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Abstract
The process of locomotion is controlled by fine-tuned dopaminergic

neurons in the Substantia Nigra pars-compacta (SNpc) that

projects their axons to the dorsal striatum regulating cortical

innervations of medium spiny neurons. Dysfunction in dopaminer-

gic neurotransmission within the striatum leads to movement

impairments, gaiting defects, and hypo-locomotion. Due to their

high polarity and extreme axonal arborization, neurons depend on

molecular motor proteins and microtubule-based transport for their

normal function. Transport defects have been associated with

neurodegeneration since axonopathies, axonal clogging, micro-

tubule destabilization, and lower motor proteins levels were

described in the brain of patients with Parkinson’s Disease and

other neurodegenerative disorders. However, the contribution of

specific motor proteins to the regulation of the nigrostriatal network

remains unclear. Here, we generated different conditional knockout

mice for the kinesin heavy chain 5B subunit (Kif5b) of Kinesin-1 to

unravel its contribution to locomotion. Interestingly, mice with

neuronal Kif5b deletion showed hypo-locomotion, movement

initiation deficits, and coordination impairments. High pressure

liquid chromatography determined that dopamine (DA) metabolism

is impaired in neuronal Kif5b-KO, while no dopaminergic cell loss

was observed. However, the deletion of Kif5b only in dopaminergic

neurons is not sufficient to induce locomotor defects. Noteworthy,

pharmacological stimulation of DA release together with agonist or

antagonist of DA receptors revealed selective D2-dependent

movement initiation defects in neuronal Kif5b-KO. Finally, sub-

cellular fractionation from striatum showed that Kif5b deletion

reduced the amount of dopamine D2 receptor in synaptic plasma

membranes. Together, these results revealed an important role for

Kif5b in the modulation of the striatal network that is relevant to the

overall locomotor response.
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A variety of neurological disorders associated with defects
in the stimulation of striatal medium spiny neurons convey
in the clinical manifestation of motor symptoms, such as
bradykinesia and locomotor impairments (Spillantini et al.
1997; Fahn 2003). The function of substantia nigra pars
compacta dopaminergic (DArgic) neurons, with ramified
axons covering 6% of the neostriatum, depend on a
regulated axonal transport system (Matsuda et al. 2009).
Defects in vesicle and organelle distribution found in
dystrophic neurites have been proposed to occur in
Parkinson disease (PD) due to cytoskeletal disruptions
induced by a-synuclein and tau protein accumulation in
Lewy deposits and neurofibrillarry tangles, respectively
(Braak and Braak 1990; Abeliovich and Gitler 2016;
Volpicelli-Daley 2017). In addition, different PD models
developed early axonal transport impairments prior to the
neurodegenerative process (Chu et al. 2012; Lu et al. 2014;
Pozo Devoto et al. 2017).
Molecular motors transport cargos along polarized micro-

tubules in an anterograde and retrograde manner (De Vos
et al. 2008). Kinesin-1 is a plus-end microtubule motor
composed of two kinesin heavy chains (KHC), which
interact with microtubules, and two light chains that associate
with cargo (Vale et al. 1985). Three genes coding for KHC
are expressed in mammals (Kif5a, Kif5b, and Kif5c) (Miki
et al. 2001). Kif5b is ubiquitously expressed, whereas Kif5a
and Kif5c are enriched in neurons (Kanai et al. 2000). Kif5
subunits have been initially considered redundant and
responsible for the transport of mitochondria (Tanaka et al.
1998; Kanai et al. 2000), amyloid precursor protein (APP)
vesicles (Kamal et al. 2000), GABA receptors (Twelvetrees
et al. 2011; Nakajima et al. 2012), and lysosomes (Tanaka
et al. 1998). However, different studies have suggested
functional differences between Kif5 subunits (Deboer et al.
2009). Mutant mice with constitutive Kif5a deletion die at
birth (Xia et al. 2003), whereas its conditional removal from
neurons impairs GABA receptor and neurofilament transport
generating severe epilepsy, and postnatal death (Twelvetrees
et al. 2011). Mice lacking Kif5c develop a smaller brain, but
no other differential phenotype has been described (Kanai
et al. 2000). Mice without Kif5b expression are embryonic
lethal due to defects in mitochondria and lysosome disper-
sion in non-neuronal cells (Tanaka et al. 1998). Therefore,
the contribution of different motors to the function of specific
neuronal pathways, and their role in locomotion remains
elusive.
The central neuronal loop that controls locomotion and

coordination in mammals involves cortical neurons project-
ing to the striatum which is regulated by nigral DArgic
innervations (Bolam, 2000). GABAergic medium spiny
neurons (MSN) in the striatum are divided in direct and
indirect pathways (Mink 2003). Direct pathway neurons
express dopamine D1 receptors (D1R) and promote

movement (Gerfen et al. 1990; Mink 2003). Oppositely,
indirect pathway neurons express dopamine D2 receptors
(D2R) and inhibit movement (Gerfen et al. 1990; Mink
2003). Their coordinated activity is required for movement
generation and fine tune locomotion processes (Cui et al.
2014). Consequently, pharmacological blockade of D1R by
antagonist SCH 23390 has been described to inhibit
movement; similar to the effect of D2R agonist quinpirole
(Starr and Starr 1986; Usiello et al. 2000). D2R deletion in
mice leads to hypo-locomotion, indicating that activation of
this neurons is essential for movement (Baik et al. 1995;
Kelly et al. 1998). Although D1R and D2R are actively
transported within neurons (van Der Kooy et al. 1986; Aiso
et al. 1987) the contribution of specific motor protein to
their transport have been unexplored. Moreover, the motor
protein responsible for the intracellular distribution of
dopamine (DA)-related cargos, and their role in locomotion
remain elusive.
Here we aim to elucidate the role of Kif5b in the

nigrostriatal pathway. Our data reveal that Kif5b plays
essential roles in regulating striatum-dependent locomotion
by modulating DA metabolism and D2R presentation at the
plasma membrane.

Materials and methods

Animals

Mice were housed in 24�C temperature- and 12 h light/dark-
controlled rooms with ad libitum food and water access. Exper-
iments with animals were performed following approved university
protocols (UBA-456/2010). Kif5bloxP/loxP mice were obtained from
NIH-NCI (MTA:33287-11) (Cui et al. 2011) and crossed with
Tg.(Nes-cre) mice (IMSR Cat# JAX:003771, research resource
identifier, RRID:IMSR_JAX:003771) (Tronche et al. 1999) or
Dat+/ires-cre mice (IMSR Cat# JAX:006660, RRID:
IMSR_JAX:006660) (B€ackman et al. 2006) in C57BL/6J back-
ground. Kif5b+/loxP;Tg.(Nes-cre) crossed with Kif5bloxP/loxP bred to
produced offspring with Kif5bloxP/loxP, Kif5b+/loxP;Tg.(Nes-cre),
and Kif5bloxP/loxP;Tg.(Nes-cre) genotypes. Kif5b+/oxP;Dat+/irescre

crossed with Kif5bloxP/loxP bred to produced offspring with
Kif5bloxP/loxP, Kif5b+/loxP; Dat+/ires-cre, and Kif5bloxP/loxP;Dat+/ires-cre

