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Kinesin-1-mediated axonal transport of CB1 receptors is required
for cannabinoid-dependent axonal growth and guidance
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ABSTRACT
Endocannabinoids (eCB) modulate growth cone dynamics and axonal
pathfinding through the stimulation of cannabinoid type-1 receptors
(CB1R), the function of which depends on their delivery and precise
presentation at the growth cone surface. However, the mechanism
involved in the axonal transport of CB1R and its transport role in eCB
signaling remainselusive.Asmutations in thekinesin-1molecularmotor
have been identified in patients with abnormal cortical development and
impaired white matter integrity, we studied the defects in axonal
pathfinding and fasciculation in mice lacking the kinesin light chain 1
(Klc1−/−) subunit of kinesin-1. Reduced levels of CB1R were found in
corticofugal projections and axonal growth cones in Klc1−/− mice. By
live-cell imaging of CB1R-eGFP we characterized the axonal transport
of CB1R vesicles and described the defects in transport that arise after
KLC1 deletion. Cofilin activation, which is necessary for actin dynamics
during growth cone remodeling, is impaired in the Klc1−/− cerebral
cortex. In addition, Klc1−/− neurons showed expanded growth cones
that were unresponsive to CB1R-induced axonal elongation. Together,
our data reveal the relevance of kinesin-1 inCB1Raxonal transport and
in eCB signaling during brain wiring.
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INTRODUCTION
During the process of brain wiring, environmental guidance cues
control the navigation of axonal growth cones via signaling
cascades that regulate cytoskeletal dynamics (Dent and Gertler,
2003). Endocannabinoids (eCB) have emerged as regulators of
brain wiring by modulating pathfinding and fasciculation of long-
range connections (Argaw et al., 2011; Berghuis et al., 2007;
Keimpema et al., 2010; Mulder et al., 2008; Wu et al., 2010;
Zuccarini et al., 2020). The acquisition of neuronal connectivity
with remarkable precision requires proper targeting of receptors for

axon elongation and guidance on the surface of growth cones of
navigating axons (Bashaw and Klein, 2010; Rozbesky and Jones,
2020). Precise levels and localization of receptors on the plasma
membrane are maintained by a specific transport system (Winckler
and Mellman, 2010; Stoeckli, 2018). In neurons, the anterograde
axonal transport of vesicles that deliver molecules and receptors is
mediated by microtubule-dependent motor proteins, i.e. kinesins
(Goldstein, 2001; Guedes-Dias and Holzbaur, 2019). Although it is
known that anterograde motors are essential for neuronal function,
little is known about whether axonal transport of guidance receptors
plays a modulatory role in signaling responses.

eCB, such as 2-arachidonoylglycerol (2-AG) as well as plant-
derived cannabinoids, induce local intracellular signaling by the
activation of cannabinoid type-1 receptors (CB1R; also known as
Cnr1). The activation of this pathway results in rearrangement of the
actin cytoskeleton that leads to the collapse of growth cones
(Berghuis et al., 2007; Njoo et al., 2015; Roland et al., 2014).
Defects in eCB signaling, such as those in CB1R-null mutant mice,
result in axonal guidance errors with impaired pathfinding of
corticofugal axons (Wu et al., 2010). The subcellular localization
and membrane stabilization of CB1R is highly dynamic, and its
distribution changes from brain development to adulthood
(Keimpema et al., 2010; Fletcher-Jones et al., 2019). In the
developing brain, CB1R are localized on the surface of axons and
growth cones (Berghuis et al., 2007). In mature neurons, CB1R are
specifically localized at the presynaptic terminal and exert a
neuromodulatory role by regulating synaptic function (Castillo
et al., 2012; Wickert et al., 2018). However, CB1R are also present
in dendritic spines of mature neurons, where activation modulates
the assembly of actin filaments (Njoo et al., 2015). Therefore, the
intracellular mechanisms controlling the trafficking of CB1R during
neuronal development may play a regulatory role, with significant
effects on eCB signaling.

Axonal transport of vesicles depends on microtubule-associated
molecular motors such as the kinesin superfamily (Guedes-Dias and
Holzbaur, 2019). Kinesin-1 is an anterograde motor complex
composed of a tetramer of two heavy chains (KIF5A, KIF5B or
KIF5C) and two light chains (KLC1 or KLC2) that transport a
variety of membrane cargos loaded with synaptic scaffolding
proteins and receptors throughout the axon (Hirokawa et al., 2009).
Although it is well established that kinesin-1 is essential for synapse
formation and function (Nakajima et al., 2012; Lipton et al., 2018),
axonal specification (Jacobson et al., 2006) and axonal growth
(Deng et al., 2014; Watt et al., 2015), its role in axonal pathfinding
remains poorly understood. Next-generation sequencing studies
have found several mutations in kinesin-1 subunits associated with
human neurodevelopmental disorders that are related to abnormal
white matter formation (de Ligt et al., 2012; Guerrini and Dobyns,
2014; Jamuar and Walsh, 2014, 2015; Poirier et al., 2013; ShaoReceived 21 August 2019; Accepted 23 February 2020
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et al., 2016; Willemsen et al., 2014). Mutations in the motor domain
of KIF5C (p.Glu237Lys and p.Ala268Ser) lead to developmental
cortical malformations, microcephaly, ventriculomegaly and
callosal abnormalities (Cavallin et al., 2016; Poirier et al., 2013)
that result in infantile onset epilepsy and intellectual disability
(Michels et al., 2017). Moreover, a de novo mutation in KIF5A
also causes microcephaly, ventriculomegaly and white matter
dysgenesis (Michels et al., 2017). Studies in mouse models with
mutations in subunits of the kinesin-1 motor support these defects.
Our previous studies have identified white matter dysgenesis,
expanded ventricles and defects in membrane presentation of key
receptors in kinesin-1 mutants (Falzone et al., 2009; Cromberg
et al., 2019). These studies highlight the relevance of understanding
the contribution of different molecular motors to axonal pathfinding
and how transport defects lead to brain wiring impairments.
Therefore, we hypothesized that kinesin-1 is required for correct
axonal pathfinding during early neural development.
In this work, we show that Klc1−/−mice exhibit hyperfasciculation

and pathfinding defects of corticofugal axons with a specific reduction
in the level of CB1R. Electron microscopy experiments revealed the
expansion of axonal fascicles within the striatum, with a reduced
number of axons displaying an enlarged caliber. Using high resolution
live imaging of fluorescent CB1R vesicles we characterized the axonal
transport properties of CB1R and the defects observed in Klc1−/−

neurons, revealing the dependency on kinesin-1 in the delivery
of CB1R. Moreover, cerebral cortex from Klc1−/− mice showed
increased cofilin phosphorylation and defects in actin remodeling
at axonal growth cones of cortical neurons. We show evidence that
CB1R is transported by KLC1, which is essential for the eCB
signaling pathway, as Klc1−/− neurons were unresponsive to axonal

elongation and growth cone remodeling induced byCB1R stimulation.
Taken together, our results suggest that eCB signaling requires
kinesin-1-mediated axonal transport of CB1R to growth cones for
proper actin remodeling, axonal pathfinding and brain wiring.

