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Figure 1. Doxycycline-inducible knockdown of Rab10 in hippocampal neurons. (a) Representative fields of a 
primary mass culture of hippocampal neurons transduced with shRNA Rab10 versus control and treated with 
doxycycline for 48 hr. Cells have been immunolabelled for MAP2 (grey) and Rab10 (colour scale 0–255). Scale 
bar = 50 µm. (b) Cell density was quantified in 18 fields per treatment across three independent experiments, 

Figure 1 continued on next page
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showing a significant decrease after 48 hr. Two-way ANOVA, F(1,68), p value for knockdown = 0.0270, p value for 
time = 0.0406, p value for interaction = 0.2114 (non-significant). The p values for Bonferroni multiple comparison 
tests, t(68), are indicated in the plot. (c) In the same experiments, immunoreactivity for Rab10 was quantified per 
cell at 12, 24, and 48 hr with doxycycline, and analysed using two-way ANOVA (p value for knockdown, time, and 
interaction <0.0001); p values for Bonferroni multiple comparison tests, t(68), are indicated in the plot and show a 
significant effect of the shRNA at 24 and 48 hr. (d) Representative low-magnification fields showing no difference 
on immunoreactivity for TrkB in hippocampal neurons treated with shRNA Rab10 versus control after 48 hr with 
doxycycline. The right panel shows zoomed boxes with TrkB (orange) and MAP2 (grey). Source data of the plots 
have been included in Figure 1—source data 1.

Figure 1 continued
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Figure 2. Rab10 is required for retrograde TrkB trafficking and signalling. (a) Schematic of two-compartment 
microfluidic chambers highlighting compartmentalisation of somata (left) and axon terminals (right). Micro-flow 
from somatic to axonal compartments provides fluidic isolation of the somatic compartment to probes added to 
the other chamber. (b) Representative images from the cell bodies of neurons incubated for 2.5 hr with anti-TrkB 

Figure 2 continued on next page
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in the axonal compartment, with (+) or without (-) brain-derived neurotrophic factor (BDNF). Pink arrowheads 
indicate examples of retrogradely transported TrkB-positive organelles. Scale bar: 10 µm. (c) Neurons treated 
with the shRNA targeting Rab10 were compared to control transduced neurons. Immunofluorescence revealed 
similar neuronal density (see ßIII-tubulin in orange and nuclear staining in green, top panel), but a decrease in 
both, expression of Rab10 (grey, middle panel) and retrograde accumulation of TrkB after 2.5 hr (colour intensity 
scale, bottom panel). Scale bar: 50 µm. (d) Quantification of retrograde TrkB accumulation in three independent 
experiments show statistically significant differences (unpaired Student’s t-test, t(140), p<0.0001). (e) Correlation 
between expression level of Rab10 and retrograde TrkB accumulation in control and Rab10-knockdown neurons 
show a significant linear correlation (goodness-of-fit R2=0.61; Pearson r, XY pairs = 131, p<0.0001). (f) Axonal 
stimulation with BDNF for 2.5 hr leads to robust appearance of phosphorylated CREB in the nucleus of control 
neurons (left panel). This response was impaired in neurons depleted of Rab10 (middle panel), and rescued by the 
co-expression of a shRNA-resistant mutant Rab10 (right panel). Immunofluorescence for Rab10 is shown in grey, 
with the nuclei indicated with a pink mask, and nuclear phosphorylated CREB is shown in a colour intensity scale. 
Scale bar: 50 µm. (g) Quantification from three independent experiments showing the statistically significant effect 
of manipulating Rab10 expression on the levels of phosphorylated CREB in the nucleus (one-way ANOVA, F(2,280), 
p<0.0001; p values for the Bonferroni multiple comparison tests, t(280), are indicated in the plot). Source data of 
the plots have been included in Figure 2—source data 1.

