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A multiscale study of the role of dynamin
in the regulation of glucose uptake†
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Glucose uptake in muscle cells in response to insulin is a fundamental mechanism for metabolism. The

inability of cells to mobilize the specific glucose transporter GLUT4 is believed to be at least partially

accountable for diseases, like diabetes, where cells do not respond to an insulin stimulus. In this work, a

microchip is used to detect electrochemically glucose uptake from C2C12 myoblasts cultured on

a patch of paper upon exposure to insulin. More importantly, the data suggest a new role for dynamin, a

molecular motor which would be involved in GLUT4 translocation by facilitating exocytosis. It is also

shown in vivo that dynamin is involved in the response to glucose in a completely distinct organism,

namely the nematode Caenorhabditis elegans. The new mechanism for dynamin could therefore be

more generally relevant in vivo and may play a role in insulin resistance.

Insight, innovation, integration
Developing new quantitative techniques and in vivo or in vitro models are crucial steps to extend our understanding of life sciences and to facilitate biomedical
research. In this article, a versatile microfluidic system, fitted with an electrochemical sensor, is used to investigate glucose uptake from artificial tissues built
on paper. The fundamental finding that dynamin is involved in this process was further extended in an organism-on-a-chip system, thus showing that dynamin
also controls the response of C. elegans to high glucose levels. Overall, beyond the importance of the biological results, this work shows that carefully designed
bioanalytical microsystems allow for the study of a specific phenomenon at a wide range of samples.

Introduction

Owing to the complexity of life, a reductionist approach is not
always possible in life sciences.1 This raises the issue of the
relevance of models2 of human physiology, which is currently
considered as a cause for the high attrition rate in pharmacological
research,3 thus stressing the need for the development of new high
predictive models.4 One possible approach is the development of
in vitro models5 that closely mimic the functions of a human

organ, such as organs-on-a-chip,6 to facilitate research and
preclinical benchmarking. Through the use of human cell lines
and primary cell samples, one could expect obtaining an in vitro
system with high reproducibility and similarity to humans, thus
strengthening the preclinical assay validity of the drug. However,
cell models are themselves limited as they lack, for instance, the
behavioral response of a whole organism. To address this limitation,
chips that can harbor whole organisms have been reported.7 In this
perspective, it is expected that the parallel use during preclinical
assays or laboratory research of new tools focused on multiscale
interrogation of a given biological phenomenon, i.e. at the
molecular, tissue, and whole organism levels, could help providing
a better mapping and improve the predictive value of these
preliminary assays.

Recent developments in micro-engineering and cell-based
assays have paved the way for a new generation of devices allowing
for such dynamic measurements. Even though fluorescent8 and
microscopic techniques are the primary analytical modalities in this
format, electrochemistry9 is an ideal analytical method for such
applications,10 because of its high suitability to miniaturization and
quantitative, dynamic experimentation. Owing to its versatility,
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unparalleled temporal resolution (typically in the order of the ms)11

and the possibility to modify the electrode surface,12–14 especially
with enzymes,15 electrochemical detection has been used in a wide
variety of sample formats, such as single cells,16–18 excised
tissue,19 in vivo20 in vertebrate21 and invertebrate22 animals,
artificial tissues23 or biofluids.24

In this context, we report here the use of microfluidic/
electrochemical systems to study glucose uptake, which is a
critical process in metabolism. In a healthy individual, insulin is
released to stimulate the uptake of glucose in muscles through
specialized transporters, typically the insulin-responsive glucose
transporter GLUT4 in mammals. However, the expression of the
GLUT4 on the cell membrane followed by glucose uptake can be
impaired, leading to the reduced response of muscle cells to
insulin signaling.27 Impaired mobilization of glucose transporters
has been suggested to be a possible cause for diabetes mellitus
type 2.26 Fig. 1 summarizes the pathway leading to glucose uptake
upon exposure to insulin.25 The latter binds to its membrane
receptor on a muscle cell, thus triggering an intracellular kinase
cascade leading to the mobilization of intracellular GLUT4 storage
vesicles (GSV). These GSV are translocated to the rim of the cell,
where they can tether and fuse with the cell membrane following
an exocytosis process. This allows for the integration of the GLUT4
transporters into the membrane, where they can take up glucose.
The GLUT4 are re-integrated, mostly via clathrin-mediated endo-
cytosis, in 10–20 minutes (half-life 4 to 20 minutes depending on
the cells and conditions).28,29

In this work, we investigated the links between glucose
uptake, via GLUT4 exocytosis, and dynamin. Dynamin30 is a
molecular motor normally involved in endocytosis but also
found to contribute to exocytosis31 through the dilation of the
fusion pore,32 as exposure to the selective inhibitor dynasore33

was found to block exocytosis. We first quantified the insulin-
induced glucose uptake in C2C12 myoblasts cultured on paper
patches. We could observe a decrease in glucose uptake when
the GTPase activity of dynamin is inhibited by dynasore. Secondly,
fluorescent labelling of the membrane GLUT4 revealed that the
translocation of GLUT4 to the membrane is also inhibited. Thirdly,
owing to the limited relevance of cell models, an in vivo approach

was chosen to investigate the translation of the biochemical
findings in a more complex system. The nematode C. elegans
was used as a whole body model. A custom chip allowed for the
quantitative analysis of the nematodes’ behavior, hinting that
dynasore alters worms’ response to high glucose exposure.

