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Immunoglobulin-Domain
Proteins Required for
Maintenance of Ventral Nerve
Cord Organization

Oscar Aurelio," David H. Hall,2 Oliver Hobert'*

During development, neurons extend axons along defined routes to specific
target cells. We show that additional mechanisms ensure that axons maintain
their correct positioning in defined axonal tracts. After termination of axonal
outgrowth and target recognition, axons in the ventral nerve cord (VNC) of
Caenorhabditis elegans require the presence of a specific VNC neuron, PVT, to
maintain their correct positioning in the left and right fascicles of the VNC. PVT
may exert its stabilizing function by the temporally tightly controlied secretion
of 2-immunoglobulin (ig)-domain proteins encoded by the zig genes. Dedicated
axon maintenance mechanisms may be widely used to ensure the preservation

of functional neuronal circuitries.

The development of axonal tracts in the nervous
system depends on defined and tightly regulated
interactions between individual cell types that
ultimately guide axons to their specific targets.
In the nematode C. elegans, the PVT interneu-
ron plays a prominent role during the develop-
ment of the ventral nerve cord (VNC). The cell
body of PVT is located at the posterior end of
the VNC and its axon, which is one of the first
to pioneer the VNC (7), extends along the entire
length of the right VNC from the posterior of the
animal into the anteriorly located nerve ring (2).
PVT transiently expresses the unc-6/netrin guid-
ance cue during embryonic development (3) and
embryonic ablation of PVT as well as mutations
in unc-6/netrin cause defects in dorso-ventral
axon attraction into the VNC (4).

Various aspects of axon pathfinding and tar-
get recognition are regulated by members of the
immunoglobulin superfamily (IgSF) of secreted
and cell surface bound proteins (5). In a com-
prehensive and genome-wide analysis of ex-
pression patterns of IgSF proteins in C. elegans
(6), we noted that six members of a novel
family of secreted 2-Ig domain proteins, termed
zig-1, zig-2, zig-3, zig-4, zig-5, and zig-8 (Fig.
1A), are co-expressed in the PVT neuron of
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larval and adult stage animals (Fig. 1, B and C).
Given the previously established embryonic role
of PVT in axon guidance in mid-embryonic
stages, we were intrigued to find that the onset
of expression of all six PVT-expressed zig re-
porter gene constructs occurred significantly lat-
er than the stages of embryonic VNC axon
outgrowth; this is particularly apparent with
zig-1::gfp, zig-2::gfp, zig-3::gfb, zig-4::gfp, and
zig-8::gfp, whose expression is activated
postembryonically in the first larval (L1) stage
(Fig. 1, D and E). This expression profile
prompted us to investigate a potential postem-
bryonic role of PVT by assessing the effect of its
microsurgical removal in the L1 stage. Using a
reporter gene that labels the complete VNC, we
noted that 30% of animals in which PVT was
laser ablated in the L1 stage contained axons
that were aberrantly placed across the ventral
midline (Fig. 2, B through D). By ablating PVT
in the L1 stage of animals in which various
subsets of neurons in the VNC are labeled with
gfp (7), we determined that the misplaced axons
derived from the AVKL/R, PVQL/R, HSNL/R,
and RMEYV neuron classes (Fig. 2, A, C, and D).
With the exception of HSNL/R, the axons of all
these neuron classes have completed their out-
growth in mid- to late embryonic stages, i.e.,
long before we ablated PVT in the first larval
stage. The observation that PVT ablation in the
L1 stage disrupts the correct positioning of em-
bryonically generated axons thus reveals an un-
expected nonautonomous role for a neuron in
maintaining VNC architecture past the stage of
its initial patterning.
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PVT is required to exert its maintenance
function during a narrowly defined temporal
window. Laser ablation of PVT at the L1, L2,
and adult stages revealed that PVT function is
only required during the L1 stage (Fig. 2D).
Moreover, individual PVT-ablated animals that
were scored at any stage later than the L1 stage
as either “wild type” or “defective,” still showed
the same phenotype when scored 2 days after
the initial scoring (» = 14). Thus, axons that
have drifted in the L1 stage, will remain in the
inappropriate track, while axons that managed
to remain in the correct position, will not flip
over at later stages. One explanation for the
stability of the phenotype past the L1 stage
could be the growth of the physical barrier
presented by the hypodermal ridge, which sig-
nificantly increases its size during larval devel-
opment (8). Another, not mutually exclusive
possibility for the stability of the phenotype is
that a drifted axon is kept in the opposite cord by
homophilic interaction with the axon of its con-
tralateral analog (9). Double laser ablations re-
vealed this to be indeed the case. In the absence
of PVT, the aberrant axon flip-over of PVQL
into the right VNC is suppressed if PVQR is
ablated (Fig. 2D).

