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Serial blockface SEM suggests that stem 
cells may participate in adult notochord growth 
in an invertebrate chordate, the Bahamas 
lancelet
Nicholas D. Holland1*   and Ildiko M. L. Somorjai2*

Abstract 

Background:  The cellular basis of adult growth in cephalochordates (lancelets or amphioxus) has received little 
attention. Lancelets and their constituent organs grow slowly but continuously during adult life. Here, we consider 
whether this slow organ growth involves tissue-specific stem cells. Specifically, we focus on the cell populations in 
the notochord of an adult lancelet and use serial blockface scanning electron microscopy (SBSEM) to reconstruct the 
three-dimensional fine structure of all the cells in a tissue volume considerably larger than normally imaged with this 
technique.

Results:  In the notochordal region studied, we identified 10 cells with stem cell-like morphology at the posterior 
tip of the organ, 160 progenitor (Müller) cells arranged along its surface, and 385 highly differentiated lamellar cells 
constituting its core. Each cell type could clearly be distinguished on the basis of cytoplasmic density and overall cell 
shape. Moreover, because of the large sample size, transitions between cell types were obvious.

Conclusions:  For the notochord of adult lancelets, a reasonable interpretation of our data indicates growth of the 
organ is based on stem cells that self-renew and also give rise to progenitor cells that, in turn, differentiate into lamel-
lar cells. Our discussion compares the cellular basis of adult notochord growth among chordates in general. In the 
vertebrates, several studies implied that proliferating cells (chordoblasts) in the cortex of the organ might be stem 
cells. However, we think it is more likely that such cells actually constitute a progenitor population downstream from 
and maintained by inconspicuous stem cells. We venture to suggest that careful searches should find stem cells in the 
adult notochords of many vertebrates, although possibly not in the notochordal vestiges (nucleus pulposus regions) 
of mammals, where the presence of endogenous proliferating cells remains controversial.
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Background
The phylum Chordata consists of the basally branch-
ing cephalochordates (lancelets or amphioxus) as well as 
tunicates and vertebrates [1]. Because of this key phylo-
genetic position and a very slow rate of evolution [2–4], 
lancelets can give insights into the starting conditions for 
characters that continued evolving during the emergence 
of the vertebrates. One such character is the notochord, 
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a defining feature of chordates [5]. In lancelets, the organ 
runs down the axis of the body and grows throughout 
life while maintaining a consistent histological organi-
zation. In contrast to many adult vertebrates, lancelets 
never subdivide the notochordal tissue with interpolated 
regions of cartilage and/or bone.

In the adult lancelet notochord, new cells are added to 
provide for its enlargement and also to replace terminally 
differentiated cells lost due to normal wear and tear. The 
cellular basis for this growth and maintenance was previ-
ously attributed to cortical (Müller) cells proliferating at 
the surface of the notochord and then differentiating into 
the lamellar cells making up the core of the organ [6–8]. 
These older studies date from a time when no distinc-
tion was made between stem cells and progenitor (also 
sometimes called transit amplifying) cells in solid tissue; 
both were simply considered together under names like 
mitotic zone, DNA synthesis zone, proliferating cell popu-
lation, etc.

The purpose of the present study was to determine 
whether the adult lancelet notochord includes not only 
the proliferating Müller cells already known, but also an 
additional population of stem cells in the modern sense 
of the word. To accomplish this, it was necessary to 
study the fine structure of an exceptionally large sample 
of cells in situ. Therefore, we used serial blockface scan-
ning electron microscopy (SBSEM), a technique yielding 

three-dimensional reconstructions at the resolution of 
transmission microscopy (TEM). By visualizing a much 
larger tissue volume than usual with this technique, we 
found a small cluster of likely stem cells at the posterior 
end of the notochord. They appear to give rise to the 
Müller cells that, in turn, transition to the differentiated 
lamellar cells. It is reasonable to assume that stem cell-
based notochord growth was an ancestral chordate char-
acter that carried forward during vertebrate evolution, 
even as the organ tended to become increasingly ves-
tigial. Ultimately, in adult mammals, the notochord per-
sists as remnants (nucleus pulposus regions) in which the 
presence of any dividing cells is currently debated.

Methods
Animal collection and initial processing
Specimens of the Bahamas lancelet, Asymmetron lucaya-
num (Fig. 1), were sieved from the soft substratum at low 
tide in the Bimini lagoon, 25.72297°N, 79.29288 °W [9]. 
The animals studied here were adults 1.8  cm long, the 
most abundant size class collected. They were in a state 
of slow somatic growth: if fed in the laboratory, they 
reach a length to 2.2 cm in about 18 months before dying, 
evidently of old age. From six of the lancelets, the tail was 
cut off and processed for SBSEM. The present results 
are based on the most favorably oriented specimen, 
although ancillary observations were made on the others 

Fig. 1  a Living adult Bahamas lancelet (Asymmetron lucayanum) with head toward right and the anus indicated by the arrowhead. The tail 
terminates as a slender caudal process (cp); the 0.56-mm region reconstructed by SBSEM is indicated. Scale bar = 2 mm. b Reconstructions of all 
the CNS cell nuclei (turquoise) in the notochord region studied. The CNS terminates (arrowhead) just ventral to notochordal tip. The yellow area 
indicates where about 20 CNS cells were trimmed awafy during specimen orientation. Scale bar (also applicable to c) = 50 μm. c Reconstructions 
of all the notochord cell nuclei in the region studied: putative stem cell nuclei are blue, Müller cell nuclei are dark yellow, and lamellar cell nuclei are 
red. Brackets a, b, and c indicate zones shown in detail in subsequent figures
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before poor alignment became evident and SBSEM was 
discontinued.

