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I n  1967, Sydney Brenner isolated the first 
behavioral mutants of the nematode 
Caemhabditis elegans, and in 1970, John 
White began the systematic reconstruction 
of its nervous system. This dual approach of 
genetics coupled with detailed morpho- 
logical analysis, now enhanced by the tools 
of molecular biology and electrophysiology, 
still dominates the study of the function 
and development of the C. elegans nervous 
system. Although Brenner's vision of a 
comprehensive understanding of this 
simple animal has taken time to mature, 
findings of the past few years indicate that 
the tree is bearing fruit. 

Caenorhabditis elegans offers an interest- 
ing combination of advantages and limita- 
tions for the study of behavior, a fact that 
often excites considerable feeling in discus- 
sions of its utility as a model for neurobiol- 
ogy. The miniature scale of the hermaphro- 
dite's nervous system, both in number of 
neurons (302) and in overall size (1 mm), 
has allowed its com~lete reconstruction 
from serial-section electron micrographs (1 , 
2). The neurons fall into 118 structural 
classes, and the number and positions of 
momholorricallv identifiable chemical svn- 
apses (50b) ,  gap junctions (600), and neu- 
romuscular junctions (2000) are very simi- 
lar among individuals. The gross behavioral 
function of any set of neurons can be tested 
by killing them with a laser microbeam, a 
technique that almost miraculously erases 
the target neurons while leaving other cells 
unaffected (3, 4). With this technique, a 
specific behavioral role has been identified 
for about 40 of the 118 classes of neurons, 
and the structural classes of neurons have 
been shown to correspond to functional 
classes (4-6). Finally, over 250 genes that 
regulate behavior have been identified by 
mutation. These genes are at various stages 
of being analyzed with the genetic and mo- 
lecular tools available in C. elegans (7,8). 

The main limitation in this endeavor is 
that electrophysiology is not easy in C. 
elegans, because the neurons are small, al- 
though extracellular recordings from mus- 
cle (9) and patch clamping and intracellu- 
lar recordings from neurons (10) are now 
proving feasible. It is also sometimes argued 
that such a simple animal may lack the be- 
havioral complexity and plasticity that 
typify larger animals. Although this is un- 
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deniable (indeed, this simplicity is often 
touted as an advantage), nematodes display 
a rich and varied array of behavioral pat- 
terns, two examples of which are described 
below. What's more, C .  elegans is capable 
of several forms of nonassociative learning 
that can persist for more than a day (I  1 ), 
and there are hints that it can exhibit asso- 
ciative learning as well. 

The C. elegans nervous system is not 
only small, it has particularly simple neu- 
rons, most having one or two unbranched 
processes that make and receive synaptic 

tested. Caenorhabditis elegans can distin- 
guish gradients of many odorants, even in 
the presence of saturating amounts of oth- 
ers. Such competition assays reveal that the 
worms distinguish at least seven classes of 
odorants (16)-implying that these ani- 
mals have a large number of odorant recep- 
tors linked to at least seven independently 
adapting transducers. Remarkably, all of 
these responses, including those to odorants 
that escape detection by my own 10 mil- 
lion olfactory neurons, appear to be medi- 
ated by just two classes of sensory neurons, 
called AWA and AWC (1 6). These results 
indicate a richness of sensory perception 
that is belied by a simple count of the 
worm's 15 classes of chemosensory neurons. 

More than 20 genes have been identi- 
fied by mutations that perturb response to 
one or more odorants ( 16, 17). Some muta- 
tions disrupt responses to all tested odor- 

The central nervous system of C. elegans . The head of C. elegans with the nerve ring-the cen- 
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connections en passant rather than at spe- 
cialized terminals (I  ). Despite these differ- 
ences from vertebrates, many of the funda- 
mental mechanisms of neuronal function 
are shared with other animals. The major 
small molecule neurotransmitters in C. ele- 
guns [for example, acetylcholine, y-amino- 
butyric acid (GABA), serotonin, dopa- 
mine, and glutamate] and often even the 
pharmacology of their receptors are familiar 
to any neurobiologist. Familiar proteins 
also regulate synaptic release in these 
worms (for example, synaptotagmin) (1 2), 
transport small molecule transmitters into 
synaptic vesicles (13), and mediate axonal 
transport (for example, kinesin-like pro- 
teins) (14. 15). , . . ,  , 

One behavior that illustrates the sophis- 
tication of nematode behavior is the sen- 
sory response to volatile odorants. Caenor- 
habditis elegans responds to odorants by di- 
rected movement up or down an airborne 
gradient of the stimulant (16). These re- 
sponses themselves are not surprising, but 
the range of odorants detected is astonish- 
ing: Worms are attracted to about half of 
the 121 volatile compounds that have been 

ants (1 6); many of these cause specific mor- 
phological defects in the odorant sensory 
neurons (1 8). Other mutations show some 
odorant specificity. For example, mutations 
in five g e n e ~ d r - 1 ,  odr-2, odr-5, daf-11, 
and daf-2 1 -perturb response to benzalde- 
hyde and isoamyl alcohol, representatives of 
two odorant classes, but have little effect on 
response to other odorant classes ( 1 6, 1 7). 
This specificity for the odorant classes is 
the same as that caused by the killing of the 
AWC neurons (1 6), suggesting that these 
genes are required for AWC function. 
Other mutations cause other, often com- 
plex, patterns of odorant response defects 
(1 6). Molecular analysis of these genes will 
reveal how C.  ekgans senses, distinguishes, 
and responds to such a diversity of odorants. 

