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Abstract

Cyclin-dependent kinase 5 (cdk5) is a ubiquitous protein activated by specific activators, p35 and
p39. Cdk5 regulates neuronal migration, differentiation, axonogenesis, synaptic transmission and
apoptosis. However, its role in motor neuron development remains unexplored. Here, using gain and
loss-of-function analyses in developing zebrafish embryos, we report that cdk5 plays a critical role
in spinal and cranial motor neuron development. Cdk5 knockdown results in supernumerary spinal
and cranial motor neurons. While a dominant negative, kinase-dead cdk5 promotes the generation
of supernumerary motor neurons; over-expression of cdk5 suppresses motor neuron development.
Thus, modulating cdk5 activity seems promising in inducing motor neuron development in vivo.
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Introduction

The central nervous system contains a large number of different cell types and has provided
an avenue to study progenitor cell commitment and differentiation. Neural development of
vertebrates is regulated by a precise coordination of cell proliferation and differentiation.
Neural precursor cells are generated through a series of steps comprising neural induction,
patterning, and neurogenesis [1,2].

Cyclin-dependent kinase 5 (cdk5) was initially identified as a member of the cyclindependent
kinase family [3] and is found in mitotic cells [4]. Cdk5 kinase activity is not stimulated by an
associated cyclin but by its specific activators, p35 and p39 [5-7]. Cdk5 knockout mice exhibit
defects in organization of the cortex and cerebellum and are embryonically lethal [8]. Over-
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expresion of cdk5 and p35 promotes neurite outgrowth of cultured cortical neurons whereas a
dominant-negative mutant of cdk5 inhibits neurite outgrowth [9].

Cdk5’s role during early neural development is not known. In our earlier studies, we used
injection of cdk5 siRNA to knockdown cdk5 expression in the embryos. In the siRNA-mediated
cdk5 knockdown embryos, there was a marked decrease in the primary sensory neurons in the
central and peripheral nervous systems, such as, the Rohon-Beard (RB) and trigeminal ganglion
neurons [10-12]. Here, we show that inhibition of cdk5 protein expression by using specific
antisense morpholino oligonucleotide (MO) dramatically induces motor neuron development.
Conversely, cdk5 over-expression by mRNA injection suppresses motor neuron generation.
Over-expression of a kinase-dead cdk5 mutant (cdk5 DN) induces motor neuron generation.
These studies show, for the first time, that cdk5 can modulate motor neuron development.

Materials and methods

Animals

Zebrafish (Danio rerio) were kept and raised essentially according to standard procedures
(NCI, NIH facility). Transgenic zebrafish that express green fluorescent protein (GFP) in the
motor neurons were used in this study [13]. In these transgenic fish, GFP expression is driven
by islet-1 promoter/enhancer sequences that were sufficient for neural-specific expression. The
expression of GFP by the motor neurons in the transgenic fish enables visualization of the
motor neurons, main axons, and the peripheral branches within the muscles.

Morpholino (MO) microinjection

Anti-sense oligonucleotide (MO) against zebrafish cdk5 coding sequence was designed and
purchased from Gene Tools, LLC (Oregon, USA). The sequence of the translation-inhibitory
morpholino for cdk5 is TCCAGCTTCTCATACTTTTGCATGG.

The morpholino (MO) was dissolved in Danieu’s buffer [14] before injection. MO was injected
into each egg at one- to two-cell stage (10 ng/embryo). In vitro transcribed mRNA obtained
from the zebrafish cdk5 cDNA cloned into the Clal /Xba I sites of the PCS2 vector using the
SP6 RNA polymerase (Ambion Inc., Austin, TX). The plasmid was linearized by Not | for in
vitro mRNA transcription. Human inactive mutant cdk5 (K33T) in pcDNA3 (cdk5 DN) was
a gift from Dr Li-Huei Tsai. In vitro transcribed mRNA of the kinase-dead human cdk5DN
was obtained by T7 RNA polymerase mediated transcription of Stu I-linearized plasmid.

Western Blotting

Extracts were prepared from embryos microinjected with either control or cdk5 siRNA. Fifty
micrograms of total protein were separated by 4-20% SDS-PAGE and immunoblotted to
PVDF membrane. Cdk5 was detected using an antibody against mammalian cdk5. The
immunoblots were developed for signal visualization by enhanced chemiluminescence (ECL)
(Amersham, Chicago, IL).

Antibodies and chemicals

Rabbit polyclonal antibodies against mammalian cdk5 (C-8) and actin were purchased from
Santa Cruz Biotech (Santa Cruz, CA).