Fixation, post‑fixation, SBSEM, and three‑dimensional 
reconstruction
Initial fixation was for 2  weeks at 4 °C in 0.15  M caco-
dylate buffer (pH 7.4) containing 2% formaldehyde, 1.5% 
glutaraldehyde, and 2 mM CaCl2 [10]. The samples were 
post-fixed successively in reduced osmium tetroxide, 
thiocarbohydrazide, osmium tetroxide, uranyl acetate, 
and lead aspartate under conditions specified in table  1 
of reference [11]. After ethanol dehydration, the speci-
mens were transferred through acetone and embedded 
in Durcupan resin. Blocks were oriented for cross-sec-
tioning starting at the tail tip and proceeding anteriorly. 
The SBSEM was accomplished in a 3View system (Gatan, 
Pleasanton, CA) installed in a Zeiss Merlin SEM. After 
the microscope records an image of the blockface by 
backscattered electrons, a microtome in the specimen 
chamber shaves off a thin superficial layer from the face 
of the block, exposing a new surface to scan [12, 13]. The 
alternation of scanning and shaving generates uninter-
rupted serial images that look superficially like conven-
tional TEM.

A layer 0.25  μm thick was shaved off the blockface 
between each scan. For the most favorably oriented spec-
imen, we scanned 2,240 consecutive block faces, equal 
to a posterior-to-anterior distance of 0.56 mm. Although 
this appears quite modest in terms of the total length 
of the animal, it represents a much larger tissue volume 
than usual for contemporary SBSEM studies. The SBSEM 
image series was analyzed with Reconstruct software, 
which is available gratis from https​://www.bu.edu/neura​l/ 
Recon​struc​t.html [14, 15]. The reconstructed cells were 
visualized in three dimensions as continuous Boissonnat 
surfaces, sometimes rendered semitransparent to show 
the intracellular organelles.

Statistical analysis
Mitochondrial number per cell and volume per cell within 
notochord lamellar cells were analyzed using the two-tailed 
Mann–Whitney U test (https​://www.socsc​istat​istic​s.com/). 
Parametric tests were deemed inappropriate due to small 
sample size, or because conditions of normality and 
homogeneity of variances were not met as assessed by 
Kolmogorov–Smirnov and Levene’s tests.

Results
General orientation
For the present fine-structural description of the noto-
chord in an adult cephalochordate, the species stud-
ied was Asymmetron lucayanum, the Bahamas lancelet 

(Fig.  1a). The 0.56-mm length of notochord visualized 
with SBSEM is indicated in the figure.

Central nervous system (CNS) associated 
with the notochord
The posterior region of the CNS is included here (Fig. 1b) 
because it is a close neighbor of the notochord and a 
likely candidate for providing at least part of the micro-
environment influencing the maintenance and differen-
tiation of notochordal stem cells. The CNS cells in the 
reconstructed region are mostly, and possibly entirely, 
neuroglia [16]. Low-magnification SBSEM could not 
resolve cytoplasmic boundaries between these cells, but 
their distribution is adequately shown by depictions of 
their nuclei alone. The CNS extends along the dorsal side 
of the notochord, curls ventrally around its tip, and ter-
minates at the arrowhead in Fig. 1b. In the figure, there 
are 368 CNS nuclei dorsal to the notochord and 5 ventral 
to it; the intervening yellow zone is where about 20 of the 
most posterior CNS cells were lost when the block was 
trimmed for sectioning.

Overview of notochord cells
The cephalochordate notochord extends the entire length 
of the body and is enclosed in a collagenous sheath about 
0.3  μm thick [8]. Figure  1c shows the distribution of all 
the notochord cells in the region studied. For clarity, only 
the nuclei are illustrated (cytoplasmic boundaries are 
shown in most of the subsequent figures); brackets a, b, 
and c indicate three zones reconstructed, respectively, 
from 102, 149, and 110 consecutive SBSEM sections. For 
each zone, the cellular structures are considered in detail 
in the results below.

There are three major categories of cells in the noto-
chord region shown in Fig. 1c. First are the putative stem 
cells (blue nuclei), 10 in all, clustered at the extreme pos-
terior end of the notochord. Second are the Müller cells 
(dark yellow nuclei), which are named for their discov-
erer [17] (and should not be confused with vertebrate ret-
inal glial cells with the same name). In the region studied, 
they extend along the surface of the notochord in a dor-
sal row of 80 and a ventral row of 69. In addition, 12 of 
them occur deeper in the notochord, especially just ante-
rior to the proposed stem cells. The third cell type (red 
nuclei), we will call lamellar cells instead of their older 
designations as plate-like cells [18] or central cells [19]. 
These highly differentiated cells constitute the bulk of the 
notochord. In the region studied, 373 lamellar cells have 
nuclei positioned deep in the notochord, but the nuclei of 
12 others occur superficially, at the level of the dorsal and 
ventral Müller cells.

