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Synaptic connections undergo a dynamic process of stabilization
or elimination during development, and this process is thought to
be critical in memory and learning and in establishing the
speci®city of synaptic connections1. The type II calcium- and
calmodulin-dependent protein kinase (CaMKII) has been pro-
posed to be pivotal in regulating synaptic strength2±4 and in
maturation of synapses during development5. Here we describe
how CaMKII regulates the formation of central glutamatergic
synapses in Caenorhabditis elegans. During larval development,
the density of ventral nerve cord synapses containing the GLR-1

glutamate receptor is held constant despite marked changes in
neurite length. The coupling of synapse number to neurite length
requires both CaMKII and voltage-gated calcium channels.
CaMKII regulates GLR-1 by at least two distinct mechanisms:
regulating transport of GLR-1 from cell bodies to neurites; and
regulating the addition or maintenance of GLR-1 to postsynaptic
elements.

To determine how central synapses change in number and
morphology during development, we observed neuron±neuron
synapses that contain the a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA)-type glutamate receptor (GluR) GLR-1
(refs 6, 7). We previously showed that chimaeric receptors tagged
with the green ¯uorescent protein (GLR-1::GFP) can be used to
visualize central glutamatergic synapses in living animals8. GLR-
1::GFP is localized to discrete punctate structures (Fig. 1a; hereafter
called clusters) along the lengths of neurites in both the ventral cord
and nerve ring processes, where the majority of interneuron
synapses reside9. GLR-1-containing neurites extend the full length
of the ventral nerve cord throughout larval and adult development;
thus, these neurites must elongate as the animal grows9. To see how
synapse numbers are affected by changes in neurite length, we
examined the number of GLR-1::GFP clusters in the ventral cord
during larval development (Fig. 1b). First stage (L1) larvae had ,60
clusters whereas adults had ,260 clusters in the ventral cord. This
apparent increase in GLR-1-containing synapses occurs despite the
fact that the number of GLR-1-expressing cells remains constant
throughout larval development6,7. Homozygous lin-5 mutants,
which lack postembryonic cell divisions10, have similar numbers
of GLR-1::GFP clusters (193 6 17, n � 10) as their age-matched
(L4 stage) heterozygous siblings (181 6 6, n � 10). Therefore, the
GLR-1::GFP clusters added during larval development are not
induced by synaptic partners produced by post-embryonic lineages.
One simple model explaining these results is that developing
animals maintain a constant density of GLR-1-containing synapses
along the ventral cord, thereby necessitating addition of synapses to
compensate for increased body length.

We tested the relationship between synapse number and body
length by comparing the number of GLR-1::GFP clusters with the
length of the ventral cord in developing worms. Although cluster
number varies nearly fourfold from early L1 to adulthood, the
density of clusters was constant throughout larval development
(,3.7 per 10 mm) (Fig. 1b, c). Similarly, compensatory changes
occurred in the number of GLR-1::GFP clusters in short and long
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Figure 1 Formation of GLR-1::GFP clusters. a, GLR-1::GFP accumulates in clusters along

the lengths of neurites in the ventral nerve cord. b, Individual GLR-1::GFP clusters in the

ventral nerve cord were counted in wild-type larvae (L1±L4) and adults (Ad), as well as in

mutant adults with short (sma-2, sma-4 and dpy-7) or long (lon-2) body lengths. c, Data

plotted as synaptic density (number of GLR-1::GFP clusters per 10 mm nerve cord length).

Values are means 6 s.e.m. Ten to thirty animals were examined for each entry.
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mutant adults, resulting in a constant density despite greatly
differing adult body lengths (Fig. 1b, c). These results reveal a
homeostatic mechanism coupling GLR-1::GFP synapse numbers
and body length. A similar coupling of synaptic growth to increased
size of the synaptic target is also seen at mouse and ¯y neuromus-
cular junctions11. This phenomenon has been proposed as a
mechanism to maintain relatively constant levels of postsynpatic
excitation during developmental growth.