Results
Description of the device

The system is presented in Fig. 2A, and is adapted from a
similar system, previously reported.23 The bio-sample (vide
infra) is maintained in the sample chamber and can be exposed
to different streams of buffers and reactants. In all the experiments
detailed here, the flow rate Q was 1 ml s�1. This value allows for
relatively fast experiments (about 5–10 minutes) without damaging
the sample.23 Downstream of the sample chamber is a detection
chamber containing a 3-electrode system embedded into a syringe
needle (Fig. 2B). The sensor was modified with glucose oxidase,
following an adaptation of a method reported by others,34 to allow

Fig. 1 Mechanism of GLUT4 mobilization and exocytosis in response to
insulin:25,26 the insulin receptor is stimulated (1) triggering an intracellular
cascade (2) that induces GLUT4 storage vesicles trafficking (3), docking (4)
and fusion with the membrane (5) via SNARE complexes. This results in
membrane translocation of GLUT4 and glucose uptake (6).

Fig. 2 Description of the electrochemical setup. (A) Scheme of the
system, with the input syringes, the sample chamber and the sensing
chamber containing the electrochemical sensor shown in more detail in
(B) with its 3-electrode arrangement: counter (CE) pseudo-reference (RE)
and working (WE) electrodes. (C) Typical calibration trace (Q = 1 ml s�1),
each step corresponds to a 1 mM increment, and (D) the associated
calibration curve, fit with a Michaelis–Menten model. (E and F) Fluorescence
microscopy images of C2C12 cells with stains for the nuclei (DAPI) and actin
(phalloidin) components, grown on a paper patch for (E) 24 hours or (F)
5 days. Scale bars: 100 mm.
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for the specific detection of glucose, and calibrated inside the chip
(Fig. 2C). The resulting calibration curve showed the typical shape
of a Michaelis–Menten reaction kinetic (Fig. 2D, see eqn (1)). The
sensor used here is a first generation glucose sensor, i.e. ambient
oxygen is used as a redox mediator.15 The typical calibration curve
does not significantly saturate in the considered range, and the
Michaelis–Menten constant characterizing the saturation of the
curve was in the 10 mM range (median 21 mM; 1st–3rd quartiles:
15–93 mM for 11 measurements). This shows that oxygen
concentration is not the limiting factor in this setup, even for
high glucose concentrations. Furthermore, the purpose of this
work is to enclose cells in the system. The typical oxygen
consumption of a cell is in the 10 amol s�1 cell�1 range.35 As
50 000 cells are typically used for our assay, for Q = 1 ml s�1, this
corresponds to a drop in oxygen concentration of B1 mM, less
than 1% of the concentration of the buffer in equilibrium with
the atmosphere (250–300 mM),35 in agreement with experimental
observations for comparable cells density and Q.36 Additionally, a
large fraction of the system is made of PDMS, which is oxygen
permeable, and the duration of the experiments is short. For
these reasons, our assays are not limited by oxygen deficit.

Cells-on-paper samples

Even though slices of excised tissue are powerful models for
bioanalysis, they can complicate the process as they originate
from live animals. As a consequence, we chose to use a cells-on-
paper approach where cells are cultured in a matrix of biopolymer
on a piece of filter paper.37 The resulting sample is economical,
sturdy, easy to prepare and can be observed with fluorescent
staining and epifluorescence microscopy. Despite cellulose auto-
fluorescence, the topology of the sample can be observed, revealing
the formation of a dense network of C2C12 cells 24 hours after cell
seeding (Fig. 2E). Furthermore, the cells can be cultured for several
days. As shown in Fig. 2F, after 100 000 cells were deposited on the
patch and cultured for 5 days, the cells reorganized into bundles, a
structure typical of an actual muscle. This preliminary result is not
further investigated in this work, as cells were maintained on
paper overnight, but nevertheless shows the wide capabilities of
cells-on-paper techniques.

On-chip insulin-induced glucose uptake

The effect of insulin exposure can be observed directly, on chip,
as shown in Fig. 3A. Here, a cell sample was placed in the
chamber, the system was assembled and a stream of HEPES
buffer containing 5 mM of glucose was flowed in the system.
The sensor was poised at 0.7 V to allow for detection of glucose.
Once the sensor response was stable, a solution of insulin (at
10 mg ml�1) in HEPES buffer was injected into the system. The
time axis is adjusted to take into account the dead volume, so
that t = 0 s corresponds to the introduction of the insulin
solution inside the sensing chamber. If 500 000 cells on a paper
patch are positioned inside the device, a clear decrease in the
current signal can be observed, starting after B50 s and
reaching a plateau after B200 s. In this case where a high
density of cells is seeded, this corresponds to a variation in
glucose concentration at t = 250 s, D[glucose]250s, of �1.5 mM.