The subsurface locations of some Müller cell nuclei and 
the superficial locations of some lamellar cell nuclei were 

https://www.bu.edu/neural/Reconstruct.html
https://www.bu.edu/neural/Reconstruct.html
https://www.socscistatistics.com/
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interpreted over a century ago [6, 7] to indicate that the 
former cell type differentiates into the latter. We agree 
with this, but it is only part of a more complicated over-
all scheme of notochord cell production and differentia-
tion. The likely beginning of the story, missing until now, 
is the small posterior group of putative stem cells already 
mentioned.

Zone a: likely stem cells
Figure  2a is an enlarged view of zone a. The posterior 
cluster of proposed stem cells (blue nuclei) is conspicu-
ous in SBSEM. Figure 2b shows a 3-dimensional recon-
struction of one of these cells oriented to emphasize that 
it is shaped like a thick concavo-convex lens. The fine 
structure of the same cell is shown in an SBSEM image 
(Fig. 2c). The relatively dense nucleus contains a nucleo-
lus, and the dense, scanty cytoplasm strongly contrasts 
with the lucent cytoplasm of the other two kinds of noto-
chordal cells. Several cytoplasmic organelles often found 
in stem cells are present: namely, a single mitochondrion, 
some free ribosomes, and inconspicuous profiles of 
rough endoplasmic reticulum. In addition, in the cyto-
plasm just outside the nucleus, there are several dense 
patches (Fig. 2d, arrowhead) resembling the protein- and 
RNA-rich structures called chromatoid bodies or nuage 
in somatic stem cells of other animals [20]. That said, it 

should be stressed that no combination of static cytologi-
cal features suffices to identify stem cells unequivocally. 
A firm identification ultimately needs to be based on the 
details of their proliferation and cytodifferentiative fate.

Zone a: Müller cells
Figure  2e shows the nucleus (dark yellow) and cyto-
plasm (light yellow) of each Müller cell in zone a. The 
two most posterior Müller cells are located deep within 
the notochord. One is illustrated in Fig. 2f to emphasize 
that, unlike its oval counterparts along the surface of the 
notochord, it is shaped like a concavo-convex lens. This 
distinctive shape indicates its recent production from the 
putative stem cells, from which it otherwise differs in the 
extreme in its voluminous and lucent cytoplasm (Fig. 2g, 
top right). The nucleus contains a nucleolus, the plasma 
membrane is smooth, and the cytoplasm includes a mito-
chondrion and several lysosomes.

The other Müller cells running in dorsal and ventral 
rows along the surface of the notochord have similarly 
lucent cytoplasm, but, as already mentioned, they are 
approximately oval (Fig.  2h), except where some extend 
short blunt cytoplasmic processes basally. One peculiar-
ity of these superficial cells is that the plasma membrane 
is invaginated in several places to form narrow canaliculi 
in the cytoplasm (Fig. 2h, arrowhead). Similar canaliculi 

Fig. 2  a Enlargement of zone a in Fig. 1c, showing putative stem cells (blue nuclei), Müller cells (dark yellow nuclei), and differentiated lamellar 
cells (red nuclei). Scale bar = 5 μm. b Putative stem cell (blue nucleus surrounded by pink cytoplasm) reconstructed in three dimensions to show its 
concavo-convex shape. Scale bar = 2 μm. c SBSEM image of stem cell; the cytoplasm includes a mitochondrion and profiles of rough endoplasmic 
reticulum (arrowhead). Scale bar = 1 μm. d Chromatoid body (arrowhead) adjacent to nucleus of putative stem cell. Scale bar = 1 μm. e Nucleus 
and cytoplasm of Müller cells in zone a; some of these (arrowhead) appear to be penetrating from the periphery into the core of the notochord. 
Scale bar = 5 μm. f One of the most posterior Müller cells in (e), turned to emphasize its concavo-convex shape. Scale bar = 2 μm. g SBSEM image 
showing the foregoing Müller cell (top right) with conspicuously lucent nucleus and cytoplasm. Scale bar = 2 μm. h SBSEM image showing a ventral 
Müller cell with a mitochondrion and deep invaginations (arrowhead) of the plasma membrane within the lucent cytoplasm; the cell extends a 
blunt cytoplasmic projection at top left. Scale bar = 1 μm
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were previously observed in Müller cells of another 
species of cephalochordate [18], but their function is 
unknown. A few of the Müller cells (Fig. 2e, arrowhead) 
appear to be migrating from their superficial posi-
tion (with a prominent cytoplasmic process in advance) 
toward the core of the notochord. Such cells, although as 
yet lacking cytoplasmic muscle fibers (introduced in the 
next section), are evidently on the verge of transitioning 
to lamellar cells.

Zone a: lamellar cells
Figure 3a is an enlargement of the lamellar cells in zone 
a. From posterior to anterior these are designated a1 
through a13. No intercellular spaces intervene between 
lamellar cells in this zone (or anywhere else along the 
length of notochord reconstructed here). A more detailed 
view of cell a1 is shown in Fig. 3b: at left in side view, and 
at right in posterior view against a light green silhouette 
of the notochordal cross section. The nucleus is indicated 
in red, the single mitochondrion in dark blue, and the 
cytoplasm in light blue. The cell has assumed the shape 
of a flattened plate, contrasting sharply with the lentoid 
and oval shapes of the other notochordal cells. A SBSEM 
image of cell a1 (Fig. 3c) shows the cytoplasmic muscle 
fibers characteristic of lamellar cells; elsewhere the cyto-
plasm is strikingly lucent. In this newly formed lamellar 
cell, which spans almost the whole width of the noto-
chord, the smooth plasma membrane lacks specialized 
structures associating it with the surrounding collagen-
ous sheath of the organ.