genotypes. Genotypification was performed from DNA extracted
from ear punches using primers loxP: forward:
50TGAAGGCTAAGTCAGATATGGATGC30, reverse 1:
50GGATTGGCACCTTTACCTAGAAGG30 and reverse 2: 50TTA
CTAACTGAACCTGGCTTCCTAG30; for detecting Cre in
Tg.(Nes-cre) forward: 50GCATAACCAGTGAAACAGCATTG
CTG30, reverse: 50AAAATTTGCCTGCATTACCG30; for Cre in
Dat+/ires-cre forward: 50TGGCTGTTGGTGTAAAGTGG30, IRES:
50CCAAAAGACGGCAATATGGT30 and reverse: 50GGACA
GGGACATGGTTGACT30. PCR parameters were: 95°C-5 min,
followed by 35 cycles of 95°C-30 s, 55°C-30 s, and 72°C-1 min
and last round at 72°C-5 min. Behavioral tests were performed
during light period in a dimmed illuminated room at 24�C after
habituating mice for 1 h. Timeline used for animal testing and
number of mice on each experiment is described in figures. Mice
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were killed by CO2 inhalation in a chamber following approved
protocols. Total number of mice used per genotypes is: Kif5bloxP/
loxP 104, NeurK5b-KO 88, Kif5bloxP/loxP;Dat+/ires-cre mice
(DAK5b-KO): 18. Arbitrary selection was performed to allocate
drug or saline treatment. No animal tested was excluded from
analysis.

Open field

Mice were allowed to freely explore a chamber (50 9 50 cm) for
30 min while being recorded and videos analyzed using ANY-
maze software (Version 4.3; Stoelting Co., Wood Dale, IL, USA).
The total distance travelled, the number of initiation episodes and
the time taken for moving in the center (16.5 9 16.5 cm centered
square) were noted down. Movement initiation was quantified
when a still mouse (immobile for more than 2 s) made a change
in position of more than 20% of the pixels representing its body.
Mouse behavior represented by grooming and rearing were
quantified from movies.

Gaiting analysis

To perform the step analysis mice were allowed to freely walk over
a blotting paper in a straight narrow half-tube (30 cm) after their
paws were stained with black ink to generate footprints. Distances
between left and right footprints and inter-limb distances were
analyzed.

Rotarod

Rotarod assay was performed in two consecutive days in which
mice were trained and tested in two trials of 10 min spaced 2 h in
between. Rod speed was constant at 14 rpm. Number of falls and
maximum time over the rod were registered.

Plus maze

Mice were placed in the center of an elevated plus maze (50 cm in
height) composed of two open and two closed arms (5 9 30 cm).
Mice were allowed to freely walk for 5 min and tracked using ANY-
maze software. Proportion of time spent in arms and number of
entries to arms was measured.

Drugs

D-amphetamine (Sigma, St Louis, MO, USA, A3278; 7.5 mg/kg)
dissolved in phosphate-buffered saline (PBS) was administered
intraperitoneally 15 min before testing. SCH 23390 (0.25 mg/kg;
Santa Cruz Biotechnology, Santa Cruz, CA, USA, 125941-87-9,) or
Quinpirole hydrochloride (0.05 mg/kg; Santa Cruz Biotechnology,
85798-08-9,) were administered 15 min prior D-amphetamine
administration (30 min before Open Field test).

High-performance liquid chromatography

Striatum was dissected and frozen at �80°C. Dissected striatum was
weighed, homogenized, and deproteinized in perchloric acid (HClO4

0.2N, 1/40 w/vol). Homogenates were centrifuged (13000 g, 7 min)
and supernatants injected in a NOVA-PAK C18 3.9 9 150 mm
column, with PicB8 4.8 mL, NaH2PO4H2O 10.8 g, EDTA
(0.99 mM) and 72 mL methanol as mobile phase. Chromatography
was done with the Peak Simple Chromatography data system
equipment, voltage measured with Amperometric Detector LC 48

(BASi, West Lafayette, IN, USA). Pick Easy software (SRI
instruments, Bad Honnef, Germany) was used to analyze intensity
voltage peaks and concentrations.

Histology

Killed mice were rapidly subjected to a transcardial perfusion by
injecting a butterfly needle in the left ventricle coupled to a peristaltic
pump. 20 mL of PBS pH: 7.4 was perfused at a pace of 1.5 mL/min
followingwith 20 mL of 4%paraformaldehyde in PBS.After fixation,
mice were decapitated with scissors, the skin removed from the head,
the skull cut laterally and at the middle from posterior to anterior using
fine scissors. Both parietal bones were broken off to release the brain,
which was carefully removed and placed overnight in 4%
paraformaldehyde in PBS solution at 4°C. Next day brains were
changed to 20% sucrose solution (O/N). Brains mounted in freezing
media (OCT)were coronally sectioned (50 lm)using a cryostat (Leica
CM1850). Brain slices were put sequentially in 6 wells to obtain the
brain representation in eachwell containing 10 sections spaced apart by
300 lm. For immunohistochemistry brain slices were blocked (1 h in
10% goat serum in phosphate saline buffer, 0.5% triton, at 24�C) and
incubatedwith primary antibodiesO/N (16 h, 10%goat serum in PBS,
0.5% triton, at 4°C). Secondarybiotinilated antibody (1 : 300; Jackson
Immuno-Research, West Grove, PA, USA, Goat anti-rabbit IgG 111-
065-003, Goat anti-mouse IgG 115-065-003) and streptavidine-
peroxidase amplification was performed, followed by diaminoben-
cidine development kit (Vector Laboratories, Burlingame, CA, USA).
Images were acquired using a 409 lens on an Olympus IX81
microscope (Olympus, Tokio, Japan). Volume analysiswere estimated
from brain, ventricles, and cortex using seven arbitrary selected
systematic serial sections of 50 lm slices spaced apart by 300 lm.
Cavalieri’s principle was used for unbiased estimation of an arbitrary
shape volume. VCavalieri = t (A1 + A2 + . . . + Ap). Volumes were
obtained from the product of the distance between analyzed planes (t)
and the sum of registered areas on systematic-arbitrary sections
(Falzone et al. 2009).

Reverse transcription PCR (RT-PCR)

Dissected striatum from mice was lysed in trizol and mRNA
extracted for cDNA transcription with Transcriptor First Strand
cDNA Synthesis Kit (Roche Molecular Biochemicals, Indianapolis,
IN, USA). RT-PCR was performed for DRD2 using primer forward:
50CCACACTGGTTATGCCCTGG30; reverse: 50GGTTCAAGATG
CTTGCTGTGC30; DRD1, forward: 50GATGGCTCCTAACACTT
CTACC30; reverse: 50GGCTGTGAGGATGCGAAAG30 Cyclofilin,
forward: 50TGGAGATGAATCTGTAGGACGA30; reverse: 50GAA
GTCTCCACCCTGGATCA30. PCR parameters were: 95°C-
10 min, followed by 40 cycles of 95°C-15 s, 60°C-1 min, and
72°C-1 min and last round at 72°C-5 min.