We also considered the possibility that
axon flip-over into the opposite fascicle in
PVT-ablated animals may be facilitated by
the mechanical force provided by the con-
stant bending of animals along their longitu-
dinal axis during sinusoidal locomotion of the
animals. We tested this hypothesis by cultur-
ing PVT-ablated L1 animals on plates that
contain the cholinergic agonist levamisole,
which immobilizes animals due to hypercon-
traction of their body wall muscles (/0). In an
independent approach, we ablated PVT in
muscle-defective unc-97 animals (/7). Both
immobilization protocols caused a complete
suppression of the axon flip-over phenotype
upon PVT ablation (Fig. 2D), suggesting that
movement and hence mechanical force is a
contributing factor for the axon flip-over.

Taken together, our data suggest that spe-
cifically at the L1 stage the left and right VNC
are intrinsically unstable structures that require
the presence of a specific neuron to maintain
the integrity of individual axonal tracts (Fig.
2E). PVT presumably supplies stabilizing cues
that prevent axons from drifting into the oppo-
site fascicle, an event that is facilitated by me-
chanical force and homophilic attraction of bi-
laterally analogous axons in the opposite fasci-
cle. Stabilizing cues provided by PVT either
directly help to anchor axons in the left or right
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VNC or specifically antagonize homo-attrac-
tive forces between left/right contralateral ana-
logs. Such a stabilizing impact of PVT may be
specifically required in the L1 stage for several
reasons. In contrast to later larval and adult
stages, the hypodermal ridge that separates the
left from the right VNC fascicle is comparative-
ly shallow in the L1 stage (8), thus potentially
not providing enough of a physical barrier to
separate the left and right VNC and to prevent
homophilic cues to attract axons into the oppo-
site fascicle. Moreover, in spite of the persis-
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tence of the overall shape of the hypodermal
ridge, the cellular environment at the ventral
midline is very dynamic at the L1 stage due to
positional rearrangements, cell shape changes,
and fusions of several hypodermal cells (/2)
and due to the addition of several motor neu-
rons into the VNC (/3). These dynamic chang-
es in the cellular and presumably also molecular
environment may necessitate the employment
of a stabilization mechanism to ensure the
maintenance of the correct positioning of em-
bryonically generated axonal tracts.

What are the molecular mechanisms by
which PVT affects VNC axon maintenance?
Because we ablated PVT at the developmental
stage in which expression of five of the zig
genes is normally activated, it was conceivable
that secreted ZIG proteins mediate the role of
PVT in maintaining VNC organization. To test
this hypothesis, we analyzed the effect of a
deletion in the zig-4 locus, zig-4(gk34), which
was retrieved through PCR screening of a dele-
tion library (Fig. 3A). PVT shows an intact axon
morphology and adopts its correct cellular fate

