/003/2020_Var1) and Animal Ethics Com-
mittee (approval GRIDD/03/19/AEC) and in accordance with the 
guidelines of the National Health and Medical Research Council of 
Australia and the Australian Commonwealth Office of the Gene Tech-
nology Regulator. 

2.2. Cell culture 

A mouse OEC cell line expressing green fluorescent protein (GFP- 
mOECs) and primary mouse OECs were used in this study. GFP-mOECs 
were gifted from Prof. Filip Lim (Universidad Autónoma de Madrid, 
Spain) [31]. The culture medium for GFP-mOECs contained Dulbecco’s 
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12), 10% 
foetal bovine serum (FBS), and 50 μg/mL gentamicin. Primary OECs 
were isolated from the lamina propria of the nasal mucosa from 
S100β-DsRed transgenic mice (postnatal day 7–14) according to our 
established method [59–61]. Primary cultures contained both DsRed 
(+) OECs cells and DsRed (-) cells (mainly fibroblasts) as previously 
described by our group [31,32,59–61]; primary OEC cultures have also 
been reported to contain fibroblasts by other groups [see for example 
[62,63]]. The percentage of DsRed (+) cells in our primary culture 
system was 32.1 ± 1.7% (Supplementary Fig. 1). Cells were cultured in 
DMEM supplemented with 10% FBS, 1% GlutaMax, and 50 μg/mL 
gentamicin and both cell types were incubated at 37 ◦C containing 5% 
CO2. All media and cell culture supplements were obtained from Gibco. 

2.3. Liraglutide and drug treatment 

Liraglutide (purity > 98%, Sigma-Aldrich) was prepared in 0.1% 
DMSO. For drug treatment, cells were treated with 0.1% DMSO (vehicle 
control) or liraglutide (0.01, 1, or 100 nM) for indicated exposure times 
(0.5–24 h). All control groups in this study represented vehicle control 
(0.1% DMSO). 

2.4. Western blot analysis 

Protein expression was determined using Western blot. Protein ex-
tracts were isolated using radioimmunoprecipitation assay (RIPA) lysis 
and extraction buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium 
deoxycholate, 0.1% sodium dodecyl sulphate, 50 mM Tris, pH 8.0) 
(Thermo Fisher Scientific) and quantified using Pierce bicinchoninic 
assay (BCA) protein assay kit (Thermo Fisher Scientific). Briefly, equal 
amounts of protein were subjected to electrophoresis in 8% or 10% so-
dium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred onto polyvinylidene fluoride (PVDF) membranes. Non- 
specific binding was blocked by incubating the membranes with 5% 
non-fat milk in phosphate-buffered saline (PBS) containing 0.1% Tween 
20 for 1 h at room temperature (RT). The membranes were then incu-
bated with primary antibodies at 4 ◦C overnight, including anti- 
phospho-ERK (p-ERK1/2 Thr202, Tyr204; 1:500; ThermoFisher), anti- 
ERK (1:500; ThermoFisher), anti-vinculin (1:20,000; Abcam), anti- 
collagen IV (1:500; Abcam), or anti-laminin-1 (1:1000; Sigma- 
Aldrich). The membranes were then incubated with secondary horse-
radish peroxidase (HRP)-conjugated antibodies (1:1000; Thermo Fisher 
Scientific) at RT for 1 h. The protein bands were visualized using an 
Amersham enhanced chemoluminescence (ECL) detection kit (Thermo 
Fisher Scientific) under a ChemiDoc XRS+ Gel Imaging System (Bio- 

Fig. 1. Structure of (A) liraglutide and (B) endogenous GLP-1. Liraglutide 
differs from GLP-1 in that it exhibits an arginine instead of a lysine at position 
34, and is acylated with the c-carboxyl group of N-palmitoyl-L-glutamic acid at 
position 26 (lysine). A: alanine, D: aspartic acid, E: glutamic acid, F: phenyl-
alanine, G: glycine, H: histidine, I: isoleucine, K: lysine, L: leucine, Q: gluta-
mine, R: arginine, S: serine, T: threonine, V: valine, W: tryptophan, Y: tyrosine. 
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Rad). Image J software (National Institutes of Health) was used for 
densiometric quantification of protein amounts. 

