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ARTICLE

Selective Control of Neuronal Cluster Size at the
Forebrain/Midbrain Boundary by Signaling From
the Prechordal Plate

Alexandra TallafuB,'2 Birgit Adolf,"?> and Laure Bally-Cuif'-?*

Within the vertebrate embryonic neural plate, the first neuronal clusters often differentiate at the border of patterning
identities. Whether the information inherent in the intersection of patterning identities alone controls all aspects of
neuronal cluster development (location, identity, and size) is unknown. Here, we focus on the cluster of the medial
longitudinal fascicle (hnMLF) and posterior commissure (nPC), located at the forebrain/midbrain (fore/mid) boundary,
to address this issue. We first identify expression of the transcription factor Six3 as a common and distinct molecular
signature of nMLF and nPC neurons in zebrafish, and we use this marker to monitor mechanisms controlling the
location and number of nMLF/nPC neurons. We demonstrate that six3 expression is induced at the fore/mid boundary
in pax2.1/no-isthmus and smoothened/slow muscle omitted mutants, where identities adjacent to the six3 cluster are
altered; however, in these mutants, the subpopulation of six3-positive cells located within the mispatterned territory
is reduced. These results show that induction of the six3 cluster is triggered by the information derived from the
intersection in patterning identities alone, whereas correct cluster size depends, in a modular manner, on the
identities themselves. The size of the six3 cluster is also controlled independently of neural tube patterning: we
demonstrate that the prechordal plate (PCP) is impaired in mixer/bonnie and clyde mutants and that this phenotype
secondarily results in an increased production of six3-positive cells at the fore/mid boundary, without correlatively
affecting patterning in this area. Thus, a signaling process originating from the PCP distinguishes between neural
patterning and the control of six3 cluster size at the fore/mid junction in vivo. Together, our results suggest that a
combination of patterning-related and -unrelated mechanisms specifically controls the size of individual early
neuronal clusters within the anterior neural plate. Developmental Dynamics 227:524-535, 2003.
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INTRODUCTION

At early developmental stages, all
vertebrates display a similar and
highly reproducible neuronal pat-
tern. Two neuronal clusters are
among the first focal sites of differen-
tiation: one in the basal fore- and
midbrain and the second at the

base of the optic stalk. They gener-
ate the nucleus of the medial longi-
fudinal fascicle (nNMLF) and the fract
of the postoptic commissure (TPOC),
respectively (Wilson et al., 1990; Ross
et al., 1992; Easter et al.,, 1993; Ché-
dotal et al., 1995; Mastick and Eas-
ter, 1996; reviewed in Kimmel, 1993;

Easter, 1994). These clusters have dis-
tinct sizes, neurotransmitter pheno-
types, axonal routes, and targets.
How neural tube regionalization,
neurogenesis, and  proliferation
events are integrated to achieve
this stereotypical pattern of differen-
fiation is not fully understood.
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At early stages, the borders of ex-
pression of several patterning genes
often reflect axonal routes (Wilson et
al., 1993, 1997; Macdonald et al.,
1994). Detailed expression studies
and functional analyses support a
direct or indirect role for some of
these patterning genes in the formao-
tion or the refinement of axon trajec-
tories (Macdonald et al., 1997; Mao-
stick et al., 1997; Ba-Charvet et al.,
1998; Bertuzzi et al., 1999; Hallonet et
al., 1999; Hjorth and Key, 2001). The
cues controling the locatfion and
size of the first differentiation clusters
have been comparatively less well
studied. Transition zones in the re-
gions of expression of different com-
binations of patterning genes also
correlate with the position of the first
neuronal clusters. For example, the
differentiating neuron cell bodies of
the MLF and the posterior commis-
sure (nNPC) overlap with the antero-
posterior (AP) transition between the
mesencephalon and caudal pro-
sencephalon (later on referred to as
fore/mid boundary), as defined by
anatomic and molecular landmarks
(Macdonald et al., 1994; Mastick
and Easter, 1996). Similarly, the nMLF
lies at the dorsal boundary of shh
expression along the dorsoventral
(DV) axis (Macdonald et al., 1994;
Barth and Wilson, 1995). Based on
these observations, it has been pro-
posed that the stereotypical ar-
rangement of the first neuronal clus-
ters responds to the infersection of
distinct positional identities.

Two (nonexclusive) mechanisms
can account for the regulation of
neuronal cluster size (Fig. 1). First,
Cluster size might respond to neural
tube patterning, such that fewer or
more neurons are produced when
one of two neighboring identities is
altered (Fig. 1. model 1). For in-
stance, the perturbation of the fore/
mid boundary by lack of the tran-
scription  factor Pax6, normally
expressed in the prosencephalon,
results in the generation of fewer PC
neurons in the mouse (Mastick et al.,
1997). Second, cluster size might also
be controlled independently of neu-
ral fube patterning (Fig. 1, models 2a
and b). Here, mechanisms might be
general and affect all neuronal clus-
ters (model 2a). An example is the
lateral inhibition process mediated
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Fig. 1. Possible models for the regulation

of neuronal cluster size. Two clusters are
represented (dark grey and orange circles)
that develop at the intersection of A and B,
or B and C, patterning identities (color cod-
ed; top panel). Model 1 depicts mecha-
nisms where the size of a cluster depends
on neural tube patterning. Thus, if identity C
is transformed into C’, orange neurons still
develop at the B/C’ interface but their num-
ber is affected. Models 2a and b represent
mechanisms controlling neuronal cluster
size in a manner independent of neural
fube patterning (identities A, B, and C are
unchanged). In 2a, the process affected
controls neuron number in all clusters (e.g.,
lateral inhibition). In 2b, the process af-
fected acts locally and controls the number
of orange neurons only. (Color figure can
be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.)

by Notch/Delta signaling, which reg-
ulates the number of neurons differ-
entiating from every proneural clus-
ter (see Lewis, 1998; Chitnis, 1999;
Blader and Strdhle, 2000, for re-
views). Other cell-intrinsic or -extrinsic
mechanisms might control the num-
ber of neurons in single clusters
(model 2b). Examples of cell-intrinsic
information might be the expression
of neuron subtype-specific transcrip-
fion factors, the absence of which
affects the development of one
neuronal population along AP or

DV. For instance, motor neurons fail
to develop in Hb? mutants (Arber et
al., 1999). Cell-extrinsic cues such as
the reception of input from other
neurons, or of growth factors, could
affect the division or survival of given
target neuron or progenitor popula-
tions (see Edlund and Jessell, 1999).