RESULTS
Axonal hyperfasciculation and pathfinding defects in
Klc1−/− mice
We have previously shown white matter abnormalities with a
significant reduction in several axonal tracts in the aged Klc1−/−

brain (Falzone et al., 2009). To characterize the morphology of
long-range projections in Klc1−/− brains during development we
performed immunostaining for the axonal marker L1 neural cell
adhesion molecule (L1-NCAM; L1cam) in serial coronal brain
sections at postnatal day (P) 0 (Fig. 1A). Compared with wild-type
mice (Klc1+/+), Klc1−/− mice exhibited a significant reduction in
thickness of the internal capsule, a major axonal tract composed of
corticofugal axons (CFA), which include the corticothalamic axons
(CTA), and the reciprocal thalamocortical axons (TCA) that connect
the neocortex and subcortical regions (Fig. 1A,B). To identify
whether KLC1 is required for normal axonal fasciculation, we
evaluated the morphology of L1-NCAM-positive fascicles in the
caudal striatum next to the corticostriatal boundary (Fig. 1A′). The
average number of individual L1-NCAM-positive fascicles was
significantly reduced in Klc1−/− mice, although the mean fascicle
diameter was increased when compared with Klc1+/+ (Fig. 1C). The
diameter distribution analysis revealed a significant reduction in the
proportion of small fascicles, with an increase in the proportion of
bigger fascicles (>25 µm) in Klc1−/− mice compared with Klc1+/+

mice (Fig. 1D). The total area covered by dorsal striatal fascicles

Fig. 1. Axonal hyperfasciculation and
pathfinding defects in Klc1−/− mice.
(A) Epifluorescence images of L1-NCAM
immunostaining of coronal brain sections in
Klc1+/+ and Klc1−/− mice at P0. White arrows
indicate internal capsule thickness. (A′) Higher
magnifications of panel A showing CFA and
TCA in the caudal striatum. Yellow arrowheads
indicate ectopic axonal bundle. (B) Internal
capsule thickness covered by L1-NCAM+
axons. (C) Number (left) and diameter (right) of
individual L1-NCAM+ fascicles quantified in the
area enclosed by the dashed line in A′. (D) L1-
NCAM+ fascicle diameter distribution between
Klc1+/+ and Klc1−/− mice. (E) L1-NCAM
immunostaining of fascicles in dorsal striatum
of Klc1+/+ and Klc1−/− mice at P0. Dashed line
indicates dorsolateral striatum. (F) Striatal
fascicle area relative to whole striatum area.
Data in B, C and F are mean±s.e.m. n=8
animals/genotype from three independent
experiments. *P<0.025, ***P<0.001,
****P<0.0001; Student’s t-test. Data in D show
probability density function; dashed lines
indicate median. Klc1+/+, n=668; Klc1−/−,
n=362 fascicles from eight animals/genotype
from three independent experiments.
***P<0.0001; Kolmogorov–Smirnov test. Cx,
cerebral cortex; cSt, caudal striatum; dls,
dorsolateral striatum; ic, internal capsule; St,
striatum; Th, thalamus. Scale bars: 500 μm (A);
100 μm (A′,E).
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was smaller in Klc1−/− mice, with a significant reduction observed
in the dorsolateral region (Fig. 1E,F), which receives inputs from the
primary somatosensory cortex (Pan et al., 2010). A smaller number
of fascicles, but larger striatal fascicle size, in Klc1−/− suggests that
axon pathfinding of CFA and TCA is impaired. Moreover, we also
observed ectopic axonal bundles in the corticostriatal boundary in
allKlc1−/−mice analyzed. Together, these observations suggest that
KLC1 is required for axonal pathfinding and guidance.
To further understand whether the deletion of KLC1 induced

axons to coalesce or to become dystrophic within abnormal
fascicles, we performed transmission electron microscopy (TEM)
to obtain images from the caudal striatum in Klc1+/+ and Klc1−/−

mice. Quantification of fascicle area by TEM again revealed
enlarged fascicles in Klc1−/− compared with Klc1+/+ (Fig. 2A,B).
We then performed higher magnification TEM imaging to quantify
the number and diameter of individual axons within fascicles
(Fig. 2A′). Interestingly, we found a significant reduction in the
number of axons per area in Klc1−/− compared with Klc1+/+ mice
(Fig. 2C). However, Klc1−/− axons were significantly enlarged or
dystrophic when compared with Klc1+/+ (Fig. 2D). Together, these
experiments suggest that fewer axons reach the cortex and/or the
striatum because of pathfinding defects and that there is a significant
axonal dystrophic phenotype in Klc1−/− striatal fascicles.
We then performed axonal tracing experiments using a lipophilic

carbocyanine dye (DiI) to determine whether CTA and/or TCA of
Klc1−/− failed to reach their proper target. CTA were specifically
labeled by placing DiI into the primary somatosensory cortex to
determine whether CTA failed to reach the thalamus in the Klc1−/−

brain (Fig. 3A-B′,F). Serial coronal slices of DiI-injected brains
showed reduced staining from fewer CTA crossing the internal
capsule and projecting towards the thalamus in Klc1−/− (Fig. 3A′).
Quantitative assessment of DiI-labeled axons that reached the
thalamus revealed a significant reduction in the internal capsule
thickness of Klc1−/− mice compared with Klc1+/+ mice (Fig. 3C).
In addition, at dorsal striatum levels, DiI-labeled CTA stopped before
crossing the corticostriatal boundary in Klc1−/− mice (Fig. 3B′,F), a
process that is necessary to generate the reciprocal connections
between the thalamus and the cortex (Molnár and Butler, 2002). TCA
that were labeled by placingDiI into the dorsal thalamus (Fig. 3D-D″,

G) showed similar reductions in the internal capsule thickness in
Klc1−/− mice (Fig. 3D′,E). Moreover, misrouted axons were
observed at the level of the cortical boundary (Fig. 3G), which
resulted in less DiI staining reaching the cortical layers (Fig. 3G).
Altogether, our results suggest that KLC1 might be involved in the
development of CTA and TCA reciprocal connections. Interestingly,
given that the abnormal fasciculation and misrouted axon phenotype
is reminiscent of the defects observed in CB1R knockout mice and
that CB1R signaling modulates the pathfinding and fasciculation of
CTA and TCA (Wu et al., 2010), we hypothesize that KLC1 is
involved in the intracellular trafficking of CB1R.

Klc1 deletion reduced the axonal and growth cone levels
of CB1R in cortical neurons.
CB1R is strongly expressed in CFA during embryonic and early
postnatal periods, but then its axonal levels decline and it is enriched
in the presynaptic terminal towards adulthood (Castillo et al., 2012;
Njoo et al., 2015). Therefore, proper levels and localization of
CB1R in these axons may be required for normal fasciculation and
axonal pathfinding during development. To test whether Klc1
deletion impairs the levels of CB1R in CFA, we performed double
immunofluorescence staining for CB1R and L1-NCAM in brain
coronal sections at P0 (Fig. 4A). Hyperfasciculated CFA that project
throughout the caudal striatum were positive for CB1R staining in
Klc1+/+ and Klc1−/− (Fig. 4A,A′). However, CB1R fluorescence
intensity normalized to L1-NCAM revealed a significant reduction
in CB1R levels in Klc1−/− when compared with Klc1+/+ (Fig. 4B).
Moreover,Klc1−/− showed a significant reduction of CB1R staining
in axons that project to the thalamus when compared with Klc1+/+

(Fig. 4A″,C). To further examine whether Klc1 deletion impairs the
subcellular localization of CB1R, we performed primary cortical
cultures from Klc1+/+ and Klc1−/− mice. CB1R staining at growth
cones of cortical neurons revealed a significant reduction of CB1R
levels in Klc1−/− neurons when normalized to the intensity of actin
filaments (F-actin) stained with phalloidin (Fig. 4D,E). These
results revealed that abnormal CFA in Klc1−/− contain reduced
axonal levels of CB1R, suggesting that Klc1 deletion impairs the
axonal distribution of CB1R and highlighting a relevant role for
KLC1 in the navigation of CB1R+ axons.

