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Connexin 43 Delimits Functional Domains of Neurogenic
Precursors in the Spinal Cord
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The cells lining the central canal (CC) of the spinal cord derive from the ventral part of the neural tube and, in some vertebrates, are
responsible for the functional recovery after spinal cord injury. The region that surrounds the CC in the turtle contains proliferating cells
that seem to generate both glia and neurons. Understanding the biology of spinal progenitors with the potential to generate new neurons
“in situ” is important for cell replacement therapies. Here, we aimed to identify and characterize precursor cells in the spinal cord of
Trachemys dorbignyi. To evaluate the population of proliferating cells, 5-bromo-2’-deoxyuridine (BrdU) was injected every 4 h (50 ug/g,
i.p.) during 24 h. We found BrdU " nuclei around the CC with a higher density in the lateral quadrants, in which whole-cell patch-clamp
recordings showed extensive dye coupling of cells. Carbenoxolone (100 wm) increased the input resistance, suggesting strong gap
junction coupling among precursors. The expression of brain lipid binding protein (a marker of a subtype of radial glia) and Pax6
matched the location of clusters, suggesting these cells belonged to a domain of neurogenic precursors. These domains were delimited by
ahigh density of connexin 43 (Cx43) located on the endfeet of CC contacting cells. Our findings indicate that spinal precursors share basic
properties with those in the embryo and neurogenic niches of the adult brain, and support a key role of functional clustering via Cx43 in

spinal cord neurogenesis.
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Introduction

The cells lining the central canal (CC) of the spinal cord derive
from the ventral part of the neural tube (Fu et al., 2003) and thus
may have retained some of the properties of embryonic precur-
sors. Indeed, CC contacting cells proliferate in the adult rat (Hor-
ner et al., 2000), a process boosted by spinal cord injury (Mothe
and Tator, 2005), but the differentiation from these spinal pre-
cursors toward the neuronal lineage appears forbidden (Horner
et al., 2000). Recent reports, however, suggest that new neurons
can be generated from CC contacting cells as a response to some
forms of injury (Danilov et al., 2006). Understanding the biology
of spinal progenitors with the potential to generate new neurons
“in situ” is fundamental for the design of cell replacement
therapies.

During the development of the cerebral cortex, radial glia
(RGs) behave as precursors dividing vigorously to generate neu-
rons that migrate along RG processes (Noctor et al., 2001). These
precursors have a characteristic molecular and functional pheno-
type, expressing cell specific proteins and lacking active mem-
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brane properties (Hartfuss et al., 2001; Noctor et al., 2002). An-
other feature of precursors is their functional clustering via gap
junction coupling (Lo Turco and Kriegstein, 1991; Bittman et al.,
1997; Noctor et al., 2001, 2002), which appears critical for main-
tenance of their phenotype and capacity to proliferate (Bruzzone
and Dermietzel, 2006). The progenitors in neurogenic niches of
the adult brain derive from their counterpart in the embryo and
share many of their fundamental properties (Ming and Song,
2005; Lledo et al., 2006). However, the properties of potential
precursors in the mature spinal cord remain elusive.

Progenitor cells and neuroblasts persist in the postnatal spinal
cord of the turtle (Fernandez et al., 2002; Russo et al., 2004),
which thus represents a unique model to study the biology of
spinal neurogenic precursors. We hypothesize that spinal precur-
sors share basic mechanisms with those in well characterized neu-
rogenic niches of the adult brain. Here, we take advantage of this
unique model to study the nature of precursor cells in the spinal
cord. We combined a 5-bromo-2'-deoxyuridine (BrdU) satura-
tion protocol to identify the population of proliferating cells,
with patch recording of cells around the CC and molecular phe-
notyping. We found that the higher rate of proliferation occurred
in the lateral CC in which extensive clusters of gap junction cou-
pled cells existed. The expression of brain lipid binding protein
(BLBP) [a marker of RGs (Feng et al., 1994)] and Pax6 [a marker
of neurogenic precursors (Pinto and Gétz, 2007)] matched the
location of clusters, indicating that these cells belonged to a do-
main of neurogenic progenitors. These domains of precursor
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cells were spatially delimited by connexin 43 (Cx43) expression
on the apical segments of CC contacting cells. Our findings rep-
resent the first evidence showing that precursor cells in the spinal
cord share fundamental properties with those in the embryo and
canonical neurogenic niches of the adult mammalian and avian
brains, and support a key role of functional coupling via gap
junctions as a basic, phylogenetically preserved mechanism in
neurogenic precursors.

Materials and Methods

General. Juvenile turtles (Trachemys dorbignyi; 5-7 cm carapace length)
were used following the guidelines of our local Committee for Animal
Care and Research (Comision Honoraria de Experimentacién Animal,
Universidad de la Republica, Montevideo, Uruguay). The animals were
kept in temperate aquaria at 26—30°C under natural illumination
conditions.

BrdU labeling. To reveal the population of proliferating cells, we used
a cumulative BrdU protocol (Nowakowski et al., 1989). Turtles (n = 5)
received seven intraperitoneal injections of BrdU (50 ug/g body weight;
Sigma-Aldrich, St. Louis, MO) dissolved in 0.9% NaCl, which was
0.007N for NaOH, in a time lapse of 24 h. According to Cameron and
McKay (2001), the dose used here supplies most DNA-synthesizing cells
with enough BrdU to appear unambiguously labeled (Taupin, 2007).
Because cycling cells in the spinal cord have a long cell cycle (Horner et
al,, 2000), we assumed a 4 h interval between injections was enough to
label the whole population of proliferating cells during 24 h. Animals
were killed 4 h after the last injection and spinal cord living slices were
obtained as described below. Quantification studies were made in an-
other series of experiments (#n = 4) using the same injection protocols
but the turtles were fixed by perfusion, and sections (50—80 wm thick)
from the spinal cord cut with a vibrating microtome.