Are changes in synaptic transmission required to promote the
increased number of GLR-1 synapses formed during development?
We tested this idea by examining GLR-1::GFP clusters in mutants
that have greatly reduced release of neurotransmitter, including
unc-13, unc-18 (nSec-1), unc-64 (syntaxin), snt-1 (synaptotagmin)
and unc-104 (kinesin)12. None of these mutations reduced the
number of GLR-1::GFP clusters in L1 larvae or young adults
(Table 1). In fact, a modest increase in the density of GLR-1::GFP
clusters was observed in some cases. These results are consistent
with reports that a blockade of synaptic transmission often increases
the number of postsynaptic elements in cultured rodent
neurons13,14.

CaMKII has been proposed to act as a critical signalling element
regulating changes in synaptic strength in vertebrates2±4. The
C. elegans genome contains a single CaMKII gene, which
corresponds to the unc-43 gene15. Loss-of-function mutations in
unc-43 (unc-43(lf) alleles) reduce CaMKII activity, whereas a gain-
of-function mutation (unc-43(gf)) causes constitutive calcium-
independent activity15. Both unc-43(lf) and unc-43(gf) mutants
had a signi®cantly reduced density of clusters in adults (Table 1)
but not in L1 larvae (data not shown). The cluster density in unc-
43(lf) mutants was restored to wild-type levels by expressing a wild-
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Figure 2 Mutants lacking the unc-43 CaMKII accumulate GLR-1::GFP receptors in neuron

cell bodies. Accumulation of GLR-1::GFP (a, b, e±l) or SNB-1::GFP (c, d), both shown in

green, in the cell bodies of GLR-1-expressing interneurons was compared in various

strains. Nuclei are labelled with propidium iodide (red). a, Wild-type. b, Homozygous unc-

43(lf) CaMKII mutants carrying either no transgene, or glr-1 promoted transgenes

containing a wild-type UNC-43 cDNA (e), a kinase-defective mutant UNC-43(K42R) cDNA

(f), a wild-type rat aCaMKII cDNA (g), a constitutively active UNC-43(T286D) cDNA (h), or

a double mutant UNC-43(K42R, T286D) cDNA (i). j, Homozygous unc-43(gf) CaMKII

mutants. k, Homozygous unc-2(lf) calcium-channel mutants. l, unc-43(gf) CaMKII; unc-

2(lf) double mutants. For comparison, equivalent amounts of SNB-1::GFP were found in

the cell bodies of wild-type (c) and homozygous unc-43(lf) CaMKII mutant (d)

interneurons. GLR-1::GFP (m, n) or endogenous GLR-1 (o) (detected by anti-GLR-1

antibodies7) cell-body ¯uorescence was quanti®ed by measuring the pixel intensity of

confocal projections. Values shown are means 6 sem (AU, arbitrary units). From 19 to 55

nuclei were examined for each genotype. Asterisk, values signi®cantly different

(P < 0:0001) from wild type.

Table 1 UNC-43 regulates GLR-1 synaptic density

Effect of Ca2+ and neural activity on GLR-1 synaptic density²
Genotype Gene product Synapse density (no. per 10 mm)
.............................................................................................................................................................................

Wild type 3:7 6 0:1
Synaptic transmission

unc-13 Munc13 4:1 6 0:1
unc-18 Sec1p 3:7 6 0:1
unc-64 Syntaxin 3:8 6 0:1
unc-104 SV Kinesin 4:0 6 0:1
snt-1 Synaptotagmin 4:1 6 0:1

Ca2+ signalling
unc-43 aCaMKII 2:3 6 0:1*
unc-2 VDCC a1 2:5 6 0:1*
unc-36 VDCC a2 2:8 6 0:1*
egl-19 VDCC a1 2:0 6 0:1*
egl-19(gf) 2:7 6 0:1*
unc-2; egl-19 2:3 6 0:1*
unc-2; unc-43 2:2 6 0:1*

.............................................................................................................................................................................

UNC-43 regulates GLR-1 synaptic density
Genotype Transgene³ Synapse density (no. per 10 mm)
.............................................................................................................................................................................