2.5. Immunocytochemistry 

Immunocytochemistry was performed to visualise laminin-1 or 
collagen IV distribution in cultured cells. Cells were first fixed with 4% 
paraformaldehyde for 15 min at RT. Cells were then incubated with 
0.3% Triton X-100% and 1% bovine serum albumin (BSA) for per-
meabilization and blocking at RT for 20 min. Following blocking, cells 
were incubated with anti-laminin-1 (1:50; Sigma-Aldrich) or anti- 
collagen IV (1:100; Abcam) overnight at 4 ◦C, followed by incubation 
with the secondary antibody, Alexa Fluor 647 donkey anti-rabbit IgG 
(1:500; Thermo Fisher), at RT for 1 h. Hoechst 33342 (1:2000; Ther-
moFisher) was then used to stain nuclei at RT for 20 min. Cell images 
were captured using a confocal microscope (Olympus FV 3000). 
Laminin-1 and collagen IV distribution area (μm2) and distribution 
volume (μm3) were analyzed using CellProfiler 3.1.9 software (cellpro-
filer.org) and Imaris 7.4.2 software (imaris.oxinst.com) respectively. 

2.6. Cell migration analysis 

GFP-mOECs and primary OECs were treated with liraglutide or 
vehicle control, and incubated in an IncuCyte Live Cell system (a system 
that enables real-time monitoring of live cells inside an incubator) for 
24 h. Live-cell images were captured every 30 min over the 24 h period. 
For GFP-mOEC cultures, GFP (+) cells were tracked, and for primary 
OECs, DsRed (+) cells were tracked. The paths of cell migration were 
determined using the tracking function of the Imaris 7.4.2 software. 
Migration-related parameters were recorded and analyzed (track length, 
mean speed, maximum/minimum speed, arrest coefficient and track 
straightness). Track length: the total length of displacement within the 
track. Mean speed: the per-track average of all instantaneous speeds. 
Maximum/minimum speed: the maximum/minimum value of the object 
speed on the track. Arrest coefficient: the fraction of time that the 
tracked cells stay in arrest. Track straightness was calculated by dividing 
the displacement by the total length for each track. 

2.7. Cell morphology analysis (primary OECs) 

Primary OECs were imaged using a confocal microscope (Olympus 
FV 3000), and the morphology of DsRed (+) cells was analyzed using 
CellProfiler 3.1.9 software by recording the following parameters: The 
cytoplasm was recognized by Global (threshold strategy). The thresh-
olding method was Minimum cross entropy, with the smoothing scale and 
correction setting at 1.3488 and 1, respectively. Eccentricity (e) repre-
sents the ratio of the distance between the foci of the ellipse and its 
major axis length; e is between zero and one. Cells with an e-value close 
to zero exhibit round morphology, whilst cells with an e close to one 
have elliptical shape. The Feret diameter is the distance between two 
parallel tangents of the particle (the cell) at an arbitrary angle (thus a 
measurement of the cell length/width projected in a specific direction). 
The Feret ratio was calculated by dividing minimum Feret diameter by 
the maximum Feret diameter. Thus, round/flattened cells have a higher 
Feret ratio than long/bipolar cells [61]. 

2.8. ECM distribution analysis 

Confocal images of ECM (laminin-1 or collagen IV) were used for 
analyzing the distribution area (μm2) and/or volume (μm3) of the two 
ECM components per cell. For two-dimensional (2D) distribution area 
analysis, CellProfiler 3.1.9 software was used. Laminin-1 or collagen IV 
was recognized by Global (threshold strategy). The thresholding method 
was Minimum cross entropy, with the smoothing scale and correction 
setting at 1.3488 and 1, respectively. The distribution area of each 
identified object (laminin-1- or collagen IV-expressing cells) was 

recorded (> 1500 cells were measured for each group). The laminin-1 or 
collagen IV distribution areas were divided by the number of laminin-1- 
or collagen IV-expressing cells (identified objects) to determine the 
laminin-1 or collagen-1 distribution area per identified object in GFP- 
mOECs and primary OECs. For three-dimensional (3D) distribution 
volume analysis, confocal images were taken with z-stacks. The surface 
rendering function of Imaris 7.4.2 software was used to automatically 
identify the 3D structure of laminin-1 or collagen IV, and their distri-
bution volumes were then measured (> 1500 cells were measured for 
each group). 

