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Cell-Cell Interactions in the Guidance of Late- 
Developing Neurons in Caenmhabditis elegans 

The initial outgrowth of developing neuronal processes can be affected by a number of 
extrinsic interactions. Cell-cell interactions are also important in a later stage of 
neuronal outgrowth when processes grow into the region of their targets. The correct 
positioning of the process of a postembryonic sensory neuron, the touch cell AVM of 
the nematode Caewhabditis elegalzs, at its synaptic targets requires the presence of a 
pair of embryonic interneurons, the BDU cells. These cells receive synapses from AVM 
but do not participate in the touch reflex circuit. Therefore, the AVM-BDU synapses 
may be required to stabilize the association between these cells and assist in the 
guidance of the AVM processes through a mature neuropil. 

C UES PROVIDED BY NEURONS (1, 2), 
glia, other associated cells (1, 3), and 
components of the extracellular ma- 

trix (4) influence the initial outgrowth of 
neuronal processes (5). Much less is known 
about thi final stages of neuronal develop- 
ment, when growing processes must find 
those regions of neuropil where their targets 
reside. In this report we examine the growth 
of a late-developing neuron, the touch re- 
ceptor AVM, in the nematode Caenorhabdi- 
tis eleg-ans. The AVM cell sends branches 
into the nerve ring, the major area of neuro- 
pi1 in the animal (6), where they synapse to 
interneurons needed for the touch reflex. 
Since the nerve ring is essentially complete 
at hatching, the late-arriving AVM branches 
must navigate through the mature neuropil 
of the nerve ring to contact appropriate 
targets. 

Three touch receptors detect gentle touch 
to the head in C. elegans (7). Two of these 
cells arise embryonically, ALMR and 
ALML (the right and left ALM cells; Fig. 1) 
(7). The third cell, AVM, arises 10 hours 
after hatching and forms functional connec- 
tions (via its branch) about 20 hours later 
(7, 8) (complete larval development takes 45 
hours at 20°C). All three cells send branches 
into the nerve ring. " 

Since the reflex circuit requires the 
branches of the touch cells, the presence of 
the cells or their branches can be detected by 

testing for sensitivity to anterior touch [Ta- 
ble 1 (91. The bulk of anterior touch sensi- 
tivity derives from the ALM cells, since 
killing AVM with a laser microbeam does 
not significantly alter sensitivity to anterior 
touch (n = 4) (7, 9). When the ALM cells 
are killed at hatching, animals become only 
partially touch-sensitive as they mature as a 
result of the addition of AVM [Table 1 (7)]. 

A second postembryonic cell, PVM, is 
produced by a lineage homologous to that 
of AVM (7, 8). In adults the PVM cell body 
is located more posteriorly than AVM, and 
its process, which terminates before reach- 
ing the nerve ring, does not branch. PVM 
does not normally mediate a touch response. 
However, if PVM is positioned more anteri- 
orly, as often happens in mab-5 mutants, 
then the PVM process reaches the nerve 
ring, branches, and mediates a partial anteri- 
or touch response like AVM (lo),  even 
when AVM, ALMR, and ALML are absent. 
Thus, the presence of the branch appears to 
be position-dependent. 

We assessed the effect of a pair of inter- 
neurons (the right and left BDU cells), 
which receive synapses from AVM (6), on 
touch cell development by killing the cells at 
various times with a laser microbeam and 
testing the resulting adults for touch sensi- 
tivity. Killing the BDU cells in the embryo 
(11) (n = 3) or at hatching (n = 8) had no 
effect on touch sensitivity, indicating that 
the BDU cells are not needed for the con- 

Depamnent of Biological Sciences, Columbia Universi- nections made by the embryonic ALM 
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obscure any effect of BDU ablation on 
AVM development, we also examined ani- 
mals in which the BDU and ALM cells were 
killed at hatching. These animals were com- 
pletely insensitive to  touch, despite the pres- 
ence of AVM (Table l ) ,  indicating that the 
BDU cells are needed for the AVM-mediat- 
ed touch response. 

The BDU neurons are required only dur- 
ing the early stages of AVM development. 
Killing the BDU cells 24 hours after hatch- 
ing did not alter the AVM-mediated re- 
sponse; the resulting adults were partially 
touch-sensitive (Table 1 and legend to Fig. 
2). These results and the fact that the BDU 
cells do not synapse directly onto any of the 
interneurons needed for backward move- 
ment (6, 12) make it unlikely that the BDU 
cells are a functional part of the AVM- 
mediated touch-reflex circuit. It seems more 
likely that the cells act to establish the 
circuit. 

