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Determination of Primary Motoneuron Identity in
Developing Zebrafish Embryos

JuprtH S. EISEN

The developmental determination of primary motoneurons was investigated by
transplanting identified motoneurons in embryonic zebrafish to new spinal cord
positions. Some cells moved from the new positions in which they were placed back to
their original positions, thus it was difficult to evaluate whether they were determined.
Among cells that remained in their new positions, those transplanted about 1 hour
before axogenesis developed axonal trajectories that were appropriate for their original
soma positions, whereas those transplanted 2 to 3 hours before axogenesis developed
morphologies appropriate for their new soma positions. These results suggest that
motoneuronal identity is determined before axogenesis.

ERVOUS SYSTEMS CONSIST OF
N many different types of neurons

that have characteristic shapes and
patterns of synaptic connectivity. In some
organisms, including many invertebrates (1)
and the embryos of some fishes (2), certain
neurons can be uniquely identified on the
basis- of morphological criteria such as
soma position and axonal trajectory. When
do the individual identities of these neu-
rons become determined (3) so that their
developmental potentials are restricted and
are independent of their positions? To
address this question, I transplanted iden-
tified motoneurons from their normal spi-
nal cord positions in donor embryonic
zebrafish to new spinal cord positions in
host embryos (4). Transplanted motoneu-
rons were considered undetermined if their
axonal trajectories were appropriate for
their new soma positions and determined if
their trajectories were appropriate for their
original soma positions. These studies sug-
gest that the identities of individual pri-
mary motoneurons are determined before
axogenesis.

The segmentally arranged axial muscles of
the zebrafish trunk are inpervated by a seg-
mentally repeated set of three or four pri-
mary motoneurons (5, 6). Even before axo-
genesis, éach motoneuron within this set is
individually identifiable by the axial position

Institute of Neuroscience, University of Oregon, Eu-
gene, OR 97403.

of its soma within the spinal cord. More-
over, the growth cone of each motoneuron
selects a different pathway as it extends
directly to the muscle territory appropriate
for its-adult function (Fig. 1). Thus, within
each set of motoneurons, each cell develops
a unique morphology.

Previous studies have shown that individ-
ual primary motoneurons can be precisely
identified and ablated with laser irradiation
before axogenesis (5, 7, 8). To verify that
individual primary motoneurons could be
identified for transplantation with the same
precision, I removed one or more specific
primary motoneurons from trunk segments
6 to 10 of 16- to 18-h (hours after fertiliza-
tion at 28.5°C) embryos. In trunk segments,
CaP and MiP primary motoneurons typical-
ly undergo axogenesis around 17 h and 18
to 19 h, respectively; therefore, these exper-
iments were performed ~1 hour before
axogenesis. Embryos were allowed to devel-
op until 25 h and were then fixed, and the
remaining primary motoneuroiis- were la-
beled with the zn-1 monoclonal antibedy
(7). In every case, the primary motoneurons
that had been removed were absent (Fig. 1)
(9). In all but one instance, all of the other
primary motoneurons in the spinal segment
were present at 25 h.

To investigate whether the individual
identities of primary motoneurons were de-
termined before axogenesis, I transplanted
identified motoneurons isochronically from
the CaP and MiP positions ~1 hour before
axogenesis (Figs. 1 and 2) (10). No attempt
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was made to transplant cells to host seg-
ments corresponding to the segment of or-
igin (11), although no obvious differences
were observed between motoneurons that
were moved to positions corresponding to
their original segments and those moved to
new segments. This finding is consistent
with observations from avian and amphibi-
an embryos that show that motoneurons do
not distinguish between muscles derived
from correct and incorrect segments (12).
All of the surviving transplanted cells

(26%) extended growth cones along path-
ways that were normal for motoneurons as a
class. Thus, by the time these cells were
transplanted, they were probably already
determined to be motoneurons and could
not, for example, develop into VeLD inter-
neurons (13), despite the similar positions of
the MiP and VeLD somata (Fig. 1). To
investigate whether the individual identities
of these primary motoneurons were also
determined by this stage, I examined their
soma positions and axonal trajectories.

Table 1. Soma position and morphology of transplanted motoneurons.

Time

before Original New Final soma Axonal
: n soma placement L :
axogenesis . £ soma position trajectory
(hours) position o
1 4 CaP CaP CaP* CaP
1 3 MiP MiP MiP* MiP
1 1 CaP MiP MiP+t CaP
1 3 MiP CaP or RoP CaP or RoPt MiP
1 4 CaP MiP CaPt CaP
1 2 MiP CaP MiPt MiP
2 3 CaP CaP CaP* CaP
2to3 3 MiP MiP MiP* MiP
2 2 CaP MiP MiP§ MiP
2t03 6 MiP CaP or RoP CaP or RoP$§ CaP or RoP
2 6 CaP MiP CaPt CaP
2to3 1 MiP CaP MiP# MiP
*Controls.  1Cells determined at the time of transplantation.  $Somata moved back to their original
positions.  §Cells undetermined at the time of transplantation.

