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Abstract

After spinal cord transection, lampreys recover functionally and axons regenerate. It is not known
whether this is accompanied by neurogenesis. Previous studies suggested a baseline level of non-
neuronal cell proliferation in the spinal cord and rhombencephalon (where most supraspinal
projecting neurons are located). To determine whether cell proliferation increases after injury and
whether this includes neurogenesis, larval lampreys were spinally transected and injected with
BrdU at 0-3 weeks post-transection. Labeled cells were counted in the lesion site, within 0.5 mm
rostral and caudal to the lesion, and in the rhombencephalon. One group of animals was processed
in the winter, and a second group was processed in the summer. The number of labeled cells was
greater in winter than in summer. The lesion site had the most BrdU labeling at all times,
correlating with an increase in the number of cells. In the adjacent spinal cord the percentage of
BrdU labeling was higher in the ependymal than in non-ependymal regions. This was also true in
the rhombencephalon but only in summer. In winter, BrdU labeling was seen primarily in the
subventricular and peripheral zones. Some BrdU-labeled cells were also double-labeled by
antibodies to glial-specific (anti-keratin) as well as to neuron-specific (anti-Hu) antigens,
indicating that both gliogenesis and neurogenesis occurred after spinal cord transection. However,
the new neurons were restricted to the ependymal zone, were never labeled by anti-neurofilament
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antibodies, and never migrated away from the ependyma, even at 5 weeks after BrdU injection.

They would appear to be CSF-contacting neurons.
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INTRODUCTION

Spinal cord transection (TX) in mammals is followed by permanent paralysis below the
level of injury due to a failure of axons to regenerate. Glial cells in the injured mammalian
CNS respond by hypertrophy, an increase in glial fibrillary acidic protein, migration, and
proliferation (see Schwab and Bartholdi, 1996 for a review). In the spinal cord, if the central
canal is injured, ependymal cell proliferation is further increased (Adrian and Walker, 1962).
Although the relationship between the glial reaction to injury and failure of axonal
regeneration is not known, reactive gliosis, including glial proliferation and scar formation,
has been cited as important disrupting features that block axonal regeneration in the CNS.
Proliferation of neural progenitors leads to generation of mature astrocytes and
oligodendrocytes in the uninjured and injured postnatal mammalian spinal cord (Barnabe-
Heider et al., 2010; Horner et al., 2000; Yang et al., 2006; Zhu et al., 2008). However, the
spinal cord environment is thought to be inhibitory to neurogenesis (Shihabuddin et al.,
2000). Unlike mammals, lampreys recover behaviorally from complete spinal TX. Recovery
is accompanied by directionally specific axonal regeneration (Mackler et al., 1986; Yin et
al., 1984; Yin and Selzer, 1983) and the formation of synaptic contacts with appropriate
neurons distal to the lesion (Mackler and Selzer, 1987). It is not known to what degree the
regeneration is accompanied by cell proliferation or whether new neurons are generated.

Previous work in this laboratory has demonstrated that lamprey astrocytes near the lesion do
not appear to increase their cell body size. Rather, glial cells extend thickened, keratin-
containing processes into the lesion. The glial filaments are not more densely packed than
those of normal astrocytes. Instead, the thickened glial processes contain larger than normal
concentrations of microtubules. The processes are oriented longitudinally within the lesion,
parallel to the regenerating axons, whereas they are normally oriented transversely (Lurie et
al., 1994). Thus, the lamprey CNS shows few features of reactive gliosis seen in higher
species and this may contribute to its ability to regenerate. Following tail amputation in adult
newt, Neuron-Specific Enolase-staining cells appear in the ependymal layer of the
ependymal tube (Benraiss et al., 1999). Consequently, there remains a possibility for
neurogenesis to play a role in spinal cord regeneration in cold-blooded vertebrates such as
the lamprey. Previous studies demonstrated that the lamprey CNS has endogenous cell
proliferation and that this undergoes seasonal variation, with increased proliferation in the
summer and decreased in the winter (Vidal Pizarro et al., 2004). However, based on
neurofilament immuno-labeling, there was no evidence for neurogenesis. At the time, other
available neuron-specific antibodies were found not reliable in lamprey. Because it is not
known whether cell proliferation, neuronal or glial, accompanies axonal regeneration in the
spinal cord, in the current study, we examined the profile of BrdU labeling in lamprey CNS
after spinal cord TX, using anti-Hu antibodies, which proved to be reliably neuron-specific
in lamprey, and LCM29, a lamprey glia-specific antibody. In addition to gliogenesis (Vidal
Pizarro et al., 2004), evidence for proliferation of neuron-like ependymal cells was found.
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MATERIALS AND METHODS

Surgical Procedure

The larval sea lamprey (Petromyzon marinus) 10-15 cm in length (4-5 years old) and in a
steady state of neural development were obtained from fresh water streams feeding the
Delaware River (NJ) or from streams feeding Lake Michigan (MI). They were maintained in
fresh water tanks at 16° C. Embryos of P. marinus hatch at 10-13 days, after which they
become filter-feeding larvae (ammocoetes) and burrow in streambeds for approximately 5
years. As described by Hardisty and Potter, “Most of the profound anatomical and
physiological changes involved in the transformation of the ammocoete into the adult
lamprey are heralded by the more obvious changes in external morphology, including the
development of the oral disc, extension of the preorbital region, modifications in the
structure of the gill openings, the appearance of teeth, eruption of the eyes, enlargement of
the fins and changes in pigmentation (Hardisty, 1979). These changes take place over the
course of approximately 4-5 weeks during the 6™ summer of life, after which the lamprey
enters the ocean (or the great lakes, in the case of the land-locked specimens) and lives as a
parasite on the surfaces of fish. For a more detailed description developmental stages of the
lamprey, particularly metamorphosis from larva to adult, the reader is referred to (Potter,
1982; Potter et al., 1978).

Lampreys were anesthetized by immersion in a saturated aqueous benzocaine solution
(Sigma, St. Louis, MO) and pinned to a Sylgard (184 silicone elastomer, Dow Corning)
plate containing lamprey Ringer. The spinal cord was exposed from the dorsal midline at the
level of the ninth segment caudal to the last gill and transected with Castroviejo scissors.
Completeness of TX was confirmed by visual inspection of the cut ends. Spinally transected
lampreys recovered in fresh water tanks at room temperature for 1, 2, or 3 weeks before
bromodeoxyuridine (BrdU) was injected and incorporated for 4 hours (see below). All
procedures were carried out in accordance with the National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals and were approved by the University of
Pennsylvania Institutional Animal Care and Research Committee.