Fig. 2. Klc1−/− brains display enlarged caliber but reduced axon number in striatal fascicles. (A) Transmission electron microscopy (TEM) images
from caudal striatum ofKlc1+/+ andKlc1−/−mice at P0.Klc1−/−mice display enlarged axon fascicles (area enclosed in red dashed line). (A′) Higher magnifications
of TEM images of panel A showing reduced axon density but enlarged calibers in Klc1−/− mice. (B,C) Quantification of axon fascicle area (B) and axon
number (C) per 30 µm2 area. (D) Quantification of axon diameter distribution. Data in B and C are mean±s.e.m. Klc1+/+, n=11-12; Klc1−/−, n=12-14 fascicles.
*P<0.03, **P<0.01; Student’s t-test. Data in D show probability density function analysis of pooled axon diameters; dashed lines indicatemedian.Klc1+/+, n=1536;
Klc1−/−, n=750 axons. ***P<0.001; Kolmogorov–Smirnov test. Scale bars: 2 µm (A); 0.5 µm (A′).
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Cortical misrouted axons in Klc1−/− brain are positive for
CB1R staining
To further evaluate whether CB1R-expressing CFA are misrouted
in the absence of KLC1, we performed immunostaining for CB1R
in Klc1−/− at P0. Abnormal misplaced axon bundles observed in
deeper cortical layers separated from the corpus callosum were
positive for CB1R staining in Klc1−/− mice (Fig. 5A). In addition,
CB1R immunostaining in Klc1−/− brain sections allowed the
identification of misrouted axon bundles in the corticostriatal
boundary (Fig. 5B). Together, the aberrant guidance defects and
misrouted projections observed in CB1R+ axons suggest a relevant
role for KLC1 in the navigation of CFA.

CB1R-containing vesicles colocalize with kinesin heavy
chain subunits
CB1R is directly trafficked to the axon through the secretory
pathway and is retained longer at the surface of axons than of
dendrites (Fletcher-Jones et al., 2019). To test whether kinesin-1
may interact with CB1R vesicles to promote its axonal transport, we
performed double immunofluorescence staining for endogenous
CB1R and the heavy chain subunits of kinesin-1 (KIF5; hereafter

referred to as KHC) in cortical wild-type neurons treated with
saponin before fixation (Fig. 6A). Single optical sections of high
resolution confocal images showed that CB1R vesicles partially co-
localized with KHC in axons (Fig. 6A). Colocalization was also
evident at growth cones, where both CB1R and KHC accumulate. A
Pearson correlation coefficient analysis revealed a moderate degree
of colocalization (median 0.48, percentiles 25/75=0.367/0.545)
between CB1R vesicles and KHC-positive vesicles in axons
(Fig. 6B), suggesting that kinesin-1 associates with CB1R-
containing vesicles and mediates their transport.

Axonal transport of CB1R is impaired in Klc1−/− neurons
To characterize the axonal transport properties of CB1R vesicles and
unravel whether they depend on kinesin-1 function, we performed
live-cell imaging of CB1R tagged with the enhanced green
fluorescent protein (eGFP) at the C-terminal region (CB1R-eGFP)
in primary hippocampal cultures from Klc1+/+ and Klc1−/− mice.
CB1R-eGFP is functional and was shown to display normal signaling
and trafficking in HEK293 cells (Leterrier et al., 2004). Transfected
neurons showed a vesicular distribution of CB1R-eGFP along the
axons (Fig. 7A) and live-cell imaging showedbidirectionalmovement

Fig. 3. Reciprocal connection between the cortex
and the thalamus is impaired in Klc1−/− cemice.
(A-B′) Axonal tracing with a lipophilic dye DiI placed
into the primary somatosensory cortex in P0 fixed brain
(inset) to label CTA. (A′) Higher magnification images
of panel A showing reduced internal capsule thickness
(white arrows) in Klc1−/− compared with Klc1+/+ mice.
(B′) Higher-magnification images of panel B showing
misrouted CTA in Klc1−/− mice (yellow dashed lines).
(C) Quantification of internal capsule thickness of CTA.
(D,D″) Axonal tracing with DiI placed into the dorsal
thalamus in P0 mice to label TCA. (D′) Higher
magnification images of panel D showing reduced
internal capsule thickness (white arrows) in Klc1−/−

mice. (E) Quantification of internal capsule thickness of
TCA. (F,G) Ectopic CTA bundle (F) and misrouted TCA
(G) were observed in Klc1−/− mice at the corticostriatal
boundary (yellow arrowheads). TCA failed to reach
the cerebral cortex in Klc1−/− compared with Klc1+/+

(yellow asterisks in D′ and G). Data are mean±s.e.m;
n=4 animals/genotype in C, n=5 animals/genotype i
E. **P<0.01, ***P<0.0001; Student’s t-test. cx, cerebral
cortex; ic, internal capsule; st, striatum; th, thalamus.
Scale bars: 500 μm (in B for A,B,D,D″); 200 μm
(A′,B′,D′,F,G).
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of fluorescent vesicles (Movies 1, 2 and 3). Kymographs obtained
from movies revealed a significant decrease in the proportion of
anterograde and retrograde moving CB1R-eGFP vesicles, whereas
thereweremore stationary vesicles inKlc1−/− neurons comparedwith
Klc1+/+ (Fig. 7C). CB1R-eGFP vesicles moved at fast average
velocities (anterograde: 0.82 ±0.08 μm/s; retrograde: 0.76±0.09 μm/
s) in Klc1+/+ axons (Fig. 7D). Moreover, anterograde-moving CB1R-
eGFP vesicles in Klc1−/− neurons displayed reduced average
velocities compared with Klc1+/+ neurons (Fig. 7E), suggesting that
deletion of KLC1 leads to severe defects in the axonal transport of
moving CB1R vesicles. To test whether CB1R transport defects were
specifically induced by KLC1 deletion, we performed a rescue
experiment using the overexpression of KLC1 in Klc1−/− neurons.
CB1R transport dynamics were analyzed after co-transfecting CB1R-
eGFP and pcDNA-KLC1 (a vector driving KLC1 expression) vectors
in Klc1−/− neurons. Co-transfected neurons were immunostained for
KLC1antibody to confirm the recoveryofKLC1 expression (Fig. 7B).
The overexpression of KLC1 in neurons depleted of endogenous
KLC1 restored the movement of CB1R vesicles by increasing
anterograde and retrograde vesicle proportion and by reducing the
proportion of stationary vesicles to Klc1+/+ levels (Fig. 7D).
To obtain detailed information on the axonal transport properties

of CB1R that had not been previously described, we analyzed
dynamics by tracking single particle trajectories of moving CB1R-
eGFP vesicles using MATLAB routines (Alloatti et al., 2018;
Lacovich et al., 2017). Interestingly, KLC1 deletion induced a
significant decrease in the run lengths of anterograde and retrograde

CB1R vesicles, indicating that processive activity was reduced
(Fig. 8A). Moreover, overall flux of CB1R-eGFP vesicles was
impaired in Klc1−/− because of the increase in the duration of
stationary behavior (Fig. 8B). The plot and distribution analysis of
segmental velocities by MATLAB routines also revealed a
significant shift towards an increased number of slower CB1R-
eGFP vesicles and a reduction in the frequency of faster velocities in
Klc1−/− neurons (Fig. 8C). Together, these results demonstrate that
KLC1 deletion significantly impairs the processive activity, speed
and overall axonal transport dynamics of CB1R, suggesting that
kinesin-1 function is essential for proper bidirectional distribution
of CB1R-vesicles during neuronal development.

