
into wild-type and syd-1 mutant
worms. Interestingly, none of the point
mutations predicted to alter GAP func-
tion had dramatic effects on SYD-1
function in the animal. However,
expression of a SYD-1 lacking the GAP
domain caused strong dominant dis-
ruptions in neurite outgrowth. Thus,
the GAP domain is important for
appropriate SYD-1 function, but it may
not function like a traditional GAP.
The next step will be to determine what

the targets of SYD-1 are and how they act
to control the localization of presynaptic
components to the appropriate neurite.
Mutations that disrupt the SAD-1 protein
kinase, a relative of the PAR-1 kinase that
regulates the polarity of asymmetric cell
divisions, also cause presynaptic markers
to be inappropriately sorted into pre-
sumptive dendrites9, and it will be of inter-
est to examine the relationship between
SAD-1 and SYD-1. Determining the
mechanism by which SYD-1 is specifical-
ly localized to axons will also shed light on
upstream regulators of SYD-1. Detailed
analysis of early stages of neuronal devel-

opment and the use of conditional
mutants may help determine the stage at
which SYD-1 is required during out-
growth. Such work would be greatly facil-
itated by molecular markers permitting
dendritic characteristics to be assessed with
ease. Nonetheless, the identification of
SYD-1 provides a springboard for uncov-
ering the mechanisms that permit the
processes from a single neuron to acquire
such remarkably distinct identities.
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Fig. 1. Each VD neuron extends a single process that is spatially segregated into dendritic and
axonal branches in wild-type worms. The dorsal branch functions as the dendrite and contains
no presynaptic terminals; the ventral branch functions as the axon and forms synapses onto ven-
tral muscles. In syd-1 mutants, the formation of dorsal and ventral branches is unaltered, but the
dorsal branch accumulates presynaptic components and forms synapses onto dorsal muscles.
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The presence of a potential rhoGAP
domain in SYD-1 suggested a possible con-
nection between SYD-1 and the control of
actin dynamics. As the Rho family of small
GTPases is important in regulating actin
dynamics, rhoGAPs can have powerful
effects on neuronal morphogenesis8. This is
especially intriguing given the contribution
of F-actin dynamics to axon formation in
culture (see above). However, the sequence
of the rhoGAP-related region in SYD-1
contains unusual amino acids at positions
important for the catalytic activity of other
rhoGAPs. Hallam et al.1 examined this
issue further by creating a series of mutant
forms of SYD-1 and reintroducing them
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AMPA autoreceptors fill the
gap in olfactory temporal
coding
W. Martin Usrey

A new study uncovers a possible mechanism, involving gap
junctions and AMPA autoreceptors, to promote near-synchronous
activity in mitral cells of the mammalian olfactory bulb.

The author is at the Center for Neuroscience,
University of California, Davis, 1544 Newton
Court, Davis, California 95616, USA.
e-mail: wmusrey@ucdavis.edu

Since the earliest recordings from sensory
neurons by Adrian1,2 and Hartline3, it has
been recognized that sensory information is
encoded in the firing rate of individual neu-
rons. Generally speaking, as the intensity of a
sensory stimulus increases, so does the fir-
ing rate of specific neurons along that sen-

sory pathway. Although such ‘rate codes’ are
certainly prevalent in the nervous system,
information may also be encoded in the pre-
cise timing of neural responses. Synchro-
nized or correlated activity among ensembles
of neurons has been proposed to carry sen-
sory information (reviewed in ref. 4). It is
hotly debated whether temporal coding
occurs in the mammalian nervous system,
but there is general agreement that spike tim-
ing is involved in information processing in
the olfactory system of insects. For instance,

odor discrimination in the honeybee is
impaired if the activity of neurons in the
antennal lobe and mushroom body becomes
desynchronized5. In this issue, Schoppa and
Westbrook describe a mechanism for the
production of near-synchronous (< 10 ms)
correlated spikes by pairs of mitral cells in
the mammalian olfactory bulb6.

The mammalian olfactory bulb, the ear-
liest stage of odor processing, is an attrac-
tive model for information processing in
the brain. The surface of the olfactory bulb
is covered with numerous glomeruli that
are approximately 30–50 µm in diameter.
Each glomerulus consists of a spherical
region of neuropil containing axons of
olfactory receptor neurons, processes of
periglomerular cells and apical dendrites of
mitral and tufted cells (Fig. 1). A major
breakthrough in our understanding of
olfactory processing occurred in the mid-
1990s, when it was recognized that individ-
ual glomeruli receive input only from
olfactory receptor neurons that express the
same odorant receptor7,8. As a result, mitral
cells that extend dendrites into common
glomeruli receive input from the same class
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of olfactory receptors. Individual glomeruli,
therefore, can be viewed as both anatomi-
cally and functionally defined modules for
processing olfactory information.