Synaptic membrane purification

Homogenized striatum from three mice per genotype were maintained
at 4°C (0.3 M sucrose, 4 mMHEPES pH 7.5, protease inhibitors) and
centrifuged (1000 g, 10 min) to obtain P1 pellet and S1 supernatant
(cytosolic fraction). P2 and S2 were obtained by further centrifugation
of S1 (9200 g, 15 min).A similar procedurewas repeated to obtain P20

(crude synaptosomes)whichwas resuspended in similar initial volume
ofHEPESbuffer and subjected to hypotonic shockwithnine additional
volumes of cold water. After 10 min, buffer and pH was recovered
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using 1 M HEPES pH 7.5. Synaptic vesicles (LS1) and synaptic
plasma membrane (LP1) fractions were obtained by centrifugation
(25 000 g, 20 min). 30 ug of protein were loaded in each fraction
for western blots that were developed using standard enhanced
chemiluminescence (Thermo) procedures.

Antibodies

Tyrosine hydroxylase (TH) rabbit (Millipore Corporation, Bedford,
MA, USA, AB152, RRID:AB_390204; IF1/600), Kif5b rabbit
(Purified serum; IF 1/200, WB 1/500), KHC mouse (Millipore
Corporation, MAB1614, RRID:AB_94284; WB 1/500), tubulin
mouse (Milipore Corporation, DM1a 05-829; 1/10000), NMDAr
rabbit (Sigma-Aldrich, St. Louis, MO, USA, G8913, RRID:
AB_259978, WB 1/1000), D2R rabbit (WB 1/200). HOMER rabbit
(Synaptic Systems, G€ottingen, Germany, 160003, RRID:
AB_887730, WB 1/1000). Secondary fluorescent antibodies from
molecular probes alexa conjugated to 488 (Thermo-Fisher, Goat
anti-rabbit IgG A11034, Goat anti-mouse IgG A28175) and 565
(Thermo Fisher, Waltham, MA, USA, Goat anti-rabbit IgG A11011,
Goat anti-mouse IgG A11004) were used 1/500. Alkaline phos-
phatase conjugated secondary antibodies were used in WB
1 : 10 000 (Jackson Immuno-Research, Goat anti-rabbit IgG 111-
035-144, Goat anti-mouse IgG 115-035-146).

Primary hippocampal cell culture

Hippocampi from newborn mice were dissected and incubated in a
0.22-mm-filtered mixture A solution (45 U papain, 0.05% DNase in
PBS) for 20 min at 37°C and then triturated by pipetting. Cells were
grown (500 mM L-glutamine, Neurobasal + B27) over poly-D-
lysine-coated coverslips (37°C, 5% CO2) (Falzone and Stokin
2012). Plasmid pcdna3 CMV-APP-yellow fluorescent protein (YFP)
containing a protein fusion between APP695 and YFP, and plasmid
pcdna3 CMV-MITO-EGFP containing the enhanced green fluores-
cent protein (EGFP) fused to a mitochondrial signal peptide from the
human cytochrome C were transfected in neurons at a low
transfection efficiency (5–10%) using Lipofectamine 2000 (Invitro-
gen) (Falzone et al. 2009).

Movie acquisition and kymograph analysis

APP–YFP and MITO-EGFP were recorded using an inverted
epifluorescent microscope connected to a CCD camera (Olympus
IX81-DP71/12.5) and a 609 lens (NA: 1.40) with a heating chamber
(5% CO2, 37°C) (Tokai). Directionality was determined by tracking
axons 2 fields away from cell bodies or projection tips. Continuous
30-s stacks (224 frames) at 125 msec/frame (8 Hz) were collected for
APP–YFP or time lapse (1 frame/2 s) for MITO-EGFP. Kymographs
were plotted with Image J (NIH, Bethesda, MD, USA) using
multiple-kymograph plug-in, and particle proportion, average veloc-
ities and density extracted (Falzone and Stokin 2012).

Experimental design and statistical analysis

Sample size in behavioral experiments was calculated using the
mean difference between two groups following protocols per-
formed previously (Rubinstein et al. 1997; Falzone et al. 2002).
Averages were plotted in graphs and bars represented standard
error of the mean (SEM). Data were assessed for normal
distribution prior analysis using Shapiro–Wilk normality test.
Statistical analysis was performed using Student’s t-test with

independent two tails when comparing two groups, or two-way
ANOVA followed by Bonferroni post hoc test when variables
(genotype and treatment) where analyzed simultaneously. No test
to identify outliers was performed. GraphPad Prism Software was
used for analysis (Windows 7.00; La Jolla, CA, USA). Asterisks
indicate significance.

Results

Mice lacking neuronal Kif5b motor protein survive and

develop a normal brain

Since constitutive deletion of Kif5b in mice resulted in
embryonic lethality (Tanaka et al. 1998), its contribution to
neuronal function remains elusive. To dissect the neuronal
role of Kif5b in locomotion we selectively deleted its
expression from neurons by the Cre-loxP system. Mice with
Kif5b exon 2 flanked by loxP sites (Kif5bloxP/loxP) were
crossed with transgenic mice expressing Cre recombinase
under the nestin promoter, Tg(Nes-cre) (Tronche et al.
1999; Cui et al. 2011) (Fig. 1a). From our breeding
strategy we obtained mice with the conditional genomic
deletion of Kif5b in neurons (Kif5bloxP/loxP;Tg.Nes-cre, from
now on: NeurK5b-KO), mice with one deleted Kif5b allele
in neurons (Kif5b+/loxP;Tg.Nes-cre) and control mice
(Kif5bloxP/loxP) (Fig. 1b). Cre-mediated recombination in
neurons was tested by crossing Tg(Nes-cre) mice with the
Cre reporter mice Ai14 to determine td-tomato expression
within the brain (Fig. 1c) (Madisen et al. 2010). Genomic
recombination in NeurK5b-KO was diagnosed by PCR
(Fig. 1d). Western blots showed a significant (90%) reduc-
tion in Kif5b expression in NeurK5b-KO brains (Fig. 1e
and f) compared with control and Kif5b+/loxP;Tg.Nes-cre
mice. Western blots also revealed that Kif5a and Kif5c
levels in NeurK5b-KO and in Kif5b+/loxP;Tg.Nes-cre remain
similar to control mice (Fig. 1e and f), suggesting that
neuronal Kif5b deletion does not induce compensatory
expression of other KHC subunits.
We reported that KLC1 deletion in mice leads to brain

malformations and severe transport defects (Falzone et al.
2009, 2010). However, neuronal deletion of Kif5a and Kif5c
did not generate brain structural abnormalities (Kanai et al.
2000; Xia et al. 2003). We analyzed whether neuronal Kif5b
deletion induced defects in brain architecture. NeurK5b-KO
showed no signs of brain developmental defects or survival
impairments. To specifically analyze NeurK5b-KO brain
structure and morphology we stain nuclei from neural tissue
using the thiazine metachromatic dye Toluidine blue. The
brain morphology and size of NeurK5b-KO was similar to
control at 2 months of age (Fig. 1g). Similar overall
morphology and volumes of the brain, cortex, and ventricles
were measured in NeurK5b-KO compared with control
(Fig. 1h–j); suggesting that Kif5b expression is not critical
for neuronal development and the acquisition of brain
organization.
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(a)

(c)

(b)

(d)

(e)

(g)

(h) (i) (j)

(f)