Each frame in Fig.  3d–o shows a lamellar cell in side 
view (its narrow aspect) and in posterior view (its 
expanded, plate-like aspect). The cells in the series poste-
rior to a6 appear relatively undifferentiated. Although the 
cytoplasm is fibrous, no cytoplasmic vacuoles are pre-
sent, and there are no specialized junctions associating 
the plasma membrane with the notochordal sheath. It is 
likely that some of these differentiating lamellar cells arise 
directly from newly produced posterior Müller cells deep 
in the notochord, while others originate from superficial 
Müller cells migrating inward from the dorsal or ventral 
surfaces of the organ. In contrast to the less differentiated 
lamellar cells, a7–a12 contain a cytoplasmic vacuole (in 
green) varying in extent and dilation from one cell to the 
next, but always contacting the nucleus at some point. 
It is likely that these large vacuoles are derived from 
lysosomes, as is known to happen in vacuolated cells 
of the teleost notochord [21]. For adult lancelets, it has 
been assumed that the vacuoles in the lamellar cells play 
important roles in the biomechanics and extension of the 
notochord as a whole [19, 22].

The more advanced lamellar cells in zone a are 
associated with the notochordal sheath by numerous 

digitiform invaginations in the plasma membrane that 
we will call microtendons (Fig.  3i, inset, arrowheads). 
Although most of the lamellar cells in this zone are 
arranged in approximate order of increasing differenti-
ation from posterior to anterior, cell a13 appears much 
less differentiated than a12. This lack of order results 
because Müller cells can apparently intrude from the 
surface and differentiate into lamellar cells at any point 
along the entire anterior–posterior axis of the noto-
chord. As a result, recently inserted lamellar cells can 
be found slotted in between more highly differentiated 
ones. In zone a lamellar cells, the mitochondria are 
spheres about 0.5 to 1  μm in diameter (Fig.  3c, inset), 
and each cell typically contains only one such organelle, 
rarely two or three.

Zone b: lamellar cells
The lamellar cells in zone b (Fig. 4a) are shown in detail in 
Fig. 4b–w and designated b1 through b22. Most contain 
one or two large cytoplasmic vacuoles, and the number 
of mitochondria per cell ranges from 0 to 10, averag-
ing about 3. Each mitochondrion is spherical to slightly 
oblong (the mean width and length, respectively, are 
1.0 μm and 1.5 μm).

The lamellar cells are tilted at a slight angle to the plane 
of the blockface so that parts of several of them are vis-
ible in each SBSEM image. Figure 5a shows parts of four 
lamellar cells. Muscle fibers (twin asterisks) now pre-
dominate in the cytoplasm, and the vacuole lumens (sin-
gle asterisks) contain some membranous profiles (single 
arrow) apparently originating from the inner surface of 
the organelle. The microtendons (tandem arrows) associ-
ating the lateral plasma membranes with the notochordal 
sheath are more abundant. In addition, just beneath the 
plasma membranes, there are a few vesicles of sarcoplas-
mic reticulum (Fig. 5a, arrowheads), presumably involved 
in muscle fiber contraction. In Fig. 4, there are three cells 
without cytoplasmic vacuoles. Cell b6 has one mitochon-
drion in the fibrous cytoplasm and appears to be at a very 
early stage of differentiation. In contrast, cells b4 and b11 
are clearly degenerating. Mitochondria are undetectable, 
and the cytoplasm is very dense and shrunken (Fig. 5b).

A few of the lamellar cells in zone b (and also more 
anteriorly) have the nucleus positioned at or near the sur-
face of the notochord (overview in Fig.  1c; cells b3 and 
b16 in Fig.  4). Evidently, a Müller cell at the surface of 
the notochord can sometimes protrude its cytoplasmic 
region into the center of the organ and differentiate into 
a lamellar cell while the nucleus remains in a superficial 
position. It is likely that the nucleus eventually migrates 
inward to a more typical position, approximately in the 
center of the cell.



Page 6 of 15Holland and Somorjai ﻿EvoDevo           (2020) 11:22 

Fig. 3  a Enlargement of zone a showing lamellar cells (with alternatively blue-green and pink cytoplasm to set the cells apart clearly) designated 
a1 through a13. Scale bar = 5 μm. b Lamellar cell a1 in side view at left and in posterior view at right against a light green silhouette of a notochord; 
the nucleus is red, the cytoplasm is light blue, and the mitochondrion is dark blue. Scale bar (also applicable to d–o) = 5 μm. c SBSEM image of 
block face showing cell a1, with fibers (Fi) in the cytoplasm and smooth lateral plasma membranes (arrowheads); the inset shows a mitochondrion. 
Scale bar = 1 μm. d–o Details of lamellar cells a2–a13, some with vacuoles (green). Inset in a7 shows plasma membrane with microtendons 
(arrowheads) associated with the notochordal sheath. Inset scale bar = 1 μm