Figure 2 continued



 ﻿Research article﻿﻿﻿﻿﻿ Neuroscience

Lazo and Schiavo. eLife 2023;12:e81532. DOI: https://doi.org/10.7554/eLife.81532 � 6 of 17

Figure 3. Internalised TrkB transiently co-localises with Rab10 in axons. (a) Representative super-resolution radial fluctuations (SRRF) microscopy of 
an axon stained for endogenous Rab5 (purple), Rab7 (green), and Rab10 (orange). The inset at ×6 higher magnification shows examples of partial 
co-localisation of Rab10 with Rab5 and Rab7. Scale bar = 5 µm. (b) Intensity along the same axonal segment shown in (a) was plotted to show the 
correlation between the three markers. (c) Co-localisation of endogenous Rab10 and Rab5 was analysed comparing axons from starved neurons 
versus incubated 30 min with brain-derived neurotrophic factor (BDNF). Confined-displacement algorithm (CDA) has been used to compute Manders 
coefficients (Welch’s corrected unpaired Student’s t-test; M1: t(46.27), p-value = 0.0244; M2: t(48.94), p-value = 0.4794). Data points showing significant 
co-localisation compared to random distribution are marked with coloured dots. No significant differences were found between starved and BDNF-
stimulated neurons. (d) Co-localisation of endogenous Rab10 and Rab7 was analysed in a similar experimental set-up (Welch’s corrected unpaired 
Student’s t-test; M1: t(72.32), p-value = 0.0621; M2: t(62.33), p-value = 0.1043). (e) Labelled HCT and anti-TrkB were co-internalised in the presence 
of BDNF for 30, 60, and 90 min, and their level of overlap with endogenous Rab10 in axons was evaluated using confocal microscopy. Relative areas 
positive for HCT and TrkB are shown in cyan (normalised to 30 min) and the fraction of the normalised area that was triple positive for HCT, TrkB and 
Rab10 is plotted in white. Whereas the double TrkB/HCT-positive area significantly increased by 90 min (one-way ANOVA, F(2,72), p-value <0.0001; 
Bonferroni multiple comparison test p value is shown in the plot), the triple TrkB/HCT/Rab10 surface remained low and fairly constant at all time points 

Figure 3 continued on next page
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(one-way ANOVA, F(2,72), p-value = 0.2730; Bonferroni multiple comparisons test for 60 vs. 90 min, t(72), p-value >0.9999). (f) Representative SRRF 
microscopy from the same three time points. Double-positive puncta for TrkB (green) and HCT (purple) is indicated with cyan arrowheads. Triple-positive 
puncta of TrkB/HCT (cyan) and Rab10 (orange) are indicated with white empty triangles. Scale bar = 5 µm. Source data of the plots have been included in 
Figure 3—source data 1.

