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Control of Larval Development by Chemosensory 
Neurons in Caenorhabditis elegans 

CORNELLA I. BARGMANN AND H. ROBERT HORVITZ 

Larval development of the nematode Caenorhabditis elegans is controlled by the 
activities of four classes of chemosensory neurons. The choice between normal 
development and development into a specialized larval form called a dauer larva is 
regulated by competing environmental stimuli: food and a dauer pheromone. When 
the neuron classes ADF, ASG, ASI, and ASJ are killed, animals develop as dauer larvae 
regardless of environmental conditions. These neurons might sense food or dauer 
pheromone, or both, to initiate the specialized differentiation of many cell types that 
occurs during dauer formation. Entry hito and exit from the dauer stage are primarily 
controlled by different chemosensory neurons. The analysis of mutants defective in 
dauer formation indicates that the chemosensory neurons are active in the absence of 
sensory inputs and that dauer pheromone inhibits the ability of these neurons to 
generate a signal necessary for normal development. 

HE NEMATODE CAENOKHABDITIS ELE- 

gans enters one of two different life 
cycles after a developmental decision 

controlled by its nervous system. In the 
presence of ample food, an animal develops 
to adulthood through four larval stages in 
about 3 days (1). Under conditions of 
crowding and starvation, the development 
of young animals is arrested, and they dif- 
ferentiate into specialized larval forms called 
dauer larvae after the second larval molt (2). 
This alternative larval form is resistant to 
harsh environmental conditions, does not 
feed, and can survive without eating for 
several months. If food becomes available 
and the density of nematodes decreases, the 
dauer larva recovers to form a fertile adult. 

The decision to become a dauer larva is 
made soon after hatching and is mediated 
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through a competition between two chemi- 
cal signals: food (usually bacteria) and a 
pheromone that reflects nematode density. 
High concentrations of pheromone and 
scarcity of food cause animals to enter the 
dauer stage (3, 4). This decision can be 
reversed at any time before or after dauer 
formation if food becomes available and 
pheromone concentrations decrease (3, 5) .  

In mutant nematodes with abnormal 
chemosensory neurons, dauer formation is 
not regulated correctly (6, 7). This finding 
suggests that the environmental stimuli that 
initiate dauer formation are interpreted by 
the nervous system. Many different cell types 
are subsequently altered during dauer for- 
mation, including neurons as well as hypo- 
dermal epidermal and gonadal cells that are 
not innervated (8). 

The functions of particular C. elegans 
neurons can be elucidated by killing of iden- 
tified cell types with a laser microbeam (9,  

10). The nervous system of an adult her- 
maphrodite contains only 302 neurons, and 
the- morphologies and synaptic specializa- 
tions of all of the neurons have been recon- 
structed from electron micrographs of serial 
sections (11). 

The amphid or phasmid sensory neurons 
have been implicated in the regulation of 
dauer formation (6). The cell bodies of the 
amphid neurons are located in ganglia in the 
head of the animal, and their processes run 
to the tip of the animal's nose, where they 
are exposed to the environment (1 1, 12). 
Each of the two am~hids. one left and one 

L ,  

right, contains eight exposed chemosensory 
cells: ASE, ADF, ASG, ASH, ASI, ASJ, 
ASK, and ADL. Two pairs of bilaterally 
symmetric phasmid neurons, PHA and 
PHB, are located in the tail. 

We killed amphid and phasmid cells with 
a laser m i c r o b k  to assess their roles in 
dauer formation (13). When all 16 exposed 
amphid cells were killed in single animals, 
three of five animals became dauer larvae 
(Table 1)(14); when these cells and the 
phasmid cells were all killed, two of two 
animals became dauer larvae (Table 1). The 
animals that became dauer larvae after laser 
ablation were not exposed to a significant 
level of dauer pheromone at any point. 
Control animals raised under identical con- 
ditions did not become dauer larvae (Table 
1). 

Subsets of the chemosensory cells were 
killed so that the cells involved in dauer larva 
formation could be identified. When the 
amphid cells ADF, ASG, ASI, and ASJ were 
all killed in single animals, 30 of 37 animals 
became dauer larvae (Table 1). The killing 
of other amphid cells or phasmid cells in 
addition to these four cell types did not 
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change the percentage of animals that be- animals became dauer larvae (Table 1). 
came dauer larvae, so these four cell types 
account for the effect seen when all cells of 
the am~hids are killed. 

