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Abstract

Microfluidic-based fluorescent exclusion method allows to tackle the issue of neuronal growth
from a volume perspective. Based on this technology, we studied the two main actin-rich structures
accompanying the early stages of neuron development, i.e. growth cones, located at the tip of
growing neuronal processes, and propagative actin waves. Our work reveals that growth cones tend
to loose volume during their forward motion, as do actin waves during their journey from the cell
body to the tip of neuronal processes, before the total transfer of their remaining volume to the
growth cone. Actin waves seem thus to supply material to increasingly distant growth cones as
neurons develop. In addition, our work may suggest the existence of a membrane recycling
phenomena associated to actin waves as a pulsatile anterograde source of material and by a

continuous retrograde transport.

1. Introduction

Neurons are very unique cells due to their highly
extensive and ramified morphology. During develop-
ment, the tip of elongating neuronal branches have
to cross long distances compared to the characteristic
size of a cell body [1]. Developing neurons therefore
face the specific challenge of sustaining their growth
over long distances. The key sub-cellular structure
implied in neurite elongation is the growth cone
(GC), located at the neurite tip [2].

GCs are dynamic, actin-rich membrane protru-
sions. They explore their environment with their
characteristic hand-like shape, looking for clues to
indicate the best direction for the neurite to grow
and develop [2, 3]. As described in [2], they can
be seen as ‘vehicle’ and ‘navigator’, their structure
and molecular composition allowing them to move
and choose growth directions. Interestingly, the GCs
shape and dynamics vary versus time: pausing phases
alternate with reactivation phases, where GCs recover
their characteristic exploratory morphology [3, 4].
This suggests that the material composing an active,

‘bulky’, GC might not be provided continuously but
rather in a pulsatile manner.

In their seminal work, Ruthel and Banker [5, 6]
have reported the periodic production, at the soma
level, of actin-rich structures propagating to the tip
of hippocampal rodent neurons, that they named
‘actin waves’ (AWs). Since then, AWs have also been
observed in cortical neurons [7]. AWs are membrane
protrusions presenting an overall morphology simi-
lar to GCs. But contrarily to GCs whose actin-rich
peripheral domain somehow caps the microtubules
of its central domain (two GC’s domains separated by
a contractile actin arc [2]), the AW structure extends
around the neurite shaft and moves on a rail of micro-
tubules. Consistently, GCs exhibit, apart from reori-
entation events, a rather uniform filopodia angular
distribution [8], whereas AWs filopodia are in aver-
age slightly tilted toward the shaft and distributed
around an angle of 45° on each neurite side [9]. Inter-
estingly, the overall shape of the myosin IIb distri-
bution is quite similar in GCs and AWs, but while
myosin IIb colocalizes with the actin arc in GCs, this
protein is mainly found on each side of the neurite

© 2021 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Microfluidic device dedicated to the study of neuronal volume by fluorescent exclusion. (a) General scheme of the
device that consists in a central area containing pillars accessible through four 1.5 mm diameter inlets. More precisely ‘inlet’ and
‘outlet’ are holes dedicated to cell seeding while the ‘reservoirs’ contain cell medium. (b) The chamber is here filled with 10 000
MW dextran absorbing at 488 nm (1 mg ml ') to reveal the different heights (indicated in white) of this multi-compartment
chamber, from the 10 gm high central chamber to the highest intermediate chamber (100 m in height). Bottom inset: view of a
part of the device using a different intensity dynamic range, revealing with higher contrast the pillars supporting the central
chamber. Scale bar: 200 m. (c) Images of a neuron located in the central chamber next to a reference pillar. The upper image
shows the phase contrast whereas the middle one shows the fluorescence exclusion image and the lower one the fluorescence

shaft at the rear of AWs [10]. In addition, an enrich-
ment in microtubules is observed in and behind AWs,
associated with a neurite enlargement [11].

Ruthel and Banker have suggested that AWs may
provide a slow transport of GC material from the
soma to the neurite tip at a velocity of a few
pm min~!. Many GC molecular constituents have
indeed been identified within AWs, such as actin-
associated proteins (Arp3 [7], cofilin [12], or shootin
[13]) or microtubule-associated proteins (DCX [14]
and more recently Ran GTPase which regulates
non-centrosomal microtubule nucleation [15]). Note
finally that AWs are only produced during the first
stages of neurite elongation: at 5 days in vitro (5DIV)
where the length of axons in culture can exceed one
millimeter [16], they are about 3 times slower and 2
times less frequent compared to 1-2DIV [6, 7].This
supports the hypothesis of the crucial role of AWs in
neuronal development.