Slice preparation and electrophysiology. Turtles anesthetized by hypo-
thermia were decapitated and the blood was removed by intraventricular
perfusion with Ringer’s solution (6°C). The cervical enlargement was
dissected out and transverse 300-um-thick slices were cut, placed in a
chamber (1 ml volume), and superfused (1 ml min ~') with Ringer’s
solution of the following composition (in mm): 96.5 NaCl, 2.6 KCl, 31.5
NaHCO;, 3 CaCl,, 2 MgCl,, and 10 glucose. The solution was saturated
with 5% CO, and 95% O,, pH 7.6. All experiments were performed at
room temperature. Cells were visualized with differential interference
contrast (DIC) optics (DM LEFS; Leica, Wetzlar, Germany) with a 40X
(0.8 numerical aperture) objective. Patch-clamp whole-cell recordings
were obtained with electrodes filled with the following (in mm): 122
K-gluconate, 5 Na,-ATP, 2.5 MgCl,, 0.003 CaCl,, 1 EGTA, 5.6 Mg-
gluconate, 5 K-HEPES, 5 H-HEPES, and 10 biocytin, pH 7.4, 5-10 M().
In some cases, Lucifer yellow (0.1%; Sigma-Aldrich), Alexa 488 hydra-
zide (500 wMm), or Alexa 488 dextran (500 um; molecular weight 10,0005
Invitrogen, Eugene OR) were added to the pipette solution. Current- and
voltage-clamp recordings were performed with an Axoclamp 2B or a
Multiclamp 700B (Molecular Devices, Palo Alto, CA). Current and volt-
age steps were generated with the pClamp10 package (Molecular De-
vices), which was also used for additional analysis. Series resistance and
whole-cell capacitance were not compensated. In voltage-clamp mode,
cells were held at —70 mV and the resting membrane potential was
estimated from the current—voltage relationship (at I = 0). To subtract
leak currents, we used a P4 protocol provided by Clampex10 software
that allowed simultaneous storage of raw and leak subtracted data. Liquid
junction potentials were determined and corrected (Barry and Diamond,
1970). Values are expressed as the mean = SEM.

Carbenoxolone (Cbx) (100 uMm) or meclofenamic acid (MFA) (100
um) were added to normal Ringer’s to block gap junctions, whereas
tetraethylammonium (TEA) (10 mm) was added to block K * channels.
All drugs were purchased from Sigma-Aldrich.

Morphological identification of recorded cells. During whole-cell patch-
clamp recordings, 109 cells were filled with biocytin. Cells were filled for
atleast 10 min and the slices were fixed by immersion in 4% paraformal-
dehyde in 0.1 M phosphate buffer (PB) for 12-24 h. In some cases, cells
were visualized in living slices by injecting Lucifer yellow or Alexa 488
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Figure 1. The (G as a proliferative niche. A, Scheme of the BrdU protocol used.
B, BrdU ™ cells (green) concentrated on the lateral aspects of the region surrounding the
(C. Syto 64 (red) was used to stain nuclei. ¢, BrdU * cell in telophase (confocal section and
DIC illumination) close to the CC. The inset shows the plane of cleavage (arrows). D,
Densities of BrdU-labeled nuclei in the lateral (L) and medial (M) aspects of the region
surrounding the CC (mean = SEM). The drawing shows schematically the limits of the
regions (shaded area) in which BrdU * nuclei were counted. Scale bars: B, 10 wm; €, 20
um; inset, 10 wm.



3300 - J. Neurosci., March 26, 2008 - 28(13):3298 -3309

A1 2
< 15001

| 500 pA “_'Q’ 10001

20001

Russo et al. @ Neurogenic Precursors in the Spinal Cord

500
_%M 12? 80 60 -40 20 0 20
— -500 - V (mV)
20 ms
B —e— control C Control Cbx
——Cbx . 1200
< i
1100 pA 3 1000‘%/{
~30mV 70 mv
1ms
20 0 500 0 500 1000 15 2000
V(mV) R, (MQ) Ry (MQ)
Eg 10 Control 210. Cbx
Q8 Q 8
5 6 ‘c 61
Z 4 Z 4
2 2
0
k |

005 5 -85 -75 65 -55
RMP (mV)

05 95 -85 -75 -65 -55
RMP (mV)

Figure 2.
injection with Lucifer yellow (LY), the cell appeared dye coupled with neighboring cells (3; LY). Notice the ghosts of uncoupled cells (asterisks). B, Cbx (100 ) increased the input resistance of cells
inthe lateral CG (n = 33 cells). €, Histograms showing the distribution of the input resistance in control and after uncoupling with Chx. D, After 15 min of preincubation with MFA (100 rum), patch
recordings in the lateral CG revealed single cells (n = 10). Notice the small rounded cell body connected by a thin process to a wide endfoot that ended on the CClumen. E, Histograms showing the

Functional properties of cells in the lateral CG. A, Responses of a cell in the lateral (G to a series of voltage steps (7) that displayed a linear current—voltage relationship (2). After

effect of uncoupling with Cbx (100 um) on the resting membrane potential (RMP). Scale bars: 43, D, 15 um.

and the resulting images were acquired with an FG7 frame grabber (Scion
Instruments, Frederick, MD) using NIH Image. Although leakage from
the pipette was usually sufficient to get good stainings, in most cases we
applied current or voltage pulses (500 ms at 1 Hz) after the electrophys-
iological characterization to iontophorize either biocytin or fluoro-
phores. After overnight PB rinsing, the slices were blocked with 0.5%
BSA in PB (1 h) and then incubated in a solution containing 0.3% Triton
X-100 with either the avidin-fluorophore complex (avidin-Alexa 488 or
633; 2 h) or the biotin—avidin—-HRP complex (overnight). Slices incu-
bated with fluorophores were mounted in glycerol and examined with a
confocal microscope (FV 300; Olympus, Tokyo, Japan). Slices incubated
with the HRP-conjugated complex were reacted with diaminobenzidine
in the presence of H,0, to produce a brown precipitate. The outlines of
stained cells were manually set to generate a mask from which the area of
staining was calculated using Image Pro Plus (version 5.1; Media Cyber-
netics, Bethesda, MD). The maximum extension of staining in the ros-
trocaudal axis was measured with the aid of Olympus Fluoview software.

These two values were used to calculate the volume index (area X extent
of staining in the z-axis).