Thus, a developmental process normally 
regulated by chemosensory inputs is not 
regulated after the deaths of some che- 
mosensory neurons. This result suggests 
that these sensory cells are involved in the 
sensation of dauer pheromone or food, the 
two chemical signals that determine whether 
dauer larvae will form and whether dauer 
larvae recover (3, 5, 15). 

The killing of combinations of three of 
the four cell types ADF, ASG, ASI, and ASJ 
revealed functional differences among these 
cells. The deaths of ADF and AS1 were 
crucial to the formation of dauer larvae. If 
either ADF or AS1 neurons were alive, the 
animals developed to adulthood exactly as 
did mock-ablated controls. 

AS1 had a different effect on dauer forma- 
tion. 'when the other three cell types were 
killed but ASJ was left intact, the animals 
passed through a dauer stage transiently 
(Table 1). Unlike similar dauer larvae that 
formed after ADF, ASG, ASI, and ASJ were 
killed, the animals in which ADF, ASG, and 
AS1 were killed recovered from the dauer 
stage after less than 1 day and developed to 
adulthood. Thus, ASJ is unable to prevent 
dauer formation after ADF, ASG, and AS1 
are killed, but it can reverse dauer formation 
caused by the deaths of these other cells. 

The apparent role of the ASG cell type in 
dauer formation was variable. After laser 
ablation of ADF, ASI, and ASJ, 28 of 47  

When ASG was killed in addition to those 
three cell types, a greater fraction of the 
animals (30 of 37; X2 = 4.5; P < 0.05) 
became dauer larvae. Thus, ASG might have 
a minor role in dauer formation compared 
to ADF and ASI. 

Animals in which the four cell types ADF, 
ASG, ASI, and AS1 were killed formed 
dauer larvae that did not recover. when 
exposed to food, so the cells mediating 
recovery seemed likely to be among those 
four. The transient dauer formation of ani- 
mals in which the ADF, ASG, and AS1 
neurons were killed implicated the ASJ neu- 
rons in recovew. 

To test the role of chemosensory cells in 
dauer recovery, we killed chemosensory cells 
in dauer larvae that had formed under con- 
ditions of crowding and starvation. After the 
addition of food, most animals quickly re- 
covered from the dauer stage to form fertile 
adults. However, after the ASJ cells were 
killed, recovery from the dauei stage was 
inefficient (Table 2);  many animals were 
unable to recover, and thosk that could did 
so more slowly than unoperated controls. 
The low residual ability to recover after ASJ 
death probably requires ADF, ASG, or AS1 
(Table l ) ,  but the precise contribution of 
each of these cell types has not been deter- 
mined. 

The above experiments implicate ADF, 
ASI, and ASJ and suggest a role for ASG in 
the regulation of dauer development. How- 
ever, it remains possible that other 
chemosensory cell types could also partici- 

Table 1. Dauer larva formation after killhg of sensory cells. Cells were killed within 3 hours of 
hatching (10, 13). 

Total No. No. of 

Chemosensory cells lalled* ,,,, of of recovered animals? 
animals dauers day week 

ASE +ADF+ASG+ASH+ASI+ASJ+ASK+ADL 
ADF+ASG+ASI +ASJ 
ADF+ASG +AS1 
ADF+ASG +ASJ 
ADF +ASI+ASJ 

ASG +AS1 +ASJ 
ADF +AS1 
ADF+ASG+ASI +ASJ + 

some of ASE, ASH, ASK, or ADL 
All cells 
All cells except ASE 
All cells except ADF 
All cells except ASG 
All cells except ASH 
All cells except AS1 
All cells except ASJ 
All cells except ASK 
All cells except ADL 
None 

*''All cells" includes the ex sed am hid cells ASE, ADF, ASG, ASH, ASI, ASJ, ASK, and ADL; the nonexposed 
amphid cells AWA, AWB, K C ,  ~ ~ J A D F ;  and the phasmid cells PHA and PHB. +The data are expressed as the 
total number of animals that had recovered after 1 day or  1 weekithe total number of surviving animals. ND, not 
determined. 

Table 2. Dauer larva recovery after killing of 
sensory cells. Dauer lan~ac were isolated from 
populations of starved animals with the use of 
2% SDS, operated on, and incubated overnight 
without food before they were fed with 
bacteria. These animals were observed each day 
thereafter to determine recovery. All animals 
survived until the end of the observation period. 