It remains unclear which combina-
fion of these models is involved in
controlling the sites and extent of
neurogenesis within the early ante-
rior neural plate. To address this
qguestion, we have focused on the
development of the nMLF and nPC
in the embryo of the zebrafish, Danio
rerio. Because the nMLF and nPC
neurons are partially intermingled
and indistinguishable before the ex-
tension of axonal processes, we
have considered the development
of NMLF/nPC neurons as a whole.
Twenty-four hours postfertilization
(hpf) teleost embryos have a rela-
tively simple brain organization, with
a scaffold of axon tracts built from a
small number of neurons (Wilson and
Easter, 1991; Ross et al., 1992), facili-
tating the analysis of developmental
abnormalities. Furthermore, in the
zebrdfish, the nMLF/nPC is one of the
first collections of neurons in the
brain to appear, free of influence by
other neurons. This spatial and tem-
poral isolation from other cells un-
dergoing similar changes also facili-
tates an analysis of the cues
controlling nMLF/nPC development.
The ontogeny of the nMLF/nPC has
been precisely mapped. AChE
activity  or immunocytochemistry
against HNK1 or acetylated-tubulin
revealed the first nMLF cell bodies
around 16 hr postfertilization (hpf), at
the junction of the fore- (paxé. 1-pos-
itive; Krauss et al., 1991; Plschel et
al, 1992) and midbrain (eng-posi-
tive; Ekker et al., 1992) patterning
systems along the AP axis, and along
the dorsal and ventral edges of shh
and nkx2.2 expression, respectively,
along the DV axis (Macdonald et al.,
1994; Barth and Wilson, 1995; Hjorth
and Key, 200T1). nPC cell bodies are
detectable from 18 hpf onward.
They are partially infermingled with
the nMLF as well as in an adjacent,
more alar location in the caudal
forebrain. Thus, precise molecular
markers are available to assess the
influence of both AP and DV cues
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on neural fube patfterning and
NMLF/nPC development.

We report here that the transcrip-
tion factor Six3, in addifion to its
known expression in the eye (Koba-
yashi et al., 1998), is specifically ex-
pressed in NMLF/nPC cell bodies
from 18 hpfin the zebrafish embryo.
By using six3 expression as a
marker, we then analyzed nMLF/
NnPC development in mutant lines
affected in brain patterning (no-
isthmus, smoothened/slow muscle
omitted) or in signaling from non-
neural tissues (bonnie and clyde,
casanova). Our results highlight the
influence of positional cues com-
monly necessary for the regulation
of neural tube patterning in the
fore/mid area and the generation
of a normal number of six3-positive
cells. Thus, model 1 (Fig. 1) mecha-
nisms participate in NMLF/nPC de-
velopment. Surprisingly, however,
we also demonstrate that a negao-
tive influence, primarily originating
from the prechordal plate, is in-
volved (directly or indirectly) in re-
stricting the number of six3-positive
neurons at the fore/mid border,
without correlatively affecting AP
or DV patterning in a detectable
manner in this area. Thus, our resulfs
also demonstrate the use of cell-ex-
frinsic signals and a type 2b mechao-
nism to control neuronal cluster size in
the anterior neural plate.

RESULTS

six3 Is Coexpressed With GATA
3 (gfal3) and Is an Early
Marker of nMLF/nPC Neurons

NMLF and nPC neurons are identifi-
able at 30 hpf by their HNK-1 immu-
noreactivity (Fig. 2A-C, brown stain-
ing). The NMLF/nPC neurons are
organized as two longitudinal
branches, which are merged at their
caudal end; nMLF neurons form the
ventral branch (brown arrow in Fig.
2B), whereas nPC neurons organize
along the fore/mid junction and
form the dorsal branch (red arrow in
Fig. 2B). During development, nMLF
neurons are first detectable at 16 hpf
(15 somites) by HNK1 staining (Fig.
2E, brown staining), whereas nPC
neurons become visible at 18 hpf
(not shown).

To determine whether both neuro-
nal groups share developmental
properties, we conducted an in situ
hybridization search for mMRNA mark-
ers jointly identifying these two neu-
ronal populations between 16 and
36 hpf. gta3 expression was reported
in a population of HNKI-positive
neurons in the ventral di- and mes-
encephalon from 20 hpf onward
(Neave et al., 1995), where it was
inferpreted to label nMLF neurons
before their differentiation. six3 ex-
pression was also described in the
ventral midbrain from 24 hpf onward
(Kobayashi et al., 1998). We found
that gfa3 expression is initiated in
that location as early as 17 hpf
(16-18 somites; not shown) and six3
expression at 18 hpf (18 somites), im-
mediately affer the onset of HNKI
immunoreactivity (Fig. 2E-H, blue
staining). Like gtfa3, six3 expression
defines a cluster comprising HNK1-
positive cells in the nMLF and nPC
(Fig. 2G.H, and data not shown). At
26 hpf, six3 expression organizes as
two branches, of which the ventral
branch encompasses the nMLF and
the dorsal branch represents the
NPC (Fig. 2A-C, blue staining and ar-
rows). At all stages, six3 expression
appears in exact overlap with gfa3-
positive cells (Fig. 2D). six3-positive
cells are located away from the
ventricular surface (black arrow in
Fig. 2G), suggesting that they corre-
spond to postmitotic neurons. A similar
observation was made for gfa3 ex-
pression (Neave et al., 1995). Because
cells positive for six3 but negative for
HNKT are generally located in a more
ventricular location than doubly posi-
five cells (see Fig. 2C,G), six3 expres-
sion might identify nMLF/nPC neurons
from an earlier differentiation state
than HNKT1 immunoreactivity.