Fig. 1. Morphology A
and positions of pri-
mary  motoneurons
and interneurons. (A
and B) Each spinal
segment contains three
primary motoneu-
rons—CaP, MiP, and
RoP—and one pri-
mary interneuron,
VeLD (13), all of
which can be identified
by their individual
morphologies. Several
consecutive  muscle
segments are shown;
for simplicity, a single
primary motoneuron
or primary interneuron
is shown in each seg-
ment. The names of

CaP  MiP RoP VelD

the neurons are given at the top of each segment. (A) shows the positions of these neurons before
axogenesis in a 16-h embryo and (B) shows their morphologies at 24 h. In this and all subsequent
figures dorsal is to the top and rostral is to the left. The solid horizontal line represents the ventral
boundary of the spinal cord, and the dashed line represents the horizontal septum, which is the division
between dorsal and ventral muscle. (C) Single motoneurons can be removed by aspiration. A cell was
aspirated from the CaP position of the rostral segment at 16 h. At 25 h, the embryo was fixed and
processed for zn-1 immunoreactivity (7). The CaP soma (solid vertical arrow) is present in the adjacent
segment, and the CaP axon (solid horizontal arrow) extends into the ventral muscle. The CaP soma is
absent from the segment from which it was aspirated. The MiP soma (open arrow) is present in both
segments. In the segment without the CaP neuron, the MiP growth cone stopped at the horizontal
septum (arrowhead) in a normal manner. (D) Motoneurons transplanted before axogenesis develop
recognizable primary motoneuronal morphologies. A single motoneuron was transplanted from the
CaP position on the right side of segment 10 of a 15.5-h labeled donor to the CaP position on the right
side of segment 8 of a 15.5-h unlabeled host. This image-processed photomicrograph shows the cell at
23 h; the cell developed a normal CaP morphology. Bar represents 40 pm (A and B) or 25 um (C and

D).
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The behavior of the transplanted cells fell
into several different categories (Table 1).
Cells that were transplanted from the CaP
position to the CaP position or from the
MiP position to the MiP position developed
normal morphologies appropriate for their
soma positions (Fig. 1). However, cells that
were transplanted from the CaP position to
the MiP position or from the MiP position
to the CaP position behaved in two different
ways. Several of these motoneurons devel-
oped morphologies in which their axonal
trajectories were appropriate for their orig-
inal soma positions, and not for their new
soma positions (Fig. 2). For example, one
cell that was transplanted from the CaP
position to the MiP position extended its
axon along the CaP-specific pathway into
the ventral muscle, and three cells trans-
planted from the MiP position to the CaP or
RoP position extended axons along the nor-
mal MiP-specific pathway into the dorsal
muscle. Thus, the identity of these cells
appears to have been determined because
they developed axonal trajectories appropri-
ate for their original soma positions and not
for their new soma positions; their axonal
trajectories were therefore independent of
their soma positions.

The remaining motoneurons also devel-
oped axonal trajectories that were appropriate
for their original soma positions. However,
there was a key difference in their develop-
ment from that of the cells just described.
Surprisingly, by 2 hours after transplantation,
the somata of this second group of cells had
moved from the new positions in which they
were placed to positions that corresponded to
their original positions. For example, the
somata of four cells that were transplanted
from the CaP position to the MiP position
moved back to the CaP position (Fig. 2C,
inset), and the somata of two cells transplant-
ed from the MiP position to the CaP position
moved back to the MiP position. All of these
cells extended axons along the pathways ap-
propriate for their original soma positions
(Fig. 2). However, because the somata of
these cells did not stay in the new positions in
which they were placed, these axonal trajec-
tories were also appropriate for their new
soma positions. Thus, it was not possible to
conclude that the identity of these cells was
determined because it was not clear whether
their axonal trajectories were independent of
their soma positions.