Figure 3 continued
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Figure 3—figure supplement 1. Co-localisation of 
Rab10 with Rab4 and Rab11. Expansion of the analysis 
in Figure 3c and d to include Rabs related to recycling 
endosomes. (a) Manders coefficients for Rab10 and 
Rab4 in the axon of hippocampal neurons treated 
or not with 50 ng/mL brain-derived neurotrophic 
factor (BDNF) for 30 min. Welch’s corrected unpaired 
Student’s t-test; M1: t(76.31), p-value = 0.7600; M2: 
t(65.11), p-value = 0.1528. (b) Manders coefficients for 
Rab10 and Rab11 in the axon of hippocampal neurons 
treated or not with 50 ng/mL BDNF for 30 min. Welch’s 
corrected unpaired Student’s t-test; M1: t(64.71), p-
value = 0.9001; M2: t(66.74), p-value = 0.0038. 
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Figure 4. Over-expressed Rab10 is co-transported with TrkB and p75 receptors in the axon. (a) Hippocampal neurons in mass culture were co-
transfected with EGFP-Rab10 and TrkB-Flag plasmids. Fluorescently labelled anti-Flag antibodies were internalised in the presence of brain-derived 
neurotrophic factor (BDNF) and their axonal dynamics monitored by time-lapse microscopy. (b) Representative images of the axon of a double 
transfected neuron, where a double-positive organelle for EGFP-Rab10 (orange) and anti-Flag (green) is indicated with yellow arrowheads. Scale bar 
= 5 µm. (c) Representative kymograph of the axon of a double transfected neuron during 5 min of imaging showing Rab10 and TrkB-Flag channels. 
Double-positive tracks (in yellow) show transport predominantly in the retrograde direction (right to left). Scale bar = 10 µm. (d) Quantification of five 
experiments showing the proportion of TrkB-containing mobile organelles that were positive for Rab10. No anterograde TrkB organelles were found; 
therefore, presence of Rab10 could not be determined (N.D.). (e) An equivalent experiment was performed by transfecting EGFP-Rab10 and visualising 
it together with endocytosed fluorescently-labelled anti-p75NTR antibodies. (f) Representative frames from a time-lapse movie displaying a double-
positive organelle for Rab10 (orange) and p75NTR (green) moving anterogradely. Scale bar = 5 µm. (g) Representative kymograph showing Rab10 and 
p75NTR channels. Double-positive tracks (in yellow) show transport in both anterograde (left to right) and retrograde directions. Scale bar = 10 µm. (h) 
Quantification of five experiments displaying the proportion of p75NTR mobile organelles positive for Rab10 moving in the anterograde and retrograde 
direction. Source data of the plots have been included in Figure 4—source data 1.
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Figure 5. Brain-derived neurotrophic factor (BDNF) regulates the directionality of Rab10 organelles. Hippocampal neurons in mass culture were 
transfected with EGFP-Rab10 and depleted of BDNF for 60 min. (a) Representative axon of a live neuron showing retrograde (right to left) transport 
of a Rab10-positive organelle (white arrowheads) in the absence of BDNF. Scale bar = 5 µm. (b) In the panels on the left, representative kymographs 
(colour-coded as in a) are presented from the same axon upon BDNF depletion (top), immediately after the addition of 50 ng/mL of BDNF (middle), and 
10 min thereafter (bottom). In the panels on the right, tracks have been traced and categorised as retrograde (cyan), anterograde (pink), or stationary/
bidirectional (yellow). Scale bar = 10 µm. (c) The frequencies of tracks from each of the three categories have been quantified and plotted, comparing 
no BDNF and 10 min post-addition of 50 ng/mL BDNF. N = 14 axonal segments from 10 independent experiments. Unpaired Student’s t-test, t(14), 
showed a significant increase in anterograde carriers (p-value = 0.0150, *) at the expense of retrograde carriers (p-value = 0.003, **). Stationary and 
bidirectional carriers did not show any significant change (p-value = 0.4278). See Figure 5—video 1 for a video. Source data of the plots have been 
included in Figure 5—source data 1.
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Figure 5—figure supplement 1. Example of a kymograph showing the dynamics of the constitutively-active 
EGFP-Rab10 Q68L mutant in a representative axon depleted of brain-derived neurotrophic factor (BDNF).
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Figure 6. Brain-derived neurotrophic factor (BDNF) increases recruitment of KIF13B to Rab10 domains. (a) The co-distribution of endogenous KIF13B 
(orange) and Rab10 (green) was monitored using high-resolution Airyscan confocal microscopy in axons of neurons with or without BDNF for 30 min. 
Top images correspond to maximum projection of z-stacks, scale bar = 5 µm. A 3D reconstruction of the inset area (grey frame) is shown for each top 
image on its original position and after turning the image 210° around the x axis. (b) KIF13B intensity was measured in the entire axon segment and in 

Figure 6 continued on next page
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Rab10-positive areas, and the intensity ratio was plotted and analysed showing a significant enrichment of KIF13B in Rab10 areas upon 30 min of BDNF 
stimulation (Kolmogorov–Smirnoff nonparametric t test, t(79.5), p-value = 0.0177). (c) Ratio between KIF13B-positive area that overlaps with Rab10 from 
total KIF13B area was plotted, finding no difference between neurons starved or incubated with BDNF 30 min (Kolmogorov–Smirnoff nonparametric 
t test, t(79.5), p-value = 0.8024). (d) Co-distribution of KIF5B (orange) and Rab10 (green) was also analysed and displayed as in (a). Scale bar = 5 µm. 
Insets show 3D reconstructions on their original and rotated position. (e) Quantification of intensity ratio of KIF5B in Rab10 domains versus total KIF5B 
in the axon shows no significant difference between starved and BDNF-treated neurons (Kolmogorov–Smirnoff nonparametric t test, t(62.5), p-value = 
0.0644). (f) Proportion of the KIF5B-positive area that overlaps with Rab10 is lower than KIF13B and is not altered by BDNF stimulation (Kolmogorov–
Smirnoff nonparametric t test, t(62.5), p-value = 0.3738). (g) The interaction of HA-Rab10 and GFP-KIF13B from N2A cells is modulated by BDNF. Top 
panel: representative western blot showing the presence of both proteins in the lysate (input). Bottom panel: Western blot of co-immunoprecipitated 
samples from the same experiment using an antibody against the HA tag. (h) Quantification of the ratio between normalised KIF13B and Rab10 in three 
independent experiments. Western blots have been done in duplicate, and the corresponding paired experiments are indicated by data points of the 
same shade of grey. Groups were compared using paired Student’s t test, t(6), p-value = 0.0024. Source data of the plots have been included in Figure 
6—source data 1.