In the control case, i.e. if the sample chamber is empty, no clear
decrease in current is observed, revealing that insulin alone
does not elicit an electrochemical response. In a previous study,
the presence of the paper patch alone, without cells, did not
impact the measurements.23 As presented in the ESI,† the
effects of the number of cells seeded in the sample and insulin
concentration were investigated. As expected, the magnitude of
D[glucose]250s increased with both these parameters. More
importantly, this study established that using 50 000 cells
exposed to 1 mg ml�1 insulin is sufficient to obtain a strong
glucose uptake signal, suitable for the study of pharmacological
interferences. It was also found that no significant glucose
uptake is recorded if no insulin is injected in the chip, in the
presence of cells.

Effect of dynasore on insulin-induced glucose uptake

In the light of the mechanism presented in Fig. 1, most of the
exocytosis machinery encountered for instance during neuronal

Fig. 3 Effect of dynamin inhibition in C2C12 cells. (A) Variations in
[glucose] for 500 000 cells seeded on a patch exposed to 10 mg ml�1

insulin at t = 0 s (n = 3; control n = 4, obtained when no cells-on-paper
sample is present in the system, Q = 1 ml s�1). (B) Dose effect of dynasore
on the magnitude of glucose uptake (50 000 cells per patch exposed to
1 mg ml�1 insulin, Q = 1 ml s�1). The n value is indicated on each bar.
(C) Fluorescent labelling of the membrane protein GLUT4 in C2C12 cells
stimulated with 1 mg ml�1 insulin in the absence (top) or presence (bottom)
of 1 mM dynasore. Scale bars: 50 mm. (D) Relative signal obtained from the
fluorescent labelling of the membrane GLUT4 with 1 mg ml�1 insulin (Ins)
and/or 1 mM dynasore (Dyn). **p o 0.01; ***p o 0.001 in comparison to
control on panels B (no dynasore) and D (no dynasore, no insulin).
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communication, such as the SNARE complex, the synaptotagmins
and Ca2+ gradients, is also involved in this mechanism in muscle
cells.25 As a consequence, other molecules involved in exocytosis
should also be considered as actors of insulin response.

Here, 50 000 C2C12 cells were exposed to 1 mg ml�1 of
insulin for different concentrations of dynasore. Dynasore is a
selective inhibitor of the dynamin family that blocks their
GTPase activity33 and was found to inhibit exocytosis.23 A clear
decrease in the magnitude of D[glucose]250s is observed
(Fig. 3B, p = 3.1 � 10�7, one-way ANOVA, 99.8% statistical
power for p = 0.001), revealing an inhibition of glucose uptake
as the GTPase activity of dynamin is blocked. The uptake was
almost completely blocked for dynasore concentrations above
0.1 mM (for 0.1 mM, p = 4 � 10�4, 85% statistical power for
p = 0.001; for 1 mM, p = 3.0 � 10�6, 92% statistical power for
p = 0.001). This decrease was also concentration-dependent,
with an IC50, defined as the dose required to obtain 50% of the
maximal inhibition, determined to be B0.02 mM. Importantly,
the insulin initially triggers GLUT4 exocytosis through binding
to its specific receptor, a transmembrane receptor tyrosine
kinase, thus triggering a phosphorylation cascade.38 Inhibiting
the GTPase activity of dynamin is not expected to hinder this
pathway.33 Furthermore, the short (B5 min) preincubation
time in dynasore solution before the experiment hints that
complex interactions (post-translational modifications, altera-
tions of protein expression, etc.) are unlikely, and that the
observed phenomena mostly arise from dynamin inhibition.
Further experiments could eventually focus at using cell mutants
or siRNA. Dynasore was nevertheless chosen here owing to its fast
action, and its ability to block dynamin in an un-modified
sample, as dynamin mutants can show lower viability, defects,
erratic behavior and diverge strongly from the control case.39 A
recent study published by others also report that new dynasore
inhibitors also block exocytosis, thus showing that this effect is
not an artifact of dynasore, but a reasonable indication that
dynamin is also involved in vesicular release.40

As GLUT4 is expected to be endocytosed after 10–20 min, the
observed glucose uptake should eventually go back to baseline
if the insulin stimulation is removed. However, this case was
not considered here.

Effect of dynasore on GLUT4 membrane translocation

To confirm that the reduced glucose uptake can indeed be
attributed to impaired GLUT4 exocytosis when dynamin is
inhibited by dynasore, the surface expression of GLUT4 was
observed. The samples were stained with an anti-GLUT4 antibody
(Fig. 3C), targeting an extracellular epitope of GLUT4. The procedure
was performed on intact cells to avoid staining intracellular GLUT4.
The cells were then permeabilized and stained with DAPI to allow
for easy identification of the cell nuclei. When dynamin is
functional, after incubation with insulin, a strong GLUT4
fluorescence can be observed, thus hinting a high density of
transporters on the surface. However, if the cells have been pre-
incubated with dynasore, the GLUT4 signal is reduced.