Abnormal growth cones in Klc1−/− cortical neurons are
insensitive to CB1R inhibition
CB1R activation stimulates axonal growth by inducing growth cone
collapse in developing pyramidal neurons primarily by the
modulation of actin filament dynamics (Njoo et al., 2015; Roland
et al., 2014). Therefore, we analyzed the morphology of growth cones
ofKlc1+/+ andKlc1−/− cortical neurons in control conditions and after
inhibiting CB1R activation with the CB1R inverse agonist AM251
(1 µM). Of note was that Klc1−/− neurons in DMSO showed a
significant (30%) increase in growth cone area covered with actin
filaments when compared with Klc1+/+, resembling an expanded and
static state of growth cone behavior due to the absence of KLC1
(Fig. 9A,B). When Klc1+/+ neurons were treated with AM251, a
significant expansion of the growth cone area (an increase of 50%

Fig. 4. Reduced CB1R levels in CFA and growth cones of Klc1−/−. (A) Confocal images of coronal brain sections showing CB1R and L1-NCAM double
immunostaining inKlc1+/+ andKlc1−/−mice at P0. (A′,A″) Highermagnification confocal images of boxed areas in panel A showing reducedCB1R levels in CFA at
the caudal striatum (A′) and in thalamic regions next to the internal capsule (A″) of Klc1−/−mice (yellow asterisks indicate thalamic region). (B,C) Quantification of
CB1R fluorescence intensity normalized to L1-NCAM in in single confocal sections of CFA (B) and thalamus (C). (D) High-resolution spinning disk confocal
microscopy image of primary cortical neurons showing CB1R and phalloidin immunostaining in Klc1+/+ and Klc1−/− axonal growth cone (DIV 4). Dashed lines
indicate growth cone membrane limit. (E) Quantification of fluorescence intensity of CB1R normalized to phalloidin in growth cones. Data are mean±s.e.m.
Klc1+/+, n=4; Klc1−/−, n=5 (B,C) from 3-4 sections; n=60-70 growth cones/genotype from two independent experiments (E). *P<0.01, ****P<0.0001;
Student’s t-test. cSt, caudal striatum; ic, internal capsule; th, thalamus. Scale bars: 500 μm (A); 100 μm (A′,A″); 20 μm (D).
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compared with Klc1+/+ in DMSO) was induced owing to the
stabilization of actin filaments, suggesting a role for CB1R in actin
filament regulation (Fig. 9A,B). However, AM251 incubation

in Klc1−/− did not modify the growth cone area compared with
Klc1−/− in DMSO (Fig. 9A,B), suggesting thatKlc1−/− growth cones
were insensitive to further expansion and actin filament stabilization

Fig. 7. CB1R axonal transport is impaired in Klc1−/− neurons. (A) Epifluorescence image obtained from a live-cell movie of 7-8 DIV hippocampal neurons
expressing CB1R-eGFP. (B) Hippocampal neurons co-transfected with CB1R-eGFP+pcDNA-KLC1 and immunostained for KLC1 showing KLC1
overexpression. (C) Kymographs of CB1R-eGFP transfected neurons obtained from live-cell imaging ofKlc1+/+,Klc1−/−, andKlc1−/−+pcDNA-KLC1 hippocampal
cultures. (D,E) Quantification of anterograde (Anter), stationary (Stat) and retrograde (Retro) proportion of CB1R-eGFP vesicles (D), and average velocities for
anterograde and retrograde CB1R-eGFP vesicles (E). Data are mean±s.e.m. Klc1+/+, n=52; Klc1−/−, n=43; Klc1−/−+pcDNA-KLC1, n=34 neurons from three
independent experiments. *P<0.01, **P<0.001, ****P<0.0001; Student’s t-test. Scale bars: 20 μm (A); 50 μm (B).

Fig. 5. Misrouted axon fascicles in Klc1−/− brain are positive for CB1R.
(A) Epifluorescence images of cerebral cortex showing CB1R immunostaining
in Klc1+/+ and Klc1−/− mice at P0. (B) Higher magnification of CB1R and L1-
NCAM immunostaining and Hoechst in the corticostriatal boundary in Klc1−/−

mice at P0. Yellow arrowheads indicate ectopic cortical axon bundles positive
for CB1R. White arrowhead indicates CB1R-positive misrouted axon bundles
devoid of nuclear staining. cc, corpus callosum; cSt, caudal striatum; cx,
cerebral cortex. Scale bars: 200 μm (A); 50 μm (B).

Fig. 6. CB1R vesicles colocalize with kinesin heavy chain subunits.
(A)High-resolution spinning disk confocal microscopy images of primary cortical
neurons immunostained for endogenous CB1R and KIF5 (DIV 4). Merged
image shows CB1R and KIF5 colocalizing in vesicles from axons and growth
cones (gc). (B) Quantification of colocalization between CB1R and KHC using
Pearson’s correlation coefficient. Data indicate median ±25th/75th percentile
(box) and 5th/95th percentile (whiskers). n=14 neurons. Scale bar: 10 μm.
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induced by a CB1R inverse agonist. This result supports a role for
KLC1 in the CB1R-mediated signaling that regulates actin dynamics.
CB1R activation results in RhoA- and ROCK-dependent

modulation of actin dynamics operating over a large range of actin
modifying proteins, such as Wave1 (Wasf1), allowing actin
polymerization (Njoo et al., 2015), or by inducing actin contraction
through actomyosin II (Roland et al., 2014). We found enlarged
growth cones with stabilized actin filaments in Klc1−/− neurons,
suggesting an impaired mechanism of filamentous actin breakdown.
Cofilin, an important regulator of actin filament severing, is also
downstream of the RhoA/ROCK intracellular pathway; however, it
has not been linked to CB1R-mediated regulation. Cofilin severs actin
filamentswhen active, but is inactivated by aRhoA/ROCK-dependent
phosphorylation process (Pertz, 2010). We tested whether KLC1
deletion changes the levels of proteins that modulate actin dynamics
by performing western blots against total protein levels of RhoA,
ROCK and cofilin from the cerebral cortex at P0. No changes in total
RhoA, ROCK and cofilin levels were observed in Klc1−/− compared
with Klc1+/+ (Fig. 9C,D). However, when tested for cofilin activation
by performing western blots against phosphorylated cofilin (p-cofilin)
we observed significant increases (40%) in p-cofilin in Klc1−/−

cortical neurons compared with Klc1+/+ (Fig. 9C,D). As cofilin is
inactivated by phosphorylation, increased p-cofilin inKlc1−/− neurons
suggests that actin filament breakdown is impaired, leading to
enhanced stabilization of the actin cytoskeletal network. These results
reinforce the proposition that CB1R promotes rearrangements of actin
filaments at growth cones and show that deletion of KLC1 impairs the
neuronal ability to respond to CB1R-mediated actin remodeling.

