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Early Stages of Motor Neuron Differentiation
Revealed by Expression of Homeobox Gene /slet-1

Johan Ericson, Stefan Thor, Thomas Ediund,
Thomas M. Jessell,* Toshiya Yamada

Motor neurons in the embryonic chick spinal cord express a homeobox gene, Islet-1, soon
after their final mitotic division and before the appearance of other differentiated motor
neuron properties. The expression of Islet-1 by neural cells is regulated by inductive signals
from the floor plate and notochord. These results establish Islet-1 as the earliest marker
of developing motor neurons. The molecular nature of the Islet-1 protein suggests that it
may be involved in the establishment of motor neuron fate.

During embryonic development the verte-
brate nervous system generates a diverse
array of neuronal cell types, which are
characterized by their position of origin,
axonal projections, and synaptic connec-
tions. One of the neuronal types for which
the processes of axonal pathfinding and
synapse formation have been documented
in most detail is the spinal motor neuron
(1). In contrast, the events that control the
generation of motor neurons remain largely
obscure. In chick embryos, spinal motor
neurons derive from progenitor cells in the
neural tube that give rise also to other
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neurons and to glial cells (2). The commit-
ment of neural progenitors to a motor neu-
ron fate appears to be regulated, in part, by
signals that derive from axial mesodermal
cells of the notochord and floor plate cells
at the ventral midline of the neural tube
(3-5). Insight into the molecular mecha-
nisms involved in the generation of motor
neurons requires the identification of genes
that are expressed at the initial stages of
motor neuron differentiation. Here we re-
port that embryonic chick motor neurons
express the homeobox gene Islet-1 (6), a
member of the subfamily of homeobox
genes (7) that contain cysteine-rich Lin-11,
Isl-1 Mec-3 (LIM) domains (6, 8, 9). Other
members of this family include Lin-11 and
Mec-3, which have been shown to regulate
cell fate in Caenorhabditis elegans (8, 9).
Islet-1 was originally identified as a pro-
tein that binds to enhancer elements in the
rat insulin gene (6). In the adult rat, Islet-1
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is expressed in pancreatic islet cells and in a
subset of neurons, including motor neurons
(10). To determine the earliest expression
of Islet-1 during neural development, we
localized the protein by immunocytochem-
istry in chick embryos (11). Islet-1 immu-
noreactivity is first detected in the nuclei of
cells in the ventral region of the spinal
cord, lateral to the floor plate (Fig. 1A).
The onset of Islet-1 expression in cells in
brachial regions of the spinal cord occurs at
Hamburger-Hamilton (12) stage 15 and in
lumbar regions at stage 17. Between stages
15 and 23 to 24, the number of Islet-1—
positive cells in the ventral spinal cord
increases markedly (Fig. 1, B and C, and
Table 1) (13), and there is no substantial
addition to the number of Islet-1—positive

cells at stages 28 to 29 (Fig. 1D and Table
1). The location and time course of appear-
ance of Islet-1-positive cells in the ventral
spinal cord are similar to those of motor
neurons, as defined by [’H]thymidine birth-

~ dating studies (14). The expression of Is-

let-1 in ventral spinal cord neurons is main-
tained at later developmental stages (Fig.
1D) and in the adult (10).

To establish the identity of the ventral
spinal cord cells that express Islet-1, we
labeled motor neurons by retrograde trans-
port after injections of horseradish peroxi-
dase (HRP) into the ventral root of stage 24
chick embryos (15). More than 80% of
Islet-1-positive cells in the ventral spinal
cord had accumulated HRP in their cyto-
plasm (Fig. 2, A and B). Islet-1-positive