Fig. 1 Neuronal Kif5b knockout mice

survive and develop a normal brain. (a)
Gen map of Kif5bloxP (up) and Tg.(Nes-cre)
(down) alleles. (b) PCR from Kif5b+/+,

Kif5bloxP/loxP, NeurK5b-KO and Kif5b+/loxP;
Tg.(Nes-cre). Kif5b floxed allele amplified a
275 bp. band, wild type a 215 bp. band, and
Nes-cre allele a 300 bp. band. Negative

control (�). (c) Gen map of Ai14 allele.
Strong promoter (CAG), stop signal and td-
tomato are diagramed. Representative

image from Ai14;Tg.(Nes-cre) brain
expressing td-tomato (red). CX: cortex,
VTA: ventral tegmental area, and SN:

substantia nigra. (d) Recombined Kif5bloxP

allele and PCR from brain DNA of Kif5bloxP/

loxP and NeurK5b-KO (primers P1-P3, Cre
and P1-P2). P1-P2 allowed amplification of

recombined alleles. (e) Western blot from
brain homogenates extracted from Kif5bloxP/
loxP (black bar), Kif5b+/loxP;Tg.Nes-cre (gray

bar), and NeurK5b-KO (white bar). (f)
Western blot quantification for Kif5b (one-
way ANOVA F(2,21) = 65.44, p < 0.0001) and

kinesin heavy chain (KHC) (one-way ANOVA

F(2,14) = 0.306, p < 0.7412) n: 10 Kif5bloxP/

loxP, 4 Kif5b+/loxP;Tg.Nes-cre, and 10

NeurK5b-KO brain homogenates. (g) Brain
slices from control and NeurK5b-KO mice
stained with toluidine blue. Anterior (left)
and posterior (right) slices indicated

following Paxinos atlas coordinates. Cx:
Cortex, St: Striatum and Hipp:
Hippocampus. (h–j) Quantification of brain

(h), ventricles (i), and cortex (j) volumes
estimated using the Cavalieri’s principle
(Student’s t-test t = 0.1641 p = 0.1560

brain, t = 1.534 p = 0.1997 ventricle, and
t = 0.2443 p = 0.8190 cortex n = 10 mice.
(***p < 0.001).
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Kif5b deletion induced APP and mitochondria axonal
transport defects

To test whether neuronal kif5b deletion impairs the axonal
transport pathway, we characterized the transport properties

of APP and mitochondria, two distinct cargos that partially
depend on Kif5b for their movement (Kaether et al. 2000;
Glater et al. 2006). Due to the enrichment and homogeneity
of pyramidal neurons obtained from dissected hippocampus

Anterograde Retrograde Anterograde Retrograde

(a)

(b)

(e)

(f) (g) (h)

(c) (d)

Fig. 2 Impaired amyloid precursor protein (APP) and mitochondria
axonal transport in NeurK5b-KO neurons. (a) Kymographs of APP-
yellow fluorescent protein (YFP) obtained from a 30 s movie in axons

from kif5bloxP/loxP (left) or NeuroK5b-KO mice (right). (b) Average
proportion of APP-YFP moving in anterograde (ant) or retrograde (ret)
direction and those remaining stationary (st) (Student’s t-test: Ant.
t = 2.695 p = 0.0076, St: t = 3.454 p = 0.0007 and ret: t = 0.9551

p = 0.3406). (c) Average speed of APP-YFP vesicles (Student’s t-test
ant: t = 0.6906 p = 0.4909; ret: t = 0.08103 p = 0.9355). (d) Average
APP-YFP vesicle per micron (Student’s t-test t = 1.168 p = 0.2440).

n = 108 Kif5bloxP/loxP, 102 NeurK5bKO neurons. (e) Kymographs of

MITO-EGFP from time lapse movies in axons from kif5bloxP/loxP (left) or
NeuroK5b-KO mice (right). (f) Average anterograde or retrograde
proportion of MITO-EGFP and those remaining stationary (Student’s t-

test ant: t = 1.286 p = 0.2015; stat: t = 2.474 p = 0.0151; ret:
t = 1.896 p = 0.061) (g) Average speed of MITO-EGFP (Student’s t-
test ant: t = 1.921 p = 0.0579; ret: t = 0.3346 p = 0.7388). (h) Average
mitochondria per micron (Student’s t-test t = 0.2204 p = 0.8260).

n = 47 Kif5bloxP/loxP, 53 NeurK5bKO neurons. Movies of APP-YFP and
MITO-EGFP from three independent neuronal cultures using 3–4 pups
hipocampi per genotype (Aprox. 12 pups per genotype). *p < 0.05,

**p < 0.01, ***p < 0.0001.
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as opposed to other brain areas we performed primary
hippocampal cultures from control and NeurK5b-KO that
were transfected with vectors driving fluorescent APP (APP-
YFP) or mitochondria (MITO-EGFP) (Fig. 2a and e). Kif5b
deletion induced specific APP-YFP axonal transport defects
with significant decreases in the anterograde proportion of
moving vesicles and increases in stationary vesicles
(Fig. 2b). No changes were observed in vesicle velocity
and density (Fig. 2c and d). In addition, neurons transfected
with MITO-EGFP revealed increases in stationary mitochon-
dria in NeurK5b-KO neurons (Fig. 2f). Again, mitochondria
velocities and density were similar between controls and
NeurK5b-KO (Fig. 2g and h). Thus, deletion of Kif5b
induced early axonal transport defects of KHC-dependent
cargos.

NeurK5b-KO mice show hypo-locomotion and motor

coordination deficits

Locomotion is regulated by a complex brain circuitry that
involves the motor cortex and the basal ganglia (Gerfen and
Surmeier 2011). To test whether locomotor activity is
impaired by neuronal Kif5b deletion, we performed different
behavioral test in NeurK5b-KO mice compared with control
(Fig. 3a). Locomotion in the open field was recorded during
30 min and movement responses were analyzed. Interest-
ingly, NeurK5b-KO showed an overall 30% reduction in
total traveled distance when compared with control litter-
mates (Fig. 3b), suggesting a hypo-locomotor response.
Moreover, NeurK5b-KO showed a 40% increase in the
number of ambulatory initiation episodes (Fig. 3c), revealing
defects in sustained locomotion performance. To analyze the
habituation behavior, the open field experiment was divided
in 5-min time lapse and distance measured within each
temporal window resulted with similar slope in both
genotypes, indicating that hypo-locomotion in NeurK5b-
KO was not due to habituation (Fig. 3d). In addition, the
events and time of grooming and rearing behavior displayed
in the open field by NeurK5b-KO and controls were similar

allowing the discrimination of defects in ambulatory
responses but not in stereotypical behavior (Figure S1). In
this assay, the proportion of time spent in the center of the
open field was reduced in NeurK5b-KO when compared with
controls (Fig. 3e), a response that could be related with
increased anxiety (Lipkind et al. 2004). However, when
tested in the elevated plus maze, NeurK5b-KO showed no
changes in the proportion of entries and time spent in open
arms compared with control (Fig. 3f and g), suggesting that
open field results are related to locomotor defects. We then
analyzed whether gaiting behavior was impaired in
NeurK5b-KO mice by measuring walking steps and left/
right paws positioning during locomotion (Fig. 3h). Distance
between front and back steps and within right/left legs were
normal in NeuroK5b-KO when compared with control
(Fig. 3i). In addition, footprint displacement appears normal
in NeuroK5b-KO without signs of step discoordination
(Fig. 3h and i). However, motor deficits could appear in
higher locomotor demanding tasks, such as the rotarod assay.
NeurK5b-KO had poor performance on the rotarod with a
significant increase in the number of falls (Fig. 3j) and
reduced time on the rotating rod compared with controls
(Fig. 3k). NeurK5b-KO were able to improve their perfor-
mance with training over the rotarod, although, they did so at
a slower pace (Fig. 3j and k). These results highlight that
Kif5b expression in neurons is relevant for the process of
movement initiation, overall locomotion, and motor coordi-
nation.