CB1R-mediated axonal elongation is impaired in Klc1−/−

cortical neurons
eCB guide and promote axonal extension through specific
intracellular pathways that modulate actin filament dynamics in
growth cones during development (Mulder et al., 2008). To test
whether KLC1 is relevant for CB1R-dependent axonal
elongation, we analyzed the axonal length of cortical neurons in
culture after treatment with DMSO or the CB1R selective agonist
ACEA for 72 h. Interestingly, axonal extension evaluated in
neurons at 4 days in vitro (DIV) were similar in both Klc1+/+ and
Klc1−/− treated with DMSO, suggesting a normal intrinsic axonal
growth process for Klc1−/− neurons without the stimulation of
external guiding cues (Fig. 10A,B). The stimulation of CB1R
with ACEA (300 nM) induced a significant increase (40%) in
axonal elongation compared with DMSO in Klc1+/+ neurons
(Fig. 10A,B), reinforcing the knowledge that eCB promote axonal
extension. However, Klc1−/− neurons were unable to respond to
the treatment with ACEA, showing similar axonal length as
Klc1−/− neurons in DMSO conditions (Fig. 10A,B). Axonal
branching and dendritic arborization using Sholl analysis was
measured in Klc1+/+, and Klc1−/− after DMSO or ACEA
treatment, without revealing significant morphological changes
(Fig. 10C,D). Together, we show that CB1R activity involves
regulation that drives the axonal elongation process. Moreover,
Klc1−/− neurons display a normal intrinsic program of axonal
extension; however, they are unable to respond to cannabinoid
signaling that further promote axonal elongation through the
specific stimulation of CB1R.

Fig. 8. Dynamic properties of CB1R vesicles are impaired in Klc1−/− neurons. (A,B) Anterograde (Ante), stationary (Stat) and retrograde (Retro) average run
lengths (A) and run length duration (B) obtained from CB1R-eGFP vesicle single trajectories using MATLAB. Data are mean±s.e.m. Klc1+/+, n=1499 (ante), n=1487
(retro), n=1897 (stat); Klc1−/−, n=595 (ante), n=638 (retro), n=911 (stat). *P<0.01, **P<0.001, ***P<0.0001; Student’s t-test. (C) Distribution of segmental velocities
for anterograde and retrograde CB1R-eGFP vesicle trajectories. Insets show relative frequency distribution of segmental velocities. Data show probability density
functionanalysisof pooledsegmental velocities.Klc1+/+,n=1821 (ante),n=1729 (retro);Klc1−/−,n=482 (ante),n=556 (retro). ***P<0.00001;Kolmogorov–Smirnov test.
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DISCUSSION
Our study highlights the role of kinesin-1 in axonal pathfinding and
fasciculation of cortical axons specifically by mediating the axonal
transport, localization and signaling of CB1R. Beyond the cell
intrinsic polarization process, kinesin-1 motor function is required
for CB1R-mediated regulation of actin filament stability, growth
cone morphology, and axonal elongation. Our data strongly suggest
that dysfunction of CB1R axonal transport can trigger defects in
eCB-dependent axonal pathfinding by impairing cofilin activation
and actin remodeling at growth cones.
We have previously described in aged Klc1−/− mice abnormal

Tau (Mapt) phosphorylation, axonopathies with cytoskeletal
disorganization, and cargo accumulation within axons associated
with neurodegeneration (Falzone et al., 2009). However, the early
observation of reduced brain size, enlarged ventricles and decreased
corpus callosum thickness in Klc1−/− mice (Falzone et al., 2010,
2009) suggests the presence of neurodevelopmental defects. Here, by
performing detailed analysis of the Klc1−/− developing brain, we
revealed an early onset of axonal guidance and pathfinding defects.
Moreover, reduced white matter and brain size in Klc1−/− mice are
reminiscent of human neurodevelopmental disorders recently
associated with somatic mutations in genes encoding kinesin-1
subunits. Patients with mutations inKIF5C showed diminished white
matter area, abnormal corpus callosum and pachygyria (Jamuar and
Walsh, 2014) that cause severe intellectual disability, epilepsy,
microcephaly and cortical malformation (Willemsen et al., 2014).
Also, a novelKIF5Amutationwas found in a patient with progressive
leukoencephalopathy, characterized by white matter volume loss
and enlarged lateral ventricles (Rydzanicz et al., 2017). Therefore,

kinesin-1 defects could drive to defective axonal transport of
molecules involved in axonal guidance that may lead to severe
impairments in early neuronal connectivity of the human brain.

The achievement of brain architecture is a complex process that
depends on proper brain wiring. TCA navigate to the cortex by co-
fasciculating with reciprocal early-born CTA after converging near
the corticostriatal boundary as is proposed in the ‘handshake’
hypothesis (Molnár and Blakemore, 1995). According to the
handshake model, developing CTA and TCA associate in specific
fascicles at the pallial-subpallial boundary to follow the same
axonal route but in opposite directions (Molnár et al., 2012). eCB
signaling regulates the ‘handshake’ interaction between CTA and
TCA by segregated expression of CB1R in CTA and sn-1-
diacylglycerol lipases (DAGLα/β), 2-AG synthesizing enzymes,
in TCA (Wu et al., 2010). Interestingly, we showed a significant
hyperfasciculation phenotype in the striatum, plus aberrant axonal
trajectories at the level of corticostriatal boundary in Klc1−/− brains,
similar to those observed after Cb1r deletion in mice (Wu et al.,
2010). Comparable axonal defects were observed during early
neural development in utero in mice pharmacologically treated
with CB1R antagonists (Mulder et al., 2008). TCA provide 2-AG
to activate CB1R on CTA. The expression of monoacylglycerol
lipase (MGL; Mgll), a 2-AG degrading enzyme, in both TCA
and CFA can function as 2-AG-inactivating barrier to establish a
2-AG gradient and to promote CB1R-dependent directional CTA
pathfinding (Keimpema et al., 2010). Given that proper localization
of CB1R is essential for axon fasciculation, the hyperfasciculation
phenotype with a reduced number of axons in Klc1−/− brains could
be explained by reduced levels of CB1R in CTA axons because of