In order to determine whether the effects of season or TX would set a limit to the extent of
cellular proliferation, two groups of animals were tested. One group was spinally transected
in February and the other in June/July. The numbers of animals used at different recovery
times and different seasons is shown in the relevant figures. In addition, to determine
whether nascent cells became neurons in spinally transected lamprey, 4 summer animals
were injected with BrdU at 2 weeks post-TX, when BrdU labeling is rapid, and allowed to
survive for 5 more weeks. Four non-transected animals were used as controls.

Bromodeoxyuridine Injection

After a recovery period from spinal cord TX, larval Petromyzon marinus were anesthetized
with benzocaine. Twenty . 1/gram body weight of 10 mM 5-Bromo-2'-deoxyuridine (BrdU,
Roche Applied Science, Indianapolis, IN) in phosphate buffered saline (PBS) was injected
into the coelomic body cavity 1.5 cm caudal to the last gill. Animals were allowed to survive
either 4 hours or 5 weeks post-BrdU injection.

Immunohistochemistry

Animals were over-anesthetized in benzocaine. The tissue was fixed in 4%
paraformaldehyde in PBS (pH 7.2) or in a modified Carnoy’s fixative consisting of ethanol,
chloroform, glacial acetic acid, and 10 X PBS in a ratio of 6:2:1:1 as previously described
(Lurie et al., 1994), then washed, dehydrated and embedded in paraffin. Avidin-Biotin
Complex (ABC) immunohistochemistry was performed on deparaffinized 8 pm thick cross
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sections through the brain and spinal cord. Sections were either autoclaved in 10 mM citric
acid buffer (pH 6.0) for ten minutes or treated in 2N HCI at 50° C for 1 hour (followed by
washes in 10 mM borate buffer, pH 8.5) to denature the DNA. Anti-BrdU mouse
monoclonal antibody (Chemicon, Temecula, CA) in PBS with 0.1% BSA and 0.2% Triton-
X was applied, followed by a biotinylated anti-mouse secondary antibody (Biomeda
Biostain Super ABC-Alkaline Phosphatase Kit, Biomeda, Foster City, CA). Labeled cells
were revealed colorimetrically by an intense blue color, using BCIP/NBT chromogen
substrate (Roche Applied Science).

In order to determine the identities of the BrdU-labeled cells as either neurons or glial cells,
the sections were double-labeled with sheep polyclonal antibody to BrdU (5pg/ml, ab1893,
Abcam) and one of three monoclonal antibodies: 1) the general neuronal marker, anti-Hu
antibody (1:100; mAb 16A11, Molecular Probes), which recognizes a regulatory RNA
binding protein that functions early in neuronal differentiation (Barami et al., 1995;
Marusich et al., 1994; Szabo et al., 1991); or 2) LCM 3 (1:100), a mAb that is specific for all
4 known lamprey NFs (Jin et al., 2011), including NF-180 (Merrick et al., 1995; Pleasure et
al., 1989) and all three of the more recently identified NF subunits, L-NFL, NF95 and
NF132, on Western blots (unpublished); or 3) LCM 29 (1:100), a mAb that recognizes all
three identified glial cytokeratins and has been characterized previously with regard to
specificity in glia of lamprey CNS (Merrick et al., 1995; Pleasure et al., 1989). Then the
sections were visualized by secondary antibodies of Alexa Fluor 594 donkey anti-sheep 1gG
and Alexa Fluor 488 donkey anti-mouse 1gG (1:500; A21202 and A11016, Molecular
Probes) and mounted in Fluoromount G (NC9642668, Fisher Scientific). The specificities of
the antibodies were tested in spinal cord sections from a normal animal. The sections were
stained with a Biotin-conjugated anti-Hu antibody purified from the serum of a patient with
paraneoplastic encephalomyelitis (kindly provided by Dr. Joseph Dalmau, Department of
Neurology, University of Pennsylvania) and LCM29, and visualized with streptavidin,
Alexa Fluor 594 (S32356, Molecular Probes) and Alexa Fluor 488 donkey anti-mouse 1gG
as above. The neuronal nature of the Hu positive cells in the ependymal region were also
confirmed with an anti-acetylated tubulin antibody (1:500, clone: 6-11B-1, Sigma,). The
antibodies used in this study are characterized in Table 1. Images were captured by an
Axiocam REC camera connected to a Zeiss Axioscop fluorescence microscope. Photoshop
software (CS4, Adobe System, San Jose, CA) was used to adjust contrast and brightness,
and to add labels.

Light microscopic analysis

Serial sections were examined with a Zeiss Axioscop light microscope using Nomarski
optics. Both the BrdU—positive and BrdU-negative cells were counted in the
rhombencephalon and spinal cord. The rhombencephalon was examined because this is
where most supraspinal projecting neurons reside. For counts in the rhombencephalon, the
boundaries were set from the point at which the cerebral aqueduct opens into the fourth
ventricle rostrally to the obex caudally. The rhombencephalon was divided into three
discrete regions: the ependyma, a monolayer of cells that line the ventricle; the
subventricular layers, a region of densely packed neuronal and glial cell bodies subjacent to
the ependyma; and the peripheral zone, the very sparsely celled region peripheral to the
subventricular layers. For counts in the spinal cord, 0.5 mm lengths of tissue immediately
rostral and caudal to the lesion site were studied. The general cellular organization of these
adjacent regions appeared virtually unchanged. The lesion site itself showed a dramatic
change in the size and shape of the spinal cord, particularly an enlargement of the central
canal and a loss of right-left symmetry. The boundaries of the lesion site were defined
arbitrarily as the locations rostral and caudal to the point of maximum enlargement of the
central canal where the central canal tapered to less than 25 pm. An uninjured spinal cord
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has a central canal that is approximately 10 pm in diameter. Although the ependyma is easy
to define in an injured spinal cord, the anatomical distinctions between the gray and white
matter are not distinct within the lesion site. For example, the Mauthner axon is atrophied
and there are few, if any, other giant axons. Consequently, the spinal cord cross section was
divided into two regions, the ependyma and the non-ependyma. In uninjured cord, the
ependyma is a diamond shaped, pseudostratified collection of cells layered 2-3 nuclei deep
that surround the central canal. The non-ependyma includes both the gray matter, which
extends laterally from the ependyma to the Mauthner axons, and the “white matter,” the
region of axon tracts that surrounds the gray matter (although all axons in the lamprey are
un-myelinated). The method of Abercrombie (Abercrombie, 1946) was used to correct for
double-counting of nuclei in densely-labeled adjacent sections. In addition to raw counts of
labeled cells, a BrdU labeling index (BLI) was calculated as the percentage of cells within
category that were labeled in a given region. For example, the BLI for ependymal cells =
(BrdU-labeled ependymal cells) x 100 + (BrdU-labeled ependymal cells + unlabeled
ependymal cells). Because the labeled cell counts often did not fit a normal distribution, the
data were analyzed by the Kruskal-Wallis one-way analysis of variance, followed by
Dunnett's multiple comparisons test, comparing labeling at different times post-TX with that
in control animals.