Wild type ± 3:7 6 0:1
unc-43 ± 2:4 6 0:1*
unc-43 WT 3:6 6 0:1
unc-43 K42R 2:5 6 0:1*
unc-43 rat a 3:5 6 0:1
unc-43(gf) ± 2:7 6 0:1*
unc-43 T286D 3:1 6 0:1*
unc-43 K42R,T286D 2:4 6 0:1*
unc-2 ± 2:5 6 0:1*
unc-2; unc-43(gf) ± 2:1 6 0:1*

.............................................................................................................................................................................

Mutations are loss of function, unless gain of function is speci®ed (gf). From 10 to 30 animals were
examined for each genotype. Values are means 6 s.e.m.
* Indicates a signi®cant difference (P , 0:0001, t-test) from wild type.
² Synaptic density (number of GLR-1::GFP clusters per 10 mm length of ventral nerve cord) was
counted for each genotype.
³ Transgene indicates the version of unc-43 or rat CaMKII cDNA expressed by the glr-1 promoter in
the indicated genetic background. SV, synaptic vesicle; VDCC, voltage-dependent calcium
channel; WT, wild type.
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type UNC-43 cDNA in the GLR-1-containing cells, whereas
expression of a catalytically inactive mutant, UNC-43 (K42R),
had no effect. Expression of a constitutively active, calcium-
independent form of CaMKII, UNC-43(T286D)16, in the GLR-1-
expressing interneurons also produced a signi®cant reduction in the
density of GLR-1::GFP clusters, whereas expression of the kinase-
dead double mutant, UNC-43(K42R,T286D), did not (Table 1).
These results indicate that CaMKII activity in GLR-1-expressing
cells may regulate the addition of GLR-1-containing synapses in the
ventral cord during larval growth.

What is the source of calcium that activates CaMKII? The unc-2,
unc-36 and egl-19 genes encode subunits of voltage-dependent
calcium channels17,18. We found that loss-of-function mutations in
unc-2 and egl-19 (and to a lesser extent unc-36) produced signi®cant
reductions in GLR-1::GFP clusters in adults (Table 1). Moreover, a
gain-of-function mutation that is predicted to increase calcium
in¯ux, egl-19(n2368sd)18, also signi®cantly reduced the density of
GLR-1::GFP clusters in adults, similar to the defect seen in unc-
43(gf) and unc-43(T286D) mutants. These results indicate that
calcium in¯ux through channels containing EGL-19 and UNC-2
subunits may regulate formation of GLR-1::GFP clusters in the
ventral cord. Although both regulate cluster density, the calcium
channels and unc-43 CaMKII may regulate GLR-1 by different
mechanisms. If this were the case, we would expect that double
mutants lacking both CaMKII and the calcium channels would have
more severe defects in cluster density than either single mutant. In
contrast, we found that the cluster densities of the unc-43(lf); unc-
2(lf) double mutant and single mutants were indistinguishable
(Table 1). These results indicate that the calcium channels and
CaMKII form a single pathway regulating the density of GLR-1
synapses, as expected if calcium in¯ux through these channels
activates the endogenous unc-43 CaMKII.

The effects of the unc-43 and the calcium-channel mutations are
both consistent with a model in which CaMKII plays both stimu-
latory and inhibitory roles in GLR-1 synapse formation. On the one
hand, CaMKII activity promotes synapse formation, as seen by the
decreased density of GLR-1::GFP clusters in mutants with either
decreased calcium in¯ux or decreased unc-43 CaMKII activity. On

the other hand, CaMKII can also inhibit synapse formation, as seen
by the decreased density of clusters in mutants with increased
calcium in¯ux or constitutive unc-43 CaMKII activity. Although
the underlying mechanisms might differ, there are precedents for
both potentiation and depression of synaptic strength by CaMKII in
vertebrates2,3. CaMKII regulates growth of dendrites19; however, we
found that the length of the interneuron neurites was not altered by
changes in unc-43 CaMKII activity (data not shown).