2.9. Statistical analysis 

Data are shown as means ± SEM. Statistical significance was 
analyzed using Student’s t-test or one-way ANOVA followed by Dun-
nett’s post-hoc test. Statistical analysis was performed using GraphPad 
Prism 8.3.1 software, and statistical significance was set at p < 0.05. 
Imaris 7.4.2 software was used to analyze cell migration and the 3D 
distribution volume of ECM. CellProfiler 3.1.9 software was used for 
graphical analysis. 

3. Results 

3.1. Liraglutide activates the ERK pathway in GFP-mOECs and primary 
OECs 

Cell migration is often dependent on ERK activation [25,26], 
including in OECs [30–32]. Liraglutide-mediated neuroprotective ef-
fects have been shown to involve ERK activation [56,57]. Therefore, we 
hypothesized that liraglutide may enhance OEC migration via ERK 
activation. To correspond to a clinically relevant concentration of lir-
aglutide, the concentration eliciting effects on cultured cells should be in 
the nanomolar range [64–66]. In studies of neural cells, the highest 
concentration of liraglutide typically tested that does not cause neuro-
toxicity is 100 nM [51,56,57,67–69]. Therefore, we first tested whether 
liraglutide caused ERK activation at nanomolar concentrations without 
cytotoxicity. 

The cytotoxicity of liraglutide was evaluated by measuring cell 
viability as assessed using resazurin reduction to resorufin [61,70], after 
24 h of drug treatment. The results indicated no significant toxic effects 
of liraglutide at concentrations lower than 100 nM in both GFP-mOECs 
(Supplementary Fig. 1D) and primary OECs (Supplementary Fig. 1E). 
Liraglutide at 100 nM up-regulated GLP-1R protein expression in both 
culture systems (Supplementary Fig. 2). To determine whether liraglu-
tide activated the ERK pathway, resulting in ERK phosphorylation, we 
next investigated the protein ratio of phosphorylated (p-ERK1/2) and 
non-phosphorylated (t-ERK1/2) ERK. First, GFP-mOECs were treated 
with liraglutide at different concentrations (0.01–100 nM) of liraglutide 
(treatment group) or vehicle only (control group). The result demon-
strated that liraglutide at 1 nM and 100 nM caused significantly 
increased phosphorylation of ERK (increased p-ERK:t-ERK ratio) after 
24 h treatment in GFP-mOECs (Fig. 2A), suggesting the activation of 
ERK by liraglutide. 100 nM of liraglutide elicited the strongest response 
(Fig. 2A) and therefore we used 100 nM for further experiments. 
Following this, we assessed the time-course of liraglutide activation, 
again in GFP-mOECs. Significant activation of the ERK pathway in 
GFP-mOECs occurred at 16 and 24 h post liraglutide (100 nM) treat-
ment (Fig. 2B). We next determined whether liraglutide also activated 
the ERK pathway in primary mouse OECs. In the primary OECs, lir-
aglutide (100 nM) also activated the ERK pathway, but faster than in the 
cell line, with higher p-ERK:t-ERK ratio at 0.5 h than at 24 h 
post-treatment (Fig. 2C). Overall, these results show that liraglutide 
activates the ERK pathway in OECs. 
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3.2. Liraglutide modulates cell migration in GFP-mOECs and primary 
OECs 

After determining that liraglutide activated ERK in OECs at a con-
centration known to be neuroprotective but not cytotoxic (100 nM), we 
next investigated the effects of liraglutide on OEC migration. We used an 
IncuCyte live cell system, in which cells can be imaged in real time inside 
the incubator. Cells were incubated in the presence of either liraglutide 
(100 nM) or vehicle (control), and imaged every 30 min. For GFP- 
mOECs, the migration paths of GFP (+) cells were tracked during 24 h 
(Fig. 3A). During 24 h of track time, liraglutide increased the total 
migration length per track (tracked cell) over this time for GFP-mOECs 
(Fig. 3B). The mean and minimum migration speed were not changed by 
liraglutide, however, the maximum migration speed per track was 
significantly increased (Fig. 3C). Liraglutide also significantly reduced 
the time that the cells were in arrest (not moving), as the arrest coeffi-
cient (the proportion of time cells are immobile) was lower in the 
presence of liraglutide than for the control group (Fig. 3D). However, the 
reduction in arrest coefficient was not significantly affected by liraglu-
tide during the first 12 h of drug incubation (Fig. 3D). Liraglutide 
decreased the straightness (directional movement) of migration for GFP- 
mOECs (Fig. 3E). 