Quantification procedures. Sections were serially cut, sequentially col-
lected in numbered vials, and chosen using a generator of random num-
bers. The selected sections were further processed for revealing the pres-
ence of cells that have incorporated BrdU (see below). The region
surrounding the CC was divided into four triangular quadrants (two
laterals, one dorsal, and one ventral) covering a total area of 300 X 100
pm (a rectangle centered on the CC with the longest side perpendicular
to the dorsal raphe) (see Fig. 1D, inset). The corresponding areas were
calculated and the number of BrdU-labeled nuclei was counted in each
quadrant. The resulting numbers were pooled in two groups: lateral
(right and left) and medial (dorsal and ventral). Densities (number of
nuclei/area in square micrometers) were calculated in randomly selected
sections obtained from different turtles (n = 4). Statistical significance
was estimated with a paired ¢ test at p << 0.05.

To estimate the number of BLBP* cells that expressed Pax6, we
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subtracted traces (top).

counted cells from 20 confocal sections (1 wm thick) separated 7 um
from each other, obtained from the spinal cords of different turtles (n =
4). To avoid cross talk, two images were recorded from each section, one
scanned with the far-red light beam to excite Alexa 633, and the other
with the blue light beam to excite Alexa 488. Digital images were further
processed with Photoshop 7, and cells expressing both proteins (BLBP
and Pax6) or only one of them counted.

Immunohistochemistry. To reveal the presence of BrdU-labeled cells,
fixed 300-um-thick slices or thinner microtome sections (60—80 um
thick) were rinsed in PB and incubated in 2N HCl with proteinase Kat 0.2
mg/ml for 10 min. After several rinses, sections were blocked with 5%
goat serum in PBS with 0.3% Triton X-100 and placed overnight in
mouse anti-BrdU (DakoCytomation, Glostrup, Denmark) diluted 1:500
in PB and 0.3% Triton X-100 (Sigma-Aldrich). After washing, the tissues
were incubated with a secondary serum conjugated with a fluorophore
(Alexa 488, Alexa 546, or Alexa 633; Invitrogen).

To identify the molecular phenotype of cells in the central gelatinosa
(CG), we used the following primary antibodies: (1) anti-BLBP (rabbit
polyclonal, 1:1000; Chemicon International, Temecula, CA), (2) anti-
HuC/D (mouse monoclonal, 1:50; Invitrogen), (3) anti-Cx26 (rabbit
polyclonal, 1:25; Zymed, San Francisco, CA), (4) anti-Cx43 (rabbit poly-
clonal, 1:3000; kindly provided by Dr. J. C. Séez, Pontificia Universidad
Catélica de Chile, Santiago, Chile), (5) anti-vimentin [mouse, 40E-C
raised against canary brain, 1:10; Developmental Studies Hybridoma
Bank (DSHB), Iowa City, IA], (6) anti-3CB2 (mouse, 1:10; DSHB), (7)
anti-Pax6 (mouse, 1:10; DSHB), and (8) anti-GFAP (rabbit polyclonal,
1:500; Sigma-Aldrich).

+30 mV I

Clustered cells display voltage-gated outward currents. A, Leak-subtracted and raw currents (top and middle traces,
respectively) in response to voltage steps (bottom traces). An outward current with a slow time course is observed in leak-
subtracted currents (top traces; 7). Cbx (100 wm) blocked a substantial component of the total current (middle traces; 2) but did
little to the outward current (top traces; 2). TEA (10 mm) blocked the outward current (3). B, Cell with a voltage-gated outward
current (top traces) blocked by Chx (middle traces). C, A few clusters lacked voltage-gated outward currents as shown in the leak
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Tissues were placed in PB with 0.3% Triton
X-100 for 30 min and then incubated with the
primary antibody diluted in the blocking solu-
tion. Incubation times were optimized for each
antibody. In the particular case of Cx26, the sec-
tions were previously immersed in citrate buffer
(10 mMm) at 80°C for 30 min to retrieve the
epitope. After washing in PBS, tissues were in-
cubated in secondary antibodies conjugated
with different fluorophores. When performing
colabeling experiments, Alexa 488 and 633 were
used to avoid cross talk. We made control exper-
iments suppressing primary antibodies during
tissue processing.

Complementary histological procedures. Cell
clusters were usually examined in transverse spi-
nal cord slices. However, in some cases (1 = 5),
slices containing well stained clusters were em-
bedded in a mixture of agar and albumin hard-
ened with 1% glutaraldehyde dissolved in PB.
The resulting blocks were oriented in a vibrating
microtome to obtain sections parallel to the lon-
gitudinal axis of the CC and perpendicular to the
transverse plane.

To reveal the characteristics of nuclei in ani-
mals that have not received BrdU, sections were
stained with the nuclear stain Syto 64
(Invitrogen).

Results

The central gelatinosa is a niche of
proliferating cells

The CG is a complex region surrounding
the CC that contains cells with the ability to
proliferate and immature neurons, sug-
gesting the persistence of neurogenesis af-
ter birth (Fernandez et al., 2002; Russo et
al., 2004; Trujillo-Cendz et al., 2007). In
other neurogenic niches, precursor cells
cluster in spatially defined domains
(Doetsch et al., 1997); therefore, we asked
whether precursors in the CG are spatially
grouped or located evenly around the CC. To reveal the popula-
tion of cycling cells in the CG, we used a BrdU saturation protocol
(n = 4 turtles) that consisted of an injection (50 ug/g) every 4 h
during 24 h (Fig. 1A). Although we found BrdU ™ nuclei in all
quadrants of the CG, the density of BrdU-labeled nuclei was sig-
nificantly higher in the lateral quadrants (lateral quadrants:
1.31 X 10™* = 0.18 X 10~* nuclei/um? medial quadrants:
0.10 X 10~* = 0.04 X 10 ~* nuclei/um? n = 38 sections; p <
0.01, paired t test) (Fig. 1B,D). Close inspection of the BrdU-
labeled nuclei showed that some exhibited a punctate pattern,
whereas others appeared uniformly stained (data not shown).
To exclude that nuclei with chromatin granules may reflect
cell injury induced by BrdU, we stained spinal cord sections
from noninjected turtles with the nuclear dye Syto 64 and
found that a similar chromatin distribution also occurred in
nontreated animals (data not shown). As reported by Cam-
eron and McKay (2001) in the dentate gyrus of rodents, the
presence of punctate nuclei cannot be attributed to a toxic
action of BrdU but merely reflects “the clumping of a large
proportion of the DNA into heterochromatin” replicated at
the end of S-phase (Lima-de-Faria and Jaworska, 1968). We
occasionally found typical mitosis close to the CC lumen (Fig.
1C, main image and inset), suggesting that, as in the neural
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Clusters are diverse and contain RGs. A, A massive group of dye-coupled cells covering a whole lateral (G region. Notice the three projections of fibers arising from the core of the cluster.