As a ®rst step toward determining how unc-43 CaMKII regulates
the formation of GLR-1 synapses, we compared the subcellular
localization patterns of GLR-1::GFP with a rescuing full-length
GFP-tagged UNC-43 reporter (GFP::UNC-43)8. Both GFP-fusion
proteins were found in ventral cord clusters, as well as in perinuclear
structures in cell bodies (Figs 2a and 3a; and data not shown). Thus,
unc-43 CaMKII could regulate GLR-1::GFP in processes occurring
either in the cell body (for example, intracellular traf®cking) or in
the axon (for example, addition of receptors to postsynaptic
elements). The perinuclear GLR-1::GFP (Fig. 2a) is probably an
intermediate in transport of GLR-1 to the axons, as transiently
expressed GLR-1::GFP (utilizing a heat-shock vector) accumulated
in this compartment at early times after heat-shock, but was found
in axons at later time points (data not shown).

Mutants lacking either unc-43 CaMKII or the calcium channels
(unc-2 and egl-19) accumulated high levels of GLR-1::GFP in the cell
body, particularly in these perinuclear structures (Fig. 2b, k; and
data not shown); however, the amount of GLR-1::GFP in individual
ventral cord clusters of these mutants did not differ from that in
wild-type animals (data not shown). Qualitatively similar results
were observed when we compared the distribution of endogenously
expressed GLR-1 (stained with anti-GLR-1 antibodies, Fig. 2o).
Other synaptic proteins (for example, the vesicle protein SNB-1
(ref. 20)) did not accumulate in the cell bodies of unc-43 mutants
(82 6 6 arbitrary ¯uorescence units (AU)), n � 25, compared with
98 6 7 AU, n � 33 for wild type), indicating that CaMKII does not
globally regulate the traf®cking of neuronal membrane proteins
(Fig. 2c, d). Expression of a wild-type UNC-43 complementary
DNA in the GLR-1-expressing neurons rescued both the GLR-1
traf®cking and the decreased synaptic-density defects, whereas
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expression of the kinase-dead UNC-43(K42R) cDNA rescued
neither (Table 1; Fig. 2e, f). Similarly, expression of a rat aCaMKII
cDNA in the GLR-1-expressing neurons also rescued both the
lowered synaptic density and the traf®cking defects of unc-43
mutants (Table 1; Fig. 2g), showing that this function of CaMKII
has been conserved across phylogeny. Our results indicate that unc-
43 CaMKII regulates the traf®cking of GLR-1 from the cell body to
neurites and that CaMKII may possibly regulate the traf®cking of
AMPA receptors in mammalian neurons. These results are also
consistent with reports that the delivery of AMPA receptors to
postsynaptic elements in rodent neurons is regulated by neural
activity13,14,21±23.

Constitutive activation of unc-43 CaMKII also resulted in
reduced numbers of GLR-1-synapses; however, in this case, GLR-
1::GFP did not accumulate in the cell bodies of neurons (Fig. 2h, j).
The GLR-1 traf®cking defect found in calcium-channel mutants
was not observed in unc-43(gf); unc-2(lf) double mutants (Fig. 2l),
as expected if calcium in¯ux through these channels activates unc-
43 CaMKII. These results also indicate that the normal calcium-
dependent form of CaMKII activity (in wild-type animals) may
have different physiological effects from the constitutively active
version (which reduces synapse density). One model that might
explain this is that these two forms of CaMKII are localized
differently within neurons, and hence they have distinct effects. A
GFP-tagged version of rat aCaMKII has been reported to be
properly localized to synapses in cultured neurons24, and we con-
structed a similar GFP-tagged form of UNC-43 to monitor its
subcellular distribution in vivo. Expression of the GFP::UNC-43
construct corrected two behavioural defects observed in homo-
zygous unc-43(lf) mutants (Fig. 3c), suggesting that fusion to the
GFP moiety did not perturb the function or subcellular localization
of unc-43 CaMKII. Wild-type GFP::UNC-43 was localized in ventral
cord clusters (Fig. 3a; 3:7 6 0:4 clusters per 10 mm, n � 13). In
contrast, GFP::UNC-43(T286D) was diffusely distributed and had
signi®cantly (P � 0:0001) fewer ventral cord clusters (Fig. 3b;
1:3 6 0:2 clusters per 10 mm, n � 11). These two transgenes were
expressed at similar levels (28 6 3 AU, n � 23 for GFP::UNC-43,
and 31 6 3 AU, n � 24 for GFP::UNC-43(T286D)), indicating that
the difference in localization pattern was not due to differences in
expression levels. The unc-43 CaMKII activity was not required for
localization, as the kinase-dead GFP::UNC-43(K42R) protein was
localized to clusters whereas a kinase-dead double mutant
GFP::UNC-43(K42R, T286D) was not (data not shown). Thus,
constitutively-activated CaMKII fails to localize to synaptic sites
and also decreases the density of GLR-1::GFP clusters. These results
indicate that synaptically localized calcium-dependent CaMKII
activity may be required for either addition or maintenance of
GLR-1::GFP at synaptic sites (Fig. 4a, b). Upon constitutive activa-
tion in response to high calcium levels, CaMKII is removed from
synaptic sites and can no longer add or maintain GLR-1::GFP at
these sites (Fig. 4c). These results are consistent with reports that
synaptic localization of rat aCaMKII changes in response to
autophosphorylation24.