The cytoarchitectonic structure of the brainstem and spinal cord are shown in figure 1A and
B, respectively. At the site of injury there was disruption of the normal architecture with an
increase in cellularity (Fig. 1C), which could be seen even 500 pm away from the lesion
(Fig. 1D). Proliferative responses to spinal cord TX showed seasonal variations. Therefore,
results for animals studied in winter (January/February) and summer (June/July) are
presented separately.

There was no statistically significant difference in BrdU labeling rate between spinal cord
regions immediately rostral and caudal to the lesion site. Therefore, the data from these
adjacent regions were pooled. Spinal cord TX-induced cell proliferation was higher in the
lesion site than in the adjacent spinal cord, particularly in the ependymal zone (p<0.01; Figs.
2, 3A, B). The average number of BrdU-labeled cells in all animals reached 380 in the lesion
site, vs. 109 in the adjacent cord (p<0.001; Fig. 3A). The rate of BrdU labeling was much
higher among ependymal than non-ependymal cells in both the lesion and the adjacent sites
(Fig. 3B), although the non-ependymal regions contributed a larger number of BrdU-labeled
cells (Fig. 3A). This is because there were 7 times as many non-ependymal cells as
ependymal cells (15,800 vs. 2,127 in the lesion site and 6,983 vs. 1,012 in the adjacent cord).

Winter Animals—There were no BrdU-positive cells in the spinal cords of control animals
in winter (Fig. 2A, B), but spinally transected animals had substantial BrdU labeling, which
was more frequent in the lesion site than in the adjacent spinal cord (Fig. 2C-F). The TX-
induced increase in BrdU labeling was much greater in winter than in summer (Fig. 3C, D).
During the first 3 weeks post-TX, BrdU labeling increased progressively in the ependymal
zone, reaching 514 cells/mm length of cord in the lesion and 97 cells/mm in the adjacent
cord (Fig. 4A, C), whereas non-ependymal labeling was already maximal at 1 week post-TX
(415 cells/mm). The rate of BrdU labeling was much higher in the ependymal than the non-
ependymal zone, both in the lesion site (Fig. 4B) and the adjacent regions (Fig. 4D),
although in this difference was not apparent when considering only absolute numbers of
labeled cells (Fig. 4A, C).
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Thus for animals spinally transected in winter, the spinal cords showed more BrdU labeling
than in controls, the lesion site had more apparent mitotic activity than the adjacent spinal
cord, and the ependyma showed a larger proportional increase in BrdU labeling than did
non-ependymal regions.

Summer Animals—In contrast with control animals, in which BrdU labeling was far
more frequent in summer than in winter, TXed animals showed a smaller BrdU-labeling
response in summer than in winter (Fig. 4). As in winter animals, there was a progressive
increase in BrdU labeling in the ependyma zone over the first three weeks post-TX, while
labeling in non-ependymal regions was maximal by 1 week post-TX (Fig. 4E-H).
Nevertheless, as in the winter animals, animals spinally transected in the summer had more
BrdU labeling than controls and the lesion site had more labeling than the adjacent tissue.
The rate of BrdU labeling (BLI) in the ependyma was much higher than in non-ependymal
regions (Figs. 3D, 4F, H).

Rhombencephalon

Winter Animals—A proliferative response to spinal cord TX could be seen in winter
animals even in the rhombencephalon (Figs. 5, 6). In control animals, the mean BLI was
0.015%. There was a peak in BLI at 2 weeks post-TX (0.094%), but even at one week, the
BLI was more than four times that seen in untransected controls (p<0.05; Fig. 6B). All three
cytoarchitectonic regions (ependyma, subventricular zone and peripheral region)
participated in this increase, but most of the BrdU labeling in both control and spinally
transected animals was in the subventricular and peripheral zones (Fig. 6C, D).

Summer Animals—The BLI in the rhombencephalon of control animals studied in
summer was more than three times that of animals studied in winter. However, summer
animals showed a smaller and statistically not significant BrdU labeling response following
spinal cord TX (Fig. 6A, B, E, F). Moreover, in both control and TX animals, BrdU labeling
was greater in the ependyma than in the subventricular zone and peripheral region. In
contrast to other regions, the BrdU labeling decreased in the ependyma post-TX.
Furthermore, an apparent decrease in BrdU labeling was seen in all regions over the 3 weeks
post-TX in all the regions, although none of these differences reached statistical
significance, despite a two-fold larger sample size (number of animals) compared to the
winter group.

Identification of the Proliferating Cell Types

As shown in figure 7, in control animals, cells labeled by the neuronal marker, anti-Hu
antibody (arrows in Fig. 7B), were never labeled by the anti-lamprey-glial keratin antibody
LCM29 (arrows in Fig. 7A), indicating that the anti-Hu antibody is specific for neurons.
While there was an indication of both gliogenesis and neurogenesis in the spinal cord and
rhombencephalon, evidence for neurogenesis was restricted to small cells that remained near
the central canal or 41 ventricle, and did not appear to migrate peripherally or to
differentiate into other neuron types. These cells were also labeled by anti-acetylated tubulin
antibodies (Fig. 7E) but never by anti-NF antibodies (Fig. 7F) and were previously assumed
to be glial/ependymal in nature (Merrick et al., 1995; Rovainen, 1979). Despite their small
size and ependymal location, the Hu-positive cells did not contain glial keratin
immunoreactivity (as indicated by confocal microscopy; Fig. 7D). However, many BrdU-
positive cells were not double-labeled by either the anti-keratin, the anti-NF, or the anti-Hu
antibodies.