A ss  IgC2  1gC2 c
I N N zie
W 2|32 2103, 2154, 2165
ZIG-6, ZIG-7, ZIG-8
head ganglia
Expression
B peuronal . . . .
= SRR
F 2ig-1 most neurons, body wall muscle .
2 27k g LY
v fi——re—— | pyr he* 2
—p—a
4
s isib g2 PVT
o (weak: 4-6 head neurons)
1kb
A e
X S ~2ig-3 PVT body wall muscle (weak)
e e AIM,ASI vulva
44kb -
zig-4
- RaE s | PVT pharyngeal meso/ectoderrt head ganglia
S —— ASK, ASI, BAG, M2 (L1 only) \
5k :
- ~
- 215 g PVT, VD1-13 e = .
- SO0 RID, AFD, ASK, RIV, PVT VNC
EET) - RIB, PVQ, DVA, RIS T
2ig-6
= 21 gmi— |- body wall muscle
Iposterior onl
Ry el SR
e -7
- Zig-
3 ek Fm—i— | body wall muscle
T e
= Cc
4__ssw " : 2'9:'8“ — PVT pharyngeal muscle
—ion o
D E
VNC axon oulgrowth
* hatch
unc-6 exEression in PVT
AV(ghpimg;' i
reaches post end;
birth of PVT embryonic VNC-MNs zr\";%vzn?am
aariv i 290 min extend (480 min) (550 min)
— ] l l N L1 stage L2 slage L3 stage
T T T T T T T LN N T 7
200 min o 4001;&99 31old 600 min 800 min

Fig. 1. Structure and expression of zig genes. (A) Schematic structure of the predicted ZIG
proteins. Protein domain, signal sequence (SS), transmembrane (TM), and GPl-anchor-
predictions were performed as described in Web fig. 1 and based on PCR-amplified cDNAs.
ZIG proteins are solely defined by the presence of exclusively two Ig domains (hence "zig”
for “zwei Ig"); otherwise the ZIG proteins are highly divergent among themselves both in
primary sequence (Web fig. 2) and exonfintron organization [panel (B)], suggesting an

ancient origin of this gene family. Database searches reveal that other metazoan genomes also contain a variety of secreted and transmembrane 2-lg
domain-only proteins whose role in neural development has not been explored (Web fig. 1B). (B) Structure of zig-promoter:gfp fusion constructs and
summary of expression patterns (27). (C) Transgenic animals expressing zig::gfp fusion constructs. Arrows in insets point to PVT (27). (D) Temporal dynamics
of zig-4::gfp expression from the integrated array ot/s20. Note the absence of zig-4::gfp expression in PVT at embryonic and early L1 stages (upper left panel).
Similar temporal expression profiles in PVT are observed with chromosomally integrated zig- 7, zig-2, zig-3, and zig-8::gfp reporter genes. zig-5::gfp expression
can first be observed at late (>threefold) stages of embryonic development. (E) Timeline of zig gene expression in relation to C. elegans development, timing
of pioneer axon outgrowth (7) and unc-6/netrin expression (3). Expression of zig genes in PVT persists in adults, yet becomes less penetrant.
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in zig-4(gk34) animals (/4). As suggested by
the PVT ablation data, visualization of individ-
ual motor-neuron classes with specific GFP
markers demonstrated that loss of zig-4 also
does not affect the generation, positioning, or
axonal path of either embryonically or postem-
bryonically generated VNC motor neurons (7).
However, zig-4 mutant animals display defects
in VNC axon positioning that strongly resemble

A head gangiia

REPORTS

those seen in PVT laser ablated animals, such
that axons of embryonically generated neurons
from the left and right VNC drift into the oppo-
site cord. These defects could be observed on
the light microscopical (Fig. 3, B through D) as
well as on the electron microscopical level (Fig.
3, G and H). In contrast to the PVT ablation, the
VNC axonal organization defects in zig-4 mu-
tant animals show a striking cellular specificity.