Impaired DA metabolism in NeurK5b-KO mice
Bradykinesia and movement initiation defects are observed
due to low DArgic stimulation within the striatum (Fahn
2003). These impairments may appear after significant
DArgic neurodegeneration (Shulman et al. 2011). To test
whether Kif5b deletion induce cell loss, we quantified the
number of DArgic neurons in the SN and ventral
tegmental area (VTA). Serial coronal brain sections from
NeurK5b-KO and control mice were stained against TH

Fig. 3 Hypo-locomotion and discoordination in NeurK5b-KO mice. (a)
Timeline followed forKif5bloxP/loxP andNeurK5b-KO at 2 month of age in

the open field (Day 1) and rotarod (days 2 and 3). On day 11th the plus
maze test was conducted and on day 12thmice were killed for histology,
western blot or high pressure liquid chromatography (HPLC) (total

timeline A: 27Kif5bloxP/loxP and 21NeurK5b-KOmice), (b) Total traveled
distance by mice in a 30 min open field. (c) Number of movement
initiation episodes in the open field. (Student’s t-test, total distance:

t = 3.79 p = 0.0008; movement initiation: t = 2.498 p = 0.0192) (d)
Distance run in 5-min time period, control black dots and NeurK5b-KO
gray dots (two-way ANOVA Bonferroni post hoc test, main effect of
genotypeF(1,16) = 9.914, p = 0.0062,main effect of timeF(6,96) = 56.01,

p < 0.0001). (e) Proportion of time movement in the center of the open
field (Student’s t-test t = 2.608 p = 0.019). n: 17 Kif5bloxP/loxP, 11
NeurK5b-KOmice. (f) Percentage of entries to closedor open arms (two-

way ANOVA, Bonferroni post hoc test, main effect of genotype

F(1,11) = 3.127, p = 0.1047, main effect of arm F(1,11) = 32.55). (g)
Percentage of time spent in closed and open arms (two-way ANOVA,

Bonferroni post hoc test, main effect of genotype F(1,11) = 0.3398,
p = 0.5717, main effect of arm F(1,11) = 174.5). n: 8 Kif5bloxP/loxP, 5
NeurK5bKO mice. (h) Representative mouse footprints in gaiting

analysis. (i) Distance between right/left paws (Student’s t-test right front:
t = 0.4349 p = 0.6699; right back: t = 1.055 p = 0.3081; left front:
t = 0.2615 p = 0.7973; Left back: t = 0.1816 p = 0.8585). n: 9Kif5bloxP/
loxP, 8 NeurK5b-KO mice. (j) Number of falls from rotarod during each
trial, (two-way ANOVA, Bonferroni post hoc, main effect of genotype
F(1,27) = 16.83, p = 0.0003, main effect of trial F(3,81) = 56.01,
p < 0.0001) (k) Maximum time remaining over the rotarod (two-way

ANOVA, Bonferroni post hoc, main effect of genotype F(1,27) = 15.43,
p = 0.0005, main effect of trial F(3,81) = 32.79, p < 0.0001. n: 18
Kif5bloxP/loxP, 11 NeurK5b-KO mice. Kif5bloxP/loxP black bar and

NeurK5b-KO white bar. *p < 0.05, **p < 0.01, ***p < 0.001.

© 2019 International Society for Neurochemistry, J. Neurochem. (2019) 149, 362--380

368 L. E. Cromberg et al.



NeurK5b-KO n = 8

Open field
NeurK5b-KO n = 11

Control n = 17
Rotarod

NeurK5b-KO n = 11 
Control n = 18

Day 11 Day 12

2 months 

Plus maze
Control n = 8

NeurK5b-KO n = 15 

Histology
Control n = 16

NeurK5b-KO n = 9 

WB
Control n = 3

NeurK5b-KO n = 3 

HPLC
Control n = 8

Day 1 Day 2 Day 3

Trials Trials

(a)

(b) (c)

(f)

(h)

(j) (k)

(i)

(g)

(d) (e)

© 2019 International Society for Neurochemistry, J. Neurochem. (2019) 149, 362--380

Role of Kif5b in striatum-dependent locomotion 369



(Fig. 4a). TH-positive cells were quantified revealing
similar density of DA neurons in NeurK5b-KO and
control (Fig. 4b). To test whether Kif5b deletion impairs
DA metabolism in the striatum, we analyzed by high
pressure liquid chromatography striatal DA concentration
and its intracellular and extracellular metabolites, DOPAC
and HVA, respectively (Fig. 4c–g). We found similar DA
concentrations in the striatum of NeurK5b-KO and control
(Fig. 4c), suggesting that Kif5b deletion had no effect on
the steady state levels of DA within DArgic terminals.

However, DOPAC was significantly decreased in
NeurK5b-KO (Fig. 4d). In addition, DOPAC/DA ratio
was lower in NeurK5b-KO mice, indicating a reduction in
the DA intracellular degradation rate (Fig. 4f). Noteworthy,
HVA striatal concentration was similar in both genotypes
(Fig. 4e), showing no differences in HVA/DA ratio and
suggesting that NeurK5b-KO were able to sustain similar
basal levels of DA release in resting conditions (Fig. 4g).
Together, these results suggest that reduced rates of DA
synthesis and/or degradation within pre-synaptic striatal

pm
ol pm

ol

pm
ol

(a)

(b)

(e) (f)

(c) (d)

Fig. 4 DA metabolism impairments in
NeurK5b-KO mice. (a) Tyrosine

hydroxylase immunohistochemistry in brain
slices from Kif5bloxP/loxP and NeurK5b-KO
(Student’s t-test t = 0.2705 p = 0.79). n: 16

Kif5bloxP/loxP, 9 NeurK5b-KO mice. (b–f)
Concentration of total DA (b), DOPAC (c),
HVA (d), DOPAC/DA (e) and HVA/DA (f)
measured by high pressure liquid

chromatography in pico-mol per milligram
of total proteins (pmol/mg). (Student’s t-test
DA t = 1.233 p = 0.2377, DOPAC:

t = 3.564 p = 0.031, HVA: t-test
t = 0.09878 p = 0.9227, DOPAC/DA: t =
2.513 p = 0.0248; and HVA/DA: t = 0.4253

p = 0.6771). Kif5bloxP/loxP black dots,
NeurK5b-KO white dots. *p < 0.05,
**p < 0.01.