Fig. 1. Expression of Islet-1 during embryonic chick spinal cord development. (A) Cross section of
the upper thoracic spinal cord of a stage 15 to 16 embryo. Islet-1 protein was detected with antibody
to Islet-1 and HRP-conjugated secondary antibody. Islet-1 is expressed in a small number of cells
in the ventral part of the spinal cord lateral to the floor plate (fp) and notochord (n). (B) By stages
17 to 18, there is a marked increase in the number of Islet-1—positive cells in the ventral spinal cord.
Note that cells close to the midline of the spinal cord express Islet-1. Islet-1 is also expressed in cells
of the dorsal root ganglion (drg). (C) Section through thoracic spinal cord at stage 24, showing
Islet-1 expression in cells in the ventrolateral spinal cord. The medial-most groups of cells
(arrowheads) appear to exhibit lower amounts of Islet-1 immunoreactivity at this stage. A small
number of cells in the dorsal region of the spinal cord also express Islet-1. (D) Section through
thoracic spinal cord at stage 29, showing Islet-1 expression in the cells in the lateral motor column
and in presumptive visceral motor neurons that are beginning to form the Column of Terni (ct) (76).
A lateral group (L) of Islet-1—positive cells is also present. Scale bar: (A) 60 um; (B and C) 70 um;

(D) 90 pm.
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cells that did not contain HRP were located
predominantly in the medial region of the
spinal cord (Fig. 2, A and B). These medial
Islet-1-positive cells are likely to represent
motor neurons that have only recently
completed their final mitosis (14, 16).
Thus, the absence of HRP in medial Islet-
1-positive cells probably reflects the fact
that they have not yet extended axons into
the ventral root. These results suggest that
Islet-1 is expressed by most and probably by
all motor neurons in the spinal cord.

At thoracic and lumbar levels of the
spinal cord, the single ventrolateral column
of Islet-1-positive neurons begins to divide
into two distinct cell groups, one of which
remains in a ventrolateral position (Fig.
1C). The second group of Islet-1—positive
cells is found at progressively more medial
locations from stages 24 to 29 (Fig. 1D).
The position of this medial group of Islet-
1-positive cells suggests that they corre-
spond to preganglionic motor neurons of
the sympathetic nervous system (16). Is-
let-1 expression in these cells also persists at
later developmental stages. These observa-
tions suggest that both somatic and visceral
motor neurons express Islet-1.

In addition to the early expression of
Islet-1 in ventral neurons, a few (one to ten
cells per section) Islet-1-positive cells are
present in the dorsal spinal cord beginning
around stage 24 (Fig. 1C). These cells do
not express other markers of embryonic
spinal motor neurons, and their position
does not correspond with that of any previ-
ously identified group of motor neurons.
From stage 24 the number of Islet-1—posi-
tive cells in the most dorsal region of the
spinal cord decreases, and there is a corre-
sponding increase in the number of cells in
the lateral regions of the dorsal spinal cord
(Fig. 1D). Cells in the dorsal region of the
chick spinal cord migrate ventrolaterally
soon after their final mitotic division (17).

Table 1. Developmental increase in Islet-1—
positive cells in the ventral spinal cord. The
number of Islet-1—positive cells was deter-
mined as described (73) in sections of the
brachial spinal cord. Values given are mean +
SEM with the number of sections counted given
in parentheses. Sections were obtained from
two to four embryos at each developmental
stage. We did not determine the total number of
Islet-1—positive cells in specific motor columns,
which would have required performing counts
at later stages when individual motor columns
were resolvable.

Number of Islet-1—

Stage positive cells
15-16 5+ 1(21)
17-19 59+ 2(5)
23-24 267 = 7(5)
28-29 284 + 28 (5)
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Thus, it is likely that the initial dorsal
group of Islet-1—positive cells migrates ven-
trally and settles at an intermediate position
along the dorsoventral axis of the spinal
cord.

If Islet-1 has a function at initial stages
of motor neuron differentiation, its expres-
sion would be expected to precede that of
other defined properties of embryonic mo-
tor neurons. We therefore compared the
onset of expression of Islet-1 with that of
SCl1, a glycoprotein of the immunoglobulin
superfamily that is the earliest known sur-
face marker of motor neuron differentiation
in chick spinal cord (18). At around stage
15 the majority of Islet-1-positive motor
neurons had not yet begun to express de-
tectable amounts of SC1 (Fig. 2C, 1). By
stages 16 to 17, approximately 70% of the
Islet-1-positive cells also expressed SC1
(Fig. 2C, 2), and, by stages 25 to 26,
virtually all ventral Islet-1-positive cells
expressed SC1. This static analysis provides
evidence that the expression of Islet-1 by
embryonic motor neurons precedes that of
SC1.