In order to determine whether the cells proliferating after spinal cord TX were maturing into
neurons or glial cells, double labeling for BrdU and either anti-Hu, LCM3 (anti-lamprey-
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NF) or LCM29 (anti-glial-keratin) antibody was performed in animals that had been injected
with BrdU at two weeks post-TX, when BrdU labeling was already vigorous, and permitted
to recover an additional 5 weeks. Thus these animals survived a total of 7 weeks post-TX.
No BrdU-labeled cells in these or any other animals were ever labeled by the anti-NF
antibody LCM3 (c.f., Fig. 2C, E). In both the spinal cord and rhombencephalon, most BrdU-
labeled nuclei were found in cells that were also labeled with anti-keratin. Those double-
labeled cells were located in both the ependymal and non-ependymal regions (Fig. 8C),
although the cells in the ependymal zone tended to be larger and stained less intensely than
glial cells in the periphery (see Figs. 2D, F, 8C). Some BrdU-labeled cells were also labeled
with anti-Hu. These were located exclusively in the ependymal zone (2" or 3™ cell layers
from the central canal) of the spinal cord (Fig. 8F) and in the subependyma of the
rhombencephalon (Fig. 81). A few Hu-BrdU double-labeled reticulospinal neurons were
noted in the subventricular zones of the rhombencephalon. However, in these neurons, the
BrdU label was fragmentary, and did not fill the nucleus (Fig. 8L). This suggested that the
label was due to DNA damage or repair, rather than mitosis. It corresponds to the TUNEL
(Shifman et al., 2008) and caspase (Barreiro-Iglesias and Shifman, 2012) positivity seen at
early times in the course of very delayed retrograde neuronal death after spinal cord TX. In
the present study, there was no evidence for the addition of new neurons in the peripheral
regions, even in those animals allowed to survive for 5 weeks after BrdU injection. Of all
the BrdU-positive cells stained with additional antibodies, 7.0% were also Hu-positive,
61.3% were keratin-positive and 31.7% were not positive for any of the three labels (NF, Hu
or keratin). The percentage of keratin positive cells should be viewed as approximate
because the glial cells have very little cytoplasm and at the light microscopic level, it was
not always possible to determine whether a BrdU-labeled nucleus belonged to the same cell
as an adjacent keratin-labeled process.

DISCUSSION

Transection induces gliogenesis

BrdU labeling is conventionally interpreted as a sign of mitosis, although strictly speaking, it
indicates only that at the time of injection, the cell was in S-phase (synthesizing DNA),
which can occur without cell division. Nevertheless, when combined with the large increase
in cell counts seen in and adjacent to the TX, this study suggests that at the site of a SCI in
the lamprey, glial cells or their progenitors undergo extensive proliferation. In fact, the
majority (61%) of BrdU-labeled cells also appeared to be labeled by an antibody specific for
glial keratin, although the small sizes of glial cells made this figure only approximate. The
cells in the ependymal zone are slightly larger, but in these cells, the keratin staining was
less dark, suggesting that they might be immature. Injury-induced gliogenesis might have
been expected based on the cellularity of the enlarged central canal (Rovainen, 1976; Selzer,
1978). However, mitotic figures were not noted in previous studies (Lurie et al., 1994). Nor
had 3H-thymidine incorporation studies suggested large-scale mitosis (unpublished). Indeed,
apart from the central canal, the TX scar has relatively few cells, but consists mainly of
axons and glial fibers that arise from glial cells at the margins of the injury (Lurie et al.,
1994). Based on these observations and the interconnection of glial processes by
desmosomes, it was proposed that glial desmosomes prevent glial proliferation and
migration, so that their thickened, longitudinally oriented fibers could serve as a scaffold for
regenerating axons to grow along (Lurie et al., 1994). In part, this hypothesis was proposed
to explain the previously documented directional specificity of axon regeneration in the
lamprey spinal cord (Mackler et al., 1986; Yin et al., 1984). However, the extensive BrdU
labeling activity demonstrated in the present study, and the evidence that many of the
dividing cells are glia or glial projenitors, calls this hypothesis into question. It remains to be
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determined whether glial cells at the margin of a spinal cord lesion in the lamprey migrate
less than those of species in which glial processes are not interconnected by desmosomes.

Transection induces neurogenesis

In the present study, following spinal cord injury, evidence for both gliogenesis and
neurogenesis was found in the spinal cord and brainstem. In mammals, neural precursors in
the spinal cord are thought to generate only glial cells (Kang et al., 2010; Zhu et al., 2008)
and to differentiate into neurons only in vitro (Kondo and Raff, 2000) or if transplanted into
neuronogenic areas of the brain such as the dentate gyrus (Aguirre et al., 2004; Shihabuddin
et al., 2000). Unlike in lamprey, ependymal cells in the mouse spinal cord do not appear to
generate neurons after injury, as judged by NeuN staining (Barnabé-Heider et al., 2010).
However, injury-induced neurogenesis has been seen in other CNS areas: in the rat
hippocampus (Dash et al., 2001; Farel and Boyer, 1999; Kernie et al., 2001; Snyder et al.,
2001; Yagita et al., 2001), the olfactory epithelium (Barber, 1982), and the neocortex
(Magavi and Macklis, 2001). Neurogenesis also occurs in the injured brains of lizards (Font
etal., 1997; Font et al., 2001; Ramirez-Castillejo et al., 2002), and among fish retinal cone
photoreceptors (Cameron and Easter, 1995).