We have shown that CaMKII and voltage-dependent calcium
channels are required for the homeostatic control of synaptic
density during growth. We propose that this regulation is mediated
by two distinct antagonistic functions of CaMKII (Fig. 4). As the
worm grows in size, the synaptic density along the ventral cord
drops, which should result in reduced excitation of the inter-
neurons. Under these conditions, CaMKII induces formation of
new synapses, perhaps by augmenting transport of nascent
receptors from the cell bodies. Consistent with this idea, a slightly
increased density of GLR-1::GFP clusters occurred in mutants that
have reduced synaptic transmission, and hence should mimic
reduced synaptic density (Table 1). Conversely, too high a synaptic
density would cause increased excitation and constitutive CaMKII
activity, which would destabilize existing synapses or prevent the

addition of new ones. One caveat for our results is that we have not
directly measured changes in CaMKII activity in mutant or trans-
genic neurons. Thus, we cannot state unequivocally that the unc-
43(gf) mutations or transgenes are actually changing the total
kinase activity in these cells. Nonetheless, it is clear that unc-43
CaMKII catalytic activity is required for maintaining the proper
GLR-1 synaptic density and for GLR-1 traf®cking. The mechanism
by which CaMKII regulates GLR-1 traf®cking and localization is not
known but might involve direct phosphorylation of GLR-125,26.

Our results are similar in some respects to a form of plasticity,
synaptic scaling11,27. The synapses of cultured neurons are scaled up
or down together, in response to changes in neural activity. Like-
wise, we have found that interneurons in vivo increase or decrease
the number of postsynaptic elements, depending on their pattern of
activity. Our results indicate that phenomena similar to synaptic
scaling may occur in vivo and may be utilized to maintain constant
density of excitatory synapses in response to dramatic growth of
axons during development. M

Methods
Strains

dpy-7(e88), egl-19(n582,ad695sd,n2368sd), lin-5(e1348), lon-2(e678), sma-2(e502),
sma-4(e729), snt-1(n2665), unc-2(e55,e97,e129), unc-13(e51), unc-18(e81), unc-36(e251),
unc-43(n1186,e408,n498sd), unc-64(e246) and unc-104(e1265,rh142).

Molecular biology

The rat aCaMKII transgene (KP#350) was generated by ligating the rat aCaMKII cDNA
(M. Kennedy) into the pV6 vector (V. Maricq), which contains the glr-1 promoter and the
unc-54 39UTR. The unc-43(T286D) (KP#285), unc-43(K42R) (KP#351) and unc-43(K42R,
T286D) (KP#352) transgenes were generated by modifying the unc-43 cDNA by PCR, and
veri®ed by sequencing. The GFP-unc-43(T286D) (KP#287) transgene was generated by
ligating the unc-43(T286D) cDNA into KP#241, a vector containing the glr-1 promoter, a
synthetic intron, GFP, and the unc-54 39UTR. The HS-GFP-unc-43 (KP#353) transgene
was generated by ligating GFP-unc-43 into PD49.78 (A. Fire).