No. of recovered animals* 

Cells killed 3 7 14 

day days days days 

None 23131 28131 29/31 29131 
ASJ 1115 2/15 2115 3115 
ADF 4/10 4110 7110 8/10 
ADF + ASG 314 414 414 414 

+ AS1 
ADF + ASJ 0111 0111 2111 5111 

*The data expressed as the number of animals that had 
recovered after 1, 3, 7, or  14 dayslthe total number of 
surviving animals. 

pate in this process. For example, antagonis- 
tic groups of cells might promote and pre- 
vent dauer formation. In this case, killing a 
particular additional cell type that 
dauer formation as well as ADF, ASI, and 
ASJ might allow animals to grow to adult- 
hood. 

T o  determine the properties of individual 
chemosensory cell types, we examined the 
function of each chemosensory cell type in 
the absence of other chemosensory neurons. 
When all of the cells of the amphid and 
phasmid were killed in two animals (Table 
l ) ,  both became dauer larvae, supporting 
the notion that the ground state of d&eloc 
ment in the absence of chemosensory cell 
function is dauer formation. All amphid and 
phasmid cells except a single amphid cell 

Table 3. Effects of killing chemosensory cells in 
dauer-defective mutants. The cells ADF, ASG, 
ASI, and ASJ (often in combination with the 
cell ADL) were killed in recently hatched 
animals of each dauer-defective mutant strain 
(13, 14, 17). 

Strain Total no. No. of 
of animals dauers 

N2 (wild type) 
daf3(e1376) 
daf-5(e1386) 
daf-b(e1377) 
daf-lO(e1387) 
daf- 12(m20) 
daf- 16(m26) 
daf- 17(m27) 
dafiX(e1375) 
daf-ZO(m25) 
daf-22(m 130) 
che-2(e 1033) 

*These data are based on ten daf-6 animals that had been 
maintained continuously at 20°C for several generations. 
It is known that daf-6 is not fully penetrant for the 
dauer-defective phenotype (6 ,  16). In another experi- 
ment, four of five daf-6 animals with parents that had 
been frown at -80°C and thawed became dauer larvae 
after laser sur ery It  seems likely that the freezing 
process affectefthe expression of the dJ-6 mutant phe- 
notype for at least one generation. 
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tvpe were killed in several animals (Table 1). dauer larvae under starvation conditions also 1B)(6, 7, 20). The defects in these mutants 
d L 

When the one surviving cell type was ADF makes them unable to form dauer larvae if 
or ASI, the animals grew to adulthood. they lack functional sensory cells. These 
When only ASJ survived, two of two mi- mutations bypass the normal requirement 
mals formed dauer larvae transiently and for chemosensory cell function in the pre- 
then recovered to adulthood. No other ex- vention of dauer formation. 
posed amphid cell type efficiently promoted These results predict the sites of action of 
development to adulthood. These results different genes in dauer formation. Dauer- 

u 

s u p p o ~  the hypothesis that either the ADF defective mutations that are bypassed by 
or AS1 cells are necessary and sufficient to killing the sensory cells might define genes 
prevent entry into the dauer stage and ASJ that act within or upstream of the sensory 
is critical for exit from the dauer stage. cells to interpret environmental signals. By 

Dauer-defective mutations prevent dauer this argument, che-2, daf-10, and daf-16 seem 
formation under adverse conditions, and likely to have effects in the chemosensory 
dauer-constitutive mutations cause dauer cells (18). Because daf-22 mutations prevent 
larvae to form inappropriately under good the iroduction of dauer pheromoAe (19) 
conditions (16). Animals that have had their they should act upstream of the chemosen- 
sensory cells killed have phenotypes similar sory cells; indeed, daf-22 animals still formed 
to those of severe dauei-constitutive mu- dauer larvae when the chemosensory cells 
tants. To determine whether the deaths of were killed. By contrast, the genes daf-3, 
the sensory cells might bypass the lesion in daf-5, daf-6, daf-12, daf-17, daf-18, and daf-20 - .. 

dauer-defkctive mutants, we killed the sen- are unlikely to act only in the chemosensory 
s o y  cells ADF, ASG, ASI, and ASJ in cells because their mutant phenotype is still 
dauer-defective mutants (1 7). manifested when the chemosensory cells are 

When ADF, ASG, ASI, and ASJ were dead (18). These genes could affect cells that 
killed in the dauer-defective mutants daf-10, respond to signals from the chemosensory 
daf-16, daf-22, or che-2, dauer larvae formed cells, or they might cause other cells to 
(Table 3). By contrast, animals bearing mu- produce the chemosensory cell signal inap- 
tations in daf-3, daf-5, daf-6, daf- 12, daf-17, propriately. 
daf-18, or daf-20 did not become dauer The killing of all amphid sensory cells 
larvae efficiently after the deaths of the sen- leads to dauer formation (Fig. 1A). Yet 
sory cells. The defect in the latter set of many mutations that lead to defects in the 
mutants that makes them unable to form amphids prevent dauer formation (Fig. 