Next, we investigated whether liraglutide affected the migration of 
primary mouse OECs. As the cultures contain both OECs (expressing 
DsRed) and fibroblasts (no fluorescent expression), only the migration 
paths of DsRed (+) cells were tracked during 24 h (Fig. 4A). As for the 
GFP-mOEC cell line, liraglutide significantly increased the migration 
length for the DsRed (+) cells (Fig. 4B). However, the maximum 

migration speed per track was significantly decreased (Fig. 4C). The 
mean and minimum migration velocities were not affected by liraglutide 
(Fig. 4C). Liraglutide treatment significantly reduced the time in arrest 
(i.e. liraglutide caused down-regulation of the arrest coefficient) during 
the first 12 h and during the entire 24 h period (Fig. 4D). Again, in 
alignment with the data from the cell line, liraglutide significantly 
decreased the straightness of migration for primary OECs (Fig. 4E). 
Thus, liraglutide modulates the migratory behaviour of cultured OECs, 
overall increasing migration capacity. 

3.3. Liraglutide induced morphological changes in primary OECs 

OEC migration has previously been shown to be strongly correlated 
with cell morphology, with convincing data shown in particular for 
primary OECs [31,59,61,71]. Therefore we investigated the effect of 
liraglutide (100 nM) on the morphology of primary mouse OECs. DsRed 
(+) cells were imaged after 24 h incubation with or without liraglutide 
(Fig. 5A). To generate quantifiable data, cytoplasm morphologies were 
automatically recognized by CellProfiler 3.1.9 software as described in 
the Methods section. Liraglutide modulated both the value of eccen-
tricity (scale: 0–1, with a number approximating 0 representing a round 
cell) and the Feret ratio (scale: 0–1, with a number approximating 1 
representing a round cell) of the cells. Liraglutide significantly increased 
the mean value of eccentricity from 0.83 (control group) to 0.86 (lir-
aglutide treatment group) (Fig. 5B). The liraglutide treatment group 
exhibited significantly lower Feret ratio compared to control group 
(Fig. 5C). Thus, liraglutide treatment made the cells less round and 
appeared to instead induce a change towards bipolar morphology. The 

Fig. 2. Liraglutide increased the protein ratio of p-ERK:t- 
ERK in GFP-mOECs and primary OECs. Protein expression 
of pERK1/2 and tERK1/2 (Thr202, Tyr204) were measured 
by Western blot analysis. Images above graphs show 
representative examples of Western blots. Bar graphs show 
data from densitometry analyses presented as the relative 
ratio of p-ERK:t-ERK, in turn represented as percentages of 
control group. (A) GFP-mOECs were treated with different 
concentrations of liraglutide (0.01, 1, or 100 nM) or 
vehicle for 24 h. (B) GFP-mOECs were treated with lir-
aglutide (100 nM) or vehicle for different lengths of time 
(0.5–24 h). (C) Primary OECs were treated with liraglutide 
(100 nM) or vehicle for 0.5 and 24 h. Data are shown as 
mean ± SEM (n = 3 independent experiments). *p < 0.05, 
**p < 0.01, ***p < 0.001 vs. control group, one-way 
ANOVA with Dunnett’s post-hoc test.   
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modulation of morphology by liraglutide supports the data regarding 
migration, as the bipolar morphology of OECs has previously been 
correlated with axial lamellipodia formation and migratory perfor-
mance [59,61,71]. 

3.4. Liraglutide modulates expression of the ECM components laminin-1 
and collagen IV in OECs 

Hitherto, our results showed that liraglutide activates the ERK 
pathway and increases OEC migration, with some differences between 
the GFP-mOEC cell line and primary mouse OECs. Next, we investigated 
the difference between these two culture systems that may be respon-
sible for the discrepancies. As ECM production and interactions with the 
ECM are key for cell migration [33,34], we investigated whether there 
were baseline differences in the production of the ECM components 
laminin-1 and collagen IV, which are important nervous system ECM 
factors, in particular in the olfactory nervous system [72–75]. We 
immunolabelled cultured control OECs (without liraglutide treatment) 
for laminin-1 (Fig. 6A and B) and collagen IV (Fig. 6C and D). The 
confocal images in Fig. 6 showed an apparent wider distribution of both 
laminin-1 and collagen IV in primary OECs (Fig. 6B and D) compared to 
mOEC-GFP (Fig. 6A and C). We therefore quantified these images using 
CellProfiler 3.1.9 (detailed in the methods section). As shown in Fig. 7A 
and C, immunolabelled laminin-1 or collagen IV were automatically 
detected and enabled the quantification of the areas of laminin-1 
(Fig. 7A) or collagen IV (Fig. 7C) immunolabelling co-localization 
with cells. The quantified results showed that primary OECs contained 
significantly more of both laminin-1 (Fig. 7A) and collagen IV (Fig. 7C) 
than GFP-mOECs. We also confirmed this finding using Western blot 
(Fig. 7B, D). 

