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Abstract

Ephexin-1 functions as guanine nucleotide exchange factors for the Rho-type GTPases which have
important roles in neuronal development including axon guidance, migration, morphogenesis,
and plasticity of neurons. As little is known about ephexin-1 in the cerebellum, we investigated the
immunolocalization of ephexin-1 in the developing canine cerebellum. While the cellular matura-
tion was followed by the temporal pattern, the calbindin D-28k and ephexin-1 immunoreactivities
gradually increased in developing canine cerebellum. When compared to the calbindin D-28k
immunoreactivities, belated ephexin-1 immunolocalization was observed in the Purkinje cells
which aligned a single layer during cerebellar development. These results suggest that ephexin-1
might play an important role in the development of the Purkinje cells during the first two postnat-
al weeks based on its immunolocalization in the present study.
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1. Introduction

Intracellular calcium-binding protein, calbindin D-28k (CB), has been used as a marker for the maturation of
neurons. Information about the localization of CB in the cerebellum is also available for rats and chicks [1],
primates [2], and aged dogs [3]. CB appears early shortly after cessation of mitosis when neurons become ready
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to start migration and differentiate [4] [5]. Previous data reported that the distribution and developmental pat-
terns of calcium-binding proteins in the hippocampus and cerebral cortex of developing dogs were comparable
to rodents and human [6] [7]. Nevertheless, anatomical and developmental studies of the canine brain are rela-
tively scarce to date.

The features of the canine cerebellum development till 10" postnatal week conform to the general pattern re-
ported in the rodents and human [8]. This interspecies uniformity applies to the three cortical layers of the fully
developed cerebellum as well as the immature cerebellum. Coordinated axonal guidance and neuronal migration
are essential steps in this complex developmental process [9]. It is known that various guidance molecules con-
verge on cytoskeleton regulation including ephexin-1 [10]. Ephexin-1/neuronal guanine nucleotide exchange
factor (NGEF) is a novel member of the family of Dbl genes and functions as guanine nucleotide exchange fac-
tors (GEF) for the Rho-type GTPases [11]. Rho-family GTPases, which are activated by GEFs, are key regula-
tors of cytoskeleton dynamics [12]. Extensive studies suggest that Rho GTPases have an important role in neu-
ronal development, including axon guidance, migration, morphogenesis, and plasticity of neurons [13]-[18].

Ephexin-1 is predominantly expressed in the brain, with the strongest signal in the caudate nucleus, a region
associated with the control of movement [11]. However, no data are available that describe the immunolocaliza-
tion of ephexin-1 in the cerebellum, which is concerned with the coordination of somatic motor activity and the
regulation of motor tone. Therefore, the present study was designed to determine the normal maturation pattern
of ephexin-1 in the developing canine cerebellum. We investigated the immunolocalization of ephexin-1 and its
correlation with CB.

2. Methods

We limited our investigations to the period from the day of birth (P0) to P60 since neuronal development
reached an adult-like pattern around the weaning period in the carnivores. The tissue sections of this study were
male mongrel dogs (Canis familiaris) at PO, P7, P14, P21, P28 and P60 (n = 3/each). Experimental animals were
anesthetized by an intraperitoneal injection of ketamine (3 ml/kg), fixed in Zamboni’s fixative solution and
processed as already described [6] [7]. All experimental procedures and care of animals were carried out in ac-
cordance with the Guidelines laid down by the NIH in the US regarding the care and use of animals for experi-
mental procedures.

Immunohistochemical staining was carried out by the routine method. In brief, the sections were incubated
overnight at 4°C with the primary antibody, monoclonal anti-calbindin D-28k (Sigma-Aldrich, St. Louis, MO;
diluted 1:1000) or polyclonal anti-ephexin-1 (Abcam, Cambridge, MA,; diluted 1:100). The binding was visua-
lized using an appropriate ImmPRESS™ avidin-biotin-peroxidase kit (Vector laboratories, Inc., Burlingame,
CA) according to the manufacturer’s instructions. Peroxidase reaction was performed using 0.05% diaminoben-
zidine (Sigma-Aldrich). Omission of incubation with the primary or secondary antibody served as a control for
false-positives.

Finally images from immunostaining were directly captured using a digital camera (PL-B873CU, PixeLINK,
Ottawa, Canada) connected to a microscope (Olympus BX-51, Japan). Captured images were saved and subse-
quently processed using Adobe Photoshop (Adobe System, San Jose CA). The brightness and contrast were ad-
justed only for the purpose of background consistency of the images.

3. Results

Canine cerebellum showed the external granule cell layer and multiple layers of the Purkinje cells until P14. A
traditional structure of the cerebellar cortex consisting of the molecular layer, the Purkinje cell layer, and the
granule cell layer was achieved at P60.

An undulating band of strongly CB immunoreactive Purkinje cells could be distinguished in the developing
canine cerebellum, while other layers were devoid of CB immunopositivities (Figure 1). The CB immunoreac-
tive soma aligned multiple layers throughout the cerebellar cortex from PO to P14. The apical dendrites of Pur-
kinje cells were gradually arborized: reached to one-third of the cerebellar cortex at P7, two-thirds to three-
fourths at P14, and nearly full length at P60.