Cdk5 activity assay

Embryos were collected at specified time points and were homogenized in 120 pl of lysis buffer
(10 mM Tris-HCI, pH 7.5, 1% sodium deoxycholate, 1% Nonidet P-40, 150 mM NacCl, protease
and phosphatase inhibitors). Homogenates were then sonicated and centrifuged for 5 min at
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14,000 x g. Immunoprecipitations of extracts containing 200 pg of total protein were performed
by adding 10 pl of the anti-cdk5 antibody (C-8) and incubating overnight at 4° C with constant
rotation. Kinase activity assays were performed as described earlier [15].

Results

Cdk5 morpholino oligonucleotide (MO) and the human kinase-dead dominant negative cdk5
mutant (cdk5 DN) independently knock down cdk5 activity in zebrafish embryos

To investigate cdk5 function in motor neuron development in vivo, we performed loss of
function analysis using morpholino antisense technology and gain of function analysis using
capped RNA injections in a transgenic zebrafish line that drives islet-1 promoter green
fluorescent protein (GFP) Tg (isletl: GFP) expression specifically in the motor neurons [13].
We determined MO efficacy by immunoblots for cdk5 protein in 26 hours post fertilization
(hpf) cdk5 MO-injected embryo lysates and compared to the uninjected embryos and observed
an ~ 80% loss (Fig. 1 A, B) of the cdk5 protein in the cdk5 MO-injected embryos (Fig. 1 A,
upper panel) in comparison to uninjected embryos along with no change in -actin levels (Fig.
1 A, lower panel). Cdk5 activity was also drastically reduced in the cdk5 MO-injected embryos
(Fig. 1 C, cdk5 MO lane). For GOF analysis, we injected 50 pg of zebrafish cdk5 or a kinase-
dead human cdk5 (cdk5 DN) capped mRNA, and observed that in the zebrafish cdk5 mRNA-
injected embryos, cdk5 activity increased significantly (Fig. 1 C, Cdk5 mRNA lane), while in
the human cdk5 DN-injected embryos, the activity was reduced (Fig. 1 C, Cdk5 DN mRNA
lane). Coomassie Blue staining indicates histone H1 substrate (Fig 1C, lower panel) and
phosphorylated histone H1 levels are shown (cpm) to demonstrate the quantification of cdk5
activity among the experimental groups (Fig. 1 D).

Cdk5 knockdown promotes motor neuron development

In our effort to determine whether cdk5 regulates motor neuron development, first we analyzed
cdk5 MO-injected embryos at 26 hpf microscopically and morphologically. There was no
morphological difference between the uninjected control and cdk5 MO-injected embryos (data
not shown). However, compared to the control, uninjected embryos (n = 80, Fig. 2 A), all of
the cdk5 MO-injected embryos (n = 80) displayed a significantly higher population of cranial
as well as spinal motor neurons (Fig. 2B) as determined by the presence of GFP-positive
neurons.

Next, we injected the mRNA transcribed from kinase-dead human cdk5 (cdk5 DN) and mRNA
transcribed from zebrafish cdk5 (cdk5 mRNA) to 1- to 2-cell embryos. At 26 hpf, compared
to the uninjected control (n = 80, Fig. 2 A), 100% of the cdk5 DN-expressing embryos (h =
80) showed significantly higher number of motor neurons, both cranial and spinal (Fig. 2 C).
Conversely, as compared to the uninjected control embryos (n = 80, Fig. 2 A), over-expression
of cdk5 (50 pg mRNA/embryo) suppressed the generation of motor neurons (80 of 80 embryos)
(Fig. 2 D). Together, these results indicate that cdk5 negatively regulates motor neuron
development in zebrafish.

Analysis of the spinal motor neurons revealed that compared to the uninjected embryos (Fig.
2 E), there was an excess of these GFP-positive neurons in the cdk5 MO-injected embryos
(Fig. 2 F) and in cdk5 DN mRNA-injected embryos (Fig. 2 G). However, there were fewer
motor neurons in cdk5-overexpressing embryos (Fig. 2 H) compared to the uninjected control.
To quantify the difference in the number of the GFP-positive motor neurons, 10 embryos were
taken from the control and cdk5 MO-injected groups and the GFP-positive neurons were
counted from five hemisegments of each embryo, the first hemisegment being the one at the
distal end of the yolk extension (YE). The mean values of the numbers of GFP-positive neurons
were derived from the five hemisegments to project the number of these neurons per
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hemisegment. The results showed that there was a significant increase in the number of spinal
motor neurons in the MO-injected embryos (7 cells/hemisegment) compared to that in the
control, uninjected embryos (3.5 cells/hemisegment) (Fig. 2 I) indicating that loss of cdk5
activity promotes the development of the spinal motor neurons, while over-expression of cdkb
suppresses their development.