Fig. 4  a Enlargement of zone b showing lamellar cells (with alternatively blue-green and pink cytoplasm) and Müller cells (light yellow cytoplasm). 
The lamellar cells from left to right, are designated b1 through b22. b–w Details of lamellar cells b1–b22; orientation and color codes are as in Fig. 3; 
mitochondria hidden by intervening structures are indicated by dotted outlines. Scale bar in  a (also applicable to c–w) = 10 μm

(See figure on next page.)
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Zone c: lamellar cells
Figure 6a shows the structure of the lamellar cells in zone 
c. In Fig. 6b–p, they are illustrated in detail and designated, 
respectively, c1 through c15. Each is characterized by 1 to 
4 vacuoles that are often, but not invariably, closely asso-
ciated with the nucleus. In comparison to the lamellar 
cells of zones a and b, those of zone c have more abun-
dant vesicles of sarcoplasmic reticulum just beneath the 

plasma membrane (Fig.  7, single arrows), and the micro-
tendons associating the lateral plasma membranes with the 
notochordal sheath are more conspicuous (Fig. 7, tandem 
arrows).

Mitochondria in lamellar cells
A striking feature of the lamellar cells in zone c, in com-
parison to those in zones a and b, is the marked increase 

Fig. 5  a SBSEM image of block face showing parts of lamellar cells b9 through b12 (labeled on the nuclei). For b10, asterisks indicate vacuoles 
dorsal and ventral to the nucleus, and arrowheads indicate sarcoplasmic reticulum vesicles. DMC and VMC are, respectively, dorsal and ventral 
Müller cells. Scale bar (also applicable to b) = 5 μm. b SBSEM image of block face showing parts of lamellar cells b3 and b4 (labeled on the nucleus). 
Abbreviations as in (a)

Fig. 6  a Enlargement of zone c showing lamellar cells (with alternatively blue-green and pink cytoplasm) and Müller cells (light yellow cytoplasm); 
lamellar cells from left to right, designated c1 through c15. Scale bar = 10 μm. b–p Details of lamellar cells c1–c15. Orientation and color codes same 
as in Fig. 3; mitochondria hidden by intervening structures are indicated by dotted outlines. Scale bar in (b) (also applicable to c–p) = 10 μm

(See figure on next page.)



Page 9 of 15Holland and Somorjai ﻿EvoDevo           (2020) 11:22 	



Page 10 of 15Holland and Somorjai ﻿EvoDevo           (2020) 11:22 

in the number and length of the mitochondria (Fig.  7, 
arrowheads). Each mitochondrion in zone c lamellar cells 
is elongate, with a width of about 1 μm and a length rang-
ing from 2 to 10 μm (mean 3.1 μm, standard deviation 2.2, 
n = 15). The mitochondrial number per cell ranges from 4 

to 22 (mean 13.1, standard deviation 5.04, n = 15). There 
is in fact a significant difference in the number of mito-
chondria in lamellar cells in all three zones in pairwise 
comparisons (Fig.  8) (two-tailed Mann–Whitney test: a 
vs b, U(34) = 50.5, Z = 3.14, p = 0.0168; b vs c, U(36) = 11, 
Z–4.75, p < 0.00001; a vs c, U(27) = 0, Z = 4.47, p > 0.00001). 
Similarly, the mitochondrial volume per cell differed sig-
nificantly among all three zones (Fig. 8) (two-tailed Mann–
Whitey test: a vs b, U(34) = 40.5, Z = 3.48, p = 0.0005; b 
vs c, U(36) = 2, Z = − 5.03, p < 0.00001; a vs c, U(27) = 0, 
Z = 4.47, p < 0.00001). Although mitochondria were only 
visualized in lamellar cells at the tail end of the animal, it 
is likely that the volume of mitochondria per lamellar cell 
remains high along most of the length of the notochord 
before declining again near the anterior end of the organ.

The larger mitochondrial volume per cell in zone c 
might be correlated with a more advanced state of differ-
entiation, as proposed for mammalian gut cells [23] and/
or might reflect the higher energy needs or the muscu-
lar lamellar cells in more mature parts of the notochord. 
The mitochondria in the zone c lamellar cells have two 
additional features of unknown significance: first is their 
general tendency to occur in dorsal and ventral groups in 
the cytoplasm, and second is their occasional aggrega-
tion along the plasma membrane on either the anterior 
(c5) or the posterior (c14) side of the cell. Finally, two 
lamellar cells in zone c (c1 and c15), evidently recently 
differentiated, included several mitochondria very closely 
associated with the nucleus. In general, such intimately 
juxtanuclear mitochondria are thought to be engaged in 
intensive molecular crosstalk with the nucleus to influ-
ence the early stages of differentiation [24, 25].

Discussion
The long‑controversial structure of the lancelet notochord
Nineteenth century embryologists correctly understood 
that the embryonic lancelet notochord begins as a pre-
dominantly cellular structure [26]. However, with rare 
exceptions [6, 7], they mistakenly thought that the post-
embryonic stages had notochords consisting chiefly of 
extracellular material, described as amorphous, plate-
like, or fibrous. The correct view, that the core of the 
organ consists of nucleated lamellar cells, was not fully 
accepted until revealed by TEM in the twentieth cen-
tury [8, 18, 27, 28]. Contemporaneously, it was also dis-
covered that the fibrous component in the lamellar cell 
cytoplasm was a contractile apparatus rich in paramyosin 
(also called tropomyosin A) [29, 30]. In addition, TEM 
showed that dorsal extensions of lamellar cells in the 
trunk region receive neural input at synapses on the sur-
face of the overlying CNS [8]. These features are unique 
to lancelets [31] and have caused some to question the 
notochord as a chordate homologue [32], although this 

Fig. 7  SBSEM image of block face showing parts of five lamellar cells. 
Arrows indicate sarcoplasmic reticulum vesicles, and arrowheads 
indicate mitochondria. DMC and VMC are, respectively, dorsal and 
ventral Müller cells. Scale bar = 5 μm
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is counterbalanced by other recent findings that support 
the homology [33–36].