Fig. 9. Abnormal growth cone rearrangement and cofilin activation inKlc1−/− cortex. (A) Epifluorescence images of axonal growth cones stained for tubulin
and phalloidin (F-actin) inKlc1+/+ andKlc1−/− cortical neurons (DIV 3) treated with vehicle (DMSO) or AM251 (1 μM) for 1 h. (B) Quantification of the axonal growth
cone area covered by F-actin in DMSO- or AM251-treated neurons. Data are mean±s.e.m. Klc1+/+, n=141 neurons (DMSO), n=100 (AM251); Klc1−/−, n=98
(DMSO), n=96 (AM251) from five independent experiments. *P<0.01, ***P<0.001; two-way ANOVA followed by Bonferroni post-test. (C) Immunoblot of KLC1,
RhoA, ROCK1, cofilin, p-cofilin and tubulin from primary somatosensory cortex homogenates ofKlc1+/+ andKlc1−/−mice at P0. (D) Quantification of protein levels
of RhoA and ROCK1 normalized to tubulin, and p-cofilin normalized to total cofilin. Data are mean±s.e.m. Klc1+/+, n=5; Klc1−/−, n=6. *P<0.05; Student’s t-test.
Scale bar: 10 μm.
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impaired transport towards the growth cone. Reduced thickness of
the internal capsule, a major highway to and from the neocortex, is
probably due to failures in axonal crossing of the corticostriatal
boundary in Klc1−/− mice. Moreover, DiI experiments showed that
CTA originating from neurons at the primary somatosensory cortex
and reciprocal thalamic axons fail to enter the dorsolateral striatum.
Indeed, these axons deviate their way to the thalamus. In line with
these results, Cb1r−/−mice showed several similar guidance defects
at the level of the corticostriatal boundary (Wu et al., 2010). This
region is relevant for the development of reciprocal CTA and TCA
connection, acting as a choice point for axonal navigation (Molnár
and Butler, 2002; Robichaux et al., 2014). Recent evidence
demonstrates that growth cone responsiveness in commissural
axons at the midline of the spinal cord depend on selective
trafficking of guidance receptors (Alther et al., 2016). We found
strong evidence for selective phenotypes consistent with CB1R-
mediated defects in axonal guidance and fasciculation.We therefore
propose that kinesin-1-mediated transport of vesicles to the growth
cone surface, with specific cannabinoid guidance receptors as
cargo, represents a molecular mechanism that underlies the switch
in axonal responsiveness at the corticostriatal boundary zone.
The trafficking and subcellular localization of CB1R are essential

for proper eCB signaling (Leterrier et al., 2006). Using live cell
imaging in primary neurons we described the axonal transport
properties of CB1R and revealed defects in the transport of CB1R
vesicles induced by Klc1 deletion. The specificity of KLC1-
dependent cargos was previously assessed, showing selective
impairments for another cargo such as the amyloid precursor
protein (APP) vesicle, whereas mitochondria axonal transport was
not affected (Falzone et al., 2009), suggesting that overall
microtubule-dependent dynamics are not impaired when KLC1 is
deleted from neurons. A coordinated-competition model has been
proposed to take place during axonal transport regulation of fast-
movingvesicles (Lacovich et al., 2017). In agreementwith thismodel,

the deletion of Klc1 induced defects in anterograde and retrograde
CB1R vesicle proportions, segmental velocities and run lengths. A
possible explanation for the changes in CB1R retrograde movement
when an anterograde motor is missing is supported by the kinesin-1-
dependent recruitment of the dynein retrograde complex to the cargo,
as was shown for other vesicles (Szpankowski et al., 2012;
Twelvetrees et al., 2016). It is important to stress that cargo
transport has many levels of regulation (Maday et al., 2014). For
example, kinesin-1 associates with vesicles by interacting with
adaptor proteins such as JNK-interacting protein (JIP) 1 and JIP3,
which regulate cargo selectivity (Koushika, 2008). Interestingly,
Jip3−/− and Jip1−/− mice also show severe defects in the pathfinding
of telencephalic commissure and also hyperfasciculation of CTA and
TCA (Cho et al., 2011;Ha et al., 2005; Kelkar et al., 2003), suggesting
a strong link between axonal transport and molecules that mediate
guidance. As the reduction of CB1R motility in Klc1−/− was not
complete, it is possible that other molecular motors are also involved
in CB1R transport. Further studies are required to elucidate how
CB1Rvesicles are linked to kinesin-1 or other motors that propel their
axonal transport.

Previously, it has been reported that the kinesin-1/JIP1/Rab10
complex is required for axonal elongation (Deng et al., 2014).
Hippocampal neurons transfected with dominant-negative mutants
of KLC1 showed impairments in neuronal polarity and decreased
axonal length (Deng et al., 2014). However, here we showed that
Klc1−/− cortical neurons did not impair the basal program of axonal
outgrowth. Moreover, cell intrinsic processes showed that Klc1−/−

neurons without stimulation in culture achieved normal polarization
and extend axons in a similar way to wild-type neurons. Consistent
with the function of external guidance cues, it has been shown that
axonal growth was promoted in cortical neurons exposed to
anandamide (Mulder et al., 2008), 2-AG (Tapia et al., 2017) or a
MGL inhibitor (Keimpema et al., 2010). However, other studies
proposed that treatment with CB1R agonist WIN55 for 7 days

Fig. 10. Klc1−/− neurons are
unresponsive to CB1R-
mediated axonal elongation.
(A) Epifluorescence images of Klc1+/+

and Klc1−/− primary cortical neurons
transfected with pcDNA3-Cherry and
treated for 72 hours with DMSO
(vehicle) or CB1R selective agonist
ACEA (300 mM). (B) Axonal length
quantified in pcDNA-Cherry transfected
neurons. Data are mean±s.e.m. Klc1+/+,
n=80 (DMSO), n=64 (ACEA); Klc1−/−,
n=61 (DMSO), n=61 (ACEA) from three
independent experiments. ***P<0.001;
two-way ANOVA followed by Bonferroni
post-test. (C) Quantification of the
number of primary axonal branches.
Data indicate median ±25th/75th
percentile (box) and 5th/95th percentile
(whiskers). (D) Sholl analysis to quantify
the average number of dendrite
intersections. Data are mean±s.e.m.
Klc1+/+, n=84 (DMSO), n=66 (ACEA);
Klc1−/−, n=83 (DMSO), n=94 (ACEA)
neurons from three independent
experiments. Scale bar: 200 μm.
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reduced the axonal length of cortical neurons transfected with CB1-
eGFP (Vitalis et al., 2008; Shum et al., 2020). Of note is that axonal
elongation was precluded in Klc1−/− neurons stimulated with CB1R
agonists, contrary to what was observed in control neurons. This
functional inability to responds to cannabinoid signaling in Klc1−/−

neurons could be explained by an abnormal presentation of
membrane cargos due to defective transport of CB1R towards
growth cones.
CB1R activates downstream effectors within axonal growth

cones that are necessary for the cytoskeletal plasticity that allows
growth cone build-up and collapse during axonal navigation
(Berghuis et al., 2007; Njoo et al., 2015; Roland et al., 2014).
The stimulation of CB1R induces contraction of the actomyosin
cytoskeleton through Rho-associated kinase and triggers growth
cone retraction (Roland et al., 2014). It has been proposed that
CB1R activation affects actin polymerization and stability by
inducing Rac1 phosphorylation and regulating WAVE1 and the
ARP2/3 (Actr2/3) complex (Njoo et al., 2015). The observation of
an expanded growth cone in Klc1−/− neurons raises the possibility
that actin dynamics were impaired owing to abnormal eCB
signaling. Consistent with this possibility, we found increased
cofilin inactivation (p-cofilin) in the cerebral cortex of neonatal
Klc1−/− mice. Cofilin activity is necessary for the severing of actin
filaments (Andrianantoandro and Pollard, 2006) and this process
regulates growth cone remodeling (Endo et al., 2003). The analysis of
Klc1−/− neurons revealed a significant increase in cofilin
phosphorylation that supports the observation of static expanded
growth cone areas. In addition, neurons without KLC1were unable to
further respond to a CB1R antagonist, which expanded growth cones
in Klc1+/+ neurons. Interestingly, the transport of the WAVE1
complex to the growth cone requires kinesin-1 via CRMP-2
(Dpysl2)-mediated binding to KCL1 (Kawano et al., 2005). Mass
spectrometry analyses reinforced this association by identifying
WAVE1 as a component of the APP vesicle as a kinesin-1 cargo
(Almenar-Queralt et al., 2014). These observations, together with our
results, suggest a role for motor proteins in the transport of relevant
cargos that mediate eCB-dependent growth cone rearrangement.
Taken together, our study provides strong evidence that kinesin-1