Liraglutide has previously been shown to alter the ECM produced by 
cells in the nervous system [52]. We next investigated whether lir-
aglutide affected the expression levels of laminin-1/collagen IV in pri-
mary OECs. Laminin-1 (Fig. 8A) and collagen IV (Fig. 9A) 
immunolabelling of primary mouse OECs was performed after 24 h of 
incubation with or without liraglutide (100 nM). Cells were imaged and 
the distribution areas of laminin-1 (Fig. 8B) and collagen IV (Fig. 9B) per 
cell were determined using automated image analysis. Using this 
two-dimensional (2D) analysis method, liraglutide exerted no signifi-
cant differences in the distribution area of neither laminin-1 (Fig. 8B) 
nor collagen IV (Fig. 9B). However, we also analyzed the distribution of 
these ECM components in 3D by imaging z-stacks and determining the 
volume of laminin-1/collagen IV per cell using Imaris software (Figs. 8C 
and 9C). The results demonstrated that liraglutide treatment resulted in 
an increased laminin-1 distribution volume/cell (Fig. 8D), in compari-
son to control. In contrast, liraglutide reduced the collagen IV distri-
bution volume (Fig. 9D). We confirmed these results using Western blot 
for protein expression of laminin-1 (Fig. 8E) and collagen IV (Fig. 9E) in 
primary OECs. 

4. Discussion 

Transplantation of olfactory ensheathing cells (OECs) constitutes a 
promising therapeutic approach for treating SCI and peripheral nerve 
injuries. To optimize OEC transplantation, strategies that can induce 
desirable OEC behaviours such as migration are highly warranted [2, 
24]. In this study, we demonstrated that liraglutide, a drug currently 
used in humans for treatment of diabetes and obesity, has the potential 
to enhance OEC migration. Specifically, we showed that liraglutide 
overall increased the total migration length during a defined time-period 

Fig. 3. Liraglutide regulates the migratory behaviour of GFP- 
mOECs. Cells in the prescence of liraglutide (100 nM) or 
vehicle control were imaged using the IncuCyte system. Cells 
were imaged every 30 min over 24 h, and GFP (+) cells were 
tracked. (A) Representative images showing the migration 
paths of tracked cells during 24 h. Scale bar: 60 µm. (B) 
Migration length (µm) of tracked cells over 24 h. (C) The 
minimum, mean, and maximum migration speed (µm/h) of 
each tracked cells during 24 h. (D) The arrest coefficient of 
tracked cells during 12 and 24 h. The arrest coefficient is the 
proportion of time that the cells stay in arrest. (E) The 
straightness of migration of tracked cells during 24 h. The 
straightness was calculated by dividing the displacement (µm) 
by the total migration length (µm) for each track. Migration 
paths, length, speed, duration, and straightness were analysed 
using Imaris 7.4.2 software. Data are shown as mean ± SEM 
(B-D) or whiskers show minimum to maximum straightness (E) 
(n = 3 independent experiments, at least 10,000 cells were 
tracked in both control and treatment groups). *p < 0.05, 
**p < 0.01 vs. control group, two-tailed t-test.   
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and caused a morphological shift towards the elongated, bipolar 
morphology known to be correlated with OEC migration. We found that 
liraglutide did not significantly change the migration velocity of OECs 
(in fact, it reduced maximal migration speed in primary OECs), but 
reduced the time in arrest, thus increasing the total migration duration 
over time. Further, we found that liraglutide appeared to promote 

random migration rather than migration straightness, which may 
improve directional movement in the long term [76] as it may provide 
more opportunity for cells to explore more pathways. We also suggest 
the possible involvement of ERK activation and ECM modulation in 
liraglutide-mediated stimulation of OEC migration. 