lairlgangna C

The AVKL/R and PVQL/R axons are as strong-
ly affected in zig-4 null mutant animals as in
PVT-ablated animals, while the HSNL/R and
RMEV axons are unaffected (Fig. 3D). It is
conceivable that other zig genes are required to
ensure the structural integrity of these axons.
The axonal defects of zig-4 mutant animals
can be rescued by expressing zig-4 under its
own promoter, which within the VNC is only
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Fig. 2. Postembryonic laser ablation of PVT in first
larval stage animals causes mispositioning of ax-
ons in the VNC. (A) Schematic of VNC structure.
The right VNC consists of axons from more than
40 neurons (including all motorneurons; shown
schematically in gray) while the left VNC contains
only AVKR, PVQL, PVPR (2) in the posterior half of
the VNC, and in addition, HSNL and RMEV in the
anterior half of the VNC (all shown in color).
Other than RMEV, each of these has contralateral
analogs in the right VNC. All these neurons are
embryonically born and with the exception of
HSNL/R initiate and terminate axon outgrowth in
mid- to late embryonic stages. With the excep-
tion of PVPR, we examined the anatomy of every
individual left VNC axon. (B and C) Representa-
tive examples of VNC defects in adult animals in
which PVT was ablated early in the L1 stage. Red
arrows indicate aberrantly positioned axons. Ax-
ons flip from the left into the right fascicle and
vice versa. Laser ablation was performed as pre-
viously described (22), using a LSI VSL-337 laser.
In (B), the whole VNC is labeled with the pan-
neural marker F25B3.3::gfp; in (C), two classes of
VNC neurons are labeled simultaneously with two
different gfp markers, unc47A::gfp for PVT and
sra-6::gfp for PVQL/R (7). Successful ablation of
PVT can be observed via absence of a gfp signal.
(D) Quantification of defects caused by PVT-
ablation in the L1 stage. Animals were transgenic for
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gfp markers as indicated (7) and scored as adults, with the exception of
levamisole-treated (220 mM) animals, which were scored at the late L1/
early L2 stage, ie., the earliest stage in which the mutant phenotype is
observed in non-levamisole treated animals. Whereas levamisole treat-
ment ultimately led to a developmental arrest, animals nevertheless
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analogous axon removed

developed well into the L2 stage allowing scoring of the phenotype. (E)

NC defects observed in laser-operated animals.

Green axons exemplify any pair of left/right bilaterally analogous axons
in the VNC. "unc” = immobilized animals, "no cont.” = contralaterally
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active in the PVT neuron in postembryonic stag-
es (Fig. 3E). Inserting a synthetic transmem-
brane domain to this rescuing construct abolish-
es rescuing activity (Fig. 3E). Furthermore, ex-
pression of zig-4 under control of the unc-4
promoter, which within the VNC is exclusively
active in several motor neurons in the right VNC
(DA, VA, VC) (15) is capable of substituting for
loss of zig-4 in PVT (Fig. 3E). Together with the
nonautonomy of the defects observed in PVT-

Fig. 3. A zig-4 null mutation
causes defects in axon position-
ing in the VNC. (A) Schematic
presentation of the zig-4 dele-
tion allele gk34, provided by the
Vancouver Knock-out Consor-
tium. (B and C) Representative
example of VNC defect in zig-
4(gk34) using the panneural
F25B3.3::.gfp and PVQL/R-ex-
pressed sra-6::gfp marker. Red
arrows point to aberrantly posi-
tioned axons. Similar to PVT-ab-
lated animals, there is no direc-
tionality in the phenotype,
meaning axons flip from the left
into the right fascicle and vice
versa. (D) Quantification of ax-
onal defects caused by zig-
4(gk34) detected with the gfp
reporters indicated in Fig. 2D
and rescue (E) of defects with
various constructs, expressed
from several independent extra-
chromosomal arrays (27). In (E),
all strains express sra-6::gfp
from a chromosomally integrat-
ed array (27). “"control": Blue-
script vector; “zig-4": 7.4 kb of
genomic regions encompassing
the zig-4 gene, cloned into Blue- 0

A

% animals with axon position defect
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ablated and zig-4 mutant animals, we conclude
that the ZIG-4 protein does not act directly on
neighboring cells but may act as a long-range
cue.

The appearance of zig-4 defects correlates
with the onset of zig-4 reporter gene expression
in the mid- to late L1 stage; zig-4 null mutant
animals show no defects in axon positioning
shortly after hatching, while the defects are vis-
ible at any stage after the late L1 stage (Fig. 3F).