We achieved a genetic equivalent of the 
above laser ablations by using a tempera- 
ture-sensitive mutation (n848) of the gene 
unc-86. Mutations in unc-86 affect the lin- 
eages of the touch cells and the BDU cells 
and result in touch-insensitive animals (13). 
Shifting unc-86(n848) animals at hatching 
from the restrictive (25°C) to the permissive 
temperature (15°C) blocked the embryonic 
lineage that gives rise to ALM and BDU 
cells (the cells are sisters) but not the post- 
embryonic lineage producing AVM. The 
resulting AVM cells, which differentiated in 
the presence of the undivided ALM-BDU 
precursor, did not mediate a touch response 
(n = 12). 

Similar results were found in experiments 
with mab-5 animals. In mab-5 mutants the 
PVM cell is variably positioned anteriorly, 
and its process may or may not reach the 
nerve ring (10). Mutant animals in which 
the ALM cells were killed at hatching exhib- 

Flg. 1. Schematic diagram of the structural rela- 
tion between the anterior touch cells and the 
BDU neurons in the nerve ring derived from a 
number of serial reconstructions (6). The process- 
es of the three touch cells run in fixed positions 
near the surface of the animal. Each process 
branches and enters the nerve ring, where synap- 
ses are made with interneurons involved in touch- 
mediated movement as well as with the BDU 
cells. The anterior processes of the BDU cells are 
also shown, illustrating their close association 
with the touch cells in the nerve ring. AVM 
normally branches between 1 and 2 p,m anterior 
to the excretory pore (not shown); the ALM cells 
branch at approximately 10 p,m anterior to the 
pore (6). 
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ited variable touch sensitivity in the head, 
but this response was stronger than that 
seen in similarly treated wild types (Table 
1). (The enhanced sensitivity is most likely 
due to input from PVM added to that of 
AVM. The variability is likely to reflect the 
variability in the position of the PVM cell or 
in the extent of its development in these 
mutants.) Mutants lacking BDU and ALM 
cells were, with one exception, completely 
insensitive to head touch. Thus, in ma&-5 
animals the formation of functional nerve 
ring connections for both PVM and AVM is 
dependent on the BDU cells. 

Additional support for a developmental 
role for the BDU cells was provided by an 
ultrastructural examination of AVM in the 
nerve rings of animals in which the BDU 
cells (but not the ALM cells) were killed at 
hatching (14). The longitudinal processes of 
all three touch cells and the ALML and 
ALMR branches were seen in the five ani- 
mals examined, but the AVM branch was 
present in only two of the five animals. We 
were unable to positively identify and follow 
the AVM cell process once the cells had 
entered the nerve rings. However, only one 
of a total of 93 animals without ALM and 
BDU cells was touch-sensitive (the excep- 
tion being one of the ma&-5 animals de- 
scribed above); thus some of these animals 
probably have AVM cells that branch and 
enter the nerve ring and do not form h c -  

Table 1. Touch sensitivity of laser-treated ani- 
mals. We assessed the anterior touch sensitivity by 
touching adults near the pharynx with a h e  hair 
(8). Individual animals were tested with a mini- 
mum of three trials over a period of 24 hours. 
Each trial consisted of five touches, each separated 
by a minimum of 5 seconds. Touch sensitivity was 
characterized according to the percentage of re- 
sponses as normal (80 to loo%), almost normal 
(50 to 80%), partial (20 to 50%), or absent (0 to 
20%). Both ALM cells were killed at hatching in 
all animals. The AVM cell was removed (-) by 
ablating its precursor QR at hatching. The BDU 
cells were killed (-) within 4 hours after hatching 
(early) or at least 24 hours after hatching (late) 
(9). The mab-5 mutants were strain CB3531 
[mab-S(e1239);him-5(e1490)]. 

n AVM BDU Anterior touch 
sensitivity 

wild typc 
30 + + Partial 
5 - + Absent 

35 + - (early) Absent 
9 + - (late) Partial 

mab-5 
15 +* + Normal (n = 3) 

Almost n o d  
(n = 8) 

Partial (n = 4) 
5 +* - (early) Absent (n = 4) 

Partial (n = 1) 

*Plus PVM. 
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tional synapses. These data make it unlikely 
that the BDU cells induce the AVM branch. 
The BDU cells seem, instead, to guide the 
AVM branch to its proper synaptic domain 
and to stabilize its placement. This hypothe- 
sis is consistent with the adult neuroanato- 
my in which AVM branches from its longi- 
tudinal process before it contacts the BDU 
cells (6) (Fig. 1). 