To quantify this reduction, the same experiment was performed,
with fluorometry rather than microscopy, leading to a different

and independent set of measurements (Fig. 3D, p = 0.001 for a
one-way ANOVA test, 85% statistical power for p = 0.01). In this
case, the GLUT4 signal increases strongly over control if the cells
are incubated with insulin alone ( p = 5 � 10�2, 93.2% statistical
power for p = 0.01). This increase is abolished by co-incubation
with dynasore, thus confirming that dynamin is critical for the
surface expression of GLUT4 upon insulin stimulation.

Nematode glucose content

The previous results describe the role in dynamin in GLUT4
translocation in a cell model, but do not provide information
regarding the translation of these findings to organisms. To
investigate this possibility and establish whether the dynamin/
GLUT4 interaction can still be formulated as a viable hypothesis
in vivo, the nematode C. elegans was used as model, owing to its
ease of use and maintenance, and also to the high conservation of
the glucose and insulin pathways from mammalian organisms.41

The purpose of this work is now to observe whether the findings of
the previous sections can be extended to this organism,
i.e. whether dynasore interacts or inhibits glucose uptake or
behavioral responses to glucose.

Unsynchronized populations of B2700 C. elegans were
exposed to high (200 mM) glucose levels,42 without or with
1 mM dynasore, lysed and the total glucose content of the lysate
was quantified electrochemically (Fig. 4A, p = 0.0012, one-way
ANOVA, 98% statistical power for p = 0.01). From this dataset, it
appears clearly that dynasore blocked the accumulation of
glucose in the worms, thus supporting the hypothesis that
dynasore stopped glucose uptake ( p = 0.006, 84% statistical
power for p = 0.01). This result shows that the role of dynamin
in glucose uptake translated well to complex, whole organism
models, and strengthens the relevance of the analysis.

Nematode mobility assay

To extend these results to an in vivo situation, the effects of
dynasore and glucose exposure to the nematode C. elegans were
further studied. A microfluidic chip (Fig. 4B) allowing for the
injection and selection of adult worms was used to expose a few
worms to a constant flow (Q = 30 nl s�1) of buffer, without or
with drugs.43 A video was captured before and after exposure,
converted to binary and differentiated to extract a mobility
score. It was found that increasing concentrations of glucose
reduce the mobility (Fig. 4C), with a maximal drop in mobility
of 50% reached for 200 mM ( p = 1.6 � 10�5 versus 0 mM
glucose). High glucose concentrations are known to have
deleterious effects on nematodes lifespan44 or to provoke
oxidative stress.45 A concentration of 200 mM glucose was
chosen for the study to maximize the effect of the treatments.

The effects of increasing doses of dynasore, in presence or
absence of glucose, are reported in Fig. 4D ( p = 1.9 � 10�9

overall, one-way ANOVA, 99.9% power for p = 10�5). The results
of Student’s t-test on this dataset are presented in the ESI.† In
the absence of glucose, the mobility decreases with increased
dynasore concentrations. This agrees well with a toxic effect in vivo
of dynasore at high concentrations. However, the nematodes seem
to recover some of their mobility upon removing of the dynasore,
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indicating a reversibility of its action (see ESI†). The effect of
dimethyl sulfoxide (DMSO), the vehicle in which dynasore was
dissolved, in the worm response was investigated (n = 1 chip for
each case). The highest concentration of dynasore used here
corresponds to 0.01% DMSO, which was not found to alter the
response of the worms in the absence (mobility ratio 0.89)
or presence of 200 mM glucose (mobility ratio 0.52), hence showing
the phenomena reported here are not induced by DMSO exposure.

In the presence of 200 mM glucose, the dose response to
dynasore changes dramatically and becomes U-shaped. Low
concentrations (up to 100 nM) seem to increase the observed
glucose toxicity, the lowest mobility being recorded for 100 nM.
However, if the dynasore level is increased above this 100 nM
limit, the mobility increases too, up to the levels of mobility
observed in the absence of glucose with 10 mM dynasore. This
finding hints that high dynasore levels cancel the effect of
glucose, possibly by blocking GLUT4 exocytosis and glucose
uptake. The increased toxicity of low concentrations of drugs
could be explained by a differential inhibition of the endocytotic
and exocytotic pathways, as discussed below.