Fig. 5 Normal locomotion in DAK5b-KO mice. (a) Gen map of Kif5bloxP

(up) and Dat+/ires-cre alleles (down). (b) PCR from Kif5bloxP/loxP, DAK5b-
KO and Kif5b+/loxP;dat+/ires-cre. Kif5b floxed allele amplified a 275 bp.
band, wild type a 215 bp. band (up). Cre in heterozygosis amplified two

bands at 264 bp. and 152 bp. (down). (c) Tyrosine hydroxylase (TH)
immunofluorescence (green) from Ai14;Dat+/ires-cre expressing td-
tomato (red) in Substantia nigra (SN) and ventral tegmental area

(VTA). Hoechst staining to observed nuclei (blue). Scale bar: 1 mm (d)
PCR fromDNA extracted frommidbrain (MB), striatum (ST), cortex (CX)
and olfactory bulb (OB) in Kif5b+/loxP and DAK5b-KO. Amplification was

observed fromWT or loxP alleles using P1-P3 primers (upper) and after
recombination using P1-P2 primers in DA neurons (lower) from DAK5b-
KO at MB and OB. (e) Experimental timeline followed for Kif5bloxP/loxP

andDAK5b-KOmice at 2, 6, and 12 months of age in the open field (Day
1) and rotarod (days 2 and 3). On day 12-, 6-, or 12-month-old mice were
killed for histology (total: 17Kif5bloxP/loxPand18DAK5b-KOmice). (f, h, j)
Total traveled distance in a 30-min open field at 2-, 6-, and 12-month-old

mice [Student’s t-test (f): t = 1.11 p = 0.2801, n: control 12, DAK5b-KO
10 mice; (h): t = 1.11 p = 0.2801, n: 13 Kif5bloxP/loxP, 13 DAK5b-KO
mice, and (j): t = 0.9509 p = 0.3511, n: 7 Kif5bloxP/loxP, 7 DAK5b-KO
mice]. (g, i, k) Number of falls from the rotarod at 2-, 6-, and 12-month-old

mice [two-way ANOVA, (g): main effect of genotype F(1,14) = 0.09177,
p = 0.7664, main effect of trial F(3,42) = 22.45, p < 0.0001 n: 8 Kif5bloxP/
loxP, 8 DAK5b-KO mice; (i): main effect of genotype F(1,24) = 0.1897,

p = 0.6671, main effect of trial F(3,72) = 7.502, p = 0.0002 n: 13
Kif5bloxP/loxP, 13 DAK5b-KO mice; (k): main effect of genotype
F(1,12) = 1.166, p = 0.3014, main effect of trial F(3,36) = 9.936,

p < 0.0001] n: 7 Kif5bloxP/loxP, 7 DAK5b-KO mice. Kif5bloxP/loxP: black
bar, DAK5b-KO:white bar. (l) TH immunohistochemistry from12-month-
old Kif5bLoxP/LoxP and DAK5b-KO. Scale 1 mm (up) and 50 lm (down).

(m)Quantification of TH+ cell density from 6 (n: 5Kif5bloxP/loxP, 6 DAK5b-
KO) and 12 months-old mice (n: 12 Kif5bloxP/loxP, 10 DAK5b-KO)
(Student’s t-test 6 months: t = 0.3545 p = 0.3627, 12 months
t = 0.2089 p = 0.8354).
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terminals may lead to deficits in locomotion and motor
coordination in NeurK5b-KO mice.

Normal locomotion observed after conditional deletion of

Kif5b only in dopaminergic neurons

To test whether locomotor defects are induced by pre-
synaptic impairments in DArgic neurons we generated a
strain carrying Kif5b null alleles exclusively in DArgic
neurons. Kif5bloxP/loxP mice were crossed with transgenic
mice expressing Cre under the control of an Internal
Ribosome Entry Site (IRES) within the DA transporter
(Dat) gene (Dat+/ires-cre) (B€ackman et al. 2006) (Fig. 5a and
b). The specific activity of cre in DArgic neurons in Dat+/ires-
cre was tested by crossing it with the Ai14 reporter mice and
analyzing the expression of td-Tomato counterstained against
TH in VTA and SN (Fig. 5c). The conditional genomic
recombination of Kif5b gene in Kif5bloxP/loxP;Dat+/ires-cre

(from now on: DAK5b-KO) was confirmed by PCR
revealing amplification only from midbrain and olfactory
bulb DNA where DArgic neurons are located, but not from
striatum and cortex, or from control Kif5b+/loxP without Cre
(Fig. 5d). The experimental setting followed to analyzed
DAK5b-KO mice was performed at 2, 6, and 12 months of
age (Fig. 5e). When evaluated in the open field similar
locomotor responses were observed in DAK5b-KO com-
pared with control mice at 2 months of age (Fig. 5f). In
addition, 6 and 12 months-old DAK5b-KO showed normal
locomotion (Fig. 5h and j). Moreover, DAK5b-KO mice
displayed normal motor coordination behavior when tested in
the rotarod showing similar numbers of falls and time on the
rod at 2, 6, and 12 months of age compared with control
(Fig. 5g, i and k; Figure S2). DArgic neuron survival was not
compromised in DAK5b-KO, displaying similar density of
TH-positive neurons in the VTA and SN when compared
with control mice at 6 and 12 months of age (Fig. 5l and m).
Together, these results suggest that conditional deletion of
Kif5b from pre-synaptic DArgic neurons is not sufficient to
induce locomotor defects like those observed after condi-
tional deletion of Kif5b throughout the brain.

Dopamine receptor mediated locomotor defects in NeurK5b-

KO mice

To test whether locomotor impairments observed in NeurK5b-
KO were caused by post-synaptic defects in the striatum, we
induced DA release using amphetamine (7.5 mg/kg, i.p.) and
measured locomotion (Sharp et al. 1987). Mice placed in the
open field after 15 min of a single amphetamine injection
revealed a significant increase in total traveled distance in
NeurK5b-KO and control mice comparedwith PBS injection as
control (Fig. 6a and b). Amphetamine induced a significant
increase in total traveled distance in the open field in NeurK5b-
KO and control mice (Fig. 6a). On the other hand, mice of both
genotypes receiving amphetamine showed reduced movement
initiation episodes, in accordance with the facilitation of

sustained locomotion (Fig. 6b). To gain further insight about
the mechanisms that induce locomotor disorders in NeurK5b-
KO, we studied the effects of the D1R antagonist SCH23390 in
the open field. SCH 23390 (0.25 mg/kg) induced a significant
decrease in total traveled distance and an overall reduction in the
number of movement initiation episodes in control and
NeurK5b-KO (Fig. 6c and d). D2R contribution to movement
was analyzed by the administration of the D2R agonist
quinpirole (0.05 mg/kg) which induced a significant reduction
in total traveled distance in both genotypes, although did not
change the number of movement initiation episodes (Fig. 6c
and d). The effect of SCH23390 or quinpirole was then tested in
amphetamine-treated mice. Pre-treatment with SCH 23390
reduced the total traveled distance compared to amphetamine-
induced locomotion inbothgenotypes (Fig. 6e).However,D1R
antagonist significantly increased the number of movement
initiation episodes in control and NeurK5b-KO (Fig. 6f).
Contrarily,while quinpirole did notmodify the traveleddistance
induced by amphetamine in both genotypes (Fig. 6e); it
significantly increased the number of amphetamine-induced
movement initiation episodes in control mice. However, no
effect was observed in the number of initiation episodes in
NeurK5b-KO, highlighting a significant difference in D2R-
mediated locomotion between both genotypes (Fig. 6f). These
results suggest that modulation of movement initiation
responses depends on D2R activation and that Kif5b deletion
may impairs D2R-mediated signaling.