Our overall aim is to find drug candidates that promote migration of 

Fig. 4. Liraglutide regulated migratory behavior of primary 
OECs. Cells were imaged in the absence (control) or presence 
of liraglutide every 30 min during 24 h, and DsRed (+) cells 
were tracked. (A) Example image showing the migration paths 
of tracked cells during 24 h. Scale bar: 60 µm. (B) Migration 
length (µm) of tracked cells during 24 h. (C) The minimum, 
mean, and maximum migration speed (µm /h) of each tracked 
cells during 24 h. (D) The arrest coefficient of tracked cells 
during 12 and 24 h incubation. (E) The straightness of migra-
tion tracks during 24 h, calculated as for Fig. 2. Migration 
paths, length, speed, duration, and straightness were analysed 
using Imaris 7.4.2 software. Data are shown as mean ± SEM 
(B-D) or whiskers show minimum to maximum straightness 
(n = 3 independent experiments, > 10,000 cells were tracked 
in both control and treatment groups). *p < 0.05, **p < 0.01, 
***p < 0.001 vs. control group, two-tailed t-test.   

Fig. 5. Liraglutide induced morphological changes of primary 
OECs. (A) Representative images of primary OECs (DsRed 
fluorescence) after 24 h of incubation with or without lir-
aglutide (100 nM). Scale bar: 100 µm. (B-C) Liraglutide 
increased the eccentricity and decreased the Feret ratio (min-
imum Feret diameter/maximum Feret diameter) of primary 
OECs. The eccentricity, minimum Feret diameter and 
maximum Feret diameter were analysed using CellProfiler 
3.1.9 software (n = 5 independent experiments, > 1500 cells 
were measured for each group). *p < 0.05 vs. control group, 
two-tailed t-test, whiskers show minimum to maximum value.   
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OECs, particularly drugs that are currently used clinically and that can 
be re-purposed. Liraglutide has previously been shown to promote 
migration of other cell types [54,55] and the reported neuroprotective 
effects induced by liraglutide have been shown to correlate with acti-
vation of the ERK pathway [56,57]. Because ERK has key roles in cell 
migration [25,26], including OEC migration [30–32], we decided to 
investigate whether liraglutide could activate ERK in OECs and promote 
migration. 

We found that liraglutide at 100 nM led to ERK activation, both in an 
OEC cell line (GFP-mOECs) and in primary mouse OECs. In the cell line, 
we found that expression of p-ERK/t-ERK was significantly increased 
after 16 and 24 h of liraglutide treatment. It has been known that GLP- 
1R belongs to G-protein-coupled receptor and upon activation, adenylyl 
cyclase can subsequently be activated. The protein kinase A and phos-
phoinositide 3-kinase are further activated to stimulate numerus 
downstream pathways such as ERK [77]. Therefore, the delayed acti-
vation on ERK may because of indirect effects (through GLP-1R 
pathway) of liraglutide [78,79]. However, in primary OECs, the acti-
vation of the ERK pathway was much faster; the p-ERK:t-ERK ratio was 
higher at 0.5 h post liraglutide treatment rather than 24 h. This earlier 
ERK activation suggests the possible involvement of some other modu-
lators in liraglutide-mediated mechanism in primary OECs. ECM is 
known as both a structural support and an organizing centre of many 
signaling pathways. By interacting with some specific ECM components, 
numerous cellular signals can be directly affected (such as activate 

integrin-mediated signaling pathways) [36]. Hence, data from this study 
suggest that ECM may act as a possible modulator since there was 
significantly higher ECM in primary OEC cultures than in cell line cul-
tures. Moreover, liraglutide at 100 nM promoted migration of both the 
GFP-mOEC cell line and primary mouse OECs, however, with some 
differences between the GFP-mOEC cell line and primary OECs. These 
differences correlated with the distinct time-courses of ERK activation in 
the two cell types. We found that the liraglutide-mediated decrease in 
arrest coefficient occurred at an earlier time-point in primary OECs than 
in GFP-mOECs. Thus, the ERK pathway is likely involved in the 
liraglutide-mediated modulation of OEC migration. 