The location of the nMLF has
been mapped relative to the ex-
pression of several molecular mark-
ers in the 24 hpf zebrafish brain
(Macdonald et al., 1994; Barth and
Wilson, 1995; Hauptmann and Ger-
ster, 2000; Hjorth and Key, 2001). It
lies at the interface of shh and
nkx2.2 expression, overlapping the
caudal boundary of paxé. 1 expres-
sion. To further characterize this re-
gion molecularly, we positioned
six3 expression relative to a series of
additional territorial and neuronal

markers at 26 hpf, when it defines
the nMLF/nPC domain (Fig. 2I-P).
Along the dorsoventral axis, we
found that six3 expression straddles
the nkx2.2-positive band (Fig. 2J).
Along the AP axis, it is entirely lo-
cated anterior fo the mesence-
phalic expression domain of Eng
proteins (Fig. 2K), and its dorsal
branch crosses the paxé.1 expres-
sion border (Fig. 21). Its caudal-most
cells coexpress hoxala and lie im-
mediately adjacent to the bfsl-
positive nucleus of the basal mesen-
cephalon (Fig. 20,P; McClintock et
al., 2001; Shih et al., 2001; TallafuB et
al., 2001). Finally, six3 expression par-
tially overlaps markers delimiting ter-
ritories undergoing neurogenesis,
such as zcoe2, zashla, and zashlb
(Fig. 2L-N; Allende and Weinberg,
1994; Bally-Cuif et al., 1998). Results
are summarized in Figure 2Q.

NMLF and nPC neurons arise in
neighboring locations, however,
NnPC neurons develop with a few
hours delay, and exhibit a distinct
projection pattern (nMLF  axons
project posteriorly, nPC axons
project dorsally). Our identification
of gfa3 and six3 expression as dis-
finctly identifying both neuronal
populations suggests that the formao-
tion of these two clusters responds to
shared developmental processes.
We next studied which mechanisms
condition the proper development
of the nMLF/nPC cluster. Because
six3 only labels the nMLF/nPC region
at the fore/mid AP level (in contrast
to gfa3, also expressed in underlying
structures), we focused on this
marker for subsequent analyses.

six3 Expression Depends on
Proper Patterning of Territories
Adjacent at the Fore/Mid
Border

We first wished to test the involve-
ment of neural tube patterning on
the positioning and size of nMLF/nPC
neurons. To this aim, we studied six3
expression in patfterning mutants
where one of the territorial identities
normally adjacent to the six3 cluster
is altered, albeit without tissue dele-
tion (similar to Fig. 1, model 1).
pax2.1/noi¥?°e  mutants fail to
maintain  the midbrain-hindbrain
boundary organizer and lack mid-
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Fig. 2. six3 expression at the forebrain/midbrain border identifies the medial longitudinal fascicle (nMLF)/posterior commissure (nPC)
population and lies at the intersection of patterning markers' expression. Whole-mount embryos were processed for in situ hybridization
and/or immunocytochemistry for the markers indicated (color-coded) and flai-mounted A,B,D,I-P: Sagittal views of the head, anterior left;
B: High magnification of the area boxed in A; D: View of the same domain from a 26 hours postfertilization (hpf) embryo probed for six3
and gta3 expression; C,E,F,H: Dorsal views of the di- and mesencephalon, focused on the basal plate, anterior left, black arrows point to
the ventricular zone of the neural tube; G: Cross-section of F at the level indicated, black arrow points to the ventricular zone. A-D: At 26-30
hpf, six3 expression organizes as two longitudinal branches (blue arrows in B point to the dorsal (d) and ventral (v) branches, the black
arrow points to the ventral branch in C) that encompass the nMLF (brown arrow in B,C) and nPC (red arrow in B), and exactly coincide
with gfa3 expression (red arrows to six3 and blue arrows to gfa3 in D). E-H: six3 expression immediately follows HNK1 immunoreactivity of
the nMLF and also labels cells located immediately adjacent to the HNK1-positive cluster toward the ventricular side (blue arrows point
to cells only expressing six3 in F,G,H, red arrows point fo doubly labeled cells in G). I-P: six3 expression (red or blue arrows) overlaps
boundaries of territorial (I-K) and neurogenesis (L-P) markers: it crosses the anteroposterior boundary of paxé.1 expression (l) but is
anterior to the midbrain Eng-positive domain (K), it overlaps the nkx2.2 DV stripe (J) and is partially overlapping with major sites of ongoing
neurogenesis defined by zcoe2, zash1a, and zash 1b expression (L-N); the most ventrocaudal six3-positive cells coexpress hoxala (O) but
not bfs1 (P). These findings are recapitulated at high magnification in a schematized form in Q (color-coded; red lines to the fore/mid (AP)
and shh/nkx2.2 (DV) boundaries, circle indicates the projection of the center of the eye). som, somite.
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Fig. 3. Distinct subdomains of six3 expression respond to mesencephalon and basal plate patterning deficiencies. A-H: Expression of the
patterning markers eng3, shh, Paxé.1, and nkx2.2 in noi“??® (B,F), smu®®*’ (D,H), and their wild-type (wt) siblings (A,C,E,G) at 26 hours
postfertilization (h, hpf; flat-mounts of the brain, anterior left). eng3 expression is lost in noi?° (A,B), but the posterior border of Paxé.1
expression (arrows in E,F) is unperturbed and abuts progeny cells of mesencephalic precursors (asterisks). shh expression is maintained
in smu”4’ (C,D), but the nkx2.2-positive identity of the ferritory it abuts is altered (G,H). I-K: Expression of six3 at the fore/mid boundary at
26 hpf in wild-type (1), noi*??@ (J), and smu®%4’ (K) mutants (high magnification of the six3-positive area in flat-mounted preparations,
anterior left). Dotted lines surround affected domains of six3 expression (posterior part of the dorsal branch in noi?°?, black dots; ventral
branch in smu®¢4’, yellow dots). L: Schematic representation of the six3-positive cluster (blue) and the different subdomains of this cluster
that are affected in noi™2?? vs. smu®%*' (blue arrows). The red lines depict the DV and AP patterning boundaries infersected by the six3
cluster, as in Figure 2Q.

v Fig. 4. The number of six3-positive cells in
,ﬁf '\ the fore/midbrain is increased in bon mu-
e tants, which display molecular alterations in

the endoderm and prechordal plate (PCP).