Studies in developing mammalian cere-
bral cortex have provided evidence that the
laminar fate and axonal projections of cor-
tical neurons are determined before the
final division of precursor cells in the ven-
tricular zone (19). However, the relation
between terminal mitosis and determina-
tion of the identity of most neuronal types
in the vertebrate central nervous system,
including motor neurons, remains unclear.
The presence of Islet-1-positive cells in the
germinal region (20) of the ventral spinal
cord at stages 15 to 20 (Figs. 1B and 2D)
raised the possibility that Islet-1 is ex-
pressed by motor neuron precursors before
their final cell division. To test this possi-
bility, we exposed chick embryos at stages
15 to 16 to bromodeoxyuridine (BrdU)
(100 uM) to label cells in the S phase of
the cell cycle (21). We determined the
proportion of Islet-1-positive cells that in-
corporated BrdU by immunocytochemistry
at different times after the onset of BrdU
application. At times up to 4 hours, less
than 1% of Islet-1-positive cells had incor-
porated BrdU (Table 2). From 8 hours
onward, the proportion of Islet-1 cells that
coexpressed BrdU increased markedly (Ta-
ble 2). Because the cell cycle time of
neuroepithelial cells in the chick spinal
cord at this stage is about 8 hours, with the
time from S phase to M phase approximate-
ly 6 hours (22), these and other experi-
ments (23) suggest that Islet-1 is expressed
after the final division of motor neuron
progenitors.

Studies on the expression of SC1 by
chick spinal cord cells in vivo have provid-
ed evidence that the differentiation of mo-
tor neurons is dependent on inductive sig-

nals from the notochord and floor plate (4,
5). The identification of Islet-1 as an early
marker of motor neuron differentiation led
us to examine whether manipulations that
affect the differentiation of motor neurons

are associated with changes in the pattern
of expression of Islet-1. The location of
cells expressing Islet-1 was therefore exam-

ined in the spinal cord of chick embryos
that had received grafts of the notochord or

Table 2. Percentage of Islet-1—positive—labeled ventral spinal cord cells that coexpress BrdU. The
percentage of Islet-1-positive cells in the ventral spinal cord that coexpress BrdU immunoreactivity
was determined as described (27, 23). Numbers in parentheses refer to the total number of ventral
Islet-1—positive cells counted in sections derived from up to four embryos. ND, not determined.

Time after BrdU application (hours)

Stage

1 4 8 12 24
15-16 ND 0.4 (247) 20.5 (946) 17.3 (178) 55.9 (924)
17-18 0.5 (347) 1.1 (202) 9.2 (142) 18.0 (60) 54.0 (175)