In both fish (Anderson and Waxman, 1985) and newts (Benraiss et al., 1999; Nordlander
and Singer, 1978) glial cells and neurons derived from the proliferative ependymal layer
migrate to regenerate the entire missing spinal cord. We have not seen lamprey larvae the
ages of those used in these experiments survive tail amputation (unpublished), although at
earlier stages, it may be possible that they can regenerate a 2-3 mm stretch of excised spinal
cord (Mardén, 1959). Some neurons differentiate from radial glial cells during embryogenesis
of the cortex (Malatesta et al., 2003; Noctor et al., 2001). In adult mice, neurons can arise
from astrocytes in the subgranular layer of the dentate gyrus (Seri et al., 2001). How the
newly proliferated neurons participate in spinal cord regeneration, is unknown. In the tail-
amputated newt, neurons derived from the proliferative ependymal layer migrate to
regenerate the spinal cord (Zhang et al., 2003) or become interneurons to help re-build
neuronal circuits. However, in the present study, newly formed neurons remained clustered
around the central canal, even at 7 weeks post-TX and 5 weeks after injection. These may be
the CSF-contacting neurons as described by other authors (Rodicio et al., 2008). A similar
phenomenon was reported in the eel (Dervan and Roberts, 2003).

In the present study, approximately 32% of BrdU-labeled cells did not stain with either the
anti-Hu or anti-keratin antibodies and their phenotypes are unknown. From their locations
and sizes they most likely are non-neuronal ependymal cells. The evidence from the present
study and from previous studies describing CSF-contacting neurons suggests that the
ependymal cells of lamprey are a heterogeneous population. Some express neuronal markers
and some do not. Those that are neurons have varying transmitter phenotypes (Brodin et al.,
1990; Rodicio et al., 2008; Shupliakov et al., 1996). Of those that do not label with neuronal
markers, not all stain with anti-keratin antibodies. Many (but not necessarily all) ependymal
cells surrounding the central canal of the lamprey spinal cord are tanycytes (Tretjakoff,
1909), meaning that they have processes projecting to the spinal cord surface. These may
contribute to scaffolding within the lesion cavity that provides the substrate for cellular
infiltration and axonal regeneration, as has been suggested in the lesioned rat spinal cord
(Beattie et al., 1997), or that accompanies the outgrowth of elongating axons, as in injured
tadpole spinal cords (Michel and Reier, 1979). In the large lamprey larva, regenerating giant
reticulospinal axons contact neuronal and glial elements and do not grow through acellular,
fluid-filled open channels (Lurie and Selzer, 1991). Rather, keratin-containing glial
processes form a bridge across the TX in advance of the axons (Lurie et al., 1994). Recently,
BrdU labeling experiments showed that tanycyte-derived cells in the mouse hypothalamus
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develop into Hu+ neurons (Lee et al., 2012). Whether the Hu-positive cells in the present
study also are tanycytes remains to be determined.

A previous study on control lamprey failed to find BrdU-positive cells that were double-
labeled by anti-NF antibodies, even after 4-5 weeks of BrdU incorporation. This suggested
that only gliogenesis was occurring but not neurogenesis. However, since some neurons do
not stain positively for NF (Jacobs et al., 1996; Swain et al., 1994), this did not prove that no
neurogenesis occurred. In that study, several other neuronal markers were tested, including
commercially available antibodies to nestin, NeuN, neuron specific enolase, TUJ1, and
MAP-2, but these proved either insufficiently specific or insufficiently intense in their
immunohistochemical labeling to be reliable neuronal markers in lamprey CNS (Vidal
Pizarro et al., 2004). In the present study, the anti-Hu antibody was found to be a reliable
neuronal marker. This antibody recognizes a regulatory RNA binding protein that functions
early in neuronal differentiation (Marusich et al., 1994; Szabo et al., 1991) and has been
used as a general neuronal marker in many species, including zebrafish (Byrd and Brunjes,
2001). Approximately 7% of BrdU-positive cells were also labeled by the anti-Hu antibody
in lamprey spinal cord and brain, indicating that neurogenesis occurred in control animals
and was increased after spinal cord TX. Although not quantified, a similar pattern was seen
with a second neuronal marker, anti-acetylated tubulin antibody. Whenever Hu-positive
proliferating cells were found, they were in the ependymal or immediately subependymal
region. Moreover, none of the BrdU-positive cells appeared to contain neurofilament, which
is developmentally regulated, so that its expression increases with age in the larvae and with
metamorphosis (Jacobs et al., 1996). This suggests that the BrdU-labeled neurons have a
restricted phenotype. Since anti-Hu stains cell bodies but not their processes, the projections
of these neurons could not be determined, although they were similar in size to other
ependymal cells. In preparations stained with anti-acetylated tubulin, many of these cells
had projections that contacted the CSF (central canal). This suggests that they are the
GABAergic and monoaminergic CSF-contacting neurons as described by others in the
lamprey (Brodin et al., 1990; Melendez-Ferro et al., 2002; Rodicio et al., 2008) and other
species (Barber, 1982; Franzoni and Morino, 1989; Sueiro et al., 2004; Vigh et al., 2004).
Although it is possible that with even longer incubation times, these cells would have
migrated away from the ependymal region and/or differentiated into other neuron types, the
present results show that as much as 7 weeks post-transection, when many axons have
regenerated across the TX (Lurie et al., 1994; Yin and Selzer, 1983), and 5 weeks after
BrdU incorporation, there are Hu-positive BrdU-labeled cells that are restricted to the
ependymal region. We cannot know to what extent they migrate away from this region, but
if they do, they do not maintain a neuronal phenotype.

BrdU-positive cells may become glial cells, since most of the BrdU-positive cells, especially
in peripheral regions, are surrounded by glial-keratin-containing processes. Although a few
larger, non-ependymal neurons in the rhombencephalon contained BrdU label, the labeling
was speckled and did not fill the nuclei. BrdU may be incorporated into the DNA of non-
dividing neurons that are dying or during DNA repair (Kuan et al., 2004; Yang et al., 2006).
Delayed apoptosis was recently reported in reticulospinal neurons after spinal cord TX in the
lamprey (Shifman et al., 2008). In these neurons, TUNEL labeling could be detected weeks
before the neurons died, and this could account for spurious BrdU labeling.

After spinal cord TX, the lesion site had more BrdU labeling than the adjacent tissue, but at
both locations, most of the BrdU labeling took place in the ependyma. The BLI in spinal-
transected animals was extraordinarily high, reaching a peak of 25% at 3 weeks post-TX in
winter animals. Since the calculation of BLI was based on the ratio of labeled cells to the
number of cells in a standard length of control spinal cord, a cumulative increase in the
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number of cells in the lesion could mean that the actual ratio is smaller than calculated.
There were 3.5 times as many ependymal cells as in control cord, whereas the number of
non-ependymal cells was about the same as in control cord. Since the BLI for the ependyma
was generally greater than for the non-ependyma, the very large apparent BLI within the
lesion would seem to be partly an artifact of the increase in the proportion of ependymal
cells. Neurogenesis has been reported after spinal cord hemisection in goldfish (Takeda et
al., 2008), with at least some of the neurons staining for 5-HT, but how well the neurons
integrated into the spinal circuitry and how many survived subsequent apoptosis is not clear.