1. lg domain 2. lg domain
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Consistent with the PVT ablation data, the de-
fect is remarkably stable once it is manifested in
late L1/early L2 stage, such that individual an-
imals that were scored as “defective” or “wild
type” at a stage data, the zig-4 gene appears to
be specifically required during the L1 stage to
stabilize the positioning of a specific subset of
axonal tracts in the VNC.

Because proteins with Ig domains often
interact in various heteromeric configurations
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(5), we investigated whether zig-4 is a possi-
ble interaction partner of the Robo/SAX-3
receptor, mutations in which cause VNC
axon cross-over defects similar to those ob-
served in zig-4 mutants (/6). We found, how-
ever, that unlike in zig-4 mutant animals, the
sax-3 mutant phenotype is already manifested
in freshly hatched L1 animals (/7), and thus
presumably represents an axon outgrowth de-
fect rather than a maintenance defect. Con-
sistent with such a notion, a sax-3(0)zig-4(0)
double mutant shows additive defects in
VNC disorganization (/7). Taken together,
C. elegans employs separate mechanisms for
axon outgrowth and axon maintenance.

Several distinct models can be envisioned
for how ZIG-4 and possibly other ZIG proteins
mediate the maintenance function of PVT.
ZIG-4 may “anchor” axons in the left and right
VNC and thus prevent their flipping into the
opposite fascicle by being an essential compo-
nent of a ternary complex that ensures axon
attachment to its environment in the left and
right VNC. Because axon flip-overs in the ab-
sence of PVT-secreted ZIG cues require the
presence of the contralateral analog of an axon,
it could also be envisioned that an intrinsic
attractive force of left/right analogous axons is
directly antagonized by ZIG proteins, for exam-
ple by ZIG proteins binding and inhibiting the
activity of homophilic molecules presented by
left/right contralaterally analogous axons. In a
more indirect model, ZIG proteins could induce
hypodermal cells to present specific stabilizing
cues on the surface of the hypodermal ridge.
Ultimately, the identification of the receptors
for the ZIG proteins as well as their localization
will illuminate the molecular mechanisms of
ZIG protein action.

In summary, we have uncovered the exis-
tence as well as the cellular and molecular basis
of a novel mechanism required to maintain
correct axon positioning during specific stages
of postembryonic growth and development.
Axon fibers in any organism are subjected to
various forms of mechanical stress and chang-
ing molecular and cellular environments during
embryonic and postembryonic growth phases.
The need to preserve the functional and struc-
tural integrity of the nervous system thus makes
it likely that similar maintenance mechanisms,
possibly also mediated by as yet uncharacter-
ized 2-Ig domain proteins present in other meta-
zoan genome sequences, are conserved across
phylogeny.
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It has been long debated whether averaged electrical responses recorded from
the scalp result from stimulus-evoked brain events or stimulus-induced changes
in ongoing brain dynamics. In a human visual selective attention task, we show
that nontarget event-related potentials were mainly generated by partial stim-
ulus-induced phase resetting of multiple electroencephalographic processes.
Independent component analysis applied to the single-trial data identified at
least eight classes of contributing components, including those producing cen-
tral and lateral posterior alpha, left and right mu, and frontal midline theta
rhythms. Scalp topographies of these components were consistent with their

generation in compact cortical domains.

Increasing evidence suggests that correlated
activity in neural populations is important for
brain function and may be coupled to field
potential oscillations over a wide range of
frequencies (/). Most electroencephalo-
graphic (EEG) studies of human visual per-
ception, however, have assumed the averaged
event-related potential (ERP) evoked in hu-
mans by brief visual stimuli reflects neural
activity within discrete, functionally defined

visual cortical processing regions. In this
view, response averaging removes back-
ground EEG activity (considered to be noise),
whose time course is presumed to be inde-
pendent of experimental events, as well as
most artifacts produced by eye and muscle
activity. Other researchers, by contrast, sug-
gest that ERP features arise from alterations
in the dynamics of ongoing neural synchrony
generating the scalp EEG (2—4). By these
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