L-Glucose, an enantiomer of D-glucose (D-glucose is otherwise
referred to as glucose in the text) that cannot enter glycolysis

was used to investigate the specificity of glucose in the observed
variations in mobility. L-Glucose has a low affinity with GLUT4
in contrast to glucose46–48 and was previously found to show
none of the typical harmful effects of glucose on C. elegans: the
lifespan44 and egg laying rate49 were unaffected, and it displayed
no toxicity in glucose-sensitive mutants.50 This molecule was
used to disentangle the physical (osmolarity, viscosity) and the
enzymatic, metabolic or biological effects of the treatments
(Fig. 4E, p = 6.9 � 10�5, one-way ANOVA, 88% statistical power
for p = 0.001). Exposure to 200 mM L-glucose decreased the
worm mobility in a smaller magnitude than glucose ( p = 0.004,
mobility ratio 0.75 for L-glucose vs. 0.52 for glucose, 96.0%
statistical power for p = 0.001). This drop can be attributed to
the physical effect of the molecule, principally the increase in
osmolarity, on the nematodes. From this result, it can be
estimated that the B48% drop in mobility due to glucose
exposure is the sum of a B25% decrease due to the different
physical conditions and another B23% drop in mobility that
can be attributed the biological impact of high glucose, probably
leading to higher oxidative stress.

The L-glucose tests were also repeated for different concentrations
of dynasore. Interestingly, the U-shaped response previously
observed in the presence of glucose is abolished, and the trend
of the response was comparable to the one recorded when no
glucose is added. This further supports that the specific
response seen for the co-exposure to glucose and dynasore
arises specifically from the biological activity of glucose in
C. elegans, and that dynamin takes part to this phenomenon.

Finally, to confirm the specific role of dynamin inhibition,
worms were fed with a E. coli bacterial strain which expresses
the RNAi targeting dyn-1, the gene encoding the dynamin
homolog present in C. elegans (Fig. 4F).39 The decrease in
mobility due to 200 mM glucose was less than for the untreated
worms ( p = 0.002, mobility ratio 0.67 for the RNAi vs. 0.52 for
the untreated, 87% statistical power for p = 0.001). Additionally,
the decrease in mobility was similar for both glucose enantiomers,
thus showing that the bioactivity of glucose does not alter the
behavior of these RNAi-fed worms. As with dynasore, inhibiting
the activity of dynamin via RNAi feeding blocks the biological
response to glucose. The specific inhibition of dyn-1 via RNAi also
confirms that the improved mobility observed with high dynasore
levels is not due to reduced mitochondrial fragmentation through
the inhibition the dynamin-like DRP-1,51 but indeed because of the
lower glucose uptake, as shown by the direct measurement of the
glucose content in worms (Fig. 4A).

Overall, this set of experiments further establishes the role of
dynamin in glucose uptake, as its activity modulates the magnitude
of the nematode response to glucose. Additionally, it also hints
at complex whole organism effects, e.g. behavioral alterations,
mediated by the altered biochemical status of the animal.

Discussion

The results presented in this article point at a critical role for
dynamin in the ability of cells to uptake glucose upon insulin
stimulation. Importantly, evidence for this was found in vitro

Fig. 4 Effects of glucose and dynasore on C. elegans glucose uptake and
mobility. (A) Total glucose content measured electrochemically in worm
lysates after exposure to 200 mM glucose, without (Glu) or with 1 mM
dynasore (Glu + Dyn) and control without dynasore or glucose (n = 3 for
each case, each repeat corresponds to the lysate of B2700 worms).
(B) Scheme of the microfluidic chip, showing the inlets and outlets
allowing for the precise control of the chemical environment. The side
of the square chamber measures 2 mm. Variations in mobility score for (C)
different levels of glucose (the n value is mentioned in each bar) and (D)
different levels of dynasore, for 0 and 200 mM of glucose. Variations in
mobility score (E) for different enantiomers of glucose and different levels
of dynasore and (F) for nematodes treated with dyn-1 RNAi (all the worms
used for this dataset were RNAi-treated). **p o 0.01; ***p o 0.001
in comparison to control (panel A) or to the no glucose control case
(panels C and F). For panels D and E, the n and p values are reported in ESI.†
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but also in vivo, by taking advantage of the ease of use of
C. elegans. The role of dynamin in glucose uptake was observed at
the cell level with fluorescent labeling of GLUT4, at the ‘tissue’ level
with electrochemical glucose uptake tests, at the whole organism
level with the quantitation of glucose in C. elegans and finally at the
behavioral level, thus providing an extensive mapping of the role of
dynamin. To the best of our knowledge, this report is the first
demonstration that microchip technology can be used to address
the same biological question at different scales, thus possibly paving
the way for new approaches in bioanalysis.

The experimental findings, in agreement with the literature,
underline the fundamental role of dynamin in exocytosis. Dynamin
inhibition was found to block glucose uptake in myoblasts but also
to prevent the translocation of GLUT4 to the membrane upon
exposure to insulin. Dynasore blocked glucose uptake in C. elegans,
thus showing that the cell results translate well to the organism
scale, but also altered the behavioral response of the nematodes
to high glucose levels. The use of C. elegans is here relevant, as
the insulin pathway is well conserved from this nematode to
mammals.52 Altogether, these findings suggest that dynamin is
involved in the response to insulin by mediating the membrane
expression of GLUT4, probably by facilitating exocytosis, as
previously reported in other systems.31,32