The injury-induced cell proliferation in the spinal cord and the localized BrdU labeling of
the ependyma is consistent with the findings in injured mammalian spinal cord, where more
cell division was reported in the injury site than in the adjacent tissue (Adrian and Walker,
1962; Adrian and Williams, 1973; Beattie et al., 1997; Bruni and Anderson, 1987; Gilmore
and Leiting, 1980; Namiki and Tator, 1999; Zhang et al., 2000). In injured adult mouse
spinal cord, most of the proliferation appeared to be in the ependyma, particularly when the
central canal was injured, whereas most of the proliferation in uninjured adult rat spinal cord
was in the peripheral zone (Horner et al., 2000; Kojima and Tator, 2000).

Origins of the Reconstituted Ependyma of the Enlarged Central Canal in the Lesion Zone

Clearly the cells filling in the lesion must originate from somewhere, presumably from the
adjacent cord. At least some of the BrdU labeling in the ependymal cells of the injury zone
probably represented actual cell proliferation, since the total number of cells was increased
2.5-fold in the TX site compared to either the untransected spinal cord or the cord adjacent
to the lesion. And despite an increase in BrdU labeling, there was no change in the number
of cells in the adjacent cord. This suggests that cells from the adjacent cord contributed to
making up the cord in the injury zone, while the number of cells in the adjacent cord was
kept constant by proliferation. However, alternate explanations are possible. The observed
dilation of the ependyma concurrently with a retraction of the transected cord could result in
a high number of ependymal cells in the length examined, without requiring ependymal cell
proliferation.

Seasonal Variation in the Spinal Cord

Our previous study suggested that there was a seasonal variation in the baseline cell
proliferation, such that the summer animals had more BrdU labeling than those in the winter
(Vidal Pizarro et al., 2004). Thus we expected to find a larger proliferative response to
injury in summer than in winter. However, while TX of the spinal cord did result in an
increase in BrdU labeling year round, the apparent increase in proliferation was greater in
winter than in summer. Moreover, although there was more BrdU labeling in the ependyma
than in the non-ependyma, regardless of season, animals transected in winter had greater
ependymal BLIs than summer animals. The cause of the seasonal variation was not
examined in this study. High BLIs observed in winter might be due to longer S-phases, and
thus higher efficiency in BrdU incorporation, compared to those in summer larvae, as
opposed to greater proliferation. This seems unlikely because during the winter, BLIs in
non-transected animals were much lower than those in summer (see Vidal Pizarro et al.,
2004). Alternatively, there might be seasonal variations in the vulnerability of cells to injury,
resulting in differences in the number of surviving labeled cells. Another possible
explanation is that proliferation could slow (fatigue?) with repeated divisions. If the rate of
mitosis immediately after injury is much greater in summer than winter, then by 1 week
post-TX, ependymal cells in summer animals might have slowed their proliferation, while
proliferation in the winter cells was still vigorous. In preliminary experiments to select times
for injection, we did not notice such an early effect, but additional studies may be necessary
to clarify this issue.
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The cause for season-dependent cell proliferation in lamprey is not known; several
hormones such as gonadal, thyroid, and/or adrenal hormones might affect cell division.
Gonadal hormones are unlikely candidates because larval lampreys have low levels of
gonadotropin releasing hormone (Youson and Sower, 2001). A decline in thyroid hormones
(TH) marks the initiation of metamorphosis (Kao et al., 1999; Manzon and Y ouson, 1999;
Wright and Youson, 1977; Youson et al., 1994), but seasonal variations in TH concentration
appear to be related to environmental temperature (Lintlop and Youson, 1983), which would
not affect animals in the present study. Corticosterone reduces cell proliferation (Alonso,
2000; 2001; Cameron and Gould, 1994) and corticosterone levels exhibit seasonal
fluctuations in mammals (Galea and McEwen, 1999; Ormerod and Galea, 2001), birds
(Wada et al., 1999), reptiles (Lance et al., 2001; Munoz et al., 2000; Schramm et al., 1999),
and amphibians (Zerani and Gobbetti, 1993), mostly peaking in the spring and summer.
Whether lamprey corticosterone levels undergo seasonal variations or affect cell division is
unknown.

Rhombencephalon

Most mammalian studies of cell proliferation following spinal cord injury have focused
exclusively on the spinal cord, overlooking the brain regions where the cell bodies of spinal
projecting axons reside and where degenerating rostral projections would terminate. Bruni
and Anderson (Bruni and Anderson, 1987) examined the proliferative response in the
ependyma of the fourth ventricle after puncturing the dorsolateral medulla, and the
ependyma of the central canal after creating a unilateral incision in the lateral funiculus of
the thoracolumbar cord in the rat. The proliferative response remote from a spinal cord
injury was not investigated.

In the present study, BrdU labeling in the rhombencephalon seemed to be regulated by two
effects — seasonal variation and TX. There was an increased BLI in the ependyma of the
rhombencephalon in the summer. The winter-transected animals had more apparent cell
proliferation than their season-matched controls, which suggested that spinal cord TX
stimulated cellular proliferation in the rhombencephalon. However, there was no similar
increase in the summer. Since the post-TX BrdU labeling response in winter animals
reached approximately the same level as the rate in control animals in summer, it may be
that the summer level of proliferation represents a ceiling. If so, the mechanism is not clear,
since the BLIs in the rhombencephalon never exceeded 0.10%, whereas BLIs in the spinal
cord were much higher.

Cellular Mechanisms of Sustaining Axonal Outgrowth

There are a number of ways in which cell proliferation could contribute to the repair process
that sustains axon outgrowth. First, nascent neurons might replace injured or dead neurons
or serve as interneurons to relay neuronal information across the injury, as in the newt
(Benraiss et al., 1999). Second, with gliogenesis or ependymogenesis, the new cells could
provide physical and trophic support to regenerating axons. Following spinal cord TX in
lamprey, the processes of glial cells bridge the lesion in advance of regenerating axons
(Lurie et al., 1994).