Fig. 2. Islet-1 expression by postmitotic motor neurons in chick spinal cord. (A) Immunofluorescent
micrograph showing the expression of HRP in cells of the lateral motor column after injection of HRP
into the ventral roots of stage 24 embryos. (B) The same section shown in (A) was double-labeled
with rabbit antibody to Islet-1 and Texas Red—conjugated goat antibody to rabbit immunoglobulin.
The majority of Islet-1—positive cells express HRP immunoreactivity in their cytoplasm. This was
confirmed by confocal microscopy. The most medial Islet-1—positive cells (arrow) do not contain
HRP. (C) Dual-color immunofluorescent images of the notochord and ventral spinal cord of stage 15
and 16 embryo. (C1) Section showing ventral spinal cord of a stage 15 embryo double-labeled with
antibodies to Islet-1 and SC1. Ventral Islet-1—positive cells do not express SC1. Weak SC1 labeling
is detected in the floor plate, and strong SC1 labeling is present in the notochord. (C2) Section of
ventral spinal cord of a stage 15 to 16 embryo showing coexpression of Islet-1 (red) and SC1
(green) by motor neurons. Cells of the floor plate (fp) express SC1 but not Islet-1. The color
micrograph was obtained by computer enhancement of a 2-pm confocal image of a labeled
cryostat section. (D) Immunofluorescence micrograph showing the ventral half of the brachial spinal
cord of a stage 16 to 17 embryo. Islet-1 was visualized with antibody to Islet-1 and Texas
Red-conjugated goat antibody to rabbit immunoglobulin. Many cells near to the midline of the
spinal cord express the Islet-1 protein (arrows), although at lower concentrations than lateral cells.
(E) Confocal image of a section of stage 15 to 16 brachial spinal cord, outlined by dashes, fixed 4
hours after BrdU application. BrdU (green) and Islet-1 (red) are present in the nuclei of distinct cells.
After a 4-hour incubation period, essentially no cells express both Islet-1 and BrdU. (F) Confocal
image of the ventrolateral region of a section of brachial spinal cord from a stage 15 to 16 embryo
exposed to BrdU and incubated for 24 hours. Many Islet-1—positive cells have incorporated BrdU
as assessed by the yellow-orange nuclear label. Orientation of the section is shown (d, dorsal; v,
ventral; m, medial; |, lateral). Scale bar: (A and B) 40 pm; (C1) 40 um; (C2) 30 pm; (D and E) 35 pm;
(F) 50 pm.
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floor plate (24). The spinal cord of embryos
that had received such grafts contained
additional, apparently ectopic Islet-1-posi-
tive cells (Fig. 3, A and C) within 24 hours
of graft implantation. The induced Islet-1-
positive cells also expressed the SC1 glyco-
protein and projected axons out of the
spinal cord (Fig. 3, B and D) consistent
with their identity as motor neurons. Thus,
the presence of large numbers of Islet-1-
positive cells in the dorsal spinal cord after

Fig. 3. Induction of ectopic Islet-1 expression in
chick spinal cord cells by floor plate and noto-
chord grafts. Section of spinal cord from an
embryo in which a piece of stage 10 chick
notochord (n) was grafted at the dorsal midline
of the neural tube of stage 9 to 10 host embry-
os, which were incubated for a further 48 hours.
The 10-pm cryostat sections were stained alter-
natively with antibodies to Islet-1 (A) and SC1
(B) and HRP-conjugated antibodies to rabbit or
mouse immunoglobulins. (A) A large number of
Islet-1—positive cells are present in two col-
umns in the dorsal spinal cord. (B) A nearby
section from the same embryo showing that
SCH1 is also induced in cells that form two dorsal
columns. (C and D) Sections of spinal cord
from embryos in which a small segment of
stage 17 to 18 chick floor plate (fp) was grafted
lateral to the neural tube of stage 9 to 10 host
embryos, which were incubated for 48 hours.
Serial sections were stained alternately with
antibodies to Islet-1 (C) or SC1 (D). In (D),
expression of SC1 shows that an ectopic floor
plate is induced in the spinal cord adjacent to
the position of the floor plate graft (arrowhead).
Additional SC1-labeled motor neurons are in-
duced on the operated side. (C) shows that
Islet-1 is expressed in dorsal cells but not in the
induced floor plate. A small number of cells in
the dorsal spinal cord also express Islet-1 (C)
but not SC1 (D). Dorsal root ganglion (drg)
neurons also express both Islet-1 and SC1.
Scale bar: (A to D) 70 pm.

Fig. 4. Islet-1 is not ex-
pressed by cells in the
ventral spinal cord in the
absence of the notochord
and floor plate. The noto-
chord was removed from
the caudal neural tube of
stage 9 to 10 chick embry-
os, which were then incu-
bated for 48 hours, until
stage 29. (A) The SC1 an-
tigen is not expressed by
cells within the spinal cord.
The two ventral patches of
SC1-labeling (arrows) cor-
respond to sensory axons
in the dorsal root entry
zone, which is located in

an abnormally ventral position. (B) Section of spinal cord showing that Islet-1 is not expressed by cells in the ventral region. Note that a subset of cells
in the dorsal spinal cord still expresses Islet-1 but that these cells do not express SC1 (A). Cells in the dorsal root ganglia express both Islet-1 and SC1.
In (A) and (B) arrowheads demonstrate the ventral border of the spinal cord. (C) An adjacent section from the same embryo shows CRABP is expressed
by cells around the perimeter of the spinal cord including the extreme ventral region. This antigen is normally restricted to cells in dorsal and
intermediate regions of the spinal cord (5). Scale bar: (A to C) 60 um.
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notochord or floor plate grafts (Fig. 3A)
appears to result from the induction of
motor neurons and not from the prolifera-
tion and precocious differentiation of Islet-
1-positive cells that are normally present in
the dorsal spinal cord. These results provide
evidence that signals from the notochord
and floor plate can induce the expression of
Islet-1 in dorsal neural tube cells.