Fig. 5A and B describes the proposed mechanisms for the
role of dynamin in the response of myoblasts to insulin
stimulation. In the control case (Fig. 5A), once the GSV has
been tethered to the surface, the SNARE complex can initiate
the formation of the fusion pore. Dynamin can spontaneously
form a coil around such nanotubes (even in presence of
dynasore) and its GTPase activity could stiffen this scaffold,32

thus countering opposite forces that apply a pressure on the
pore and prevent its dilation, such as the actin cytoskeleton.53

Once the pore is sufficiently dilated, the GSV fully opens and
fuses with the cell membrane, thus allowing for the integration
of the GLUT4 in the membrane and glucose uptake. On the
other hand, if the GTPase activity of dynamin is blocked
(Fig. 5B), the dynamin coil cannot scaffold the pore and
promote its dilation. The lipid nanotube initiated by the SNARE
complex will therefore collapse and close, thus limiting the
amount of GLUT4 that can be translocated to the membrane.

Another factor supporting this mechanism is the low dynasore
IC50 observed in Fig. 3B. In a similar cells-on-paper system, the

dynasore IC50 for neurotransmitter exocytosis was about one
order of magnitude higher than the one observed here.23 This is
probably due to the different exocytotic modalities encountered
in these systems. In the case of neurotransmitter release, the
vesicle does not need to be fully integrated into the membrane. A
significant body of literature actually supports that partial
release, where the fusion pore is very short lived and just allows
for the release of a fraction of the vesicle content, is the primary
mode of neurotransmitter exocytosis.54 In this case, a partially
inhibited dynamin would not seriously impact exocytosis as long
as the dynamin coil can maintain the pore open long enough to
release the expected amount of transmitter. On the other hand,
in the case of GLUT4 translocation, the GSV must open fully, and
the contribution of dynamin is more important than in the
partial release case. Hence, the system is more sensitive to
dynamin inhibition, thus resulting in a lower IC50.

The control of the GLUT4 levels on the cell membrane
appears to result from the balance between exocytosis and
endocytosis of the receptor.55 As dynamin is involved in both
mechanisms, the duration of the cell experiments was short
(B5 min exposure to dynasore) to avoid artifacts due to impaired
GLUT4 trafficking or depletion of the releasable GSV pool. Several
reports have already underlined the importance of dynamin in
the endocytosis of GLUT4.55–57 In these longer-term cell studies,
blocking or impairing the activity of dynamin was largely found
to accumulate GLUT4 in the membrane, in the presence or
absence of insulin, which may seem contradictory with our
findings. This can be explained by the long (30 min) exposures
to insulin principally considered in these reports, so that the
initial response to insulin is not always resolved. Indeed, if
adipocytes are transfected with a GTPase-deficient dynamin
mutant, the level of membrane GLUT4 does not clearly change
after a 5 min exposure to insulin, but increases dramatically for a
30 min incubation.57 As the GLUT4 membrane concentration
typically reaches a peak after 5 min in un-modified cells,58 this
fact indicates that dynamin inhibition does induce a slow
accumulation of the transporter via inhibited endocytosis, but
also impairs the capability of the cell to rapidly translocate
GLUT4 in response to insulin, in agreement with a role for
dynamin in GLUT4 exocytosis. It also hints that exocytosis is in
this setup hindered, but endocytosis is completely blocked,
thus leading to a slow rise in GLUT4 membrane concentration.
This indicates that the endocytotic pathway is more dependent
on dynamin viability than exocytosis. Similarly, if high levels of
GTPase-deficient dynamin are expressed in rat adipose cells, the
cells stop showing an ability to respond to insulin stimulation,
despite a high basal level of membrane GLUT4.59 Together with
the data shown here, these studies reveal that dynamin is
critical for both the translocation and removal of GLUT4 from
the membrane, and that the endocytosis pathway is probably
more sensitive to dysfunctions of dynamin than the exocytotic
mechanisms.

These considerations were used to explain the U-shaped
response observed on Fig. 4D. At low dynasore levels, the activity
of dynamin is only partially inhibited. As the endocytotic path-
way is more sensitive to this inhibition, the GLUT4 membrane

Fig. 5 Proposed mechanisms for the exocytosis of GLUT4 with (A) func-
tional or (B) hindered (GTPase-deficient) dynamin activity.
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removal is decreased, thus leading to an enrichment of the
membrane in GLUT4, and increasing glucose intake and the
impact of glucose toxicity on the worms. As the dynasore concen-
trations, and the level of inhibition, increase, the exocytotic pathway
becomes blocked too, thus blocking the GLUT4 translocation and
reducing the ability of the nematodes to uptake glucose. This
explains why the mobility recovers for higher concentrations of
dynasore. The lifetime of GLUT4 in the membrane is typically 10 to
20 min,28,29 a duration consistent with the C. elegans tests, but much
shorter than the cell electrochemical assays. Therefore, the mobility
assays account for both GLUT4 translocation and removal and
describe the effect of dynamin inhibition on the basal membrane
level of GLUT4. On the other hand, the C2C12 experiments focus at
the insulin-stimulated changes and are too short (B4 minutes) to
be strongly modified by endocytotic alterations. These differences
explain why the U-shaped response seen in the nematode tests in
the presence of dynasore is not observed for the cell measurements.