— A-D: Expression of six3 (A,B) and gta3 (C,D)
J : at the fore/mid boundary in 26 hours post-
fertilization (h) wildtype (wt; left) and

bon™#2%> mutants (right) as indicated, ante-

it rior left. The number of six3- (or gta3-) positive

L cells is 1.5 times increased in bon™#25,
/ E,F: Expression of bon/mixer in wild-type em-
bryos, sagittal views, anterior left; inset: top

view) is restricted to precursors of the

endoderm, PCP and YSL at gastrulation (E)

L and is absent from neuroectodemal precur-

sors at all stages (10-somite (som) stage in F).

G,H: Expression of neural plate markers (e.g.,

her5, yellow arrows) are not affected in

bon™#5, but endodermal markers (sox17,
blue arrows) are reduced. I-L: Expression of
the PCP markers hgg! (hatching gland pre-
cursors; 1,J) and hix] (medial pharyngeal
precursors; K,L) are also reduced in bon™42°
(all views dorsal, anterior up).
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brain identity by 24 hpf (Lun and
Brand, 1988; Brand et al., 1996). This
finding is, for instance, reflected by
the loss of eng3 expression (Fig.
3A,B). However, progeny cells of
midbrain precursors are still present
(asterisks in Fig. 3A.B,E,F, and data
not shown) and abut paxé. 1 expres-
sion (arrows in Fig. 3E,F). noi™2%9 mu-
tants thus provide a typical example
of a patterning defect where, as in
model 1, a B/C interface
(bax6.17,eng3~ /pax6.1-,eng3™) s
replaced by B/C’ (paxé.1".eng3—/
paxé.1-,eng3™; Fig. 1, model 1). We
found that the six3 cluster still formed
at the paxé.1 border but that the
caudal domain of the dorsal branch
of six3-expression (area surrounded
with black dots in Fig. 3I.J) was signif-
icantly reduced in all noi™?%° mu-
tants (average number of positive
cells in this area: 6 = 2 cells, n = 3 in
noi™2%9  mutants compared with
36 = 3 cells, n = 3 in wild-type sib-
lings; Fig. 3, compare | and J).
smoothened/slow muscle omitted
(smuP®?"y mutants fail to transduce
Hh signaling (Barresi et al., 2000;
Chen et al., 2001; Varga et al., 200T),
they are defective in ventral fore-
brain  development and display
strongly down-regulated nkx2.2 ex-
pression (Varga et al., 2001; Fig.
3G,H). However, progeny of the pre-
cursors cells for the nkx2.2-positive
domain is present, as aftested by the
development of motfor neurons
(Chen et al, 2001; Varga et al,
2001), and abuts seemingly normal
Shh expression (Fig. 3C,D; see also
Chen et al., 2001; Varga et al., 200T).
Thus, smuP®?’ mutants can likely be
considered as another example of
patterning defects similar to model 1
(Fig. 1), along the DV axis. We found
that fewer cells expressed six3 in all
smuPe?! mutants at 26 hpf, with great-
est reduction in the ventral branch
(area surrounded by yellow dofts in
Fig. 3I.K; number of positive cells in this
area: 3 = 1 cells, n = 3insmu%4; 17 +
2 cells, n = 3 in wild-type (wt)).
Together, these results support sev-
eral conclusions. First, the positioning
of the nMLF/nPC neuronal cluster
appears to be crucially controlled
by the intersection of distinct posi-
tional identities, rather than by these
identities per se. Indeed, six3 expres-
sion is induced even when some of

the adjacent identities are altered.
Second, the size of the nMLF/nPC
neuronal cluster is sensitive to iden-
ity changes of the different territo-
ries that it contacts (Fig. 1, model 1).
This sensitivity is reminiscent of the
behavior of other neuronal clusters
located at territorial boundaries
within the embryonic brain. For in-
stance, the NnTPOC, which differenti-
ates along the dorsal boundary of
the hypothalomus, fails fo form
when hypothalamic idenfity is per-
turbed (Mathieu et al., 2002). Our
findings also extend those of Mastick
et al. (1997) reporting fewer nPC
neurons in Pax6 mouse mutants.
Third, our results indicate that the re-
sponse of six3 expression to pattern-
ing defects is not all or none but is
limited to the subpopulation of six3-
positive cells overlapping or in con-
tact with the mispatterned territory
(schematized in Fig. 3L). Thus, al-
though the nMLF/nPC cluster is char-
acterized as a whole by six3 expres-
sion, its size is controlled by neural tube
patterning in a modular manner.

Number of six3-Expressing
Cells at the Fore/Mid Border
Depends on the Function of
bonnie and clyde/mixer

In contrast to the phenotypes de-
scribed above, all characterized by
a decreased number of six3-positive
cells, we found that the six3-positive
cluster was significantly enlarged in
the mutant bonnie and clyde/mixer
(bon™#2%: Kikuchi et al., 2000) from
24 hpf onward (80 = 5 cellsinwt, n =
30; 130 = 6 cells in bon at 26 hpf, n =
30; Fig. 4A.B). The overall shape of
the six3 cluster was maintained, indi-
cating no anisotropy in the increase
in cell number along the AP or DV
axes. Similar  observations were
made looking af gta3 expression
(Fig. 4C,D), demonstrating that the
phenotype observed reflects an al-
teration in the size of the neuronal
cluster rather than the specific up-
regulation of six3 expression. To de-
termine whether this phenotype re-
flected a general mispatterning of
the fore/mid areq, we probed bon
embryos at 90% epiboly, 15 and 24
hpf for patterning and neurogenesis
markers, including the combination
described above (Fig. 2I-P). None of

these profiles showed any detect-
able size alteration in the fore/mid
area at any stage (see herb expres-
sion in Figure 4G,H, yellow arrows,
and data not shown). Thus, we con-
clude that Bon/Mixer function is se-
lectively involved in limiting the num-
ber of six3-positive cells in the fore/
mid territory in vivo.