mediates the axonal transport of CB1R, playing key roles in eCB
signaling that regulate actin remodeling at the growth cone for the
developing of TCA and CTA connections. Knowledge on the
spatiotemporal regulation of CB1R axonal transport should
contribute towards understanding the implications of proper
subcellular localization of eCB signaling molecules during the
establishment of neuronal connectivity and the molecular
mechanisms underlying neurodevelopmental diseases associated
with human brain wiring defects.

MATERIALS AND METHODS
Animals
Klc1+/− mice from a C57BL/6J background were crossed with each other to
obtain wild-type andKlc1−/− littermates (Rahman et al., 1999). Both P0males
and females were used in experiments. Mice were housed in temperature- and
12 h light/dark-controlled rooms under approved university protocols (El
Comité Institucional para el Cuidado y Uso de Animales de Laboratorio;
UBA-FMED 2532/2019). Mice had access to food and water ad libitum.
Genotyping of mice obtained from Klc1+/− crossing was performed by
PCR amplification of wild-type and recombinant Klc1 alleles. The primer
sequences were: wild-type allele forward 5′-GCATCGAGCTGGGTAATA-
AGCGTTGGCAAT-3′, and reverse 5′-GACACCAGACCAACTGGTAAT-
GGTAGCGAC-3′; Klc1 mutant allele forward 5′-CGGGCTGTTTCTC-
TTGGCTTGCTC-3′, and reverse 5′-GGAGCGTGCGCAGCCTTGC-
AGGGA3′.

Antibodies
Monoclonal antibodies against the following proteins were used: anti-KIF5
(mouse, clone KHC-H2, Millipore, MAB1614, 1:800), anti-tubulin (mouse,
clone DM1a, Covance, a5-829, 1:10,000), anti-L1-NCAM (rat, clone 324,
Millipore, MAB5272, 1:2000). Polyclonal antibodies (rabbit) against the
following proteins were used: anti-CB1R (C-term, Cayman, 10006590,
1:1000), anti-kinesin light chain 1 (Santa Cruz Biotechnology, sc25735,
1:1000), anti-cofilin (Cell Signaling Technology, 3318, 1:1000),
anti-phospho-cofilin (ser3) (Cell Signaling Technology, 3313, 1:1000),
RhoA (Cell Signaling Technology, 2117, 1:1000), ROCK1 (Cell
Signaling Technology, 4035, 1:1000). The following secondary
antibodies were used: anti-mouse Alexa Fluor 568 (Invitrogen,
MA11004, 1:500), anti-rabbit Alexa Fluor 488 (Invitrogen, A11008,
1:500), anti-rat Alexa Fluor 594 (Invitrogen, A11001, 1:500), HRP goat
anti-rabbit (Vector Laboratories, 111-035-144, 1:7000), HRP goat anti-
mouse (Vector Laboratories, 115-035-146, 1:7000).

Tissue preparation, immunohistochemistry and quantification
Neonatal mice (P0) were transcardially perfused with saline solution
followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB)
(pH 7.4). Brains were dissected and postfixed in fixation buffer overnight
and then cryoprotected in 30% sucrose in 0.1 M phosphate buffer saline
(PBS) (pH 7.4) for 48 h at 4°C. Brains were embedded in 4% agarose for
vibratome coronal sectioning (50 µm thick). Immunofluorescence was
performed on free-floating sections of positions 255 and 296 in Allen
Developing Mouse Brain Atlas. Non-specific immunoreactivity was
blocked by incubating the sections in 5% normal goat serum (NGS;
Gibco) and 0.3% Triton X-100 (Sigma-Aldrich) in PBS for 1 h at room
temperature. Sections were incubated with one or two primary antibodies
diluted in 1% NGS and 0.1% Triton X-100 in PBS for 16 h at 4°C, followed
by incubating with Alexa-Fluor-conjugated secondary antibodies for 2 h at
room temperature. Sections were stained with Hoechst 33432 (Sigma-
Aldrich), dehydrated and mounted with DPX (Sigma-Aldrich).
Epifluorescence images were obtained using an Olympus IX-81 inverted
microscope. For morphometric analysis of fascicle diameter and area
covered, the diameter of all axon fascicles present in an area of
500×100 µm2 located in the caudal striatum next to the corticostriatal
boundary was measured. For CB1R and L1-NCAM level analysis, the
intensity of CB1R and L1-NCAM in CFA present in the caudal striatum
next to the corticostriatal boundary was quantified using a spinning disk
confocal microscope (IX-83, Olympus).

Electron microscopy and analysis
Klc1+/+ and Klc1−/− P0 mice were perfused transcardially with 4% PFA and
0.25% glutaraldehyde in 0.1 M PB (pH 7.4). The brain was removed and
postfixed overnight at 4°C in the same fixative, and the following day
sectioned on a vibratome at a thickness of 400 µm. The caudal striatum was
dissected under a microscope and was postfixed in the same fixative solution
for 2 h. Then tissue was blocked and fixed with 1% osmium tetroxide in
0.1 M PB before incubation with 1% uranyl acetate in PB 0.1 M (pH 6.0) and
then embedded in epoxy Durcupan resin. Then 70 nm sections were obtained
and stained with 2% uranyl acetate and lead citrate. Images were generated on
a Zeiss EM 109T transmission electron microscope. The fascicle area was
identified and counted in 3000× magnification and the number and diameter
of axons were identified and counted in 12,000× magnification. Axon density
and caliber was determined by manually counting and measuring axons in
equal-sized boxes placed within the fascicles.

DiI tracing experiment
P0 mice were transcardially perfused with saline solution followed by 4%
PFA in 0.1 M PB. Brains were dissected and postfixed in fixation buffer
overnight. DiI crystals (D3911, Molecular Probe) were placed in the
presumptive primary somatosensory cortex (S1) to label CTA and in the
dorsal thalamus to label TCA. Labeled brains were incubated in 4% PFA in
0.1 M PB with 0.1% sodium azide at 37°C in darkness for 21 days. Brains
were embedded in 4% agarose in PBS and sectioned at 100 µm in the coronal
plane using a vibratome. Sections were washed and incubated with Hoechst
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33432. Epifluorescence images were obtained using an Olympus IX-81
microscope.

Vectors
The CB1R-eGFPwas a kind gift fromDr Lenkei (ESPCI-ParisTech, CNRS,
Paris, France). pcDNA3-mCherry was provided by Nathan Shaner (The
University of California, San Diego, USA). The pcDNA3-KLC1-TAP-TAG
(pcDNA-KLC1) vector was used in axonal transport recovery experiments
to overexpress KLC1 in Klc1−/− neurons.