Expression of transgenes

Transgenic strains were isolated by micro-injecting plasmids (typically at 50 ng ml-1) using
either osm-10::gfp (A. Hart) or rol-6dm (C. Mello) as a marker. KP#286 and KP#287 were
injected at 20 ng ml-1 without marker, and lines were identi®ed by the transgene GFP
¯uorescence. Three or more lines were analysed in all transgenic experiments.

Analysis of ¯uorescence

GLR-1::GFP was observed in living animals as described8. For confocal microscopy,
animals were ®xed in 4% paraformaldehyde, then observed on a BioRad MRC1045. All
animals were confocally sectioned in successive 0.5 mm focal planes under identical
conditions to allow comparison with NIH Image. Image data ®lled the 8-bit dynamic
range without saturation.
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Calcium/calmodulin-dependent serine/threonine kinase type II
(CaMKII) is one of the most abundant proteins in the mammalian
brain, where it is thought to regulate synaptic plasticity and other
processes1±3. Activation of the multisubunit kinase4 by calcium is
effectively cooperative and can persist long after transient calcium
rises1,5,6. Despite extensive biochemical characterization of
CaMKII and identi®cation of numerous in vitro kinase targets1,
little is known about its function in vivo. Here we report that unc-
43 encodes the only Caenorhabditis elegans CaMKII. A gain-of-
function unc-43 mutation reduces locomotory activity, alters
excitation of three muscle types and lengthens the period of the
motor output of a behavioural clock. Null unc-43 mutations cause
phenotypes generally opposite to those of the gain-of-function
mutation. Mutations in the unc-103 potassium channel gene
suppress a gain-of-function phenotype of unc-43 in one tissue

* Present address: Howard Hughes Medical Institute and Department of Molecular and Cell Biology,

University of California, Berkeley, California 98720-3204, USA

without affecting other tissues; thus, UNC-103 may be a tissue-
speci®c target of CaMKII in vivo.

The kinase activity of each subunit of the multisubunit CaMKII
holoenzyme is activated by binding Ca2+-calmodulin. Activated
subunits can phosphorylate adjacent activated subunits, causing a
large increase in af®nity for Ca2+-calmodulin and partial Ca2+

independence, properties that confer cooperativity and memory
of Ca2+ spikes5,6. CaMKII can phosphorylate a wide range of
proteins in vitro, but under these conditions the kinase is
nonspeci®c1 and the functions of these potential targets in vivo
are unclear. In vivo evidence for function has come from deletion of
the CaMKIIa gene in mouse, which compromises spatial learning in
the hippocampus and reduces its synaptic correlate, long-term
potentiation2,3. Further progress has been impeded by the extreme
complexity of the mammalian brain and the existence of four
CaMKII genes in mammals with overlapping expression patterns7,
making genetic redundancy likely.

unc-43 is de®ned by one gain-of-function (gf) mutation and
many loss-of-function (lf) mutations8,9. We genetically mapped
unc-43 to an interval that contains the single C. elegans CaMKII
gene (Fig. 1). We sequenced the CaMKII coding region10 in twelve
unc-43 alleles and found mutations in each (Fig. 1c). Two of the lf
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Figure 1 unc-43 encodes CaMKII. a, cDNA1 has 69% overall identity with rat CaMKIIa.

unc-43 functional domains are shown in boxes with their percentage identity. b, unc-43

alternate splicing. The yk70e10 exon 12, `12S', is six nucleotides shorter than exon 12 in

other cDNAs. Exon 4A was not identi®ed in a cDNA, but might encode a peptide very

similar to the exon 4B peptide. A similar arrangement of alternative exons 4 is found in the

Caenorhabditis briggsae CaMKII homologue (not shown)10. All unc-43 exons, but not

introns, share a high degree of identity with the C. briggsae homologue (not shown).

c, Alignment of C. elegans unc-43 cDNA1 with rat CaMKIIa. Black highlights identical

residues, and grey highlights similar residues. Mutational changes are indicated.