Glial cells could enrich the environment for axon growth by producing trophic factors
(Bohn, 2004). Glial cells in the hippocampus of mammals may switch from a glial to
neuronal phenotype (Seri et al., 2001) or serve as neuronal precursors as do radial glial cells
in the mammalian brain (Malatesta et al., 2003; Noctor et al., 2001). Although lamprey glial
cells are similar to radial glia in that their processes span the entire thickness of the spinal
cord (or brain), it is not known whether glia in the lamprey CNS can generate neuronal
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progeny or be converted into neurons. However, the evidence discussed above suggests that
neurogenesis after injury in the lamprey CNS derives from ependymal cells.

CONCLUSIONS

Spinal cord TX in the lamprey induced massive BrdU labeling, which was most intense at
the site of injury, became less intense centrifugally, but was still detectable as far as the
rhombencephalon. The mechanism for this remote proliferation is unknown. In the spinal
cord, BrdU labeling occurred primarily in the ependymal zone, where many of the labeled
cells had a neuronal phenotype, like the CSF-contacting neurons previously described in
several species, including lampreys. However, none of the newly formed neurons were
labeled by anti-NF antibodies, and there was no evidence for neurogenesis away from the
ependymal zone, or for migration of these csf-contacting neurons away from the ependymal
zone. Thus neurogenesis may be limited to a very restricted neuron type. What role such
neurons play in restoring function to the injured spinal cord is not known. Further insights
may be derived from using phenotype specificity markers to identify neuronal subtypes,
from retrograde labeling studies to determine where the new neurons send their axons, if
any, and from anterograde labeling studies to determine whether and from where the new
neurons receive afferent inputs. Cell proliferation showed seasonal variation such that in
uninjured animals, BrdU labeling was more prevalent in summer than in winter. Yet both
the relative and absolute levels of proliferative response to spinal cord injury were much
greater in winter than in summer. In the rhombencephalon, an increase in the BrdU labeling
after spinal cord TX was seen only in winter, and this reactive labeling was approximately
equal to the baseline level of labeling in summer, suggesting that this level might reflect a
ceiling effect. The role of cell proliferation in axonal regeneration is not known, but glial
and/or ependymal cells appear to play a role in supporting and guiding regenerating axons
across a lesion.
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Fig. 1. Cytoar chitecture of the lamprey rhombencephalon and spinal cord

Hematoxylin-stained CNS cross-sections are shown with outlines indicating boundaries
between adjacent cytoarchitectonic regions. A, the rhombencephalon is divided into
ependyma (E), subventricular zone (S), and peripheral region (P). IV = fourth ventricle ; D =
Dorsal; V = ventral; Mth = Mauthner neuron ; M = Miiller neuron ; n = neuron. B, the spinal
cord is divided into ependyma (E), a diamond shaped, pseudostratified layer of cells 2 — 3
nuclei deep that surround the central canal, and the non-ependyma. Mth = Mauthner axon;
M = Muiller axon; n = neuron; DC = dorsal cell. C, lesioned spinal cord. Note the enlarged
central canal, the asymmetrical shape of the spinal cord in comparison with the control, and
the absence of landmarks such as the Mauthner axons in the lateral spinal cord. D, spinal
cord adjacent to the lesion. * = central canal; D = dorsal; V = ventral; scale = 50 pm.
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ADJACENT

Fig. 2. BrdU label in the spinal cord isfound in small cells, some labeling for glial keratin (KTN)
but none for neurofilaments (NFs)
A and B, control lamprey spinal cord stained with anti-lamprey-NF (A) and anti-glial-

keratin (B) antibodies. * = central canal; D = dorsal; V = ventral; Mth = Mauthner axon; M =
Miiller axon; DC = dorsal cell. C and D, lamprey spinal cord at 2 weeks post-TX and
injected with BrdU 4 hours before sacrifice, stained with the anti-lamprey-NF antibody
LCM3 (C) and the anti-lamprey-glial keratin antibody LCM29 (D). E and F, spinal cord 5
mm rostral (“adjacent”) to a TX, and processed as in C and D, stained with the same anti-
lamprey-NF (E) and anti-lamprey-glial keratin (F) antibodies. Arrows point to BrdU-
positive cells; scale bar = 50 pm. At this magnification, most glial cells are too small to
definitively identify their nuclei with specific keratin-containing processes.
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J Comp Neurol. Author manuscript; available in PMC 2015 April 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Page 21

Winter
A 8% Lesion Site B#°
700 3
600 *x - 30
® =
3 500 K25
o * S
+ 400 @20
=
T 300 15
3]
200 10
100
¢ Ependyma Non-Ependyma Ependyma Non-Ependyma
1809 Adjacent Site . D™ -
160 % ”
140 o
2120 10
O 100 X8
: [
> 80 Ze
B )
o 60 4
40 . ¥
20 N z
0 ol
Ependyma Non-Ependyma Ependyma Non-Ependyma
Summer
350 ion S 6 2
E Lesion Site - F - i
- 5 B2 weeks (N=8)
W3 weeks (N=10)
@ 250 i
% -
O 200 £
+ 5 9
B 1% v a
g . 2
100 *
- * 1 *ohk
0 ]
Ependyma Non-Ependyma Ependyma Non-Ependyma
140 " ) 3.0
G Adjacent Site H .
120 o 25 .
» 100 20
8 80 g is -
+ o
3 60 *x 2 *
B 4 1.0 o
L owex
20 . 05
0 00

Ependyma Non-Ependyma Ependyma Non-Ependyma

Fig. 4. Time cour se of BrdU labeling after spinal cord transection in winter and summer

Graphs A, C, E and G show the number of BrdU-labeled cells (mean * SEM) per mm length
of spinal cord. Graphs B, D, F and H show the BLI (mean £ SEM), which is the percent of
cells that are labeled. This is calculated as (BrdU-labeled cells) x100 + (labeled + unlabeled
cells). A and B are in the lesion of animals transected in winter, while C and D are in the
adjacent spinal cord of winter animals. Frames E-H are comparable data for summer
animals. There was no BrdU labeling in the spinal cord of the winter control animals but
some labeling in summer. BrdU labeling was dramatically induced by spinal cord
transection. There was more BrdU labeling in the lesion site than in the adjacent spinal cord,
and the highest rates of BrdU labeling occurred in the ependymal zone. Statistical
significance compared to control (Kruskal-Wallis one-way ANOVA followed by Dunnett’s
test for multiple comparisons) * p<0.05; ** p<0.01; ™ p<0.001. N’s in B are the number of
animals used in A-D. N’s in F are the numbers of animals used in E-H. The greater
availability of animals in summer than in winter resulted in higher N values and greater
calculated statistical significances than seen in the winter data.
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Fig. 5. BrdU-labeling of cellsin the rhombencephalon after spinal cord TX