The primary OEC culture used in this study contained both DsRed 
(+) OECs and DsRed (-) cells. The DsRed (-) cells here are mostly fi-
broblasts [59]. This mixed primary culture system more closely re-
sembles the in vivo situation than an OEC cell line. Transplantation 
studies using mixed OEC-fibroblast transplants have shown that olfac-
tory fibroblasts exhibit positive effects on the injured CNS [62,80]. In 
the olfactory nerve, and perhaps also when transplanted into the spinal 
cord, OECs together with olfactory nerve fibroblasts maintain open 
channels through which axons grow [62]. These studies all support that 
olfactory nerve fibroblasts have important roles in vivo. Here in our 
results, we showed that primary OEC cultures secreted more of the 
important ECM components laminin-1 and collagen IV than the mOEC 
cell line. 

The ECM is a non-cellular macromolecular network, providing a 

Fig. 6. Laminin-1 and collagen IV expression in 
primary OECs and GFP-OECs. Confocal images 
of cultured GFP-mOECs or primary OECs 
immunolabelled for (A-B) laminin-1 or (C-D) 
collagen IV. Panel 1: nuclei stained by Hoechst 
33342 (aqua). Panel 2: GFP-expressing mOECs 
(cell line, green) or DsRed-expressing OECs 
(primary, red). Panel 3: laminin-1 or collagen 
IV immunolabelling (purple). Panel 4: merged 
image of panels 1–3. Scale bar: 100 µm. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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physical scaffold supporting cells [33]. The ECM itself and ECM-related 
signaling have been suggested to have important roles in cell migration, 
in particular during development and wound healing [81–84]. ECM 
remodeling by liraglutide has been widely reported [52,85–89], and the 
importance of ERK activation in cell migration is known [90,91]. Since 
liraglutide promoted OEC migration, which correlated with ERK acti-
vation, we next investigated the possibility that liraglutide may modu-
late the production of ECM components by OECs. Previous studies have 
demonstrated the particular importance of the ECM components 
laminin-1 and collagen IV in the olfactory nervous system [72–74]. We 
therefore assessed the effects of liraglutide on these two ECM compo-
nents. We found that liraglutide induced an increase in laminin-1 dis-
tribution volume and protein expression in primary OECs, whilst 
causing a decrease in collagen IV. A previous report suggests that lam-
inin can enhance OEC migration and spreading [75], which correlates 
with our findings. Laminin-1 is an essential adhesive ECM component 
for cell survival [92], neuronal migration and neurite outgrowth [93, 
94]. Collagen IV has also been suggested to improve cell migration of 
certain cell types (embryonic stem cells and keratinocytes) [95,96]. 
However, it is also a major component in fibrotic scar formation, which 
prevents regeneration after CNS injury [80]. Thus, liraglutide may 
improve the therapeutic potential of OECs not only by promoting 
migration, but also by modulating the ECM towards a growth-promoting 
state. 

Laminin-1 consists of three different chains with several cell-binding 

domains [97]. Because of its multidomain structure, it exhibits multiple 
binding/interaction sites, thus being important for cell adhesion [98]. 
Studies on neural crest cell interactions with laminin-1 have shown that 
two important cell-binding domains in laminin-1, E1’ and E8, elicit 
different cell behaviours [99,100]. Upon E1’ binding, the ERK pathway 
can be activated, which stimulates moderate and random migration 
along with enhancing cell survival [100]. Upon E8 binding, cells instead 
exhibit a distinctly flattened and adhesive morphology [99]. E8 binding 
can also lead to activation of focal adhesion kinase accompanied by 
induction of a rapid and oriented cell migration, but reduced cell sur-
vival [100]. According to our results, liraglutide (1) up-regulated lam-
inin-1, (2) activated the ERK pathway, and (3) promoted OEC migration 
by decreasing time in arrest and promoting the elongated OEC 
morphology correlated with migration (and reducing flattened 
morphology). Despite overall increasing OEC migration, however, 
liraglutide-mediated modulation of OECs was complex and involved 
inhibition of some migration parameters (maximal migration rate and 
migration straightness). Since OECs originate from neural crest cells 
[101], they may share some similarity with these cells, and if so, the 
modulation of migration and morphology by liraglutide that we 
observed may be consistent with increased binding to the E1’ domain (or 
reduced binding to the E8 domain) of laminin-1. However, the exact 
mechanism/s by which liraglutide modulates OECs needs further 
investigation. Cell surface integrins are important for 
laminin-1-mediated cell binding [99,100]. Therefore, further 