Intergeneric differences in lancelet notochords
The genera of cephalochordates comprise Branchiostoma 
and Asymmetron as well as the poorly known Epigonich-
thys. The details of notochord structure differ somewhat 
between Branchiostoma and Asymmetron. First, the Mül-
ler cells of Branchiostoma, as compared to Asymmetron 
[6, 8, 18] are: stellate, not oval; run in dorsal and ventral 
rows several abreast, not single-file; run in two addi-
tional rows, one in each dorsolateral position; are sur-
rounded by voluminous fluid-filled spaces; and include 
some filament bundles and a conspicuous Golgi complex. 
It is unclear if these differences are real or simply result 
from comparing the trunk of one species with the tail of 
another species. In addition, the lamellar cells in adults 
of Branchiostoma, as compared to Asymmetron, contain 
less conspicuous vacuoles and are often separated by 
intercellular spaces, although the latter might be artifacts 
[18]. Moreover, the synaptic associations already men-
tioned between the lamellar cells and the CNS of Bran-
chiostoma [8] were not found in the tail of Asymmetron, 
possibly because such synapses are limited to the trunk 
region of lancelets to influence notochord biomechan-
ics there. Finally, it would be interesting to determine if 
the fine-structural details of the posterior terminus of the 
notochord in the genus-specific caudal process of Asym-
metron are comparable to those in the more muscular tail 
of Branchiostoma.

Cell population dynamics in the lancelet notochord
The present results suggest that the notochord of adult 
cephalochordates comprises populations of likely stem 
cells, progenitor cells, and terminally differentiated 
cells. Each of these is distinguishable from the oth-
ers by distinctive morphology. Moreover, unequivocal 
intermediate cells are found at the boundaries between 
cell populations. This clarity of structure contrasts with 
some vertebrate stem cells and progenitor cells that can 
be distinguished only by their different gene expression 
and immunochemistry [37]. Because of the substantial 
collagenous sheath, mentioned above as surrounding 
the entire notochord, the notochordal cell populations 
appear well isolated from other tissues. This relative iso-
lation from the surrounding tissues is established by the 
late embryonic stage [38]. Therefore, it would not be 
surprising to find that the notochordal stem cells (if one 
assumes that their identity will ultimately be confirmed) 
are tissue-specific in cephalochordates.

At the posterior end of the lancelet notochord, the 
presumed stem cells probably shift their positions only 
gradually and only over short distances as they self-renew 

and/or differentiate. It is also likely that the lamellar 
cells, under conditions of normal growth, do not move 
around in the core of the notochord. In contrast, more 
uncertainty surrounds the movements of the Müller 
cells. Some might differentiate into lamellar cells while 
still in the core of the notochord (as suggested by the 
arrangement of the nuclei in Fig. 2a), but most evidently 
reach the surface of the organ to join the dorsal or ven-
tral row of their counterparts. It is not known whether 
Müller cells are added to the surface rows only posteri-
orly or more haphazardly. It even remains possible that 
these cells are motile and able to change places with their 
neighbors. The superficial Müller cells of Branchiostoma 
can proliferate, as suggested for adults in the older litera-
ture and more recently indicated by nuclear incorpora-
tion of bromodeoxyuridine in larvae [39]. However, an 
important question, yet unanswered, is whether they are 
constrained to divide not more than a finite number of 
times before differentiating into a lamellar cell—and thus 
fit the definition of progenitor cells as opposed to stem 
cells [40]. This question needs to be addressed by study-
ing the details of notochordal cell proliferation. Although 
counting mitotic figures by electron microscopy underes-
timates the abundance of dividing cells in somatic tissues 
of adult cephalochordates [41], proliferation markers like 
BrdU [39] and phosphohistone H3 [42] can provide more 
reliable results.

It would be especially interesting to follow the fate of 
the Müller cells during regeneration after tail removal. 
Those remaining in the stump of the notochord would 
presumably be the source of new lamellar cells to 
lengthen the regenerating organ. This possibility is 
strengthened by the finding of Joseph [43] that a localized 

Fig. 8  Mitochondrial number per cell and total mitochondrial 
volume per cell: comparison among lamellar cells from zones a 
(n = 13), b (n = 22), and c (n = 15) (representative examples in inset), 
Pairwise comparisons using the two-tailed Mann–Whitney indicate 
a significant difference across all three zones for both mitochondrial 
size and volume, with particularly numerous and long mitochondria 
in the zone c cells. *p < 0.02, **p < 0.0005, ***p < 0.0001
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injury in the lancelet notochord is followed by prolifera-
tion and internalization of nearby Müller cells to repair 
the damaged core (which he mistakenly thought con-
sisted primarily of extracellular matrix). A study of ceph-
alochordate tail regeneration [42] found that a mass of 
small cells accumulated just posterior to the differenti-
ated lamellar cells in the regenerating notochord. It has 
yet to be clearly demonstrated that these small cells were 
proliferating Müller cells, but it would not be surprising 
if they were. It also seems likely that, towards the com-
pletion of notochord regeneration, some of these actively 
proliferating cells would reverse the course of differentia-
tion to re-establish the lost stem cells, as is known to hap-
pen in some regenerating vertebrate tissues [44, 45].