Correlated oscillations (1–2 Hz) in
neural activity have been reported for pairs
of mitral cells that extend dendrites into
the same glomerulus9. These slow oscilla-
tions depend on NMDA receptor activa-
tion and are presumed to result from
spillover of neurotransmitter within the
interior of individual glomeruli9,10.
Because mitral cells are not directly con-
nected to each other by chemical synaps-
es11–13, it was assumed that synchronous
or fast correlations were not possible.
Recent reports by Urban and Sakmann14

as well as Schoppa and Westbrook6 now
demonstrate that nearly synchronous 
(< 10 ms) excitatory coupling and fast cor-
relations also exist between pairs of mitral
cells that extend apical dendrites into the
same glomerulus. This finding opens the
door for the possibility that fast correla-
tions in mitral cell activity might be
involved in odor processing in mammals,
as previously suggested for insects.

Within the nervous system, fast 
correlations typically result from gap 
junction coupling, common excitatory
inputs, or release from common inhibition
(reviewed in ref. 4). Although gap junction
coupling was not thought to occur between
mitral cells, Schoppa and Westbrook now
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for odor discrimination is an unresolved
issue. Neurons in the antennal lobe of
insects have been likened to those in the
mammalian olfactory bulb, and disruption
of correlated activity among antennal lobe
neurons is known to degrade odor dis-
crimination5. Although the experiment
would be technically difficult, it would be
extremely useful to know whether disrup-
tion of either the slow (1–2 Hz) oscillato-
ry9 or near-synchronous6,14 activity of
mitral cells has a similar influence on odor
discrimination in mammals. Because indi-
vidual glomeruli receive input only from
olfactory receptor neurons that express the
same odorant receptor7,8, synchronously
firing mitral cells with apical dendrites that
target the same glomerulus can be viewed
as members of a collective ensemble. In the
visual system, synchronous activity among
pairs of LGN cells increases the probability
of driving postsynaptic spikes in the cor-
tex15. If synchronous mitral cell spikes were
to interact in a similar fashion, then these
spikes would help ensure the processing of
the olfactory signal originating from a given
class of odorant receptors. There has been
considerable debate over the years as to
whether spike timing and correlated activ-
ity carry information in the visual, audito-
ry and somatosensory pathways of
mammals. With recent progress and
promise in our understanding of informa-
tion processing in the olfactory system, it
seems likely that this system will be the first
to provide a conclusive answer.
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present evidence for gap junctions in this
system6. The authors found gap-junctional
coupling and near-synchronous activity
between mitral cells that extend apical den-
drites into the same glomerulus, but never
between mitral cells that target different
glomeruli with their apical dendrites.

In response to an initial depolarization,
only a small amount of current passes
through the gap junctions that couple one
mitral cell with another6. This current is
greatly amplified, however, by a new mech-
anism involving the activation of AMPA
autoreceptors (Fig. 1). According to the
authors’ model6, an action potential within
a given mitral cell leads both to the passage
of a small amount of current (insufficient to
drive spikes) through gap junctions to adja-
cent mitral cells and to dendritic release of
glutamate within the glomerulus. The
released glutamate then binds to nearby
AMPA autoreceptors located on the same
mitral cell, and the cell responds with a much
stronger depolarization. This AMPA-
amplified signal is then passed via gap junc-
tions to coupled mitral cells and, if above
threshold, leads to near-synchronous dis-
charge of action potentials in the two cells.
Because correlated activity between pairs of
mitral cells is extremely fast, the entire process
of AMPA autoreceptor–amplified signaling
must take just a few milliseconds to complete.

Whether or not correlated activity in the
mammalian olfactory system is important
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Fig. 1. Synaptic organization of olfactory bulb. Surrounding the olfactory bulb is an array of spher-
ical glomeruli. Within each glomerulus, axons of olfactory receptor cells (ORN) form synapses
with the apical dendrites of mitral cells(MC1,2 and 3)—the only output cells of the olfactory bulb.
Periglomerular (PG) cells also extend processes into each glomerulus. Although not shown here,
in the mouse, each glomerulus contains the apical dendrites of ∼25 mitral cells and the axon ter-
minals of ∼25,000 olfactory receptor cells. Schoppa and Westbrook6 propose that mitral cells
(e.g., MC1 and 2) that project to the same glomerulus can synchronize activity via AMPA autore-
ceptor activation and subsequent passage of current through gap junctions.

Ivelisse Robles
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