B, Small cluster covering ~10 min of the CC with only a bundle of processes projecting ventrolaterally. , Inverse linear relationship between the input resistance (R,,) and volume index (area X
extent of staining in the z-axis). D, Clustered cells have the typical morphology of RGs. The injection of the nonpermeable dye Alexa 488 dextran (molecular weight, 10,000) revealed a cell with
bipolar morphology (7) bearing a central process that contacted the CC and a peripheral process that projected ventrolaterally to the pia matter (arrowhead). Injection of biocytin (revealed with
streptavidin-Alexa 633) showed that the cell belonged to a cluster of dye-coupled cells (2, 3). The distal process of the recorded cell ran together with other processes from coupled cells (4, arrows).
1-3 are confocal optical sections, whereas 4 is a stack of sections. E, Schematic drawing showing the proportion (percentage of total number of clusters) of the projections to the pia in the surface
of the cord. F, A cluster with conspicuous processes running in the dorsal raphe that terminated in endfeet contacting the pia (inset). The processes had some spine-like sprouts and varicosities
(arrow). G, Cluster with ventrolateral and ventral projections reaching the medial sulcus. The enlarged area shows the contact of the processes with the pia at the sulcus level. H, Cell bodies (arrows)
detached from the main cluster of cells. The arrow in the enlarged area shows (in a different focal plane) a cell body intermingled with the bundle of processes. /, A cell with RG morphology that
appeared uncoupled in the lateral CG. Scale bars: A, 30 um; B, D1-D3, 20 ym; D4, 50 m; F, mainimage, 25 um; inset, 5 um; G, mainimage, 60 pum; enlarged area, 10 um; H, main image, 20

um; enlarged area, 10 wm; 1, 10 m.

tube, nuclei migrate toward the CC lumen to divide (Sauer,
1935).

Functional phenotype of precursor cells in the lateral CG

Both in the embryonic and adult neurogenic niches (Lledo et al.,
2006), precursor cells have a characteristic electrophysiological
signature. To explore the functional phenotype of putative pre-
cursors in the lateral aspects of the CG, we made patch-clamp
recordings of cells surrounding the CC. Figure 2A shows the
response of a representative cell to hyperpolarizing and depolar-
izing voltage steps (Fig. 2A1) with a linear I-V relationship (Fig.
2A2). The cells in the lateral quadrants of the CG had input
resistances ranging from 7.6 to 700 M() (mean * SEM, 167 * 16
M(; n = 102) and resting potentials from —50 to —104 mV
(—87.4 = 1.1 mV; n = 96). As revealed by injection of Lucifer
yellow, the cell in Figure 2A had a small round cell body con-
nected to the CC by a single thin process that terminated on a
wider endfoot (Fig. 2A3). The recorded cell was dye coupled to

other neighbors forming a compact cluster of cells (Fig. 2 A3) that
surrounded noncoupled elements (Fig. 2 A3, asterisks). The dye
coupling and low input resistance of these cells may arise from
extensive electrical and metabolic coupling via gap junctions. In
line with this, the gap junction decoupler carbenoxolone (100
uM) significantly increased the input resistance of cells located in
the lateral CG (102.3 = 12.1 M() for control and 780.8 * 89.9
M after 100 uM Cbx; n = 34; p < 0.01, independent ¢ test) (Fig.
2B,C). Blockade of hemichannels was unlikely to contribute to
the effect of carbenoxolone on the R;y because most should be
closed at the extracellular Ca** concentrations used in this study
(Séez et al., 2005). Therefore, the increase in Ry induced by
carbenoxolone can be attributed to the uncoupling of the re-
corded cells from their neighbors. In support of this possibility,
incubation of slices in MFA (100 um; n = 10) or carbenoxolone
(100 pM; n = 3) before patch-clamp recordings in the lateral
quadrants blocked dye coupling. Figure 2D shows a cell with a
small rounded cell body connected to a wide endfoot by a thin
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process, which was recorded after 15 min of preincubation with
MFA. Notice that the gap junction permeable dye Alexa 488 failed
to reveal dye coupling in the presence of MFA. In line with this,
the R,y of cells recorded in the presence of MFA was 1.96 * 0.27
GQ. Uncoupling with carbenoxolone also depolarized the resting
membrane potential of recorded cells from an average value of
—88.1 £ 1.3t0 —77.7 %= 1.9 (n=30;p <0.01, independent ¢ test)
(Fig. 2E).

Some precursors in neurogenic niches of the developing and
adult brain display voltage-gated outward currents (Bahrey and
Moody, 2003; Liu et al., 2006). Because small voltage-gated cur-
rents may be outweighed by leak currents, we used a leak subtrac-
tion protocol to explore the presence of active conductances in
clustered cells. Figure 3 shows leak subtracted and non-leak-
subtracted currents in response to depolarizing and hyperpolar-
izing voltage steps, from a holding potential of —70 mV. Leak
subtraction revealed that most cell clusters (46 of 50) displayed an
outward current (65.5 £ 8.6 pA; peak current at +30 mV) in
response to depolarizing steps (Fig. 3A1, top trace). Carbenox-
olone (100 uM) substantially reduced the currents in non-leak-
subtracted traces (Fig. 3A2, middle trace) and decreased the peak
current of the leak-subtracted traces by ~50% (34.7 = 5.3 pA at
+30 mV; p < 0.05, Wilcoxon’s matched-pairs test) (Fig. 3A2, top
trace). In the presence of carbenoxolone, the time course of the
outward current was faster than under control conditions, pre-
sumably because of a better space clamp when the recorded cell
was uncoupled from its neighbors. TEA (10 mm) reduced the
small outward current (Fig. 3A3), suggesting the involvement of
a K™ delayed rectifier. In some clusters (6 of 21), carbenoxolone
blocked the outward current (Fig. 3B) indicating a passive behav-
ior of the recorded cell, whereas still in other clusters (4 of 50) leak
subtraction did not reveal any active current (Fig. 3C).