The present study focused on the posterior end of the 
notochord. However, in cephalochordates, the organ 
extends all the way up to the anterior tip the body, where 
the histological organization is virtually a mirror image of 
the posterior end. In a study of cell proliferation in lar-
val cephalochordates [39], a few dividing cells were found 
at either extremity of the notochord. Moreover, in adult 
cephalochordates, the anterior tip of the notochord, if 
removed, can regenerate [42]. Thus there is little doubt 
that the notochord can grow anteriorly as well as poste-
riorly. It could well be that the population dynamics of 
the notochord cells are very similar at either end of the 
organ.

Evolution of notochordal cell population dynamics 
in the chordates
The present study suggests stem cells might account for 
notochord growth in an adult lancelet, the best available 
proxy for the ancestral chordate. It is, therefore, interest-
ing to consider how this feature may have evolved in the 
two other main groups of chordates—the tunicates and 
the vertebrates.

Notochordal stem cells in tunicates?
In ascidian tunicates, determinate cleavage [46] produces 
a larval notochord without the participation of stem cells, 
and the organ persists for only a day or two before being 
destroyed at larval metamorphosis. The small, transitory 
notochord in ascidians accords with their general ten-
dency to simplify and even lose ancestral features [47].

In another tunicate group, the appendicularians, the 
situation is more interesting because the notochord cells 
originally form in the embryo by an invariant cell line-
age, but then continue proliferating along the length of 
the organ in the early adult [48]. However, because the 
appendicularian life span is typically only about 1 week, 
notochord growth might not involve a sub-population of 
stem cells. Instead, it remains possible that the increase 
in cell number results from divisions of progenitor cells 

with a limited potential for proliferation or from direct 
entry of differentiated cells into the cell cycle, as happens 
when the mammalian liver grows by proliferation of dif-
ferentiated hepatocytes [49].

Notochordal stem cells in non‑mammalian vertebrates?
This section is focused on possible stem cells in adult 
notochords and omits the initial establishment of the 
organ during early embryology—when it can sometimes 
be problematical where and how to apply the concept of 
stem cells [50]. Even so, some of the work on late larval 
stages of teleosts and amphibians is relevant here and will 
be covered.

In adults of agnathans [51, 52] and several basal clades 
of fishes [53, 54], the notochord remains unconstricted 
by encroaching skeletal elements. Histologically, the 
notochord in these species comprises a thin peripheral 
layer of non-vacuolated cortical cells (a name that we will 
use here instead of the several synonymous terms in the 
literature) surrounding vacuolated cells of the inner core. 
The cortical cells have been called “chordoblasts” to indi-
cate that they are thought to differentiate into core cells 
[51–54]. However, these studies include no speculation 
that a population of stem cells might be present in addi-
tion. It is conceivable that future work will show that the 
cortical cells are a progenitor population derived from 
stem cells that have escaped detection so far—either at 
the posterior end or perhaps arranged in some other pat-
tern in the notochord.

Vertebrates other than those mentioned above often 
partially replace the notochord with cartilage and/or 
bone by the adult stage, dividing the organ into a series 
of relicts. In adult elasmobranchs [55] and teleosts [56, 
57], each notochordal remnant is a conspicuous pad 
of tissue housed in a cavity formed intervertebrally by 
the apposition of the concave ends of neighboring ver-
tebrae. In adult elasmobranchs [55] and teleosts [57], 
each notochordal pad consists of a cortical layer of small 
cells proposed to be chordoblasts that differentiate into 
the deeper vacuolated cells. Neighboring intervertebral 
pads often remain interconnected—but only by a tenu-
ous strand of tissue passing through a small canal in the 
calcified and/or boney vertebrae. An added complexity, 
the notochordal pads of teleosts can include voluminous 
intercellular spaces [57]; such spaces within epithelia and 
mesothelia are relatively uncommon, but a good example 
is the tunnel of Corti in the inner ear epithelium of mam-
mals [58].

In larval teleosts, the still-unconstricted notochord 
consists of three cell populations: cortical cells covering 
the surface, vacuolated cells at the core, and discoid cells 
at the posterior end of the organ [59–61]. At first glance, 
the arrangement of these three cell populations suggests 
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a similarity with the adult lancelet notochord. However, 
in normally developing teleost larvae, the discoid cells do 
not behave like stem cells but evidently differentiate into 
cortical and core cells without dividing and thus disap-
pear shortly before the vertebrae begin forming. Also in 
larval teleost notochords, experimentally damaged core 
cells are replaced by ingression of some cortical cells, 
although the internalized cells only form a dense plug 
without differentiating into typical vacuolated cells [62].