Elimination of the notochord and floor
plate before neural tube closure results in
the development of a spinal cord that is
devoid of ventral neuronal types including
motor neurons (4, 5). To examine whether
Islet-1 expression in the ventral spinal cord
is dependent on signals from the notochord
and floor plate, we removed the notochord
from the caudal region of stage 9 to 10
chick embryos, thus preventing floor plate
differentiation (25). In the notochord- and
floor plate—free regions of such embryos,
Islet-1 and SC1 were not expressed in
ventral spinal cord cells at any period from
stages 15 to 29 (Fig. 4, A and B). These
results support the idea that elimination of
the notochord and floor plate prevents the
initial steps in the differentiation of motor
neurons. However, our results do not ex-
clude the possibility that the specification
of motor neurons is initiated before the
elimination of the notochord and floor
plate and that the absence of Islet-1 and
other later markers reflects an arrest in the
differentiation of motor neurons at a stage
before the expression of Islet-1.

In the spinal cord of embryos from
which the notochord and floor plate have
been eliminated, several markers of dorsal
and intermediate cell types such as AC4 (4)
and a cellular retinoic acid-binding protein
(CRABP) (5) appear at the ventral mid-
line, suggesting that their dorsal restriction
in normal embryos is conferred by signals
from the notochord and floor plate that
repress expression in ventral regions. How-
ever, the differentiation of cells in the
dorsal spinal cord could require inductive
signals, one source of which may be roof
plate cells, which are located at the dorsal
midline of the spinal cord (5). After noto-
chord removal, some Islet-1—positive cells
remain in the spinal cord (Fig. 4B), but
these are restricted to dorsal and interme-
diate regions in a pattern similar to that
observed in unoperated embryos. These
residual Islet-1-positive cells may corre-
spond to the dorsolateral Islet-1-positive
cells observed in normal embryos. The re-
striction of these Islet-1—positive cells to
dorsal regions contrasts with the ventral
position of cells expressing CRABP (Fig.
4C) and AC4 after notochord removal and
supports the idea that signals distinct from
those provided by the notochord and floor
plate are required for the differentiation of
this dorsal cell group.

In conjunction with other recent stud-
ies, the present results provide preliminary
information on the early stages of differen-
tiation of spinal motor neurons. Signals
from the notochord and floor plate appear
to induce uncommitted neural progenitors
to acquire motor neuron fates (2-5). The
earliest identified response of presumptive
motor neurons to these inductive signals is
the expression of the homeobox gene Islet-
1, which delineates the entire population of
spinal motor neurons, both somatic and
visceral. This initial set of motor neurons
gives rise to distinct subtypes, which can be
identified by their axonal projection pat-
terns and functional properties. Studies in
zebrafish embryos have provided evidence
that the determination of subsets of motor
neurons, defined by their axonal projection
patterns, occurs shortly after that of the
motor neuron population as a whole (26).

Homeobox genes are involved in many
aspects of vertebrate development (27).
The pattern of expression of Hox genes
along the anterior-posterior axis (28) and of
Pax genes along the dorsoventral axis of the
neural tube (29), together with the pheno-
types that result from inactivation of some
of these genes (30), suggests that they
contribute to the regional patterning of the
developing nervous system. In contrast, the
restricted expression of Islet-1 and the in-
volvement of related LIM-homeodomain
proteins in the determination of cell fate in
C. elegans (8, 9) suggest that Islet-1 may be
involved in specifying the fate of specific
neuronal subtypes, including motor neu-
rons.
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Galactose Oxidation in the Design of
Immunogenic Vaccines

Biao Zheng, Sara J. Brett, John P. Tite, M. Robert Lifely,
Thomas A. Brodie, John Rhodes*

Potent immunological adjuvants are urgently required to complement recombinant and
synthetic vaccines. However, it has not been possible to derive new principles for the
design of vaccine adjuvants from knowledge of the mechanism of immunogenicity. Car-
bonyl-amino condensations, which are essential to the inductive interaction between
antigen-presenting cells and T helper cells, were tested as a target for the enhancement
of immune responses. Enzymic oxidation of cell-surface galactose to increase amine-
reactive carbonyl groups on murine lymphocytes and antigen—presenting cells provided a
potent, noninflammatory method of enhancing the immunogenicity of viral, bacterial, and

protozoal subunit vaccines in mice.