Fig. 1. A model for chemosensory 
cell hnction in dauer larva forma- 
tion. Each diagram schematically 
shows a nematode and the nuclei 
and sensory processes of the 
chemosensory neurons involved in 
dauer formation. Only two neurons 
are shown in each diagram, regard- 
less of the actual number of neu- 
rons implicated. The small + signs 
represent the signal released by the 
chemosensory neurons. This signal 
might be a neurotransmitter, a pep- 
tide, a hormone, or electrical activ- 
ity. (A) Laser kills of the chemosen- 
sory cells ADF, ASI, ASG, and ASJ 
lead to  dauer formation. (6)  In 
mutants in which the sensory end- 
ings are abnormal and all amphid 
chemosensory cells receive no  stim- 

A Neuron kills 
ADF-ASG-ASI-ASJ- 

dauer 

B Mutants 
ADF+ASI (+ASG) 

che -2, daf -1 0, etc. c-.+:_ L3- adult 
(neurons not exposed) 

C Inhibitory stimuli ADF+ASI (+ASG) 

No stimulus C *.++++ ~ 3 -  adult > 

Stimulus 7 < . . dauer 2 

D Sensory integration 
Pheromone - ADF+ASI (+ASG) 

-'-.,< 
Food *. "gz :,"U; adult > 

uli, dauer fo.rmation is prevented. E Recovery 
Because the defect in these animals ASJ (+other) 

is bypassed by killing of the same 1 by p om one *.?- recovery 2 
chemosensory cells, the chemosen- 
sory cells must be active in the 
absence of external stimuli.( C). The activity of the sensory neurons ADF, ASI, and probably ASG is 
required for the animal to become an L3 larva and subsequently an adult. This activity is inhibited by 
environmental stimuli (probably dauer pheromone). Inhibition is represented by the -1 symbol. 
(D) T o  integrate the opposing signals of food and dauer pheromone, the ADF, ASI, and ASG neurons 
might simultaneously evaluate both signals and, depending o n  the ratio, direct development to  either 
the L3  or  the dauer stage. Stimulation is represented by the arrow. Alternatively, the food signal may 
be evaluated by different (unknown) neurons. (E) Recovery from the dauer stage is dependent on  the 
activity of ASJ, and, to  a lesser extent, other chemosensory neurons. High concentrations of food and 
low concentrations of pheromone may stimulate the resting ASJ neurons to  permit recovery to  the adult 
stage. 

(truncated sensory cilia or occluded arnphid 
openings) probably cause the chemosensory 
cells to be insensitive to exogenous signals. 
Thus, the absence of sensory cell function 
leads to an effect (dauer formation under 
good conditions) opposite to that caused by 
the absence of external stimuli (no dauer 
formation under harsh conditions). 

These two observations can be reconciled 
by the assumption that external stimuli in- 
hibit, rather than stimulate, the chemosen- 
sory neurons (Fig. 1C). This mechanism 
would be analogous to the inhibition (hy- 
perpolarization)bf vertebrate photoreceptor 
cells by light (21). The chemosensory cells 
ADF, ASI, and possibly ASG regulate the 
decision between dauer formation and de- 
velopment to adulthood by providing a sig- 
nal that stimulates normal development (or 
inhibits dauer formation). The proposed 
signal could be a neurotransmitter, a hor- 
mone, or electrical activation of the neurons 
through gap junctions. If the cells are killed, 
the signal cannot be made, and dauer larvae 
form by default. If the cells are separated 
from the environment, the signal is pro- 
duced constitutively so that the animals de- 
velop to adulthood. 

The external stimulus that inhibits these 
neurons is likely to be dauer pheromone. 
Some of the same amphid cells might also 
act as the food sensors in dauer formation 
(Fig. 1D). The ADF, ASG, and AS1 cells are 
chemosensory neurons that recognize sever- 
al (possibly food-related) molecules to direct 
chemotaxis (22). The integration of food 
and pheromone inputs could take place 
within these sensory cells. 