However, the exact role of AWs is still debated. If it
is well admitted that AWs successively pull on the GC

before merging in it, triggering its forward motion [5,
6, 11], the close amplitudes of these backward and for-
ward motions [17] made the issue of the direct con-
tribution of AWs into net neurite growth a subject of
a recent controversy [10]. While most authors work-
ing on embryonic neurons reported that AWs induce
a net neurite growth [5-7, 11, 17], the opposite result
was found in a study using newborn P2—P3 rodents as
aneuron source [10]. The link between AWs and GCs,
the amount of material they contain and eventually
exchange as a function of time and space, are there-
fore key points in the understanding of the modalities
of neuronal growth. Supporting the early hypothesis
of their ‘material provider’ function on a morpholog-
ical basis, it was previously observed that the area of
GCs increases in average by a factor >2 when AWs
finally reach the tip [7, 10]. However, the measure-
ment of the area only provides a partial idea of the
exact magnitude of this GC refill. Both GCs and AWs
being 3D structures, an estimation of the transferred
volume would be more informative.
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In this work, we used a method based on the imag-
ing of the excluded volume of a cell, i.e. the fluores-
cence eXclusion method (FXm) [18], to access neu-
ronal volume of immature neurons extracted from
mice embryos. FXm allows long-term optical imag-
ing without cell labeling, and provides sub-optical
axial resolution defined by the maximum fluores-
cence intensity in the culture chamber (i.e. in a region
devoid of cells) divided by the dynamic range of the
camera. Different sources of noise might however
degrade this ultimate resolution. We therefore used
in this work a dedicated microfluidic chamber pre-
viously developed for neuronal volume imaging in
which the architecture, roughness and height of the
central chamber were devised to achieve the best com-
promise between axial resolution and technological
complexity [19]. We focused on a quantitative follow-
up of the volume changes versus time and space of
AWs and GCs. Our results show similar spatial rate
of volume loss for these two structures, possibly com-
bined with a flow of the corresponding constituents
(e.g. membrane-associated molecules) back to the
soma. By counterbalancing this retrograde flow by
an anterograde transport of material, AWs might in
addition support a recycling phenomenon of neurite
components. Overall, our study sheds a new light on
the cooperation between GCs and AWs, highlighting
the fundamental role of AWs in supplying material for
neuronal growth, and in sustaining GC’s activity over
long distances.

2. Methods

2.1. Microfluidic PDMS chip
The design is presented in figure 1 and contains a
10 pm high measurement (central) chamber and
three intermediate chambers of 20, 50 and 100 pm in
height located between the central chamber and the
inlets. The role of these intermediate chambers is to
progressively reduce the light intensity coming from
the inlets, which otherwise would constitute a source
of light noise in the measurement chamber.
Microfluidic chips for volume measurement were
prepared using polydimethylsiloxane (PDMS) mixed
with its curing agent at 1:10 (Sylgard 184) and poured
in an SU-8 photoresist mold as described in [19].
After removing bubbles that could interfere with our
measurement using a vacuum desiccator, the mold
containing PDMS is placed in an oven at 70° dur-
ing 2 h. The chip is then demolded and sticked to
a FluoroDish culture dish following a surface activa-
tion step provided by an oxygen plasma treatment.
The devices are then immediately filled with Poly-
ornithine (PLO, Sigma P4957) at 100 ug ml~'. The
chip is usually incubated overnight (and no less than
2 h) at room temperature (RT), then rinsed with PBS
and conserved at 4 °C until the cell culture.

C Braini et al

2.2. Neuron cell culture

We used Lifeact-GFP mice to visualize the morphol-
ogy of actin-rich structures such as GCs and AWs.
GFP-LifeAct hippocampal neurons were extracted
from E17 mouse embryos taken out from a mother
euthanized by cervical dislocation. Steps of dissection
are detailed in [20].