Several reports focused at the role of GLUT4 in diabetes
mellitus type 2 have highlighted the possibility of a failure in the
ability of the cell to translocate the GLUT4 from the GSVs to the
membrane. Cells from diabetic patients typically show normal
levels and expression of intracellular GLUT460 but only a small
fraction of the GLUT4 is mobilized after exposure to insulin.61

These reports therefore hint at a direct defect in the latest stages of
GLUT4 translocation pathway. As a consequence, investigating the
role of dynamin in the exocytosis of GLUT4 could be a working
hypothesis for understanding the mechanisms of this disease.

Conclusion

Overall, in this article, a device for quantifying glucose uptake
in cultured C2C12 cells was described. The system was fully
characterized, and the glucose uptake data was found to be
consistent with the current literature. More importantly, dynamin
was identified as a critical factor in the translocation of GLUT4 to the
cell surface, thereby mediating the response of myoblasts to insulin
stimulation. This new role for dynamin was observed both at the cell
and the whole organism levels using C. elegans. By considering the
role of dynamin at the single cell level, as elucidated by labelling of
the transporter, at the artificial tissue level, as evidenced with a
functional assay which shows in real-time the actual glucose uptake,
and at the whole organism level, as exemplified using behavioral and
biochemical assays, the ubiquitous role of dynamin in exocytosis
and in the overall regulation of molecular expression at the
surface of the membrane was demonstrated. Furthermore, this
new mechanism could shine some light on the causes of the
impaired response of some cells to insulin and be relevant to
the current research effort on diabetes.

Methods
Chemicals

The chemicals and reagents, of analytical grade, were all
obtained from Sigma-Aldrich (unless stated otherwise) and
used as received. All solutions were made using 18 MO cm
water from a Millipore purification system. The HEPES

physiological saline contained 150 mM NaCl, 5 mM KCl,
1.2 mM MgCl2, 10 mM HEPES, and 2 mM CaCl2. The solution
pH was adjusted to 7.4 with concentrated (3 M) NaOH. The
HEPES buffer was supplemented with 5 mM glucose or left
glucose-free depending on the requirements, as detailed below.
For the nematode culture and experiments, the nematode growth
medium was prepared by autoclaving 975 ml H2O supplemented
with 3 g NaCl, 17 g agar, 2.5 g peptone and 1 ml cholesterol
(5 mg ml�1 in ethanol). This mixture was completed with 1 ml
1 M CaCl, 1 ml 1 M MgSO4 and 25 ml 1 M KPO4 buffer. The S
basal medium was prepared by adding 5.85 g NaCl, 1 g K2HPO4,
6 g KH2PO4, 1 ml cholesterol (5 mg ml�1 in ethanol) to 1 l H2O.
The S medium buffer was prepared by supplementing 1 l of S
basal medium with 10 ml 1 M potassium citrate (pH 6), 10 ml
trace metals solution, 3 ml 1 M CaCl2, 3 ml 1 M MgSO.

Fabrication of the electrochemical chips

The fabrication of the chip was adapted from previously
published methods and designs and were made using standard
soft lithographic techniques.23 The details of the fabrication
steps are reported in the ESI.†

Preparation of the cell-seeded paper patches

The C2C12 cells were culture as described in the ESI† and
seeded on paper patches using a published method.23 The
paper patches were cut in a sheet of paper (filter paper 114,
Whatman, UK) with a 5 mm punch. The patches were cleaned
successively by 10 min sonication in water and 70% ethanol,
and then dried and sterilized in an oven at 120 1C for at least
6 hours. C2C12 cells were harvested by trypsinization and
counted. After centrifugation, the cells were re-suspended in
media at a concentration relevant of the experimental conditions.
The cell solution was mixed, in a 1 : 1 ratio, with cold (4 1C)
extracellular matrix (ECM) gel from Engelbreth-Holm-Swarm
murine sarcoma. A 5 ml drop of the cell/ECM gel mixture was
then deposited on each of the paper patches, which had been
previously placed in individual wells of a 24-well plate. The initial
cell density in the solution was adjusted so that the final number
of cells per patch agrees with the experimental requirements
(10 000 to 500 000 cells per patch depending on the experiment).
After 2–5 min in the incubator to allow gelation, media was
added to each well containing a seeded paper disk. The cells were
incubated overnight before use.

For the dynasore experiments, a 100 mM stock solution was
prepared by dissolving dynasore hydrate in DMSO (the molecular
weight of anhydrous dynasore was used for this dilution). Even at
the highest dynasore concentration considered in this study, the
volume fraction of DMSO in the buffer was 10�4, orders of
magnitude below the reported toxicity levels.62 DMSO was also
reported to not affect cellular glucose uptake and GLUT4 trans-
location and activity in adipocytes below a volume fraction of
B1%.63 The cells were then exposed to HEPES buffer (5 mM
glucose) containing the appropriate quantity of dynasore for
2–3 minutes.