By contrast, for dauer recovery it appears 
that the ASJ neurons must be activated by 
external stimuli (presumably food) to ini- 
tiate dauer recovery (Fig. 1E). Unlike the 
neurons that regulate dauer formation, the 
ASJ neurons might not trigger normal de- 
velopment in the absence of environmental 
stimuli. 

Specific signals from the nervous system 
regulate the development of neuronal and 
nonneuronal cells in manv vertebrates and 
invertebrates. Innervation by particular neu- 
rons is a requirement for specification of the 
differentiation and survival of muscular and 
neuronal targets in vertebrates (23) and also 
of nonneuronal cells associated with sensory 
organs (24). In addition, the developmerit of 
cells that are not closelv associated with the 
nervous system can be altered by neural 
activity (25, 26, 27). 

The neurons that control dauer formation 
in C. elegans are likely to provide a link 
between environmental signals and develop- 
mental regulation. Nematode and trema- 
tode parasites colonize different organisms 
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at different stages of their life cycles, and 
initiate developmental changes on encoun- 
tering each host (28). In addition, a variety 
of marine invertebrates undergo metamor- 
phosis after encountering a particular habi- 
tat (29). Perhaps mechanisms like those used 
by C. eleganr for neuronal control of dauer 
formation and recovery are used by these 
other organisms to evaluate environmental 
signals and regulate their development. 
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Failure to Elicit Neuronal Macroscopic Mechanosensitive 
Currents Anticipated by Single-Channel Studies 
CATHERINE E. MORRIS* AND RICHARD HORN 

Mechanosensitive channels can be observed in most cell types during single-channel 
recording and have been implicated in many cellular processes. Potassium-selective 
single-channel currents, both stretch-activated and stretch-inactivated, can be observed 
in growth cones and cell bodies of Lymnaea stagnalis neurons. Equivalent macroscopic 
mechanosensitive currents could not, however, be elicited while applying various 
mechanical stimuli. This discrepancy suggests that single-channel mechanosensitivity is 
an artifact of patch recording. 

ECHANOSENSITIVE (MS) ION 

channels have been observed with 
single-channel recording in more 

than 30 cell types (1, 2),  including neurons 
and their growth cones. For dynamic, ten- 
sion-generating (3) structures, it is easy to 
conceive of a physiological role for these MS 
channels, yet direct evidence of a mechanical 
function for MS channels in growth cones 
(4, 5 )  or elsewhere is lacking. Mechanotrans- 
ducing sites in specialized receptor cells re- 
main inaccessible to patch electrodes (1, 2). 
Although the many reports of MS channels 
suggest that electromechanical irritability is 
present in most membranes, the cellular- 
level or macroscopic MS currents (I,,) cor- 
responding to these single-channel events 
have not been measured. 

Neurons of the mollusk Lymnaea stagnalis 

are especially suitable for studying macro- 
scopic I,,. Molluscan growth cones, dy- 
namic structures by definition, have MS 
channels (4, 5 )  and respond during out- 
growth to mechanical stimuli (6). Distin- 
guishing nonspecific I,, carried in channels 
from nonspecific (nonchannel) leak is prob- 
lematic, but Lymnaea MS channels are Kf - 
selective, so I,, would reverse at potentials 
different from those for nonspecific leak (7). 
One can minimize space clamp problems 
and cytoplasmic disruptions by using isolat- 
ed growth cones and perforated patch re- 
cording (8). 

Tension in the membrane of stretched 
cells is neither measurable nor homoge- 
neous. Nevertheless, procedures that, taken 
to their extreme, rupture membranes must 
increase tension. Figure 1 illustrates the 
tension-inducing procedures we used with 

C. E. Morris, Biology Depamncnt, University of Otta- 
wa, 30 George Glinski, Ottawa, Ontario, Canada KIN L ~ m n a e a  In the ex~er i -  
6N5. ments, bath solution (MedK, Table 1) was 
R. Horn, Depamncnt of Neurosciences, Roche Institute 
of Molecular Biology, Nutley, NJ 07110. spritzed (pressure-ejected, Fig. 1A) onto 

voltage-clamped isolated growth cones. Af- 
*Present address: Neuroscience Unit, Loeb Institute, 
Ottawa Civic Hospital, Ottawa, Ontario, Canada K1Y ter We verified fluid with dye 
4E9. several growth cones, we routinely substan- 
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