The primary phenotype of bon
mutants is the near complete ab-
sence of endodermal precursors
and derivatives (Kikuchi et al., 2000).
Second, bon mutants suffer from
cardia bifida and exhibit collapsed
brain ventricles. To date, however,
no brain patterning or neurogenesis
defects have been reported in bon.
bon/mixer encodes a homeodo-
main protein, the expression of
which is restricted to the blastoderm
margin, including the yolk syncytial
layer (YSL), at early gastrulation (Al-
exander et al., 1999; Aoki et al., 2002;
and see Fig. 4E). These domains are
fated to the endoderm proper (gut),
the prechordal plate (PCP, which
later will give rise to the hatching
gland and the medial part of the
pharynx) and the YSL (see Fig. 5A,
colored domains). The early expres-
sion of bon/mixer does not encom-
pass neuroectodermal precursors
(Woo and Fraser, 1995; Varga et al.,
1999, Warga and Nusslein-Volhard,
1999), and no bon/mixer expression
is deftected in the neural plate until
at least 36 hpf (Fig. 4F, and data not
shown). Thus, increased six3-positive
cell number in bon must secondarily
result from the lack of bon/mixer ex-
pression in precursors of the endo-
derm, PCP, and/or YSL.

To identify the origin of the six3
phenotype in bon, we first deter-
mined which of the endodermal,
PCP, and/or YSL cell populations
were primarily defective in these
mutants. bon mutants lack most
endodermal precursors (Kikuchi et
al., 2000; Aoki et al., 2002; see Fig.
4G,H), but a requirement for Bon/
Mixer alone in PCP or YSL develop-
ment was not documented (Poulain
and Lepage, 2002). We found that
bon mutants also exhibit reduced
PCP and PCP derivatives such as the
hatching gland, identified respec-
tively by hixT and hgg expression at
late gastrulation stages (Fig. 41-L; av-
erage of 130 + 15 hixI-positive cells
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Fig. 6. Combined mechanisms integrate at the fore/mid boundary to control the size of
the six3-positive cluster (red). A: Mesencephalic (grey) and basal (blue) identities posi-
tively control (arrows) the number of six3-positive cells that develop within these domains.
B: The prechordal plate or its derivatives (blue, green) negatively control at a distance
(bars) the overall number of six3-positive cells at the fore/mid boundary, without influenc-

ing neural tube patterning in this area.

in 77% of bon mutants, n = 8 (other
bon mutants showed wild-type hix]
expression), vs. 220 = 20 cells in wild-
type, n = 21; average of 12 + 2

hggl-positive cells in 100% of bon
mutants, n = 6, vs. 150 = 10 cells in
wild-type, n = 14). It is unlikely that
this phenotype results from the lack

Fig. 5. The prechordal plate (PCP), but not
by means of Nodal signaling, is responsible
for the six3 phenotype in bon mutants.
A: Schematic localization and nomencla-
ture for the derivatives of the domains ex-
pressing bon/mixer at gastrulation (color-
coded). Blue, hafching gland; green,
medial aspect of the pharynx (blue and
green derivatives together originate from
the PCP); purple, gut (derives from the
endoderm proper); orange, yolk syncytial
layer (YSL). B-D: Altered endoderm in bon
does not alone cause the six3 phenotype.
B: Schematics of the non-neural structures
that are mutant (endoderm, red) and wild-
type (wt; PCP derivatives and YSL, yellow) in
casanova (cas). C,D: High magnifications
of the six3-positive cluster and correspond-
ing cell counts (purple bars), are identical
between wildtype (C) and cas™* mutant
siblings (D). E-G: Lack of Bon/Mixer func-
tion in the YSL does not alone account for
the six3 phenotype. E: Schematics of the
non-neural structures that remain mutant
(endoderm and PCP, red) and are rescued
(YSL, yellow) in bon™2% upon injection of
capped bon/mixer mRNA into the YSL. F,G:
High magnifications of the six3-positive clus-
ter, and corresponding cell counts, reveal
the maintenance of a mutant six3 pheno-
type upon YSL rescue in bon™#2% H-J: Al-
tered PCP causes the six3 phenotype in
bon. H: Schematics of the non-neural struc-
tures that remain mutant (endogenous
axis: endoderm, PCP, and YSL, red) and are
rescued (duplicated axis: endoderm and
PCP, yellow) in bon™4° upon co-injection
of capped Tar*+bon/mix mRNAs info one
marginal blastomere at the 16-cell stage.
1,J: Injected embryos, high magnifications
of the six3-positive cluster of the secondary
axes, and corresponding cell counts, show
identical number of six3-positive cells upon
PCP rescue in bon™#2%, K-M: The PCP signal
deficient in bon and causing the six3 phe-
notype is not the Nodal factor Sqt. K: Sche-
matics of the structures that remain mutant
(endogenous axis: endoderm, PCP and
YSL, red) and are rescued, except for their
production of Sqt (duplicated axis:
endoderm and PCP, yellow) in MZsqt mu-
tants upon injection of capped Tar* mRNA
info one marginal blastomere at the 16-cell
stage. LM: Injected embryos, high magni-
fications of the six3-positive cluster of the
secondary axes, and corresponding cell
counts, show no significant difference in the
number of six3-positive cells upon PCP res-
cue in MZsqt.

of endoderm in bon: indeed,
casanova (cas) mutants, which like
bon lack endodermal precursors,
have a normal PCP (Alexander et
al., 1999). Thus, the defective PCP in
bon likely reflects a direct role of
Bon/Mixer in PCP precursors.

We next addressed whether bon
mutants displayed abnormal YSL.
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We found that bon embryos do form
a morphologic YSL, visible at the
dome stage by microscopic inspec-
tion (not shown). Because the func-
tion and expression profile of the YSL
have not been determined; how-
ever, one cannot exclude that the
YSL is not fully functional in bon. Thus,
we conclude that the six3 pheno-
type in bon might be caused by pri-
mary defects in the endoderm, PCP,
and/or YSL. To determine which of
these fissues accounts for the six3
phenotype, we undertook selective
rescue experiments to dissect the rel-
ative role(s) of each structure
(endoderm, PCP, and YSL) in the gen-
eration of the six3 expression defect.

Altered six3 Expression in bon
Results From a Defective
Prechordal Plate

We first determined whether the six3
phenotype in bon was due to the
lack of endodermal precursors or
derivatives. To this aim, we moni-
tored six3 expression in cas mutants.
cas is selectively deficient in
endoderm (Fig. 5B, red) but has nor-
mal PCP and YSL (Fig. 5B, yellow; Al-
exander et al., 1999; Dickmeis et al.,
2001; Kikuchi et al., 2001; Sakaguchi
et al., 2001). Patfterning of the ante-
rior neural plate in cas appeared
normal at all stages (not shown),
suggesting that endodermal factors
are generally dispensable for brain
development in zebrafish. In addi-
tion, we found no difference in the
number of fore/mid six3-positive cells
between cas and wild-type em-
bryos at 26 hpf (80 = 5 cells in cas
embryos, n = 7, against 80 = 5 cells
in wild-type siblings, n = 23; Fig.
5C,D). Thus, the lack of endoderm
alone can be excluded as causing
the six3 phenotype in bon.