Clusters contain RGs

Although Lucifer yellow or Alexa 488 allowed the visualization of
the recorded cell and its coupled neighbors, the histochemical
development of intracellularly injected biocytin permitted a
more thorough analysis of the morphology of cell clusters. The
size of clusters varied from a massive group of cells that covered a
whole lateral CG quadrant (Fig. 4A) to rather small conglomer-
ates of cells (Fig. 4 B). The rostrocaudal extension of these clusters
varied between 8.9 and 47 um (21.4 = 2.1 um; n = 26). Because
the number of cells within clusters was difficult to estimate (even
with nuclear stains) due to the intimate association between dye
coupled cells, we calculated a volume index (area in the transverse
plane X depth in the rostrocaudal axis) as a measure of cluster
size. The volume index correlated inversely with the input resis-
tances of recorded cells (Fig. 4C), suggesting that the low input
resistance arose mainly from the number of coupled cells. There
was no correlation between the duration of the recording and the
size of the cluster, indicating that even the shortest recordings
were enough to stain properly all coupled cells.

To better visualize the morphology of individual cells within
clusters, we combined biocytin injection with Alexa 488 dextran,
which does not permeate through gap junctions. This approach
revealed that cells (n = 6) within clusters had the typical bipolar
morphology of RGs, with a short apical process terminating on a
wide endfoot that contacted the CC (Fig. 4 D1-D3) (see also Fig.
2 D) and along process reaching the subpial surface (Fig. 4 D1,D4,
arrowheads). The distal processes of many cells joined to form
bundles that projected ipsilaterally to three well defined places:
the ventrolateral aspect of the lateral funiculus (100%; n = 72)
and the dorsal (44.5%) and ventral (23.6%) raphes (Fig. 4E). All
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Clusters of coupled cells express BLBP. A, BLBP expression matched the location of

Figure5.
clusters of gap junction coupled cells. Notice that, similarly to clusters, there were conspicuous
BLBP ™ fibers running in the dorsal raphe (arrow) and projecting ventrolaterally (arrowheads).
In some sections, a bundle of BLBP ™ fibers also projected to the ventral sulcus (arrow in inset).
Syto 64 was used to stain nuclei in the inset. B, Confocal optical sections showing a biocytin-
filled cluster (7) and BLBP staining (2). The merged images show that the cells within the cluster
expressed BLBP. Scale bars: 4, 40 m; inset, 10 wm; B, 5 wm.
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BLBP clustered cells and neuroblasts. 4, A cluster of dye-coupled cells resectioned in the parasagittal planes. The inset shows a section at the level of the white line in the main image.

Figure 6.
Notice the mesh-like structure formed by gap junction coupled cells that surrounded noncoupled cells. B, Biocytin-filled cluster with the typical functional phenotype of precursor cells (7). The arrow
points to a cell profile that did not belong to the cluster. In the same confocal section, the early neuronal marker HuC/D expressed in cells around the CC (2). The merged images show that the
HuC/D * cell pointed by the arrow (2) was surrounded by the cluster (3). Also notice the lack of colocalization indicating the neuroblasts are not coupled to putative precursors (3). ¢, BLBP and
HuC/D immunohistochemistry showing the intimate spatial relationship between BLBP ™ precursors and neuroblasts. D, A biocytin-filled neuroblast able to generate action potentials surrounded

by BLBP * cells. Scale bars: 4, 50 m;inset, 10 wm; B, ¢, 20 um; D, 10 pum.

three projection patterns could be observed in a single cluster
(Fig. 4A) (16.7%), but most clusters showed the ventrolateral
projection either alone (48.6%) (Fig. 4B,D,H) or together with
the projection to the dorsal raphe (27.8%) (Fig. 4 F). As described
in the developing cortex (Noctor et al., 2002), the distal processes
had varicosities (Fig. 4 F, arrow in inset) and terminated on end-
feet touching a limited region of the pial surface (Fig. 4F,G,
insets).

Although clusters appeared as unitary cell assemblies, “de-
tached cells” lying aside the main cellular mass were often ob-
served in biocytin-filled clusters (Fig. 4 H, arrows). In some cases,
cell bodies located far away from the CC within the bundle of
fibers radiating from the cluster (Fig. 4 H, arrow in inset).

Occasionally, we found uncoupled cells in the lateral CG with
the typical morphology of RGs (n = 13) (Fig. 41). For compari-
son with the lateral CG, we made some recordings in the medial
quadrants. We found that in the medial CG nonspiking cells also
had the morphological phenotype of RGs, with an endfoot on the
CC and a distal process running in the ventral (supplemental Fig.
1A, available at www.jneurosci.org as supplemental material)
or dorsal raphe (supplemental Fig. 1B,C, available at www.
jneurosci.org as supplemental material) that reached the pia.
Most cells in the medial CG appeared uncoupled (supplemental
Fig. 1 A, B, available at www.jneurosci.org as supplemental mate-
rial) (11 of 19 cells), whereas the rest belonged to paucicellular
clusters composed of only two to five cells (supplemental Fig. 1C,
available at www.jneurosci.org as supplemental material)
(8 of 19 cells).

Molecular phenotype of spinal precursors
Our data indicate that some of the cells in the lateral CG display
functional and morphological characteristics of RGs. Thus, we

explored the expression of molecules known to be expressed in
these cells (Pinto and Gotz, 2007). We previously reported that
GFAP ™ cells predominate in the roof of the CC, whereas S100 "
cells express evenly around the CC alternating with HuC/D*
immature neurons (Trujillo-Cendz et al., 2007). GFAP, 3CB2,
and vimentin, which express in some precursor cells in the brain
(Campbell and Gotz, 2002), appeared mostly in fibers through-
out the CG but did not colocalize with cells within clusters (sup-
plemental Fig. 2, available at www.jneurosci.org as supplemental
material). However, BLBP expressed strongly in the lateral as-
pects of the CG at all levels of the spinal cord (Fig. 5A). Bundles of
BLBP * fibers ran within the dorsal raphe (Fig. 54, arrow) and to
the lateral aspect of the cord (Fig. 5A, arrowheads). In some sec-
tions, BLBP * processes appeared projecting to the ventral sulcus
(Fig. 5A, arrow in inset). This pattern of BLBP expression
strongly resembled the extensive clusters of coupled cells. To test
whether electrically coupled cells expressed BLBP, we combined
the recording of cells in the lateral CG with immunostaining for
BLBP. Indeed, Figure 5B shows that the cells of a biocytin-filled
cluster (Fig. 5B1) expressed BLBP (Fig. 5B2,B3).