Impaired subcellular distribution of D2R in NeurK5b-KO

Selective differences were observed in D2R activity. We,
therefore, tested whether the expression and localization of
DA receptors was impaired in NeurK5b-KO. Striatal Drd1
and Drd2 expression levels determined by quantitative RT-
PCR were similar in mice of both genotypes (Fig 7a and b),
indicating that DA receptors expression was not impaired by
Kif5b deletion. We then tested whether protein levels or
localization of the D2R might be altered. The striatum from
control and NeurK5b-KO were extracted and fractionated to
analyze D2R protein levels and its subcellular distribution
(Fig. 7c, Figure S3). Similar amounts of D2R protein were
observed in striatum homogenate fraction from control and
NeurK5b-KO when normalized to tubulin, consistent with
normal levels of mRNA expression (Fig. 7c and d). The
levels of NMDA receptor, a protein that does not depend on
Kinesin-1 for its membrane presentation and recycling (Setou
et al. 2000), were used as control for synaptic plasma
membrane fraction (LP1) enrichment. (Fig. 7c and d).
Quantification of D2R normalized to NMDAr revealed
enrichment in striatal LP1 compared with homogenate
fraction in control mice (Figure S3). However, a significant
reduction in D2R levels in synaptic plasma membrane
fraction was observed in NeurK5b-KO when compared with
controls (Fig. 7d, Figure S3). These experiments suggest that
deletion of Kif5b from striatal neurons does not change total
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D2R protein levels, but impairs D2R stabilization at the
plasma membrane. Together, these results reveal the partic-
ipation of Kif5b in the presentation and recycling of striatal
plasma membrane D2R that control movement initiation,
locomotion, and motor coordination.

Discussion

Intracellular dynamics support the distribution and presenta-
tion of proteins necessary for neurotransmission. The intri-
cate neuronal connectivity in the basal ganglia depends on

intracellular dynamics to modulate the behavioral response of
locomotion. Therefore, understanding the contribution of
motor proteins to neuronal function is relevant to compre-
hend the system and unravel the locomotor defects associated
with disorders of movement.
The process of movement initiation and motor coordina-

tion relies on DA release from the substantia nigra pars
compacta to striatal MSN expressing DA receptors (Bolam,
2000; Gerfen and Surmeier 2011). The coordinated stimu-
lation of D1R and D2R allow the fine tune regulation
required for movement (Gerfen et al. 1990; Mink 2003), and

7 Open field
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Control n = 6

PBS
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Open field
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Fig. 6 Impaired dopamine D2 receptor (D2R) dependent movement
initiation in NeurK5b-KO. (a) Total traveled distance and (b) movement
initiation episodes in the open field for mice injected with PBS or

amphetamine (AMP). Two-way ANOVA Bonferroni post hoc test, (a):
main effect of genotype F(1,20) = 1.481, p = 0.2377; main effect of
drug F(1,20) = 40.05, ***p < 0.0001, (b): main effect of genotype

F(1,20) = 2.13, p = 0.16; main effect of drug F(1,20) = 27.03,
p < 0.0001). n: 6 Kif5bloxP/loxP PBS, 5 NeurK5b-KO PBS, 6 Kif5bloxP/

loxP AMP, 5 NeurK5b-KO AMP mice. (c) Total traveled distance and (d)

movement initiation episodes in open field for PBS, SCH 23390 (SCH)
or Quinpirole (QUIN) injected mice. Two-way ANOVA Bonferroni post
hoc test, (c): main effect of genotype F(1,93) = 1.99, p = 0.1617; main
effect of drug F(2,93) = 165.8, p < 0.0001; (d): main effect of genotype

F(1,93) = 0.3389, p = 0.5619; main effect of drug F(2,93) = 32.11,

p < 0.0001. n: 21 Kif5bloxP/loxP PBS, 28 NeurK5b-KO PBS, 15
Kif5bloxP/loxP SCH, 17 NeurK5b-KO SCH, 6 Kif5bloxP/loxP QUIN, 12
NeurK5b-KO QUIN mice. (e) Total traveled distance and (f) movement

initiation episodes in the open field for AMP, SCH + AMP, or
QUIN + AMP injected mice. Two-way ANOVA Bonferroni post hoc test,
(e): main effect of genotype F(1,51) = 0.05801, p = 0.4498; main effect

of drug F(2,51) = 10.98, p = 0.0001; (f): main effect of genotype
F(1,51) = 0.05244, p = 0.8198; main effect of drug F(2,51) = 10.34,
p = 0.0002. n AMP: 10 Kif5bloxP/loxP, 10 NeurK5b-KO. n SCH + AMP:

9 Kif5bloxP/loxP, 10 NeurK5b-KO. n QUIN + AMP: 8 Kif5bloxP/loxP, 10
NeurK5b-KO mice. Boxes correspond to number of mice tested in the
open field at 2 months of age from a na€ıve cohort. Kif5bloxP/loxP black
bar, NeurK5b-KO white bar. *p < 0.05, ***p < 0.001.
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impairments in MSN activity leads to locomotor defects
(Starr and Starr 1986; Baik et al. 1995; Kelly et al. 1998;
Usiello et al. 2000). We generated conditional deletions of
kif5b to study the locomotor response in mice. NeurK5b-KO
display normal size and growth; however, Kif5b deletion
from neurons induces early axonal transport impairments of
APP and mitochondria. While mild defects were observed in
overall transport of these cargos, impairments may arise in
the long term as it is observed when behavior was analyzed
in NeurK5b-KO. Interestingly, significant hypo-locomotion
was observed at 2 month of age in NeurK5b-KO, including
lower travelled distance and increased movement initiation

attempts. These results suggest selective impairments asso-
ciated with the circuitry that controls movement. The
neuronal deletion of other KHC subunit, such as KIF5a,
severely compromised mice survival and the main phenotype
observed involved epileptic behavior but no locomotor
defects (Xia et al. 2003; Nakajima et al. 2012). Interestingly,
neither peripheral neuronal defects, nor epileptic behavior
were observed in NeurK5b-KO compared with conditional
Kif5a deletion, suggesting differential roles for distinct KHC
subunits of kinesin-1. NeurK5b-KO showed severe defects in
motor coordination when tested in a demanding task, such as
the rotarod. Similar motor coordination impairments were
observed in D1R and D2R knockout mice (Nakamura et al.
2014). Moreover, mice treated with MPTP, a selective
DArgic neurodegenerative agent, also showed motor coor-
dination impairments (Ayton et al. 2013), however, DA
neuron degeneration was not observed in NeurK5b-KO. Our
results suggest that activity of the nigrostriatal system that
control locomotion is impaired in NeurK5b-KO.
DA metabolism and its extracellular release depends on