Cells were centrifuged at 100 x g for 6 min at
RT and were resuspended at 10 million cells/ml in
the following culture medium: MEM containing phe-
nol red 81.8% (LifeTech 21090-022 ); sodium pyru-
vate 100 mM 1% (LifeTech 11360-070); Glutamax
200 mM 1% (LifeTech 35050-061); horse serum 5%
(LifeTech 26050088); B27 supplement 2% (LifeTech
12587-010), N2 supplement 1% (LifeTech 17502-
048), gentamicin 0.2% (LifeTech 15710-049). They
were then seeded in the microfluidic chip by injecting
2-3 pl of this suspension into both inlet and outlet.

2.3. Imaging
Observations were made at 1 or 2 days in vitro (DIV1
or DIV2), i.e. at an early stage where most cells did
not display a long axon. Cells were prepared for imag-
ing by replacing the culture medium with a similar
medium but made from MEM without phenol red
(LifeTech 51200-038), and to which 10 000 MW Dex-
tran absorbing at 647 nm (LifeTech D-22914) was
added (0.5 mg ml~!) for volume imaging in the Cy5
channel.

Images were taken every 3 or 4 min during 10 to
24 h using an epifluorescence microscope equipped
with an environmental chamber regulated at 37 °C
and 5% of CO2 and a 40X, numerical aperture 0.8, dry
objective. We progressively rised the exposure time
to reach a 16 bit mode to be able to collect enough
photons while illuminating neurons as less as possible
typical range of illumination values are 10 to 30% of
tull power (full power : 3 W) and 4 to 30 ms of expo-
sure time in the Cy5 channel and 17 to 100% of full
power and 5 to 40 ms of exposure time in the GFP
channel.

2.4. Image analysis

ROIs were manually drawn at each time point
using Image] in the GFP (actin) channel to select
areas encompassing AWs and GCs structures, as
detailed in figure S1 (https://stacks.iop.org/PB/18/
016007/mmedia).

We tracked the location of GCs and AWs versus
time from the position of the center of mass of the
intensity of the GFP (actin) fluorescence signal.

For volume measurement, we first normalized the
images in the Cy5 channel using a background reduc-
tion routine [18, 19]. Raw and normalized images are
presented in figure 1(c) as well as the corresponding
phase image. Then we integrated the pixel intensity
value in the ROIs. The last step consists in the inten-
sity to volume conversion. The dark zone delimited by
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Figure2. GC and AW position and volume versus time. (a) Neuron imaged at 2 DIV in a 10 um high central culture chamber
filled with 10 000 MW dextran absorbing at 647 nm (0.5 mg ml'). Top: GFP channel (LifeAct-GFP in green), bottom: Cy5
channel (fluorescent exclusion imaging: the intensity decreases at the cell location). Magenta lines surround an AW. Cyan lines
delimit a GC. Time is indicated in minutes. Scale bars: 20 m. (b) Graphs of the position and computed volume of the GC and
AW shown in A. The gain of volume of the GC after merging of the AW is shown (arrow). Insets highlight both a GC (delimited

pillars (a pillar should always be included in the imag-
ing zone) gives the zero height reference whereas the
knowledge of the precise chamber height provides the
second point of the linear intensity versus height cal-
ibration [18, 19]. For more details about the intensity
to volume conversion, see figure S2.

3. Results

We quantified the spatial and temporal variations of
the volume of GCs and AWs in hippocampal neurons
using the microfluidic chamber presented in figure 1.
Note that considering the early developmental stage
of neurons used in this study, we did not attempt to
discriminate between axons and minor processes and
considered all of them as neurites. A typical example
of such analysis for one GC and one AW is given in
figure 2, displaying two image sequences in both GFP
and Cy5 channels [figure 2(a), see also the associated
supplementary movie 1] as well as the correspond-
ing graphs displaying the position and volume versus
time of the two structures (figure 2(b)).

Several novel observations can be made from
figure 2 besides the typical and expected backward
then forward motion of the GC associated to the
anterograde displacement and merging of the AW,
respectively. Firstly, the volume follow-up of the
AW shows a first increase in volume followed by a
decrease. Then, at the end of the AW journey, part of
its volume is transferred to the GC, making it bigger.
Finally, apart from this event of volume increase, we
notice a constant decrease of GC volume versus time.