To date, no stem cells have been demonstrated in noto-
chordal tissue of adult elasmobranchs and teleosts. How-
ever, in many such fishes, overall body growth continues 
throughout adult life, and their component tissues grow 
correspondingly. It is known that the slow, continuous 
enlargement of some organs in adult fishes and other ver-
tebrates is supported by stem cells [63, 64]. These find-
ings strengthen the likelihood that stem cells are similarly 
involved in the growth of the intervertebral pads of 
teleosts.

In adult amphibians and reptiles (in the broad sense to 
include birds), the fate of the notochord varies consider-
ably from one species to the next. It is only rarely uncon-
stricted, in which case a layer of cortical cells is presumed 
to differentiate into vacuolated cells of the core [65, 66]. 
The unconstricted notochords in larval frog tails have a 
similar structure and a similar conversion of cortical to 
vacuolated cells [67]. Conversely, the notochord of some 
amphibians and reptiles can be totally destroyed at the 
adult stage [68, 69].

In contrast to the above extremes, notochordal tissue 
of many amphibians and reptiles survives into adulthood, 
but becomes constricted [70–72]. For example, some 
species maintain the notochordal tissue in intervertebral 
regions (where it still contributes to limited flexibility of 
the vertebral column). In these species, the notochordal 
tissue becomes discontinuous due to the insertion of a 
cartilaginous plug in the mid-region of each vertebra.

In adults of other species of amphibians and reptiles, 
the notochordal relicts are arranged in just the reverse 
pattern. The notochordal tissue disappears interverte-
brally, but remains in the mid-region of each vertebra 
with no role in spinal column flexibility. In such species, 
adjacent vertebrae often articulate at a joint comprising 
a skeletal convex surface fitting into a shallow skeletal 
socket with an intervening zone of cartilage—either solid 
(a synchondrosis) or incorporating an inconspicuous syn-
ovial cavity [68]. In one lizard with mid-vertebral relicts 
of notochord, cell proliferation was demonstrated, not in 
the vacuolated notochord cells, but only in cartilage cells 
in neighboring tissues [73]. The implication seemed to be 
that any growth of the notochordal relicts would require 
importation of cells from nearby cartilaginous regions, as 
is discussed below for mammals.

Notochordal stem cells in mammals?
The previous section on non-mammalian vertebrates 
emphasizes that their adult notochord tissues are struc-
turally diverse and that little attention has been paid to 
their possible stem cell component. Quite the opposite 
can be said of adult mammalian notochords: their ves-
tigial structure is relatively uniform from one species to 
the next, and they have been intensively studied by stem 
cell biologists.

The subdivision of the embryonic mammalian noto-
chord into relicts by the interposition of cartilaginous 
and bony vertebrae was described accurately over a cen-
tury ago [74]. Each remnant in adult mammals is the 
nucleus pulposus, which represents the inner core of an 
intervertebral disc. The nucleus pulposus is not invested 
by a layer of chordoblast cells, but instead is bounded 
rostrally and caudally by flat plates of hyaline cartilage 
and peripherally by a thick layer of fibrous cartilage (the 
annulus fibrosus). Histologically, the nucleus pulposus 
of young mammals consists of a relatively voluminous 
extracellular material with vacuolated cells sparsely 
embedded in it. In some mammalian species, this disc 
histology persists throughout life [75]. However, in other 
species, vacuolated cells predominate in youth, but, with 
age, disappear as more and more chondrocyte-like cells 
become mixed with them. In older humans, even the lat-
ter begin to disappear.

The degenerative change in the nucleus pulposus 
regions of the human spinal column is currently driving 
the search for stem cell-based rejuvenation of the tissue. 
The approaches may involve introducing extra-vertebral 
cells into the tissue [76] or stimulating the proliferation of 
stem cells and progenitor cells already present [77]. This 
second approach is the one of interest here. The pres-
ence of proliferating cells in intervertebral discs of adult 
mammals is controversial. On the one hand, tracing of 
labeled proliferating cells indicates that augmentation of 
cell number in the nucleus pulposus depends on import 
of chondrocytes from more peripheral tissues [78–80]. 
On the other hand, cell type-specific targeting in Cre-Lox 
mice indicates that endogenous cell proliferation occurs 
within the adult nucleus pulposus itself [81, 82].

Conclusion
The morphological data presented here strongly sug-
gest that the growth of the notochord of adult lancelets 
depends on stem cells that produce progenitor cells; the 
latter, in turn, give rise to the highly differentiated cells 
constituting the core of the organ. This sequence, if veri-
fied by dynamic tracer experiments and immunohisto-
chemistry, would be an exceptionally clear example of 
stem cell-based growth in a slowly growing adult organ.
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For chordates in general, almost all of the work on the 
cellular basis of notochordal growth has been done on 
mammals due to its clinical relevance for vertebral disc 
disease. As mentioned above, the notochordal tissue of 
post-fetal mammals is present only as vestigial nucleus 
pulposus regions. The reduced state of the mammalian 
notochord is secondarily derived and should not distract 
attention from the likely importance of endogenous stem 
cells in the notochords of many other chordates. Lance-
lets are the most basal chordates, and it is reasonable to 
assume that the cell population dynamics underpinning 
growth of their notochord is an ancestral feature that car-
ried forward in evolution. Our present results prompt 
us to suggest that careful searches should show that tis-
sue-specific stem cells are a dynamic component of the 
notochordal tissue in many adult vertebrates, although 
perhaps not in the nucleus pulposus of mammals.
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