For another example of a sophisticated 
behavior, one would hardly turn first to 
defecation, and yet, even this lowly activity 
is surprisingly complex in C .  elegans. Def- 
ecation consists of three separate motor 
steps that are coordinated spatially and 
temporally. These steps, named for the 
muscles involved, are referred to as pBoc 
(posterior body muscle contraction), aBoc 

SCIENCE VOL. 264 17 JUNE 1994 



(anterior body muscle contraction), and 
Exp (expulsion, or enteric, muscle contrac- 
tion). Each step of this defecation motor 
program (DMP) is readily observed and oc- 
curs frequently, facilitating the identifica- 
tion and analysis of mutations that perturb 
the process. Over a dozen genes are defined 
by mutations that individually eliminate ei- 
ther the pBoc, aBoc, or Exp steps of the 
DMP without perturbing the remaining 
steps (19). For example, unc-16 mutants 
lack the aBoc contraction, yet the pres- 
ence, relative timing, and strength of the 
pBoc and Exp contractions are unaffected 
(1 9). These highly specific mutant defects 
imply that each motor step is partly under 
the control of distinct genes. In contrast, 
mutations in seven other genes affect both 
the aBoc and Exp steps (1 9), suggesting 
that these two steps of the DMP share an 
underlying genetic program. The pattern of 
defects displayed by these mutants provides 
a particularly clear example of the dissec- 
tion of a behavior into its genetic parts. 
The first steps have also been made toward 
cellular and molecular analysis of the DMP. 
Two partially redundant GABA-contain- 
ing neurons, AVL and DVB, appear to be 
motor neurons for the Exp step of the DMP 
(6). Mutations in unc-25 eliminate the syn- 
thesis of GABA and cause an Exp defect, 
suggesting that AVL and DVB use GABA 
to excite their enteric muscle targets (19, 
20). Another identified gene, exp-1, may 
mediate this unusual role of GABA as an 

periodicity is not well correlated with any 
obvious trait, such as feeding rate or gut 
distention; (ii) the clock continues running 
in the extended absence of motor program 
expression; (iii) the clock can be reset by a 
well-defined mechanosensorv stimulus: and 
(iv) the clock is temperature-compensated, 
running at nearly the same speed between 
20" and 30°C. 

Defecation periodicity is subject to di- 
verse sensory regulation, ranging from mech- 
anosensory resetting of the clock to graded 
lengthening of the period when less food is 
available. However, when each motor step 
of the DMP is eliminated individually by 
mutation, the remaining motor steps can 
occur with nearly normal periodicity, sug- 
gesting that the clock runs independently 
of its motor output (19, 21). 

Several mutations have been identified 
that affect the ~eriodicitv of activation of 
the DMP withdut any aI;parent effects on 
the DMP itself. For example, partial loss-of- 
function mutations in the gene cha-1, 
which is required for the synthesis of ace- 
tylcholine, cause a profoundly lengthened 
defecation cycle (1 9). However, this result 
is difficult to interpret as specific involve- 
ment of acetylcholine in defecation be- 
cause acetylcholine has many functions in 
the C. elegans nervous system (13). In con- 
trast, mutations in several other genes 
cause defects more specific to defecation, 
including long or short cycles (1 9, 21 ). An 
intriguing example is dec-8, a mutant that 
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Projecting from the nerve ring region are sensory dendrites (the major bundle is shown in red) and 
the dorsal and ventral nerve cords (green), which extend the length of the body. Anterior, left; ven- 
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excitatory transmitter (19). Interestingly, 
GABA is also used in C. elegans in its fa- 
miliar role as an inhibitory transmitter, 
probably acting on GABA-A receptors (20). 

A particularly interesting feature of the 
defecation behavior is its temporak regula- 
tion. Under standard growth conditions, a 
DMP is activated every 45 s with a stan- 
dard deviation of about 4 s. Ethological 
studies (21) suggest that the periodicity is 
controlled by an endogenous clock: (i) The 

activates a second "echo" DMP 13 s after 
the principal DMP (21). These mutants 
show that defecation periodicity is at least 
partly under the control of genes distinct 
from those that mediate the individual mo- 
tor steps. Molecular analysis of these genes 
promises to identify mechanisms that gen- 
erate and regulate short period neuronal os- 
cillators. 

Here it is possible only to scratch the 
surface of C. elegans behaviors that are un- 

(261, and sensory response to a pheromone 
(27, 28). For all of these behaviors. re- . .  . 

searchers are in the midst of the genetic 
analysis and have just begun the molecular 
studies that follow from the genetic raw 
material. The long-term promise of study- 
ing C. elegans for neurobiology lies princi- 
pally in two areas. First, the genetic ap- 
proach has the power to identify and define 
in vivo functions of a wide variety of both 
known and currently unimagined molecu- 
lar components common to neuronal de- 
velopment and function in all organisms. 
Second, the simple nervous system may 
permit a comprehensive understanding of 
how all the parts of a nervous system, from 
gene products to neurons, are integrated to 
produce the complex patterns characteris- 
tic of animal behavior. 
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