Ephexin-1 was also immunopositive in the Purkinje cells in the developing canine cerebellum (Figure 2).
Contrary to CB, ephexin-1 did not ordered in multiple layers of the Purkinje cells throughout the cerebellar de-
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Figure 1. Calbindin D-28k (CB) immunolocalization in the devel-
oping canine cerebellum. CB immunoreactivities gradually appeared
in the soma and the apical dendrites of developing Purkinje cells.
Note the CB immunoreactive somata were not aligned into a single
layer until P14. Scale bar = 100 pum.

Figure 2. Ephexin-1 immunolocalization in the developing canine
cerebellum. Ephexin-1 immunoreactivity was rarely observed in the
soma (arrow in PO) of the Purkinje cell at birth, and then in the apic-
al dendrites (arrow in P7) as the dendritic arborization was being
matured. Contrary to CB, the ephexin-1 immunoreactive soma
aligned into a single layer throughout the experimental period. Scale
bar = 100 um; =25 um for rectangles in A and B.

velopment. Ephexin-1 immunolocalization was rarely observed in the cerebellar cortex at PO. There was an only
evidence of ephexin-1 having very weak immunopositivity in the cytoplasm of a Purkinje cell. Ramified cell
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processes could be seen leaving the apical portion of the perikarya of the ephexin-1 immunopositive Purkinje
cells at P7. The apical dendrites of Purkinje cells reached two-thirds to three-fourths of cerebellar cortex at P14.
At P60, ephexin-1 immunopositivities were mainly seen in the somata and proximal apical dendrites of the Pur-
kinje cells.

4. Discussion

While the cellular maturation was followed by the temporal pattern, CB and ephexin-1 immunoreactivities
gradually increased in developing canine cerebellum. CB immunoreactive Purkinje cells aligned multiple layers
from PO to P14, but belated ephexin-1 immunolocalization ordered in a single layer of the Purkinje cells
throughout the cerebellar development. Adult-like immunolocalization of CB and ephexin-1 was achieved at
P28, which was sustained until P60 in developing canine cerebellum.

We used CB as a marker for the Purkinje cells [19] to better follow the development of the Purkinje cells and
localize ephexin-1 immunostaining. The distribution and developmental patterns of calcium-binding proteins in
the canine central nervous system were comparable to rodents and primates [6] [7] including this study. CB
immunoreactivity was seen in most of the canine brain and their adult-like distribution was achieved around the
weaning period. Siso et al. [3] showed that CB was immunopositive only in the cerebellum of aged dogs and
that the climbing fibers from the inferior olivary nuclei were completely devoid of CB immunoreactivity. The
finding by Siso et al. [3] is peculiar since a major impact on Purkinje cell calcium homeostasis is mediated by
climbing fiber-type afferents originating from the inferior olivary nuclei [20].

Careful attention must be paid to the fact of cerebellar development until P14. The immunostaining patterns
of several markers appear and peak around the second postnatal week as described in a previous report [19].
Parvalbumin, another calcium-binding protein, labeling was observed initially in the soma and extending gradu-
ally to the dendritic arborization later than CB, which was in parallel with an increase in neuronal activity in-
cluding synaptogenesis [4] [5] [21]. Proper dendritic arborization of Purkinje cells is thought to be a prerequisite
for cerebellar motor coordination. Actin dynamics shapes the postnatal arborization of Purkinje cells with the
maturation of the actin nucleator, Cobl [22]. In this context, the immunolocalization of ephexin-1 during the first
and second postnatal weeks indicates that it may play a critical role in the early development of the Purkinje
cells. When differentiating morphologically and becoming immunoreactive for ephexin-1, Purkinje cells during
postnatal development may promote the stability of synaptic activity as suggested by Oostland and van Hooft
[23].

Ephexin-1 acts as GEF for multiple RhoA family GTPases [18] [24]. Ephexin-1 activates RhoA and Cdc42,
but only weakly activates Rac. In response to ephrin-A ligand, ephexin activates RhoA, in turn, activates Rho
kinase. Via activation of RhoA, ephexin-1 is an important regulator for the axon guidance of retina ganglion
cells during early development of synapse formation, and modulates both the localization of neurotransmitter
receptors and the postsynaptic structure remodeling in the dendritic spines of the hippocampal neurons. Via ac-
tivation of Cdc42, ephexin-1 regulates the homeostatic synaptic vesicle release, and may function to control cy-
toskeletal dynamics downstream from attractant receptors through p21g-activated kinase activation. Ephexin-1
knockout mice did not reveal overt defects in retinogeniculate and retinocollicular projections [17]. It can be ex-
plained by the lack of a prominent in vivo phenotype of ephexin-1 proteins.

Nevertheless, one of the main roles of ephexin-1 is the regulation of cytoskeletal changes [25]. The present
study provides the first information on the immunolocalization of ephexin-1 in the developing canine cerebel-
lum. Ephexin-1 expressed by the dendritic arborization of the Purkinje cells might have a specialized role during
postnatal development of canine cerebellum, and should be examined by further experiments.
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