To investigate whether the identites of
younger motoneurons were determined, I
performed similar transplants at earlier de-
velopmental stages (Table 1). Cells were
transplanted from the CaP position at 15 to
15.5 h (~2 hours before they would nor-
mally undergo axogenesis) and from the
MiP position at 16 to 16.5 h (~2 to 3 hours
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before they would normally undergo axo-
genesis). As in the previous experiments,
cells that were transplanted from the CaP
position to the CaP position or from the
MiP position to the MiP position developed
normal morphologies appropriate for their
soma positions. Cells that were transplanted
from the CaP position to the MiP position or
from the MiP position to the CaP or RoP
position again behaved in two different ways.
Some of these cells developed axonal trajec-
tories that were appropriate for their new
soma positions. For example, two of the cells
that were transplanted from the CaP position
to the MiP position developed normal MiP
morphologies, and six of the cells transplant-
ed from the MiP position to the CaP or RoP
position developed normal CaP or RoP mor-
phologies, respectively (Fig. 3). Because these
cells developed in ways appropriate to their
new soma positions, their identities appear to
have been undetermined. The remaining mo-
toneurons developed axonal trajectories that
were appropriate for their original soma po-
sitions. However, as with the cells that were
transplanted at later developmental stages, the
somata of these remaining cells moved from
the new positions in which they were placed
back to their original positions, making it
difficult to evaluate whether their identities
were determined.

My results suggest a number of features
about the process by which the identities of
individual primary motoneurons become
determined. A surprising finding was that

Fig. 2. The identities of individual
primary motoneurons are determined
before axogenesis. Motoneurons were
transplanted from the CaP or MiP po-
sition of trunk segments 7 to 11 of 16-
to 18-h-old rhodamine-dextran-la-
beled donor embryos to unlabeled host
embryos ~1 hour before axogenesis.
All of these cells extended axons along
pathways appropriate for the original
spinal cord positions of their somata.
(A) The labeled cell was transplanted
from the CaP position of a 16-h donor
to the MiP position of a 16-h host. The
axonal trajectory of this cell, shown
here at 25 h did not correlate with the
soma position; although the soma re-
mained in the MiP position, the axon
extended along the CaP pathway. (B)
The labeled cell was transplanted from
the MiP position of a 17-h donor to
the RoP position of a 17-h host. The
soma position and axonal trajectory of
this cell, shown here at 26 h, did not

after they were transplanted to new posi-
tions, the somata of many primary mo-
toneurons moved back to their original po-
sitions. Similar results have been described
for gastrula cells in avian embryos (14), and
these findings are consistent with the idea
that cells may recognize local positional
cues. Although the ability of these cells to
move after transplantation made it difficult
to evaluate whether they were determined,
this ability might be a reflection of the cells
having undergone an early step in their
determination that occurs before determina-
tion of axonal trajectory. The fact that these
cells appeared to be determined as primary
motoneurons before they were determined
for development of particular axonal trajec-
tories is consistent with the idea that deter-
mination of primary motoneuronal identity
may be a multistep process. It can be con-
cluded from the instances in which trans-
planted primary motoneurons remained
where they were placed that these cells were
undetermined 2 to 3 hours before axogenesis
but that their individual identities were deter-
mined by 1 hour later. These results suggest
that, initially, primary motoneurons from
both the CaP and MiP positions may consti-
tute an equivalence group (15); however, the
results do not rule out other possibilities.
Before these cells are determined, the
position of the soma of a primary motoneu-
ron appears to influence its axonal trajecto-
ry, implying that local cues in the vicinity of
the soma regulate axonal morphology. Two

correlate; the soma remained in the RoP position, but the axon extended along the MiP pathway of the
next rostral segment. (C) The labeled cell was transplanted from the CaP position of a 16.5-h donor to
the MiP position of a 16-h host. The soma moved back to the CaP position, however, and the cell
developed a normal CaP morphology, shown here at 23 h. (Inset) The soma was present in the MiP
position 10 min after the transplant. (D) The labeled cell was transplanted from the MiP position of a
17-h donor to the CaP position of a 17-h host. The soma moved back to the MiP position and the cell
developed a normal MiP morphology, shown here at 24 h. Bar represents 25 pm (A to D) or 40 pm

(C, inset).
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Fig. 3. Motoneuronal
axon trajectories can be
influenced by soma po-
sition. Some motoneu-
rons transplanted 2 to
3 h before axogenesis
developed morpholo-
gies appropriate for
their new soma posi-
tions. (A) The labeled
cell was transplanted
from the CaP position
of a 15.5-h donor to
the MiP position of a
15-h host. This image-
processed photomicro-
graph shows the cell at
26 h; the cell devel-
oped a normal MiP
morphology appropri-
ate for its new soma position, not for its site of
origin. The donor embryo was labeled with the
zn-1 monoclonal antibody at 25 h to verify that
CaP was absent and that MiP and RoP were
present in the donor segment. (B) The labeled cell
was transplanted from the MiP position of a
16.5-h donor to the CaP position of a 16-h host.
This image-processed photomicrograph was tak-
en at 26 h; the cell developed a normal CaP
morphology appropriate for its new soma posi-
tion, not for its site of origin. Of the five instances
in which cells transplanted from the MiP position
developed as CaPs, two of the donor embryos
were examined at 25 h to verify that MiP was
absent and that CaP and RoP were present in the
donor segment. Bar represents 25 um.