From this last observation, we decided to com-
pute the GC volume gain after AW merging to the
tip, represented by the arrow on figure 2(b), versus

the final AW volume measured just before the merg-
ing with the GC (figure 3(a)). We observed that the
GC volume gain increases with the final volume of
the AW just before merging into the GC. A linear fit
of the data gives a slope of 0.67 showing that 2/3 of
the AW volume that reached the tip of the neurite
is transferred to the GC. To quantify further what it
means in terms of volume increase for GCs, we then
plotted the fold change distribution of GCs area and
volume values after merging with AWs (figure 3(b)).
We found a mean volume gain of a factor of 5.0. The
same analysis for the GC area gives a fold change
of 2.0, in agreement with previous results presented
in [7, 10]. In other terms, the result we obtained in
terms of volume confirm the reactivation of GCs by
AWs, showing even more clearly the transfer of mate-
rial between these two structures. The fold change
for the volume is much higher than what would
have been expected if the GC had kept its morphol-
ogy in each dimension (i.e. a volume fold change of
2.0%2 = 2.8, following the size increase in each dimen-
sion of 2.0"2). These results indicate that GCs upon
AWSs reactivation widen, and thicken even more.
Next, we wondered what could be the relation
between the starting volume of a reactivated GC (and
besides the volume of the AW which has refilled it)
and the amplitude of it forward motion. To avoid any
possible interference between two successive AWs (a
second AW coming too soon after a first one might
pull on an otherwise moving forward GC, resulting
in an underestimation of the GC forward displace-
ment), we considered AWs sufficiently distant in time
to let the GC position stabilize (figure S3). Figure 3(c)
shows that the higher are the AW (before merging)
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Figure 3. AWs refill GCs in volume. (a) Volume transfer between AWs and GCs and linear fit passing through origin (slope 0.67
and confidence range [0.60—0.74], p < 0.0001), n = 55, 22 neurons. (b) GC area and volume fold change calculated by dividing
each GC area or volume value after merging with the AW by its value just before the merging. The horizontal bars represent the
geometric mean (GM) and the geometric standard deviation factor (GSD). Area (GM, GSD): (2.0, 1.7), volume (GM, GSD): (5.0,
4.1), n = 55, 22 neurons. (c) GC forward motion A/ as a function of the GC volume measured just after AW merging into the tip
(top graph), and as a function of the AW volume just before merging (middle graph). The bottom graph expresses the significant
dependance between GC’s (after merging) and AW’s (before merging) volumes. Dashed line: linear fit going through origin, solid
line: best linear fit. The p values of these linear fits are indicated on the graphs. n = 21, 9 neurons.

and GC (after merging) volumes, the farther goes the
GC.

Next, we turned out our attention to the volume
dynamics of AWs, following the intriguing observa-
tion made from figure 2 of an increase followed by a
decrease of the AW volume during its journey from
the soma to the tip. Computing a large number of
AWs, and taking into account only cases where the
whole volume change could be observed on 4 or more
time points, we found that a volume decrease was
observed in 83% of the cases (42 AWs observed from
17 cells). Interestingly, 60% of these AWs (i.e. 50% of
all measured AWs) present a first increase of volume
near the soma. Figure 4(a) displays these AW volume
variations versus the distance to the soma. After nor-
malizing the AW volume to its maximal value, and
the distance to the soma to the distance at which the
AW displays its maximal volume, the phase of vol-
ume decrease of a set of 35 AWs collapses rather well
on a master linear variation. Interestingly, the rate of

volume loss seems to scale with the maximum or the
initial volume of AWs, as shown in figure 4(b).

From figure 2, we also observed that AWs were
not the only structure to lose volume versus distance:
GCs displayed a similar behavior. The velocity of these
two structures being very different, typically a few
pm min~! for AWs and less than a gm min~! for
GCs, we decided to compare the dynamic of volume
loss versus distance and time of both AWs and GCs
(figure 5). In this analysis, only periods of forward
motion of the GCs were taken into account. We first
observed that AWs are losing volume in time faster
than GCs (mean &= SD: 1.1 £ 0.3 pm® min~! vs 0.3 &
0.2 um’® min~!). Very interestingly, the ratio between
these values is very similar to the ratio between the
mean velocities of the two structures (2.5 ym min~!
for AWs and 0.7 yum min~' for GCs). Expectedly,
abolishing time and looking at the volume loss versus
distance, we found that AWs and GCs lose volume at
a similar rate of 0.5-0.6 pm> ym™".
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4. Discussion