Next, to address whether the six3
phenotype was due to the lack of
Bon/Mixer expression in the YSL, we
selectively rescued Bon/Mixer func-
fion in this layer (Fig. 5E, yellow, vs.
endoderm and PCP, red). Capped
mMRNA encoding Bon/Mixer (20 pQ)
was injected info the YSL at the
1,000-cell stage (n > 100). Co-in-
jected lacZ RNA controlled for the
distribution of the injected product
throughout the YSL and embryos
showing uneven distribution of beta-

galactosidase were discarded. We
observed that injected bon mutants
displayed a reduced cardiac phe-
notype compared with their nonin-
jected mutant siblings: they devel-
oped a heart in medial position,
identifiable by morphology and ex-
pression of the heart field marker
gafaé (not shown). However, this
heart was much smaller than wild-
fype, indicative of poor rescue. In
conftrast, injections of bon/mixer into
the blastoderm of one-celled em-
bryos fully rescued the endoderm
deficiency and cardia bifida pheno-
types (not shown). These results sug-
gest that the rescue of Bon/Mixer
function in the YSL can only partially
compensate for the lack Bon/Mixer
activity overall. In addition, we
found that bon embryos that had
selectively inherited bon/mixer RNA
info the YSL showed a six3 pheno-
type comparable to that of unin-
jected bon mutants (108 + 3 cells in
the fore/mid six3-positive cluster in
injected bon at 26 hpf, n = 15, vs.
80 + 5 cells in injected wild-types,
n = 15; Fig. 5F,G). Thus, the lack of
Bon/Mixer activity in the YSL alone is
not sufficient to account for the six3
phenotype in bon.

To test the involvement of the PCP
in generating the six3 phenotype in
bon, we rescued this tissue (fogether
with the endoderm) in bon by mak-
ing use of the constitutively active
form of the TGFB type | receptor
Taram-A (Tar*). Tar* drives its express-
ing cells toward endodermal and
PCP fates (Peyrieras et al., 1998;
David and Rosa, 2001). When in-
jected info one marginal blastomere
at the 16-cell stage, Tar* mRNA in-
duces the formation of a secondary
axis in which the entire endoderm
and PCP, and exclusively these
structures, derive from the injected
cell (see Bally-Cuif et al., 2000; Aoki
et al, 2002; David et al., 2002
Mathieu et al., 2002). Thus, to rescue
Bon/Mixer function in the PCP (and
endoderm), we co-injected Tar*
and bon/mixer mRNAs info a bon
embryo. Then, Tar* induces a sec-
ondary axis where Bon/Mixer func-
tion is selectively rescued in the
endoderm and PCP (Fig. 5H, yellow).
At 26 hpf, injected bon mutant em-
bryos could be identified by promi-
nent cardia bifida in their unrescued

endogenous axis (Fig. 5H, red),
whereas their secondary axis no
longer displayed a morphologic bon
phenotype. We thus compared the
number of fore/mid six3-positive cells
in the secondary axes of injected
bon mutants and their injected wild-
type siblings. Only embryos display-
ing a complete secondary axis (i.e.,
with anterior head and eyes) were
considered. We found a compara-
ble number of fore/mid six3-positive
cells in the secondary axes of both
injected mutants and injected wild-
types (21 = 1 cellsin bon, n = 19, vs.
21 = 1 cells in wild-type, n = 21; Fig.
51.J). Thus, rescuing Bon/Mixer func-
fion in the endoderm and PCP of
bon mutants is sufficient to rescue
their six3 phenotype. Because the
lack of endoderm alone does not
result in a six3 phenotype (see
above cas mutants), we conclude
that the increased number of fore/
mid six3-positive cells in bon results
from deficient PCP development.
Thus, the PCP selectively controls,
from a distance, the size of the six3
cluster, supporting an involvement
for model 2b (Fig. 1) in the develop-
ment of the nMLF/nPC cluster.

PCP Factor Controlling the
Number of Fore/Mid six3-
Positive Cells Is not a Nodal
Signal

Bon/Mixer encodes a transcription
factor and, thus, is unlikely to be the
direct mediator of PCP activity in its
regulation of six3 expression. Several
signaling factors originate from the
PCP. Among those, Nodal signals
have received most attention and
are involved in forebrain induction
and patterning in zebrafish (Rohr et
al., 2001; Mathieu et al., 2002, and
references therein). We thus tested
whether deficient Nodal signaling
from the impaired PCP in bon could
influence the number of fore/mid
six3-positive cells. To this am, we
studied six3 expression in embryos
where Nodal signaling from the PCP,
or the reception of Nodal signals by
the neural tube, is impaired.
Maternal-zygotic  (M2)  squint
(Mzsqf), cyclops (cyc), and MZ one-
eyed pinhead (MZoep) mutants are
compromised in Nodal signaling. sgt
and cyc encode Nodal proteins,
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and oep is a coreceptor for Nodal
factors (Feldman et al., 1998, Re-
bagliati et al., 1998; Sampath et al.,
1998; Gristman et al., 1999; Zhang et
al., 1998). Because induction of the
endoderm and PCP directly requires
the reception of maternal Nodal sig-
nals, Mzsqgt, cyc, and MZoep em-
bryos fail to form all or part of these
tissues. Tar* can activate the Nodal
pathway downstream of the recep-
tion of Nodal signals. Thus, the injec-
fion of Tar* info a marginal cell of
16-celled MzZsgf, cyc, and MZoep
mutant embryos restores the forma-
tion of the endoderm and PCP. The
rescued axial structures of injected
MZsqgt and cyc mutants are still defi-
cient in their production of a Sgt or
Cyc Nodal signal, respectively,
whereas the neuroectoderm of in-
jected MZoep mutants is deficient in
its processing of Nodal signaling. We
thus used these properties to study
six3 expression in conditions where
the PCP is present but produces less
Nodal signal (Tar*-injected MZsqt or
cyc) and in conditions where the
PCP is producing Nodal normally but
the overlying neuroectoderm can-
not process these signals (Tar*-in-
jected MZoep). As above, only em-
bryos displaying a full secondary axis
were considered. Injected mutant
embryos were identified by the
prominent cyclopia of their unres-
cued endogenous axis (Fig. 5K, red),
while their secondary axis was res-
cued in this phenotype (Fig. 8K, yel-
low). We found no significant differ-
ence in the number of fore/mid six3-
positive cells between the induced
axes of wild-type (20 = 1 cells, n =
12), Mzsqt (18 = 1 cells, n = 6; Fig.
4L,M), cyc and MZoep embryos (n =
3, not shown). We conclude that the
PCP factor limiting the number of
fore/mid six3-positive cells in vivo is
unlikely to be a Nodal signal.