neighboring cell types, primary motoneu-
rons and floor plate cells, cannot be sole
providers of such cues because removal of
one or two identified primary motoneurons
by laser irradiation or the absence of floor
plate cells in cyc-1 mutants (16) does not
alter primary motoneuronal morphology
(17). However, the putative positional cues
could be provided by a combination of
sources, including motoneuronal somata
and the floor plate. Although they were
often placed in new orientations, transplant-
ed cells sprouted growth cones with the
correct polarities (18) (Fig. 1). Thus, either
the cells rotated to reestablish their original
polarities, or they established new polarities
appropriate for their new positions. In ei-
ther case, this result suggests that in addition
to local positional cues there may also be
local polarity cues. Learning the nature and
distribution of these putative cues should
provide insight into the mechanisms in-
volved in determination of motoneuronal
identity.
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OPC-21268, An Orally Effective, Nonpeptide
Vasopressin V1 Receptor Antagonist

YosHITAKA YAMAMURA,* HIDENORI OGAWA, TOMIHIKO CHIHARA,
Kazumi KoNDO, TOSHIYUKI ONOGAWA, SHIGEKI NAKAMURA,
Toyok1r Mor1, MICHIAKI TOMINAGA, YOUICHI YABUUCHI

An orally effective, nonpeptide, vasopressin V1 receptor antagonist, OPC-21268, has
been identified. This compound selectively antagonized binding to the V1 subtype of
the vasopressin receptor in a competitive manner. In vivo, the compound acted as a
specific antagonist of arginine vasopressin (AVP)—induced vasoconstriction. After oral
administration in conscious rats, the compound also antagonized pressor responses to
AVP. OPC-21268 can be used to study the physiological role of AVP and may be
therapeutically useful in the treatment of hypertension and congestive heart failure.

WO SUBTYPES OF PERIPHERAL AVP

receptors have been distinguished

both functionally and pharmacolog-
ically. In kidney, AVP exerts an antidiuretic
effect through V2 vasporessin receptors by
an adenosine 3',5'-monophosphate (cAMP)—
dependent mechanism (7). In liver and vascu-
lar smooth muscle, AVP elicits glycogenolysis
and vasoconstriction, respectively, through
V1 receptors by a cAMP-independent mech-
anism that is coupled to phosphoinositide

turnover (2). Although many vasopressin an-

tagonists have been developed for therapeutic
use, these antagonists are all peptide analogs
(3) and therefore do not have high enough
oral bioavailability. We now describe a non-
peptide V1 vasopressin receptor antago-
nist, OPC-21268 (1-{1-[4-(3-acetylamino-
propoxy)benzoyl]-4-piperidyl}-3,4-dihydro-
2 (1H)-quinolinone) (Fig. 1), which was devel-
oped by optimization of the lead molecule
found from random screening of several thou-
saids of compounds.

AVP and OPC-21268 both displace *H-
labeled AVP bound to rat liver (V1 recep-
tor) and kidney (V2 receptor) plasma mem-
branes (Fig. 2). OPC-21268, at concentra-
tions of 1077 to 107 M, caused a
concentration-dependent  displacement of
[*H]JAVP binding to V1 receptors, but the
inhibitory effect of OPC-21268 on V2 re-
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ceptor binding was weak. The concentration
of OPC-21268 that displaced 50% of spe-
cific AVP binding (ICg,) was 4 X 1077 M
for V1.receptors and >10"* M for V2
receptors. From the ICzq, we calculated the
inhibition constant (K;) of OPC-21268 for
V1 receptors (1.4 X 1077 M). To determine
if OPC-21268 interacts competitively or
noncompetitively with V1 receptors, we an-
alyzed [*H]AVP binding data from rat liver
membranes .in the presence and absence of
OPC-21268 by the Lineweaver-Burk meth-
od. OPC-21268 reduced the slope but did
not change the y-axis intercept (Fig. 2B).
These data indicate that OPC-21268 inhib-
ited [*H]AVP binding by changing the
dissociation constant (K,) but without
changing the maximum number of receptors
(Binax)- Thus, OPC-21268 interacts com-
petitively with V1 receptors. The K (1 X
1077 M) of OPC-21268 for V1 receptors
was consistent with the K; obtained from
displacement experiments. These data sug-
gest that OPC-21268 selectively antago-
nized V1 receptors in vitro.

To study whether OPC-21268 acts as a
specific antagonist of V1 receptors in vivo,
we examined the effects of intravenous
OPC-21268 administration in pithed rats

Uil

Fig. 1. Structure of
OPC-21268, 1-{1-[4-

(3-acetylaminopropoxy) Cb
benzoyl]-4-piperidyl}-

3 4-dihydro-2(1H)-qui- O)\CL

nolinone. O(CH,);NHCOCH,
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