AVM (as well as ALML and ALMR) 
makes as many synapses onto the BDU cells 
as onto any other ofits synaptic partners (7). 
Since these connections do not appear to be 
needed for the reflex circuit, we hypothesize 
that they serve a role in process guidance, 
perhaps by providing focal attachment sites. 
Such synapses could stabilize and reinforce 
the association between the BDU cells and 
all three anterior touch cells and may ensure 
that the AVM cell branches will contact the 
ALM cells [to which they form gap junc- 
tions (7)]  by growing along the BDU cells. 
Two other neurons, AVD and PVC, receive 
sigruficant numbers of synapses from AVM. 
However, the absence of AVD (12) or PVC 
(n = 5) does not alter AVM-mediated 
touch sensitivity. Thus, of three of the major 
synaptic targets, only the BDU cells are 
required during stages when the AVM pro- 
cess is developing. 

Such stabilizing synapses may not be 
unique to C. ele~anr. Chun et ul. (15) have 
described a population of transient subcorti- 
cal neurons in the developing visual system 
of the cat that appears to serve as temporary 
synaptic targets for ingrowing thalamocorti- 

cal derents. These investigators speculated 
that these subcortical cells may stabilize the 
incoming afferents via synaptic contacts un- 
til their final targets in the cortex mature. 

Two other neuronal processes, which de- 
rive from either the PVN cells or the PVT 
cells (there is an ambiguity in their assign- 
ment), form significant numbers of synapses 
and maintain a close association with the 
BDU cells in the nerve ring (6). These cells 
have little in common with AVM;, their 
synaptic connections suggest that they act as 
both interneurons and motomeurons. An 
important feature shared by these cells 
(whether PVN or PVT) and the AVM cell is 
that they all extend processes into the nerve 
ring late in larval development (6, 8). These 
observations suggest the possibility that a 
major and perhaps primary function of the 
BDU cells is the guidance and stabilization 
of a number of late-developing neuronal 
processes as they grow through the nerve 
ring. 

In their analysis of C. ekdam circuitry, 
White et ul. (16) noted that, on the rare 
occasions when processes were diverted 
from their normal positions, these processes 
formed synapses with a novel set of partners. 
The BDU cells appear to be needed to 
ensure that AVM, and AVM and PVM in 
ma65 mutants, and possibly other late- 
arriving processes reach the appropriate syn- 
aptic region. Such guidance may be particu- 
larly important when late-developing pro- 
cesses must navigate through an essentially 
established nervous system. 

Fig. 2. Differential interference contrast photomi- 
crographs of the right lateral hypodermis in un- 
treated and laser-treated adults (17). (A) The 
BDUR cell body and its processes (closed arrow- 
heads) are easily identified in the untreated adult 
where they associate with the processes from the 
CANR cell (open arrowheads). (B) BDUR is 
missing and the CANR cell process is unaffected 
in a similar region of an adult in which BDUR 
had been ablated in the L3 stage. This picnue 
demonstrates not only the selective removal of the 
BDUR cell but also that the cell and its processes 
are completely removed [in previous experiments 
(7)  such midlarval ablation of the ALM touch 
cells did not always result in the loss of the cell 
processes]. Bar, 10 pm. 
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The rm Oncogenes Increase the Intrinsic Resistance 
of NIH 3T3 Cells to Ionizing Radiation 

Identification of genes that function to protect cells from radiation damage is an 
essential step in understanding the molecular mechanisms by which mammalian cells 
cope with ionizing radiation. The intrinsic radiation resistance (Do) of NIH 3T3 cells 
was markedly and significantly increased by transformation with ras oncogenes 
activated by missense mutations. This radiobiologic activity appeared to be a specific 
consequence of the ras mutations rather than of transformation, since revertant cells 
that contained functional ras genes (but were no longer phenotypically transformed) 
retained their increased Do's. 