Fig. 7. Quantification of confocal images of 
laminin-1 and collagen IV, and their protein 
expression in OECs. The confocal images of 
cultured GFP-mOECs or primary OECs immu-
nolabelled for laminin-1 or collagen IV in Fig. 6 
were used for analysis. Distribution area rep-
resenting immunolabelling for (A) laminin-1 
and (C) collagen IV in cultured GFP-mOECs 
and primary OECs. The distribution areas 
(µm2) were selected and analysed by CellPro-
filer 3.1.9 software (> 700 cells in were ana-
lysed for each group). The threshold strategy 
used was Global, and threshold method was 
Minimum cross entropy (smoothing scale: 
1.3488, correction: 1). As part of this analysis, 
the laminin-1 or collagen IV distribution areas 
were divided by the number of laminin-1- or 
collagen IV-expressing cells (hereafter referred 
to as “identified objects”) to determine the 
mean laminin-1 or collagen-1 area/identified 
object. Representative images show detection of 
laminin-1 or collagen IV areas. Graphs show 
areas of laminin-1 or collagen IV per identified 
object for GFP-mOECs and primary OECs. (B, D) 
Western blot analyses of (B) laminin-1 and (D) 
collagen IV protein expression in GFP-mOECs 
and primary OECs. Graphs show data from 
densitometry analyses presented as the relative 
ratio of laminin-1 or collagen to vinculin 
(housekeeping protein), in turn represented as 
percentages of the GFP-OECs group (GFP-OECs 
group was set as 100%). Data are shown as 
mean ± SEM (n = 3 independent experiments). 
***p < 0.001 vs. GFP-OECs group, two-tailed t- 
test.   
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investigation on the integrin distribution in OECs, and the involvement 
of integrins in liraglutide-mediated modulation of OECs is worthy of 
further study. 

5. Conclusions 

The present study demonstrates that liraglutide at 100 nM can 
modulate OEC migration, overall increasing migration distance over 
time and promoting random rather than straight migration. Further-
more, we demonstrated the ERK activation and ECM modulation 
(particularly the up-regulation of laminin-1) by liraglutide, which may 
be mechanisms behind the random migratory behavior of OECs. All 
these effects are considered beneficial for nervous system health and 
neural regeneration [reviewed in [2,24,102]]. In addition, liraglutide 
has been widely identified as neuroprotective and growth-promoting 
[43,49,50] and may therefore exert other favorable effects within a 
nervous system injury site. Whilst effects on cultured cells cannot be 
compared to systemic effects on humans, 100 nM likely corresponds to a 
clinically relevant concentration [64–66]. 100 nM is also the concen-
tration of liraglutide previously determined to cause optimal neuro-
protective effects without cytotoxicity [51,56,57,67–69]. Thus, 
liraglutide at a therapeutic dose may improve OEC transplantation 
therapies. 
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Fig. 8. Liraglutide up-regulates laminin-1 in 
primary OECs. (A) Representative confocal im-
ages of laminin-1 immunolabelling in primary 
mouse OECs. Panel 1: Nuclei (Hoechst 33342 
staining; aqua). Panel 2: DsRed-expressing 
OECs (red). Panel 3: laminin-1 immunolabel-
ling (purple). Panel 4: merged image of panels 
1–3. Scale bar: 100 µm. (B) Distribution area of 
laminin-1 immunolabelling in primary OECs. 
The distribution areas of laminin-1 were 
selected and analysed by CellProfiler 3.1.9 
software to determine the mean distribution 
area of laminin-1/object (> 1500 cells were 
measured for each group). (C) 3D image of 
laminin-1 distribution (grey) in primary OECs. 
Image was created and the volume of laminin/ 
cell determined using Imaris 7.4.2 software. (D) 
Liraglutide increased the volume of laminin-1 
in primary OECs. The mean laminin-1 distri-
bution in 3D was selected and the volume (in 
µm3) per identified object (laminin-expressing 
cell) was analyzed using Imaris 7.4.2 software 
(n = 6 independent experiments, > 1500 cells 
measured for each group). (E) Liraglutide 
increased laminin-1 protein expression in pri-
mary OECs, measured using Western blot. 
Densitometry analyses are presented as the 
relative ratio of laminin-1/vinculin, and are 
represented as percentages of control group 
(control group set as 100%). Cells were treated 
with or without liraglutide (100 nM) for 24 h. 
Data are shown as mean ± SEM (n = 3 inde-
pendent experiments). *p < 0.05, ***p < 0.001 
vs. control group, two-tailed t-test. (For inter-
pretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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