Through 48 h of development, compared to the control uninjected embryos (Fig. 3 A, E), an
increase in both the cranial and spinal motor neuron population was observed in the cdk5 MO-
injected embryos with no perturbation in the overall development (Fig. 3 B, F). In addition,
compared to the uninjected embryos (Fig. 3 A, E), there was an increase in the cranial and
spinal motor neurons in embryos injected with cdk5 DN (Fig. 3 C, G). The fewer motor neurons
seen in cdk5-overexpressing embryos (Fig. 3 D, H) compared to the uninjected control were
also observed at 48 hpf (Fig. 3 A, D). In the context of motor neuron development, while the
uninjected control embryos had 10 cells/hemisegment, the kinase-dead cdk5-expressing
embryos had 17 and the cdk5 mRNA-overexpressing embryos had only an average of 6 cells/
hemisegment (Fig. 3 I).

In 72 hpf embryos, the pattern of motor neuron development in response to cdk5 knockdown
or over-expression remained unchanged as in the 26 and 48 hpf embryos. At 72 h an increase
in the cranial motor neurons was observed in cdk5 MO-injected embryos compared to their
uninjected control counterparts (Fig. 4 A, E). Over-expression of cdk5 DN resulted in an
increase in the cranial motor neurons (Fig. 4 C) as compared to those in the uninjected control
(Fig. 4 A), while embryos overexpressing cdk5 had less cranial motor neurons (Fig. 4 D). Cdk5
MO-injected (Fig. 4 F) as well as cdk5 DN-expressing embryos (Fig. 4 G) had an excess of
spinal motor neurons compared to their uninjected counterparts (Fig. 4 E). However, in
continuation of an earlier trend seen in 26 hpf embryos, there were fewer spinal motor neurons
in cdk5 over-expressing embryos (Fig. 4 H) than in the uninjected control (Fig. 4 E). In these
3-day old embryos, spinal motor neurons were difficult to be counted as there were overlapping
GFP signals due to an increased number of motor neurons. These results, consistent with the
observations in 26 and 72 hpf embryos, demonstrate that loss of cdk5 activity is conducive to
motor neuron development.

Discussion

Our earlier studies demonstrated that sSIRNA-mediated cdk5 knockdown results in significantly
fewer numbers of RB and trigeminal ganglia sensory neurons [11,12,16]. However, it was not
clear if motor neurons were affected. Therefore, in order to specifically determine the role of
cdk5 in motor neuron development, we used the islet-1 promoter-driven GFP transgenic
(islet-1: GFP) zebrafish. In these fish, motor neurons specifically express GFP. Our results
show that cdk5 MO injection and overexpression of a kinase-dead cdk5 mutant (cdk5 DN)
independently promote motor neuron development. Cdk5 has been associated with neuronal
differentiation. Loss of cdk5 during development leads to an ability of neurons to exit the cell
cycle, coupled with their incomplete differentiation [17] and negatively affects neurite
outgrowth, axonogenesis and neuronal differentiation in mammals and Drosophila [8,9,17-
20]. In this study, we provide evidence that loss of cdk5 promotes motor neuron development.
More confirmatory evidence comes from the suppressive effects of cdk5 over-expression
achieved through microinjection of cdk5 mRNA, on the motor neuron development.

In adult zebrafish brain, significant neurogenesis takes place in specific neurogenic zones
[21-24]. Although not to such a high degree, mammalian brains do have some neurogenic
zones [25]. However, adult zebrafish spinal cord has very little ability for neurogenesis [24].
Differentiation of motor neurons in zebrafish and mammals is highly conserved as the specific
transcription factors involved in motor neuron development (HB9 and islet-1/2) are found in
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the developing motor neurons of mammals [26,27] and zebrafish [28,29]. However, while lost
neurons of the injured adult mammalian spinal cord are not replaced [30,31], motor neuron
regeneration occurs in lesioned adult zebrafish spinal cord as the zebrafish olig2-positive
ependymo-radial glial cells retain the progenitor cell-like plasticity to become motor neurons
[32]. Thus, we believe that our findings may enable us to understand the basis of motor neuron
generation in mammals. Further analyses will be required in order to elucidate the mechanism
by which cdk5 loss promotes motor neuron development. In conclusion, this is the first in
vivo study to elucidate that cdk5 controls both cranial and spinal motor neuron generation.
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Figure 1. Knockdown and over-expression of cdk5 activity in zebrafish embryos