BLBP clustered cells and neuroblasts

In other neurogenic niches, precursor cells envelope neuroblasts
in a way that suggests an active signaling between these two cell
types (Doetsch et al., 1997; Campbell, 2003; Wurmser et al.,
2004). Furthermore, the expression of BLBP in RGs depends crit-
ically on signaling from neighbor developing neurons (Feng and
Heintz, 1995). When clusters were sectioned following parasag-
ittal planes (Fig. 6 A), it became evident that coupled cells formed
a three-dimensional network with channels occupied by un-
stained, uncoupled cells (Fig. 6 A, inset). We hypothesized that
the uncoupled cells engulfed by clusters were immature neurons.
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Figure 7.
aggregates of (x43 puncta concentrate in the lateral aspects of the (G in close apposition with the CClumen (arrows). Notice the
lack of (x43 puncta in the dorsal and ventral aspects of the CC. C, A longitudinal section at the level of the CC showing the discrete
distribution of (x43 puncta (brackets) along the rostrocaudal axis (double-headed arrow). D, (x43 puncta localize on the apical
segments of gap junction coupled cells. Notice the (x43 puncta (arrowheads) on the symmetrical lateral aspect of the CC (confocal
optical section). The inset shows a stack of sections of the same cluster. Scale bars: 4, 20 wm; B, 30 wm; C, 20 m; D, 20 m;
inset, 100 m.

To test this idea, we combined the recording and morphological
identification of clusters with immunostaining for the early neu-
ronal marker HuC/D. Figure 6 B shows a confocal optical section
of a biocytin-filled cluster in which a “hole” is evident (Fig. 6 BI,
arrow). The same section illuminated with the 633 nm laser re-
vealed a crown of HuC/D ™ neuroblasts surrounding the CC (Fig.
6B2). As shown in the merged image, the HuC/D ™ cell pointed
by the arrow was surrounded by the cluster (Fig. 6 B3, arrow).
Similarly, BLBP * cells surrounded HuC/D * putative immature
neurons (Fig. 6C). Although HuC/D is an early neuronal marker,
this protein is also expressed in a subset of neuronal progenitors
in the embryonic cerebral cortex (Miyata et al., 2004). Thus, to
confirm that the HuC/D ™ cells immersed within BLBP * clus-
tered cells were indeed immature neurons, we recorded from cells
in the lateral CG with the characteristic morphology of neuro-
blasts as visualized under DIC optics (Russo et al., 2004). Figure
6D shows a cell that fired action potentials in response to a de-
polarizing current pulse surrounded by BLBP ™ cells.

Molecular basis of gap junction coupling of spinal precursors
The current electrophysiological data and our previous electron
microscope studies (Trujillo-Cendz et al., 2007) point to the ex-
istence of gap junctions connecting adjoining RGs in the spinal

Molecular basis of gap junction coupling of spinal precursors. A, (x26 puncta form a ring around the CC. B, Large
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cord. Although several connexins are ex-
pressed in the developing brain, Cx26 and
Cx43 are the main subtypes in the subven-
tricular zone of the developing forebrain
(Nadarajah et al., 1997; Bittman and Lo
Turco, 1999). Therefore, to address their
possible involvement in gap junction cou-
pling among spinal precursors, we per-
formed immunocytochemistry against
Cx26 and Cx43. Cx26 puncta appeared
forming a ring around the CC (Fig. 7A).
The high concentration of Cx26 puncta ap-
peared at 5 um from the CC lumen and
extended rather symmetrically ~5 um to-
ward the periphery (Fig. 7A). Therefore, al-
though we cannot rule out a contribution
of Cx26 to coupling, its spatial distribution
cannot explain the selective location of ex-
tensive clusters on the lateral quadrants.
We also found Cx43 puncta widely distrib-
uted both in the gray and white matter of
the spinal cord. Remarkably, a high density
of puncta appeared close to the CC lumen
on the lateral quadrants of the CC (Fig. 7B,
arrows). This high density of puncta was
absent in the dorsal and ventral aspects of
the CC. We next examined longitudinal
sections of the cord to explore the distribu-
tion of the Cx43 along the rostrocaudal
axis. Interestingly, we found discrete aggre-
gations of Cx43-labeled puncta whose
lengths in the rostrocaudal dimension
ranged from 6 to 42 um (14.7 * 3.3 um;
n = 11) (Fig. 7C). These findings suggest
that the distribution of Cx43 may account
for the extension of cell clusters both in the
transverse plane and the rostrocaudal axis.
To test whether there was actually a topo-
logical correspondence between the high
concentration of Cx43 close to the CC lu-
men and the distribution of dye-coupled cells, we combined
patch recordings and biocytin staining of clusters with immuno-
histochemistry for Cx43. Our results evidenced a close spatial
correspondence consistent with the hypothesis that cell cou-
pling within clusters is mediated by Cx43 gap junctions con-
centrated on the endfeet of CC contacting cells (Fig. 7D).
Together, our results show that, although both Cx26 and Cx43
express in the CG, the spatial distribution of these connexins
suggests that Cx43 is the subtype that delimits the clusters in
the lateral quadrants of the CG.

BLBP ™ clusters contain dividing cells

Our results indicate that, in the CG, the highest rate of prolifera-
tion occurs in the lateral quadrants in which cells with the func-
tional, morphological, and molecular features of RGs form do-
mains of electrically coupled cells. We hypothesized that, as in the
developing cortex (Bittman et al., 1997), these clusters contain
mitotically active cells. To test this possibility, we combined a
saturation protocol of BrdU with immunohistochemistry for
BLBP and patch-clamp recordings of cell clusters. We found that
clusters contained between one (one of six clusters) and two cells
(five of six) that incorporated BrdU (Fig. 8A,B). As expected by
the correlation between cell cluster and BLBP expression in the
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lateral CG, mitotically active cells that in-
corporated BrdU expressed BLBP (Fig.
80).