Primary neuronal culture and cell transfection
Primary hippocampal and cortical neurons were obtained from P0 Klc1+/+

(wild-type) and Klc1−/−mice as described previously (Falzone et al., 2009).
Mouse hippocampi or cerebral cortex were dissected in Hanks balanced salt
solution (Invitrogen), dissociated with 45 U papain and 0.05% DNase in
PBS for 20 min at 37°C and then triturated by gentle pipetting in 10% fetal
bovine serum (FBS) in DMEM (Invitrogen). Cells were suspended in
DMEM with 10% FBS, then changed to Neurobasal medium (Invitrogen)
supplemented with B27 (Invitrogen) and 2 mM L-glutamine (Sigma-
Aldrich). Cells were plated on 1 mg/ml poly-L-lysine (Sigma-Aldrich)-
coated coverslips and grown at 37°C under 5% CO2. Cells were transfected
using a mix of Lipofectamine 2000 (2 μl, Life Technologies) with plasmid
DNA (0.8 μg) in optimum. After the addition of complete Neurobasal
medium (Thermo Scientific, 21103049), the mix was applied onto the
neuronal culture for 2 h at 37°C. Hippocampal neurons transfected with
CB1R-eGFP or co-transfected with CB1R-eGFP and pcDNA3-KLC1-TAP-
TAG at DIV 7-10 were used for movie acquisition. For axonal growth assay,
cortical neurons were incubated with DMSO and 300 nM ACEA for 72 h at
DIV 1, transfected with pcDNA3-Cherry at DIV 3, and fixed at DIV 4 to
evaluate the axonal length.

Immunocytochemistry on primary cultured neurons
Primary cortical cultured neurons were rinsed with ice-cold PBS and fixed
in 4% PFA with 4% sucrose in PB for 30 min at 4°C. For KHC and CB1R
immunostaining, cells were pre-permeabilized by incubating for 5 min at
4°C in 80 mM PIPES (pH 6.8), 5 mM EGTA, 1 mM MgCl2 containing
0.1% bovine serum albumin (BSA) and 0.01% saponin (Sigma-Aldrich).
After threewashes in ice-cold PBS, cells were fixed in 4% PFA for 30 min at
4°C. After three washes cells were permeabilized and blocked with 0.3%
Triton X-100 and 5% NGS in PBS for 1 h. Cells were incubated with one or
two primary antibodies or phalloidin Alexa Fluor 568 diluted in 1% NGS
and 0.1% Triton X-100 in PBS for 16 h at 4°C, followed by incubating with
Alexa-Fluor-conjugated secondary antibodies (1:500, Molecular Probe) for
2 h at room temperature. Coverslips were mounted in Mowiol mounting
medium (Sigma-Aldrich). The images were acquired either using an
inverted epifluorescent microscope (Olympus, IX-81) or a spinning disk
confocal microscope (Olympus, IX-83). For growth cone assay, cortical
neurons at DIV 2 were treated with vehicle (DMSO) or 1 µM AM251
(Cayman) for 1 h, fixed and stained with phalloidin Alexa Fluor 568 and
tubulin to measure growth cone area.

Movies and kymograph analysis
Live-cell imaging and kymograph analysis of CB1-eGFP movement was
registered as previously described (Falzone and Stokin, 2012). Briefly,
primary hippocampal neurons at DIV 7-8 were transfected with CB1-eGFP
using Lipofectamine 2000 to achieve low transfection efficiency. At 16 h
post-transfection, CB1R-eGFP vesicle movements were recorded.
Continuous 30 s stacks (224 frames) at a speed of 125 ms/frame were
collected on an inverted epifluorescent microscope (Olympus IX-81)
connected to a CCD camera (Olympus DP71/12.5 megapixels) with a 60×
lens (1.4 NA). Cells were maintained at 37°C, 5% CO2 and 10% humidity
using a heating stage and CO2 humid chamber (Olympus) (Otero et al.,
2014). Movies were obtained from axons, identified by morphology, at least
200 µm away from the soma. The directionality of the vesicles was
determined by either locating the cell body or the growth cone in isolated
transfected neurons. Kymographs were generated from stacked images
using the multiple kymographs plug-in from ImageJ (National Institutes of

Health) and processed using Image-Pro Plus 5 (Media Cybernetics) (Otero
et al., 2018). Segmental velocities and run lengths were obtained from
individual trajectories tracked from the kymographs using customized
algorithms written in MATLAB (MathWorks) as previously described
(Lacovich et al., 2017). For the calculation of segmental velocities,
processive trajectories were divided into segments and the mean velocity
of each segment was computed from the slope of a linear approximation
to the trajectory using the least-squares method. Points at which
movement is equal to 0 defined the limits of segments considered
anterograde or retrograde if they showed positive or negative velocities,
respectively, or pauses if they fitted a stationary criteria (<0.16 μm/s). The
duration of these segments was also computed and pauses were presented as
stationary in the analysis.

Western blot
Primary somatosensory cortex at P0 was homogenized in 100 μl lysis
buffer [40 mM Tri-HCl (pH 7.5), 150 mM NaCl, 1% Igepal (Sigma-
Aldrich) and 1× protease inhibitor cocktail (Sigma-Aldrich)] and
centrifuged for 10 min at 10,000 rpm (8000 g) at 4°C. Protein
concentration of the supernatant was measured using BCA Protein
Assay Kit (Pierce, 23225). Equal amounts of protein (30 µg) in 20 µl of 1×
Laemmli sample buffer (0.5% bromophenol blue, 10% glycerol and 2%
β-mercaptoethanol) were loaded onto 12% SDS-polyacrylamide gel and
See-Plus 2 (Invitrogen) was used as a molecular-weight marker. Proteins were
transferred onto nitrocellulose membranes using a wet system in 25 mM Tris
base, 190 mM glycine and 20% methanol. Membranes were blocked in 5%
BSA in 0.1% Tween-20 in TBS (TBS-T) for 1 h and incubated in 1% BSA in
TBS-T with primary antibody overnight at 4°C. After washing, membranes
were incubated with HRP-conjugated secondary antibody for 4 h at room
temperature. Proteins were visualized using an ECL kit (Pierce, 32106).
Scanned images were analyzed using ImageJ software.

Statistical analysis
Statistical differences between conditions were assessed using
GraphPad Prism 8.2.1., MATLAB and R core team (www.graphpad.com;
www.mathworks.com; www.r-project.org). The normal distribution of the
samples was assessed before analysis of significance. Values are expressed as
mean±s.e.m. or median±25/75 percentiles for non-parametric data for the
indicated number of independent experiments or corresponding particles (n).
The experimental setting, the n, and the number of independent experiments
are described in figure legends. No data was excluded from analysis. Images
for analysis of intensity, quantification of axonal tracks from movies, or in
Sholl analysis, were double-coded so the experimenter was blind to genotype
or treatment. A two-tailed Student’s t-test was used to compare differences
between groups. Two-way ANOVAwas performed to identify the interaction
between two independent variables and analysis was followed by a
Bonferroni post-test. The Kolmogorov–Smirnov test was used to compare
frequency distributions of fascicle diameter, segmental velocities and axon
diameters. Differences that resulted in P<0.05 were considered significant.
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