Two sections through the rhombencephalon of an animal two weeks post-TX, viewed with
Nomarski optics. A, BrdU-labeled cells in the ependyma (E), the subependyma, and the
peripheral zone of the rhombencephalon of a winter animal. n = neuron. B, BrdU-labeled
cells in the ependyma and the subventricular zone of the rhombencephalon of a summer
animal. M = Miller neuron. Arrows point to BrdU-positive cells; scale bar = 50 pm.
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Fig. 6. Regional distribution of BrdU labeling in the rhombencephalon
Graphs A, C and E show the number of BrdU-labeled cells in the whole rhombencephalon
(mean * SEM). Graphs B, D, and F give the BLIs for cells of the rhombencephalon as in
figure 5. A and B show the data for all cells in winter and summer. C and D give data by

zone for winter animals, while E and F give analogous data for summer animals. *
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statistically significant (p<0.05; Kruskal-Wallis one-way ANOVA followed by Dunnett’s
test for multiple comparisons). N’s shown in A are the number of animals used in winter and
summer in A and B. N’s in C are the number of animals used in C and D. N’s in E are the
numbers of animals used in E and F.
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SC | LCM29 +LCM29

Brain | Hu

Fig. 7. Specificity of anti-keratin and anti-Hu antibodies

Control lamprey spinal cord stained with anti-glial keratin antibody LCM 29 (magenta in A)
or the anti-Hu antibody (green in B) imaged with an epifluorescence microscope. D =
dorsal; V = ventral; * = the giant axons of Miiller neurons. Arrows point to neurons stained
with anti-Hu but not with the anti-keratin antibody. C, images in A and B merged, showing
segregation of stained profiles. Scale bar = 20 um. The small amount of pale labeling in a
few cells is due to overlap of different cells in the section, and not to co-expression of Hu
and keratin in the same cell. This is shown by the absence of pale label on confocal imaging
in the region of the central canal (cc) in D. Two large Miiller axons are indicated by *. E, cc
region stained with anti-acetylated tubulin antibody showing subependymal cells sending
processes to the cc. These are the CSF-contacting neurons described by others (see text). F,
a section double-labeled with antibodies to BrdU (brown) and neurofilament (red). N =
dorsal cells (primary sensory neurons). Note the absence of NF stain in the ependymal and
subependymal cells surrounding the central canal, even though some of these cells would be
labeled by anti-Hu, as in D. The arrowhead points to a BrdU-positive cell that has no NF
stain, at the base of the dorsal column.

J Comp Neurol. Author manuscript; available in PMC 2015 April 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 25

LCM29 +LCM29

Fig. 8. Gliogenesis and neurogenesis after spinal cord transection

At 2 weeks post-TX, animals were injected with BrdU and sacrificed 5 weeks later, in order
to allow enough time for any post-mitotic cells to differentiate. Sections of the spinal cord
and rhombencephalon were double stained for BrdU (A, D, G, J) and either keratin (B) or
anti-Hu antibody (E, H, K). A, spinal cord at the TX site imaged for BrdU. B, same section
imaged for keratin. C, superimposed. Note the co-labeling in glial cells (arrows) in the
dorsal column. D, spinal cord imaged for BrdU. E, same section imaged for Hu. F,
superimposed. Note the co-labeling in a cell (arrow; enlarged in inset) immediately
subjacent to the cell layer lining the central canal (cc). Note the absence of co-labeling in the
larger neurons away from the ependymal zone. G, Brainstem imaged for BrdU. H, same
section imaged for Hu. I, superimposed. Note the co-labeling in ependymal cells (arrows;
enlarged in inset). Label was also seen in cells of the subventricular zone (not shown here).
J, Brain imaged for BrdU. K, same section imaged for Hu. L, superimposed. In a few larger
neurons of the peripheral region, there is some BrdU labeling, but this does not occupy the
entire nucleus (margins of the nucleus are indicated by arrows in the inset enlargement). It
probably represents DNA repair (white arrows). Compare this pattern to that of the cells
shown in the insets of C, F and |. White arrowheads point to a pair of BrdU-positive Hu-
negative cells. Cc = central canal, SC = spinal cord, IV = fourth ventricle, scale bar = 20 um.
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Table 1

Primary antibodies used. LCM 29 and LCM3 are mAbs that recognize all lamprey glial keratin and all
lamprey neurofilament subunits, respectively (see M ethods). They have been characterized previously with
regard to specificity in lamprey CNS (Merrick et al., 1995; Pleasure et al., 1989). The biotin-conjugated anti-
HuD antibody was purified from the serum of a patient with paraneoplastic encephalomyelitis, and was kindly
provided by Dr. Joseph Dalmau, Department of Neurology, University of Pennsylvania, now at University of
Barcelona Hospital Clinic.

Antigen Immunogen Host and Type Manufacturer Dilution

Bromodeoxyuridine | Bromodeoxyuridine-bovine Mouse Chemicon (Temecula, | 1:200
serum albumin monoclonal CA), MAB3424

Bromodeoxyuridine | Bromodeoxyuridine coupled to | Sheep Abcam, ab1893 5 pg/ml
keyhole limpet hemocyanin polyclonal

Neuronal Protein Human neuronal protein Mouse Molecular Probes, 1:100

HuC/HuD and Hel- monoclonal 16A11

N1

Cytokeratin Lamprey cytoskeleton Mouse monoclonal | Selzer lab, LCM29 1:100

Neuronal protein Recombinant Human HuD Human polyclonal Dr. Josep Dalmau 1:500

HuD protein

Neurofilaments Lamprey cytoskeleton Mouse monoclonal | Selzer lab, LCM 3 1:100

Acetylated a - Outer arm of sea urchin Mouse Sigma-Aldrich, 1:500

tubulins monoclonal 6-11B-1
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