In this work, we have shown that GCs tend to exhaust
themselves naturally versus time and distance as they
move forward. They thus need to be periodically refu-
eled until they reach their final target, allowing the
establishment of mature neuronal networks. It is well
established that an intense and fast (a few um s™!)
trafficking of molecules and various organelles (vesi-
cles, mitochondria) sustain neuronal growth [21]. In
this work, we explored how the slow transport pro-
vided by AWs contributes to GC activity. We showed
the existence of a massive transfer of volume between
AWs and GCs, revealed by the slope of 0.67 between
the volume of the AWs before merging into the GC
and the GC after merging. Let us note that, due to
the 3 to 4 min time step between each image in our
timelapse experiments, the position of an AW before
merging can be as far as 10 ym from the tip. Con-
sidering our finding that AWs also lose volume dur-
ing their forward motion, we inevitably end with an
over-estimation of the final AW volume. This might

explain why we do not observe a linear fit with a slope
closer to 1. We also found a clear positive dependence
between the volume of a GC and its forward motion.
This is an important result, highlighting the impor-
tance of GC’s initial volume for its following forward
exploratory activity, and thereby the crucial role of
AWs for periodic GC refueling.

Our results raises the question of the destination
of the material leaking from both AWs and GCs,
plausibly assuming that the volume loss we observe
involves e.g. membrane and cytosol loss. As the activ-
ity of these two actin-rich structures occurs during
neuronal growth, one possible answer would be that
the material they lose along their way forward is used
to built a new neurite portion at the tip. We thus
measured the volume per unit of length of a neurite
and found a value of 0.26 4+ 0.02 (Mean + SEM)
pum?® pm~!, (see supplementary figure S4), about
twice below the value of 0.56 um?® um™! associated
to GC volume loss. GCs thus lose about 2 times more
volume per micron that what is necessary to extend
the length of a neurite by one micron. The remain-
ing extra-volume might eventually serve to build the
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transient enlargement of the neurite upstream of the
AW, as reported in the work of Winans et al ([11]),
by bringing some extra membrane material. But this
remains very speculative at this stage.

Overall, the question of the destination of the
lost volume, and beyond that of its composition, are
clearly out of the scope of this work. However, as pre-
liminary data, we observed that beads attached on a
neurite surface where constantly brought back to the
soma at velocities in the range of a few pym min~!,
thus rather similar to the velocities of AWs (see sup-
plementary figure S5). Similarly to what has been
observed for fast transport [21], it seems thus that
the slow transport of material is also bidirectional. In
this frame, AWs would provide a pulsatile anterograde
mode of transport, while the retrograde flow would
seem conversely constant, concerning both AWs and
GCs (consistently with our observation that the rate
of volume loss versus distance of AWs and GCs is sim-
ilar, although their velocities differ). In addition, let
us note that GCs are losing volume in both forward
and backward motions, supporting the hypothesis of
a robust and constant material retrograde transport,
independent of the intrinsic behavior of the structures
it comes from (see supplementary figure S6). Interest-
ingly, our observations are consistent with the con-
clusions of the work of Dai and Sheetz [22]. These
authors demonstrated that the axonal membrane of
chick neurons flows from the tip to the soma at a
speed of a few pym min~!, and attributed this flow to
a gradient of membrane tension, with the lowest ten-
sion at the GC due to the insertion of new membrane
at this growing site. These authors suggested that this
phenomena may allow a recycling of the composition
of the membrane along the entire axon. In the case
of mammalian neurons like the hippocampal neurons
used in this study, the situation is a bit more complex
from the presence of AWs, which are also participat-
ing to neurite tension. However, by providing a pul-
satile source of extra-membrane material at the tip,
they might be a source of a pulsatile gradient of mem-
brane tension powering the flow that would deprive
both themselves and GC from their content.

5. Conclusion

The volume study of neuronal growth we have used
in this work shows that AWs constitute a source of
material able to periodically reactivate GCs. They also
transfer to GCs much more material that is neces-
sary for neurite elongation. This balance sheet, and
the fact that both AWs and GCs lose volume over time
and space, suggest the existence of a retrograde flow
of material, whose existence and role should be con-
firmed, but which might serve to adjust in a typically
tens of minutes to hours scale the properties of the
huge membrane surface (in particular compared with
the volume enclosed by neurites) of growing neurons.

C Braini et al

Finally, while our work does not exclude the fact that
AWs may directly trigger net neurite growth, it unam-
biguously supports the idea that AWs, among other
possible roles, supply materials to increasingly dis-
tant GCs, thereby contributing to the establishment
of neuronal extension over long distances.
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