C ELLS HAVE DEVELOPED MULTIPLE 

biochemical mechanisms to protect 
the integrity of their DNA from 

damage by ionizing radiation, to which they 
are constantly exposed. While these molecu- 
lar mechanisms are not well understood in 
mammalian cells, identification of genes in- 
volved in conferring radiation resistance 
should prove a useful step in understanding 
the hdamental nature of the radiation 
response. Increasing environmental expo- 
sure and extensive medical uses of radiation 
in diagnosis and cancer therapy make under- 
standing these processes of considerable 
medical importance. 

Efforts to identify genes affecting radia- 
tion response have focused on genes coding 
for DNA repair enzymes (1) because the 
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lethal effects of ionizing radiation in the 
clinically relevant dose range appear to be 
due primarily to DNA damage. Genes cod- 
ing for repair of ultraviolet-induced DNA 
damage have been isolated and identified 
(2). Our working hypothesis was that varia- 
tions in expression or structure of genes that 
directly or indirectly regulate repair and 
other vital cellular processes may also signifi- 
cantly affect radiation response. Certain on- 
cogenes might affect response to cancer 
therapeutic agents such as ionizing radia- 
tion, since abnormalities of rm and myc 
oncogenes have been associated with poor 
cancer prognosis, and radioresistant cell 
lines (3) and their normal cellular homologs 
appear to play fundamental roles in regula- 
tion of other aspects of cellular growth and 
proliferation (4). Furthermore, a cell line 
transformed by rm was recently shown to 
have a Do greater than that of the parental 
cell line, although a causative role for the 

exogenous rm gene could not be established 
(5).-1n the present work, we assessed the 
role of rm genes, the oncogene family most 
commonly associated with human tumors 
(4), in inducing resistance to ionizing radia- 
tion. 

To minimize the inherent difficulties of 
distinguishing the effects of specific genes 
among different cell lines (6), we evaluated 
the effect of each oncogene by first adding it 
to the same NIH 3T3 subline by transfec- 
tion, then determining the radiation survival 
curve of the transfected cell lines by clono- 
genic survival curve assays. NIH 3T3 cells 
were selected because they can be readily 
transfected and transformed bv rm and sev- 
eral other oncogenes (4) and because they 
have a radiation survival curve similar to that 
of many human tumor cell lines (6). 

An NIH 3T3 cell line, a Kirsten murine 
sarcoma virus-transformed NIH 3T3 cell 
line (DT) containing two copies of the virus 
gene (7, and two transformation-revertant 
cell lines derived from DT (7) were obtained 
from R. Bassin (NIH). The NIH 3T3 cells 
used for all transfections were obtained from 
D. Lowy (NIH) as was NN 192, an NIH 
3T3 cell line transformed by transfection 
with an overproducing rat C-H-rm protoon- 
cogene that had been transformationally ac- 
tivated by linkage with a retroviral long 
terminal repeat (LTR) [constructed as in 
(8)]. NIH 3T3 cells were transfected by the 
calcium phosphate precipitation technique 
(9, 10) with either genomic DNA contain- 
ing human c-H-rm [EJ bladder cancer ( l l ) ]  
or N-rm [Hodgkin's disease (10) and HL60 
leukemia (12)] or cloned oncogenes, includ- 
ing c-H-rm (pUCEJ6.6) (13), v-H-rm (8), 
and v-@s (14). Transformed cells had previ- 
ously been cloned and tested for the ability 
to grow in soft agar and for the presence of 
the transfected gene by DNA hybridization 
analysis (9, 10). ~ e v k ~  of expression was 
determined by dot-blot analysis (10). De- 
tailed descriptions of the transformed cell 
lines have been presented (9). With the 
exception of the rm protooncogene in NN 
192, all rm genes were activated by missense 
mutations at codon 12 or 61 (9-14). 

The effect of ras genes bearing missense 
mutations on radiation survival is shown in 
Fig. 1 and Table 1. All cell lines transformed 
with rm genes that had been activated by a 
missense mutation showed a large increase 
in intrinsic radiation resistance (Do; the 
slape of the single dose radiation survival 
curve as compared to untransformed NIH 
3T3). This change was significant at 
P < 0.005 bv t test (Table 1). 

There were no significant differences 
among rm genes in their effect on Do regard- 
less of the type of rm gene (H, K, or N; viral 
or cellular), the site of activating mutation, 
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