DISCUSSION

Our results demonstrate that nMLF/
nPC neurons, which develop at the
intersection of AP and DV patterning
cues, are uniquely identified by their
common expression of the transcrip-
tion factor Six3 (or Gtad). This pro-
vides molecular support to the idea
that neuronal clusters developing at
territorial boundaries display unique

molecular identities. We further show
that six3 expression is still induced at
patterning borders in noi and smu
mutants, where pattemning is al-
tered. These findings support the
view that the positioning of early
neuronal clusters is friggered by the
interaction of distinct identities,
rather than by these identities them-
selves. Finally, we used the unique
six3 molecular signature to address
which mechanism(s) (Fig. 1) control
the size of the NnMLF/nPC in vivo. As
expected, and as previously dem-
onstrated for other neuronal clusters
or for the nMLF/nPC in other species
(Barth and Wilson, 1995; Mastick et
al., 1997, Mathieu et al., 2002), we
showed that the size of the six3 do-
main is reduced when its neighbor-
ing patterning cues are altered, sup-
porting a role for model 1 (Fig. 1) in
the conftrol of cluster size within the
antferior neural plate. Surprisingly,
however, we observed that the al-
terations of six3 cluster size in re-
sponse to patterning are not homo-
geneous. Rather, they primarily
affect the subpopulation of six3-pos-
itive cells normally lying within or ad-
jacent to the mispatterned area.
Thus, six3 expression responds to pat-
terning influences in a modular man-
ner. These results support a model
where the control of neuronal clus-
ter size by patterning cues is com-
plex and involves a combination of
general information (encoded by
patterning boundaries) and local
cues (encoded by the patterning
identities themselves). Finally, our
findings also highlight for the first time
the existence of an inhibitory influ-
ence that selectively limits the num-
ber of six3-positive neurons at the
fore/mid boundary, without affecting
neural plate patterning, in agreement
with model 2b (Fig. 1). We further
demonstrate that this influence origi-
nates from the PCP. Together our find-
ings unravel some of the combined
mechanisms that control nMLF/nPC
cluster size (Fig. 6A.B).

The PCP is remarkable for its influ-
ence on forebrain patterning, per-
mitting the development of ventral
di- and telencephalic structures at
the expense of dorsal identities. Our
results provide the first report of (di-
rect or indirect) activity of the PCP
on more posterior brain domains.

The requirement for Bon/Mixer in
PCP cells alone must take place at
an early stage, because bon/mixer
expression is switched off from the
blastoderm margin immediately of-
ter the shield stage. However, the
exact timing of PCP activity that in-
fluences the six3 cluster cannot be
determined from our experiments.
The PCP and at least some of its de-
rivatives (such as the medial aspect of
the pharynx) underlie the presump-
five midbrain/diencephalic area at
all gastrulation and somitogenesis
stages. This leaves ample fime for
the PCP to influence the number of
six3-positive cells at the fore/mid
boundary.

The mechanism conftrolling six3
cluster size that is impaired in bon
remains currently unclear. We did
not observe specific cell death in
the fore/mid area in wild-type em-
bryos at any stage (acridine orange
and TUNEL assays, not shown). Like-
wise, we failed to detect differences
in cell proliferation between wild-
type and bon mutants in this area
(anti-phosphohistone H3 immunocy-
tochemistry, not shown). Thus, an in-
fluence of the PCP on cell death or
cell proliferation in the fore/mid area
can likely be excluded. It follows that
the increased number of six3-posi-
tive cells in bon rather resembles a
neurogenic phenotype, i.e., the de-
velopment of more neurons than
normal due fo the production of a
higher number of neuronal progeni-
tors. However, because of ifs selec-
tivity, it appears unlikely to involve a
general neurogenesis process, e.g.,
lateral inhibition, which would be ex-
pected to affect all or most neuro-
nal clusters (Fig. 1, model 2a).
Growth of the six3-positive cluster
appeared similarly progressive over
time in wild-type and bon embryos,
and a significant difference in cell
number between bon embryos and
their wild-type siblings only ap-
peared at 26 hpf. In several in-
stances, neuronal differentiation
was shown to occur in successive
waves, which drive entry into termi-
nal mitoses in a spatiotemporally
regulated manner (Hu and Easter,
1999; Kay et al., 2001). Thus, it is pos-
sible that the abnormally numerous
six3 cells in bon result from either an
earlier entry intfo a phase of tferminal
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divisions by some six3 precursors, or a
greater bias for some of these pre-
cursors to leave the cell cycle, which
might prematurely induce a differ-
entiation wave and be detectable
around the 26 hpf stage using our
molecular markers.