The protocols for staining and imaging the cell samples are
described in the ESI.†

Integrative Biology Paper



This journal is©The Royal Society of Chemistry 2017 Integr. Biol., 2017, 9, 810--819 | 817

Glucose uptake experiment

The calibration of the complete system was performed by
injecting in the assembled system different concentrations of
glucose in HEPES buffer at 1 ml s�1, with the WE potential fixed
at 0.7 V. In that configuration, the sample chamber was empty.
The presence of a paper patch alone (i.e. without cells) was
previously found to have no effect on the control measurements.23

Briefly, one syringe was loaded with a 5 mM glucose solution, the
other one with a 0 mM glucose solution. By modulating the Q for
each syringe, different concentrations can be injected, as shown in
Fig. 2C. For the actual experimental calibration, three points were
tested (0, 2.5 and 5 mM) and the result was fit with a Michaelis–
Menten model:64

I ¼ Imax
½glucose�

½glucose� þ KM
(1)

where I is the measured current, Imax is the maximal current, and
KM is the Michaelis–Menten constant. The fitting parameters were
found to differ for each sensor, but the median sensor sensitivity,
in the linear range, approximated as Imax/KM was 6.5 mA mM�1 cm�2

(1st–3rd quartiles: 5.5–15.1 mA mM�1 cm�2 for 11 measurements).
The median limit of detection, defined as the glucose concen-
tration reported by the sensor for a current equal to thrice the
standard deviation of the baseline (evaluated here over 20 s, for
a smoothed trace, as described below) was 4.2 mM (1st–3rd
quartiles: 1.4–13.7 mM for 11 measurements). These parameters
are in good agreement with reports from other groups for a
similar type of sensor.

To perform cell measurements, the detection chamber is
first filled with buffer, and the WE is poised at 0.7 V vs. pseudo
Ag|AgCl until the recorded signal is stable. The buffer used for
all these tests was 5 mM glucose in HEPES buffer. In the case of
the experiments involving dynasore, the inhibitor was also
added to all the buffers at the relevant concentration to avoid
reversal of the inhibiting effect. Then, a paper patch loaded
with cells is placed in the sample chamber. The two halves of
the chip are assembled and held together using a custom
holder. The sample chamber is connected to the two input
1 ml plastic syringes, placed in the syringe pump, using a
T-junction and B10 cm of tubing. HEPES is injected into the
system with Q = 1 ml s�1 to fill the chamber and remove
air bubbles. The sample chamber is then connected, using
B10 cm of tubing, to the detection chamber. HEPES is continuously
injected at 1 ml s�1 for B1 min to flush away air bubbles, and the
system is carefully checked for leaks. Once the system is ready, a
stream of insulin (at the relevant concentration in 5 mM glucose in
HEPES buffer) is injected and the recording of the electrochemical
signal is initiated simultaneously. The experiments were carried out
at room temperature, and the sampling frequency was 1 Hz.

As detailed elsewhere,23 the dead-volume time TDV, i.e. the
delay between the injection of a plug of analyte and the time
when it is detected by the potentiostat, is subtracted from the time
axis, so that 0 s corresponds to the time when the stimulating
buffer enters the detection chamber. In our setup, TDV was typically
in the 60 s to 100 s range. The traces were filtered with a binomial

filter, over 11 points. The baseline is fitted with a decaying
exponential and subtracted from the signal and converted to
concentration using the calibration data. The section of the
recorded data normally corresponding to the presence of insulin
buffer in the chamber is not taken into account in the back-
ground fitting. The main parameter extracted from these data is
the decrease in glucose concentration at t = 250 s, D[glucose]250s,
which corresponds to the amount of glucose absorbed by the
cells from the 5 mM buffer.

Worm mobility and glucose assays

The details of this procedure are reported in the ESI.† Briefly,
for the mobility assay, the worms were maintained in a custom
chip made using standard soft lithographic techniques. The
variations in worm mobility were evaluated using a custom
algorithm written in IgorPro (Wavemetrics, USA). For the
glucose assays, the worms were lysed in acid and glucose levels
were measured electrochemically.

Statistics

Where applicable, the data are reported as average � standard
deviation (SD), and the number of individual measurements is
described using the notation n. A Shapiro–Wilk test was run on
the different control datasets obtained in the study. The
p-values obtained ( p 4 0.25 for all the control datasets) indicate
that the normality hypothesis cannot be rejected. The validity of
the normal distribution hypothesis was then confirmed by
plotting Q–Q plots. Comparisons between two different datasets
were performed with a two-tailed Student’s t-test, or with a 1-way
ANOVA in the case of more than 2 datasets, followed by a post-hoc
two-tailed Student’s t-test if further comparisons are required.

The statistical power of the different tests was computed for
p = 0.01 or p = 0.001 depending on the p value returned by the
statistical test. Overall, the study is well-powered (power typically
80% or higher) thus establishing the reliability of the data. More
details on statistics and data processing are available in the ESI.†
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