Pax6 expression in cell clusters

The data shown above suggested that
BLBP © RGs may be progenitors with the
potential to generate cells that differentiate
to the neuronal lineage. Because Pax6 has
been identified as an important regulator
of neurogenic RGs (Pinto and Gétz, 2007),
we then explored the expression of this
transcription factor. Remarkably, Pax6 ex-
pressed selectively on the lateral CG,
matching the location of BLBP " clustered
cells (Fig. 9A). To test whether clusters ac-
tually contained Pax6 ™ cells, we then com-
bined patch-clamp recordings with Pax6
immunohistochemistry. Figure 9 shows a
biocytin-filled cluster (Fig. 9BI, main im-
age and inset) and Pax6 expression in the
same optical section (Fig. 9B2). As evi-
denced by the merged images (Fig. 9B3),
some cells within the cluster expressed
Pax6. To quantify the population of
BLBP ™ cells that also expressed Pax6, we
combined immunohistochemistry for
these markers (Fig. 9CI-C3). We found
that the vast majority of BLBP * cells ex-
pressed Pax6 (486 of 493 BLBP ™ cells).
Conversely, most Pax6 " cells were also
BLBP ™ (486 of 548 Pax6 " cells). Together,
these data indicate that the majority of
BLBP ™ cells in the lateral CG represent a
neurogenic subtype of RGs. Our previous
study (Fernandez et al., 2002) showing that
NeuN, a marker of mature neurons, colo-
calizes with BrdU after long survival times
(50-70 d), supports this possibility. Lineage analysis with retro-
viral vectors would help to define the potential of these precur-
sors and to characterize their functional differentiation toward
postmitotic cells.

Figure 8.

Discussion

We show here that, in the turtle spinal cord, there is a niche in
which cells proliferate actively and display properties of neural
precursors. Proliferating cells concentrated on the lateral CG be-
longed to clusters electrically and metabolically coupled via Cx43.
The bipolar morphology and expression of BLBP indicated that
these cells represent a subtype of RGs (Pinto and G6tz, 2007) with
electrophysiological properties similar to precursors found in
neurogenic zones of the forebrain (Noctor et al., 2002; Filippov et
al., 2003; Wang et al., 2003; Liu et al., 2006). The expression of
Pax6 supports the persistence of postnatal neurogenic domains, a
property that may be related with the remarkable ability of low
vertebrates to recover after spinal cord injury.

Cell proliferation and gap junction coupling

Although we found proliferating cells around all the CG, their
number was significantly higher in the lateral quadrants. This
may arise from different cell cycle lengths or just to a particular
lateral location of proliferating cells. Although in this study we
did not address possible differences in cell cycle length, our data
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BLBP ™ clusters contain dividing cells. 4, Large cluster of dye-coupled cells containing a BrdU-labeled nucleus
(arrow). The inset shows in another confocal plane of the same cluster a BrdU * nucleus close to the CC lumen. B, A small cluster
of three cells (7) with two BrdU ™ nuclei (2). €, BLBP ™ group of cells () in the lateral CG. A BrdU ™ nucleus overlapped the
BLBP * field (2). The merged images show that the BrdU ™ nucleus belonged to a BLBP ™ cell. All images are confocal optical
sections. Scale bars: 4, B, 5 um; €, 10 um.

suggest that proliferating cells in the medial and lateral quadrants
of the CG are indeed different. Patch-clamp recordings revealed
extensive dye coupling in the lateral CG only, suggesting electrical
and metabolical coupling via gap junctions. Dye-coupled cell
clusters had low R and an electrophysiological phenotype dom-
inated by leak currents, thus resembling the properties of precur-
sor cells in the developing cortex (Noctor et al., 2001, 2002) and
type-1 precursors in the adult hippocampus (Filippov et al.,
2003). The low Ry of clusters arose mainly from the number of
coupled precursors because the R of individual cells in the pres-
ence of carbenoxolone was about an order of magnitude higher
than that of clusters, suggesting a rather high coupling coefficient
among clustered cells.

Gap junction coupling seems a general feature among some
precursors in the developing brain (Lo Turco and Kriegstein,
1991; Bittman et al., 1997) and the adult subventricular zone (Liu
et al., 2006). Consistently, cell clusters in the spinal cord of the
turtle appeared in the region with the highest density of BrdU *
cells, suggesting some relationship between proliferation of spi-
nal precursors and gap junction coupling. This is supported by
the fact that clusters contained mitotically active cells. Similar
findings were reported in the ventricular zone of the developing
cortex in which coupling is needed to allow cells entering the
S-phase (Bittman et al., 1997). Our results suggest that gap junc-
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Figure9.

tion coupling may be a general mechanism related to the prolif-
eration of precursors in different species and regions of the CNS.

Electrophysiological signature of clustered precursors
The Ry of spinal precursor cells after uncoupling varied widely.
Interestingly, the middle and high range of R were similar to
those reported in the postnatal subventricular zone for GFAP ©
precursors (=300 M()) (Liu et al., 2006) and neuronal progeni-
tors (=4 G()) (Wanget al., 2003), respectively. Like precursors in
the subventricular zone of the adult rat (Wang et al., 2003; Liu et
al.,, 2006) and the cortex of the mouse embryo (Bahrey and
Moody, 2003), most cell clusters displayed a voltage-dependent
TEA-sensitive current suggesting the presence of delayed K™
channels. However, some clustered cells had a passive behavior as
in RGs of the ventricular zone (Noctor et al., 2002). Thus, clusters
seem integrated by heterogeneous electrophysiological pheno-
types, including cells displaying only leak currents coupled to
others with various degrees of expression of a delayed rectifier.
The electrophysiological heterogeneity of clustered cells may
reflect functional states related to different phases of the cell cycle,
the dynamics of cell maturation or heterogeneity in neural pre-
cursors. For example, in mesenchymal stem cells, both the mem-
brane potential and a delayed rectifier change during the cell cycle
(Dengetal., 2007). K™ channels regulate cell proliferation, prob-