axonal transport of various enzymes and organelles (Matsuda
et al. 2009). NeurK5b-KO display specific defects in DA
metabolism observed by reduced DOPAC, without changes
in DA or HVA levels, suggesting that DA availability and
release in steady-state conditions were similar in both
genotypes. Since DA synthesis is controlled by TH feed-
back inhibition (Meiser et al. 2013), a reduced intracellular
degradation did not lead to increased DA amounts. A similar
phenotype was described in monoamine oxidase (MAO)-A
KO mice with almost similar DA levels but significant
reductions in DOPAC (Cases et al. 1995). MAO, in charge
of intracellular conversion of DA to DOPAC, is located at
the mitochondrial external membrane (Westlund et al. 1993).
Interestingly, we showed that neurons with Kif5b deletion in
culture display significant increases in stationary mitochon-
dria suggesting less dynamic organelles reaching distal
synapses. Therefore, a reduced number of mitochondria in
striatal innervations due to transport defects may lead to
diminished presence of MAO and DOPAC. It is relevant to
stress that DAergic neurodegeneration induced by MPP+

involves the destabilization of microtubules and specific
defects in mitochondria transport (Cartelli et al. 2010; Kim-
Han et al. 2011; Dukes et al. 2016;). Thus, a limited
metabolic load in extensive polarized projections have been
proposed to contribute to the selective vulnerability of DA
neurons (Bolam and Pissadaki 2012; Pozo Devoto and
Falzone 2017). Under this condition, it is possible that
compromised locomotion associated with abnormal DA
availability under demanding tasks appear in challenged
coordinated locomotion, or exploring a novel environment
(Lisman and Grace 2005; Kumakura et al. 2010). Interest-
ingly, selective deletion of kif5b from DArgic neurons in
DAK5b-KO did not induce hypo-locomotion or motor
coordination impairments, demonstrating that absence of

(a)

(c)

(d)

(b)

Fig. 7 NeurK5b-KO display lower levels of membrane dopamine D2
receptor (D2R) in striatum. (a) Drd1mRNA and (b) Drd2mRNA
quantification by RT-PCR from cDNA prepared from mice striatum
mRNA. (Student’s t-test t = 1.522 p = 0.1520). n: 8 Kif5bloxP/loxP, 7

NeurK5b-KO striata. (c) Western blot from fractions obtained after
differential centrifugation. Homogenate (H), supernatant (S2), crude
synaptosomes (P20), and synaptic plasma membrane (LP1) obtained

after centrifugations from Kif5bloxP/loxP and NeurK5b-KO striata. (d)
Quantification of D2R distribution normalized to tubulin in homogenate
(H) and to NMDAr in plasma membrane (LP1) fractions from Kif5bloxP/
loxP and NeurK5b-KO (Student’s t-test t = 2790 p = 0.0493). n: 3
Kif5bloxP/loxP, 3 NeurK5b-KO. Kif5bloxP/loxP black, NeurK5b-KO white.
*p < 0.05.
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kif5b only in those neurons is not sufficient to generate
locomotor defects. These results suggest that pre-synaptic
defects on DA metabolism in NeurK5b-KO might be a
consequence of impaired striato-nigral regulation of DArgic
neuronal activity.
The stimulation of DA release by amphetamine-induced

hyper-locomotion and reduced the attempts for movement
initiation in control and NeurK5b-KO mice. DArgic receptor
stimulation at the post-synapse is fundamental for the
activity of the direct and indirect pathway during locomotion
(Cui et al. 2014). Even, cortical neurons that release
glutamate to MSN and express D2R can be modulated by
DA (Bamford et al. 2004). D1R and D2R are actively
transported within neurons (van Der Kooy et al. 1986; Aiso
et al. 1987), and their presentation at the membrane requires
the function of motor proteins for a regulated endocytosis
and recycling process, highlighting the relevance of motor
proteins for intracellular dynamics and neuronal function
(van Der Kooy et al. 1986; Aiso et al. 1987; Migheli et al.
2013; Rassu et al. 2017). The increase in movement
initiation episodes associated with hypo-locomotion in
NeurK5b-KO is proposed as abnormal attempts to achieve
proper locomotion. These locomotor defects depend on D2R
stimulation since quinpirole regulate this phenotype in
amphetamine-induced control mice. However, NeurK5b-
KO were insensitive to D2R-mediated movement initiation
phenotype modulated by quinpirole, which has a biphasic
effect on mice movement inducing hypo-locomotion at low
doses (Luque-Rojas et al. 2012). The pre-synaptic deletion
of D2Rs lead to increased locomotor activity and mice
resulted insensitive to hypo-locomotion induced by quin-
pirole (Bello et al. 2012). Contrarily, post-synaptic D2R
deletion leads to hypo-locomotion but this response can be
further reduced by low doses of quinpirole (Anzalone et al.
2012). These results stress the role of D2R in movement
regulation suggesting that NeurK5b-KO impairments in
locomotion might be due to post-synaptic defects in D2R.
Noteworthy, constitutive D2R deletion in mice induced
hypo-locomotion (Kelly et al. 1998), while D1R-KO
showed hyperactivity (Xu et al. 1994) or no evident
locomotor impairments (Drago et al. 1994). In agreement
with our results, the stimulation of the indirect pathway
using optogenetics specifically reduced the number of
movement initiation episodes (Kravitz et al. 2010). There-
fore, in NeurK5b-KO, functional defects of post-synaptic
D2R could mediate hypo-locomotion, increased number of
movement episodes, impaired DA metabolism, and lack of
sensitivity to quinpirole under stimulation with ampheta-
mine. However, our experiments did not rule out the
possibility that locomotor impairments in NeurK5b-KO
might be originated by transport defects in cortical neurons
that project toward the striatum. Moreover, since gluta-
matergic stimulation in the striatum is regulated by DA in a
complex synaptic arrangement with D2R present both in

MSN dendrites and in cortical axons (Wang and Pickel
2002; Bamford et al. 2004).
Different PD models suggest that intracellular defects in

the recycling of DA receptors could lead to impaired
neuronal function and locomotion (Migheli et al. 2013;
Rassu et al. 2017). In fact, subcellular fractionation from
NeurK5b-KO striatum determined a decrease in D2R levels
in synaptic plasma membranes compared with control,
suggesting that Kif5b is important for the presentation or
maintenance of D2R at the cell surface. The desensitization
process of D2R occur through endocytosis upon DA
stimulation, a mechanism that depends on clathrin-b-arrestin
complexes (Kim et al. 2001). Studies in MSN cultures
determined that D2R are internalized by two pathways (Li
et al. 2012): agonist-independent endocytosis through Rab4-
sensitive fast recycling pathway, and agonist-dependent
endocytosis through Rab11 slow recycling pathway. Kif5b
interacts with both Rab4 and Rab11 through protein
complexes (Schmidt et al. 2009), so D2R recycling mech-
anisms could be impaired in NeurK5b-KO. Despite the lack
of motor phenotypes in DAK5b-KO and the fact that post-
synaptic D2R deletion induced hypo-locomotion (Anzalone
et al. 2012), it is possible that D2R in MSN are abnormally
distributed in NeurK5b-KO, suggesting an important role for
Kif5b in D2R distribution. Together, these data establish a
causal role for the stimulation of post-synaptic D2R in the
indirect pathway that regulates ambulatory initiation epi-
sodes, a relevant step in overall locomotion processes. These
results are relevant for understanding how motor protein
defects contribute to the induction of locomotor impairments
that can be linked to the clinical manifestations found in
neurodegenerative disorders of movement.
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