Because the six3 phenotype in
bon is not accompanied by mispat-
terning of the fore/mid brain areq,
our observations provide an exam-
ple for model 2b (Fig. 1), where a
(direct or indirect) non-cell-autono-
mous influence selectively acts on
the size of one neuronal cluster.
Other examples where the size of a
specific early neuronal population is
regulated by external signals without
influence on local patterning, as well
as without involving local events of
cell proliferation or death, are
scarce. One reported case is the ret-
ina, where differentiation appears
also controlled by PCP-derived sig-
nals in the zebrafish (Masai et al.,
2000): athb is a marker of differenti-
ating retfinal neurons, it is selectively
absent in oep mutants without cor-
relative defects on retinal identity,
and it is rescued in oep embryos in-
jected with Tar*. In this case, the sig-
naling and relay process involved
were identified: nodal signaling from
the PCP promotes the production of
Shh by optic stalk tissue, which in turn
regulates retinal athb expression
(Masai et al., 2000). Within the brain
proper, one case of such a mecha-
nism was also reported recently: the
confrol of the number of cat-
echolaminergic and serotonergic
neurons in the zebrafish hypothala-
mus by the zinc finger transcription
factor Too few/Fezl (Levkowitz et al.,
2003). This process is non-cell-auton-
omous and does not affect fore-
brain patterning (Levkowitz et al.,
2003). The regulation of six3 cluster
size that we unravel here, thus, pro-
vides a second example of such a
mechanism during primary neuro-
genesis within the brain proper. The
influence of the PCP demonstrated
here is also unique in that it is in-
volved in limiting rather than increas-
ing the number of six3-positive neu-
rons at the fore/mid boundary. In
both cases, for Too few/Fezl and
monoaminergic neurons, or for the
PCP and six3, the relay mechanisms
and factors involved remain un-

known. Our data suggest that Nodal
signaling alone from the PCP can be
excluded as a regulator of six3 clus-
ter size. However, the PCP expresses
several other signaling factors that,
alone or in combination, could ac-
count for six3 regulation. For exam-
ple, BMP4, BMP7 and ADMP, Shh
and Twhh, Wnts, and opponent se-
creted factors such as Dkk, are ex-
pressed in the PCP at gastrulation or
later stages. The selective role of
these factors in mediating PCP de-
velopment or function remains, with
a few exceptions, unexplored. Un-
derstanding which combination of
PCP factors is involved in the selec-
five conftrol of six3 expression will re-
quire partial functional rescue of the
PCP in bon by the coinjection of Tar*
and the relevant morpholinos or
dominant-negative mutant forms.

EXPERIMENTAL PROCEDURES
Fish Strains

Emibryos were obtained from natural
spawning of AB or the following mu-
tant lines: bon™#*2% (Kikuchi et al.,
2000), cas™@®® (Chen et al., 1996),
cycP’® (Hatta et al., 1991), sqi<?3®
(Heisenberg and Nusslein-Volhard,
1997), noi™2%9 (Brand et al., 1996),
ace’?82a (Brand et al., 1996), and
smuP®?’ (Barresi et al., 2000). Het-
erozygous adult carriers were inter-
crossed to obtain mutant embryos.
MZsgt embryos, deficient in both the
maternal and zygotic contributions
of the sqgt locus, were obtained by
raising weakly affected sqt homozy-
gous embryos to adulthood. The re-
sulting homozygous sgt adults were
then intercrossed. All emlbryos were
raised and staged according to Kim-
mel et al. (1995).

Rescue Experiments

To rescue endo- and mesendoder-
mal tissues in the duplicated axes of
Nodal mutant embryos (e.g., MZsgf),
capped Taram-A* (Tar®) mRNA (8
pQ; Peyrieras et al., 1998) was in-
jected info one marginal blastomere
of 16-celled embryos. For similar res-
cues in bon™#2% because Mixer acts
at least in part downstream of Tar*
activity, capped bon/mixer mRNA
(20 pg) was co-injected with Tar*, Al
experiments were lineage-traced by

coinjecting nis-lacZ mRNA (60 pg).
To rescue the function of Bon/Mixer
in the YSL of bon mutant embryos,
capped bon/mixer mRNA (20 pQ)
was injected info the morphologi-
cally visible YSL in 1,000-celled em-
bryos, together with nis-lacZ mRNA
as lineage tracer.

In the case of Tar* injections lead-
ing to the formation of a fully dupli-
cated axis at 26 hpf, bon and MZsgt
mutant embryos were identified by
the characteristic mutant pheno-
type maintained by their endoge-
nous axis. In all other experiments, to
identify bon mutant embryos after
injection, in situ hybridization and/or
cell counts, embryos were a posteri-
ori genotyped by polymerase chain
reaction as described in Kikuchi et
al. (2000).

Staining for Marker Expression

In situ hybridization and immunocy-
tochemistry were carried out ac-
cording to standard protocols
(Thisse et al., 1993, Hauptmann and
Gerster, 1994; Bally-Cuif and Wassef,
1994). The following probes and an-
tibodies were used: bon/mixer (Kiku-
chi et al., 2000), btsi (Tallafug et al.,
2001), gta3 (Neave et al., 1995), herb
(Mdller et al., 1996), hgg! (Thisse et
al, 1994), hixl (Seo et al, 1999),
hoxala (McClintock et al., 2001),
nkx2.2 (Barth and Wilson, 1995),
paxé. 1 (Nornes et al., 1998), six3 (Seo
et al., 1998), sox17 (Alexander and
Stainier, 1999), zashla and zashlb
(Allende and Weinberg, 1994),
zcoe2 (Bally-Cuif et al., 1998), anti-
infected 4D9 antibody (recognizing
all zebrafish Eng proteins; DHSB; dilu-
tion 1/8), and anti-HNK1 (DHSB zn12;
dilution 1/500). X-Gal staining was
performed by incubation in 4 mM
Kferrocyanide, 4 mM Kferricyanide,
4 mM MgCl,, 400 ng/ul Xgal in phos-
phate buffered saline, after 25 min
fixation in 2% paraformaldehyde;
0.2% glutaraldehyde at room tem-
perature. Flat-mounted emibryos
were photographed and scored un-
der a Zeiss Axioplan microscope.

Cell Counts

To estimate the number of cells pos-
itive for six3 (or gfa3) expression, flat-
mounted preparations of in situ hy-
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bridization-stained embryos were
observed under X20 or x40 magni-
fication and Nomarski optics to visu-
dlize nuclei. Each nucleus that ap-
peared fully surrounded by a ring of
stained cytoplasm was counted. Re-
peated blind counts on each spec-
imen were carried out, and the
modal value (i.e., the most frequent
count for a given specimen ana-
lyzed several times) for each speci-
men was determined. The modal
value never differed of more than
5% from the extreme counts. Results
are expressed here, for each exper-
iment, as the average of the modall
values between specimens, + the
standard deviation.
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