Pax6is expressed in BLBP clustered cells. A, Pax6 expression matched the location of clusters of BLBP ™ cells. B, The
combination of patch recording with biocytin staining (7) and immunocytochemistry for Pax6 (2) shows that clustered precursors
expressed the transcription factor Pax6 (3). The inset in BT is a stack of sections showing the whole cluster of dye-coupled cells.
The main images are confocal optical sections. C, BLBP (7) and Pax6 (2) expression in the CG. The merged images show that most
BLBP * cells coexpressed Pax6 (3). Scale bars: 4, 30 wm; B, €, 20 um.
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ably by regulating cell volume and mem-
brane potential (Pardo, 2004). Indeed, de-
layed outward-rectifying K* currents
(Kv1.3 subunit) are essential for G,/S tran-
sition and thus proliferation of oligoden-
drocyte progenitors (Chittajallu et al.,
2002). It is tempting to speculate that a de-
layed rectifier may also play a part in the
control of proliferation of spinal precur-
sors, a possibility that remains to be exper-
imentally tested.

Cx43 spatially delimits the domains

of precursors

Connexins play an important role in the
regulation of proliferation, migration, and
differentiation (Bruzzone and Dermietzel,
2006), with both Cx43 and Cx26 express-
ing differentially during development (Na-
darajah et al., 1997; Bittman and Lo Turco,
1999). Although Cx26 expressed in the CG,
our results indicate that Cx43 played a ma-
jor role in coupling spinal precursors. This
finding is in line with the recognized role of
Cx43 in maintaining neural progenitors in
a proliferative state (Duval et al., 2002;
Cheng et al., 2004).

Cx43 concentrated on the apical poles
of RGs that contacted the lateral aspects of
the CC, thus providing the molecular basis
that determined the location of clusters.
This adds to the molecular polarity of RGs
(Chenn et al., 1998), which is thought to
have critical functional consequences
(Gotz and Huttner, 2005). The apical seg-
ment of progenitors has been proposed to
sense signals that regulate cell proliferation
and differentiation (Alvarez-Buylla et al.,
2001; Pinto and Gétz, 2007). Thus, the
strong metabolical coupling of spinal precursors at their apical
poles may allow an efficient communication of molecules regu-
lating cell division or cellular differentiation (Bruzzone and Der-
mietzel, 2006). In addition, the apical pole of RGs has a set of
molecules whose inheritance according to the plane of cleavage
during division determines the fate of daughter cells (G6tz and
Huttner, 2005). We hypothesize that Cx43 in apical segments, is
ideally located to be one of the key molecules whose symmetric or
asymmetric inheritance may decide the fate of daughter cells. If
the cleavage plane is not parallel to the RG main axis, one daugh-
ter cell may not inherit Cx43 and then will be uncoupled. This
latter cell may differentiate to a postmitotic glia or neuron be-
cause uncoupling is correlated with differentiation (Duval et al.,
2002; Bruzzone and Dermietzel, 2006). Connexins have been re-
cently shown to be involved in migration of cells along RG pro-
cesses in the developing cortex (Elias et al., 2007). In line with
this, we observed dye-coupled cells intermingled with RG pro-
cesses (Fig. 4 H, inset), suggesting that they may be cells migrating
away from the CG. Cx43 and Cx26 may also affect the prolifera-
tion, migration, and differentiation of spinal precursors by non-
conventional mechanisms via molecular interactions with a vari-
ety of proteins (Kardami et al., 2007). Interestingly, the role of
connexins in migration during development is actually mediated
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by facilitation of cell-cell adhesion and not by their functions as
channels (Elias et al., 2007).

A neurogenic domain of RGs in the spinal cord

As in the postnatal brain of the mouse (Merkle et al., 2007), the
distal projections of clustered RGs to spatially restricted loci may
reflect some kind of positional information defining precursors
with different potentialities. In a previous study, we showed that
the distal endfeet of RGs have infolds suggesting some form of
communication between RGs and the basal membrane (Trujillo-
Cenoz et al., 2007). The apposition of the distal process with the
subpial basal membrane is claimed to be important to maintain
the neurogenic capabilities of precursor cells (Alvarez-Buylla and
Lim, 2004). Therefore, the contact with the pia of some cells
within biocytin-filled clusters fulfills another criterion of a neu-
rogenic precursor.

RGs represent a heterogenous population showing diverse
molecular signatures with different potential to proliferate and
lineage differentiation (Campbell and Gotz, 2002; Pinto and
Go6tz, 2007). In the CG, BLBP expression matched the location of
clusters of gap junction coupled cells, which formed a tridimen-
sional network that enveloped immature neurons, a finding con-
sistent with the intimate relationship needed for signaling be-
tween RGs and differentiating neurons (Feng and Heintz, 1995).
It has been proposed that RGs expressing BLBP behave as bipo-
tent or multipotent precursor cells (Hartfuss et al., 2001; Pinto
and Gotz, 2007), raising the possibility that clusters in the lateral
quadrant of the CG represent discrete neurogenic domains. The
fact that some BLBP * clustered cells also expressed Pax6, a tran-
scription factor identified as a key regulator of the subset of neu-
rogenic RGs (Heins et al., 2002; Pinto and G6tz, 2007), supports
our hypothesis of a neurogenic domain in the lateral CG. In the
spinal cord, Pax6 is part of a transcriptional code defining pro-
genitor domains from which subtypes of spinal neurons are gen-
erated (Lee and Pfaff, 2001). The expression of Pax6 in cells lining
the CC decreases as development proceeds (Fu et al., 2003) and is
not detected in the adult mammalian cord (Yamamoto et al.,
2001). However, spinal cord injury induces the reexpression of
Pax6 in ependymal cells and promotes cell division (Yamamoto
etal., 2001). The fact that Pax6 expression persists in neurogenic
niches of the adult mammalian brain (Kohwi et al., 2005; Nacher
etal., 2005) suggests a role for this transcription factor in postna-
tal neurogenesis, and supports the idea that the turtle spinal cord
preserves the remarkable plasticity to generate new neurons for
integration to already operating spinal circuits.
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