(A) Immunoblot of extracts prepared from 26 hpf embryos shows cdk5 protein levels in the
control uninjected and cdk5 MO-injected embryos. Lower panel shows b-actin levels. Eighty
micrograms of total protein was loaded on each lane. (B) Densitometric analyses of three
different immunoblots as described in (A) shows significant loss of cdk5 protein in the cdk5
MO-injected embryo extracts. (C) Cdk5 activity in 26 hpf embryo extracts prepared from
uninjected (control), cdk5 mRNA-injected (50 pg/embryo), kinase-dead human cdk5 (cdk5
DN) mRNA (50 pg/embryo), and cdk5 antisense morpholino oligonucleotide (cdk5 MO)-
injected embryos. A representative autoradiograph of four separate experiments shows the
phosphorylated histone H1 (upper panel) and Coomassie blue-stained histone H1 (bottom
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panel). (D) Relative levels of phosphorylated histone H1 (cpm) among the experimental groups
derived from four separate experiments.
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Figure 2. Cdk5 knockdown promotes cranial and spinal motor neuron development in 26 hpf

embryos

Images of live 26 hpf embryos that express islet-1 promoter-driven GFP in motor neurons.
Lateral views of the anterior regions of the embryos show motor neurons in (A) uninjected
control, (B) cdk5 morpholino (MO)-injected, (C) kinase-dead cdk5 (human) mRNA-injected
and (D) zebrafish cdk5 mRNA-injected embryos. Arrows indicate the motor neuron
populations in the brain. YS indicates yolk sac. Lateral views of the posterior region of the 26
hpf embryos show GFP-positive spinal motor neurons in, (E) uninjected control, (F) cdk5
morpholino (MO)-injected, (G) kinase-dead cdk5 (human) mRNA-injected (cdk5 DN), and
(H) zebrafish cdk5 mRNA (50 pg injected/ embryo). YE indicates yolk extension. Arrows
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indicate some of the spinal motor neurons. The GFP-positive neurons or cells per each

hemisegment are counted from 10 embryos in each group and the mean numbers are plotted
with the standard error.
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Figure 3. Zebrafish embryos at 48 hpf continue to show over-production of motor neurons upon
cdk5 knockdown

Images of live 48 hpf islet 1:GFP transgenic fish. Lateral views of the anterior regions of the
embryos show mator neurons in (A) uninjected control, (B) cdk5 morpholino (MO)-injected,
(C) kinase-dead cdk5 (human) mRNA-injected and (D) zebrafish cdk5 mRNA (50)-injected
embryos. Arrows indicate the motor neuron populations in the brain. YS indicates yolk sac.
Lateral views of the posterior region of the embryos show GFP-positive spinal motor neurons
in, (E) uninjected control, (F) cdk5 morpholino (MO)-injected, (G) kinase-dead cdk5 (human)
mRNA-injected (cdk5 DN), and (H) zebrafish cdk5 mRNA (50 pg injected/ embryo). YE
indicates yolk extension. Arrows indicate some of the spinal motor neurons. The GFP-positive
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neurons or cells per each hemisegment are counted from 10 embryos in each group and the
mean numbers are plotted with the standard error (I).
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Figure 4. Effect of cdk5 knockdown on enhanced motor neuron generation in zebrafish embryos
is retained at 72 hpf

Images of live 72 hpfislet 1-GFP transgenic fish embryos. Lateral views of the anterior regions
of the embryos show motor neurons in (A) uninjected control, (B) cdk5 morpholino (MO)-
injected, (C) kinase-dead cdk5 (human) mRNA-injected, and (D) zebrafish cdk5 mRNA (50)-
injected embryos. Arrowheads indicate the motor neuron populations in the brain. YS indicates
the yolk sac. Lateral views of the posterior region of the embryos show GFP-positive spinal
motor neurons in, (E) uninjected control, (F) cdk5 morpholino (MO)-injected, (G) kinase-dead
cdk5 (human) mRNA-injected (cdk5 DN), and (H) zebrafish cdk5 mRNA (50 pg injected/
embryo). YE indicates the yolk extension. Arrows indicate spinal motor neurons.
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