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Abstract
In order to further elucidate the mechanics of the
retinoid pathway on Urodele spinal cord
regeneration, we employed Antibody/Horseradish
Peroxidase Staining of both intact and regenerating
Axolotl spinal cord tissues obtained from adult and
juvenile animals to determine expression of two
retinoid pathway components: Cellular Retinoic Acid
Binding Protein II (CRABP II) and Cellular Retinol
Binding Protein I (CRBP I). Current results
demonstrate that CRABP II is heavily expressed in
the arachnoid mater meningeal layer; CRPB I,
however, is expressed in the following locations: the
pia mater meningeal layer, the nuclei and cytoplasm
of gray matter neuroblasts, as well as processes
derived from neuroblasts and ependyma. Moreover,
the morphogenic nature of the retinoids may
possess a significant role in the regenerationpermissive interaction of the meninges and
ependyma of the Axolotl spinal cord.
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Methods
Perform spinal cord transection surgery on adult or juvenile axolotls
Allow axolotls to regenerate 2-5 weeks
Harvest regenerating cord and tissue (terminal surgery)
Dehydrate and embed cord/tissue sample in paraffin wax
Section sample at 10µm with microtome onto glass slides
Bake slides in hybridization oven to fix sections
Deparaffinize sections with xylene; rehydrate sections with ethanol
and PBS
• Label with primary antibody of interest by employing the
horseradish peroxidase stain protocol
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Figure 1. Luxol blue stain of a transverse section of a spinal cord segment B
iv.
with meninges. The central canal (asterisk) is surrounded by butterflyCRABP
shaped gray matter. The blue stained white matter is located superficial to
20X
the gray matter. The pia mater meningeal layer is attached along the white
matter surface. The dura mater meningeal layer (D) is the most superficial
menix. An epidural space separates dura mater from periosteum lining the
vertebral canal. The arachnoid mater meningeal layer lines the dura mater.
Bilaterally, a denticulate ligament extends from pia mater to dura mater:
the function of this ligament serves to suspend the spinal cord so that it is
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completely surrounded by subarachnoid space and cerebrospinal fluid
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Introduction
Currently, there are approximately 265,000 individuals in
the United States who suffer from incapacitating spinal
cord injuries (SCI). The available therapies that are
utilized-including drugs, electrical stimulation, and stem cell
applications-have demonstrated inadequate effects in
rectifying the severity of the injury. In mammals,
penetrating spinal cord injuries (from shrapnel, bullets,
knives, or splintered bone in humans) involve a scar in
which the surrounding meninges (connective tissue coats)
direct the action of astrocytes within the cord to form a
composite glial and meningeal scar. This scar may act to
prevent secondary damage to neurons from invading
inflammatory molecules. However, the scar also prevents
those neurons from making new functional connections
across the lesion site. In contrast, within Urodeles
(amphibians including newts and salamanders), the
penetrating injury response involves the meninges
interacting with the underlying ependymal cells (that line
the central canal), which will remodel the lesioned cord and
promote axonal extension and neurogenesis via
differentiation of respective stem cells. Interestingly, the
meninges happen to be a rich source retinoids, which are
known to serve critical roles in neural development and
regeneration, such as modifying gene expression to drive
neuronal differentiation and neurite outgrowth. In addition,
retinoids applied to ependymal cells in culture facilitate reepithelialization of the tissue; ependymal cells co-cultured
with reactive meninges also re-epithelialize. Furthermore,
our lab aims to better characterize the effect of retinoids on
Urodele spinal cord regeneration by employing Antibody
labeling-concurrent with horseradish peroxidase staining of
paraffin embedded spinal cord tissues-to target protein
expression of specific components of the pathway, as well
as cell culture techniques to observe the effect of those
components on re-epithelialization of spinal cord tissue.
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Figure 4. Effects of retinoids on cell culture. A) Co-cultures:
Ependymal Cells Epithelialize in Contact with Meninges. B)
Control mesenchymal ependymal culture. C) Retinoid effects
on ependymal cells in culture
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Figure 2. Schematic of a) mesenchymal outgrowth of
ependymal cells in response to injury and b) meningeal and
ependymal cell contact within the lesion site. Courtesy of Drs
Ellen Chernoff and Teri Belecky-Adams
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Figure 3. Horseradish peroxidase staining of intact and injury reactive axolotl spinal cord tissue labeled with
CRABP II and CRBP I antibodies. Protein expression is indicated by the black precipitate present in the tissue.
Nuclei are counterstained with Nuclear Fast Red. A and B) CRABP expression is highly prominent in the arachnoid
mater meningeal layer of intact (A) and 13 day regenerate (B) adult axolotl spinal cords. C and D) CRBP I is highly
expressed in the pia mater meningeal layer of an intact juvenile axolotl spinal cord (C) as well as a 13 day adult
regenerate (D); in addition, expression is present the nuclei and cytoplasm of gray matter neuroblasts as well as
processes derived from neuroblasts and ependyma. Note the relative dispersal of the ependymal and meningeal
cells in the adult injury reactive tissues. Images are at 20x (I, iv, vii, x), 40x (ii, v, viii, xi) and 60x (iii, vi, ix, xii)
magnification, respectively.
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Discussion and Conclusion
The current staining results support the claim that the cells constituting the axolotl spinal cord require the morphogenic nature of the retinoids to
complete regeneration of the spinal cord. The retinoid staining present in the nuclei and extracellular processes of the ependyma and neuroblasts
corroborates with the fact that retinoic acid undergoes nuclear translocation in order to modify gene expression so that phenomena-such as neurite
outgrowth-can proceed. Future prospects for the project include: repetition of this staining procedure with adult and regenerating axolotl tissues
exhibiting mesenchymal outgrowth; execution of labeling with retinaldehyde dehydrogenase 2 (RALDH 2), retinoic acid receptor beta (RARβ), and
retinoid x receptor (RXR) on both intact and regenerating spinal cord tissue obtained from adult and juvenile axolotls; co-label the previously
mentioned tissues with hexaribonucleotide binding protein-3 (NeuN) and the respective retinoids to better characterize their neuronal expression;
and finally, harvest and culture regenerating spinal cord tissue from juvenile axolotls in order to observe the associated effects of the
aforementioned retinoids. Furthermore, the investigation of the role of the retinoids in successful regeneration of the axolotl spinal cord is essential
so that eventually translational applications can be effectively applied to mammals.
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