Vaccination, the most effective means of
combatting infectious disease, requires the
use of adjuvants that nonspecifically en-
hance the immunogenicity of attenuated,
killed, or fragmented microorganisms. This
is particularly important for recombinant
proteins and synthetic peptides, which are
substantially less immunogenic than con-
ventional vaccines. Aluminum salts
(alum), first described as adjuvants more
than 60 years ago (I), remain the only
agents approved for human use. Their po-
tency is limited and they do not consistent-
ly enhance cell-mediated responses likely to
be important in antiviral immunity. New
vaccine adjuvants and vehicles at the pre-
clinical research stage include surface-ac-
tive agents, liposomes, immune-stimulating
complexes (ISCOMS), and adjuvant pep-
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tides (2). These approaches seek to mimic

general properties of infectious pathogens
such as persistence, size, lipophilicity, and
the ability to stimulate macrophages non-
specifically. Alternatively, live attenuated
vectors have been developed that, because

Fig. 1. Flow cytofluorometric measurement of
amine-reactive carbonyl groups on the lympho-
cyte surface. Freshly prepared murine (BALB/
c) spleen cells (5 x 10%/ml in PBS) were treated
with biotin hydrazide (Sigma, Poole, Dorset,
United Kingdom) (5 mM, 1 hour, 37°C), which
forms a covalent hydrazone (C = N) linkage with
reactive carbonyl groups. This reversible bond
was then reduced with NaCNBH, at neutral pH
(10 mM, 1 hour, 20°C). After the reduction, cells
were washed, treated with fluorescein isothyo-
cyanate (FITC)-avidin (Vector Laboratories,
Peterborough, United Kingdom) (1:50 dilution)
(for 30 min at 4°C), and washed three times.
Flow cytofluorometric measurements (gated on
lymphocytes) were obtained with a FACScan
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of their ability to productively infect a
susceptible host, confer immunogenicity on
the recombinant antigens they carry (3). In
contrast to these approaches, we have tar-
geted covalent chemical events between
cellular ligands that appear to be essential
to immune induction.

The primary specific event in most im-
mune responses is the inductive interaction
between antigen (Ag)-presenting cells
(APC) and T helper lymphocytes (Ty
cells) (4). In addition to the recognition
that takes place between the T cell receptor
and the complex of Ag and major histo-
compatibility complex (MHC) class II mol-
ecule, essential accessory interactions occur
at the macromolecular level (5). At the
chemical level, transient carbonyl-amino
condensation (Schiff base formation) be-
tween cell-surface ligands also appears to be
essential for Ag-specific T cell activation
(6). This reaction might provide a means of
enhancing responses to potential vaccines
by increasing the expression of reactive
ligands. To test this idea, we used galactose

Relative lymphocyte number

101 702 705 704

log Fluorescence intensity

100

(Becton Dickinson), with the use of Consort 30 data management. Pyridinium chloride hydrazide
(Sigma) treatment was at 10 mM for 1 hour at 37°C, followed by reduction with NaCNBHj. Cells were
exposed to neuraminidase at 2.5 U/ml for 30 min at 37°C and washed. Treatment with GO (5 U/ml)
and with NAGO (NA 2.5 U/ml; GO 5 U/ml) was performed in the same way. Lymphocytes were
exposed to the following: FITC-avidin only (Untd); pyridinium chloride hydrazide and then to biotin
hydrazide (BH PCH); biotin hydrazide (BH); NA and then to biotin hydrazide (BH NA); GO and then
to biotin hydrazide (BH GO); and NAGO and then to biotin hydrazide (BH NAGO).
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