Figure 6 continued
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Figure 6—figure supplement 1. Co-immunoprecipitation of HA-Rab10 and GFP-KIF13B. Quantification of the 
GFP-KIF13B (a) and HA-Rab10 (b) pulled down used to compute the ratio of the Figure 6h.
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Figure 6—figure supplement 2. Co-localisation of Rab10 and JIP3/JIP4. Preliminary results showing (a and c) representative images of axons stained 
for Rab10 (green) and JIP3 or JIP4 (orange) and (b and d) Manders co-localisation coefficients for control versus brain-derived neurotrophic factor 
(BDNF)-treated axons, showing that only ~2% of JIP3 or JIP4 is in Rab10-positive domains, with no change upon treatment with 50 ng/mL BDNF for 
30 min.
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Figure 7. Rab10 regulates sorting of TrkB out of early endosomes. (a) Main hypotheses about the role of Rab10 regulating the sorting of TrkB to 
signalling endosomes include recycling back to the plasma membrane or sorting of TrkB receptors out of early endosomes to retrograde carriers. (b) 
Top: diagram of the experiment showing TrkB-Flag receptors on the axonal surface bound to anti-Flag antibodies (green). After internalisation, the 
remaining anti-Flag is removed from the surface and the labelled receptor that recycled to the plasma membrane is chased with a secondary antibody 
(orange). Bottom: representative examples of internalised TrkB (green) and recycled TrkB (orange) in axons from neurons transfected with EGFP or a 
Rab10 DN mutant. (c) Normalised recycling shows no difference between EGFP and Rab10 DN transfected neurons. Unpaired Student’s t-test, t(60.40), 
p-value = 0.3914. (d) Top: diagram of the internalisation of TrkB-flag labelled with anti-Flag antibodies (orange) to Rab5-positive early endosomes 
(green). Bottom: representative thresholded microscopy images from the axon of neurons transfected with EGFP or Rab10DN mutant. While the 
amount of orange puncta is similar in both conditions, yellow areas showing co-localisation of internalised TrkB and Rab5 are increased upon Rab10 
DN expression. (e) Quantification of co-localisation between internalised TrkB-Flag and endogenous Rab5 is significantly higher in neurons expressing 
Rab10DN compared to EGFP. Unpaired Student’s t-test, t(38.22), p-value = 0.008. Significant co-localisation according to confined-displacement 
algorithm (CDA) (p-value < 0.05 compared to randomised signal) is shown with black circles, while inconclusive co-localisation (p-value > 0.05) is shown 
in grey. Scale bars = 5 µm. Source data of the plots have been included in Figure 7—source data 1.
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Figure 8. Model: role of Rab10 in the sorting of TrkB to retrograde axonal transport. (a) At steady state, low concentrations of BDNF (grey side of the 
terminal) induce basal levels of TrkB internalisation. Rab10 supply (blue arrows) is in equilibrium and it mediates a baseline level of TrkB retrograde 
transport (pink arrows). Upon increase of BDNF (green side of the axon terminal), TrkB endocytosis as well as the proportion of Rab10 organelles moving 
towards the axon terminal are increased. Increased amounts of Rab10 result in further facilitation of the sorting of TrkB out of early endosome and an 
augmented flow of retrograde signalling carriers. (b) This model predicts that the transition from stationary early endosomes to processive retrograde 
carriers would be preceded by the focal recruitment of Rab10. The top panel shows an example of a kymograph of internalised TrkB-Flag in the axon. In 
the kymograph, three segments have been highlighted: (1) stationary phase, (2) transition phase, and (3) retrograde transport phase. The bottom panel 
shows the levels of EGFP-Rab10 in these segments, which clearly demonstrates the enhanced recruitment of Rab10 during the transition phase, before 
onset of transport.


