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Spontaneous and patterned activity, largely attributed to chemical
transmission, shape the development of virtually all neural circuits.
However, electrical transmission also has an important role in coor-
dinated activity in the brain. In the olfactory bulb, gap junctions
between apical dendrites of mitral cells increase excitability and
synchronize firing within each glomerulus. We report here that the
development of the glomerular microcircuit requires both sensory
experience and connexin (Cx)36-mediated gap junctions. Coupling
coefficients, which measure electrical coupling between mitral cell
dendrites, were high in young mice, but decreased after postnatal day
(P)10 because of a maturational increase in membrane conductance.
Sensory deprivation, induced by unilateral naris occlusion at birth,
slowed the morphological development of mitral cells and arrested
the maturational changes in membrane conductance and coupling
coefficients. As the coupling coefficients decreased in normal mice, a
glutamate-mediated excitatory postsynaptic current (EPSC) between
mitral cells emerged by P30. Although mitral–mitral EPSCs were
generally unidirectional, they were not present in young adult
Cx36�/� mice, suggesting that gap junctions are required for the
development and/or function of the mature circuit. The experience-
dependent transition from electrical transmission to combined chem-
ical and electrical transmission provides a previously unappreciated
mechanism that may tune the response properties of the glomerular
microcircuit.

connexin 36 � gap junctions � mitral cells � olfactory � EPSC

The development, as well as function, of many neuronal circuits
involves the interplay between chemical and electrical trans-

mission. Spontaneous activity and sensory experience provide
neural input important for circuit development (1–3). Electrical
transmission may be instructive for developing circuits, because gap
junctions are permeable to Ca2�, small organic metabolites, and
second messengers (4, 5). Gap junctions also can provide a struc-
tural blueprint for circuit formation by physically connecting neu-
rons into cortical columns (6, 7). At a functional level, electrical
synapses can synchronize spontaneous oscillations that are instruc-
tive for developing circuits (8–10, 5, 11, 12).

In the adult rodent brain, connexin (Cx)36 is responsible for the
majority of electrical synapses between neurons (13, 14). The
presence of gap junctions often defines functional sets of neurons;
thus, creating neuronal networks (15) that synchronize neuronal
activity (16–20). In the olfactory bulb, each glomerulus comprises
a functional microcircuit, in which mitral cells that project their
apical dendrites to the same glomerulus are electrically coupled (19,
21). Excitability within the glomerulus is influenced by glutamate
release from mitral cells that leads to autoexcitation (22–26) and
lateral excitation (27). Summated chemical and electrical transmis-
sion between mitral cells is important for amplification of odorant
inputs from olfactory receptor neurons and correlated output to
olfactory cortex (27, 28).

We report here that the impact of chemical and electrical
transmission on mitral cell excitability changes dramatically during
development. To assess glomerular activity, we used paired somatic
and paired dendritic recordings from mitral cells during the first 5
postnatal weeks. This time window is critical for bulb development
(29, 30). Simulations of a glomerular network were used to assess

the relationship of the gap-junctional conductance to other mem-
brane conductances. During this period, the coupling coefficient
between mitral cells decreased because of increases in non-gap-
junctional membrane conductances, and a glutamate-mediated
mitral–mitral excitatory postsynaptic current (EPSC) emerged.
These measures of circuit maturation were differentially affected by
sensory deprivation or genetic removal of Cx36. Surprisingly,
spontaneous mitral cell activity in slices from young adult mice was
high in sensory-deprived animals, but nearly absent in Cx36�/�

animals.

Results
Sensory Experience and Electrical Coupling Between Mitral Cells. We
made recordings from pairs of mitral cells in slices that ranged in
age from postnatal day (P)7 to 42 (Fig. 1A). In control animals,
direct current injection into one cell (cell 1; �250 to �400 pA, 0.7 s)
elicited a simultaneous voltage deflection in the follower cell (cell
2; Fig. 1A), consistent with electrical coupling between mitral cells
that project their apical dendrite to the same glomerulus (19, 21).
The coupling coefficient was high in young animals (12.4 � 1.3%,
P7–10, n � 24), and then decreased after the first postnatal week
(Fig. 1B; P � 0.0001, Newman–Keuls 1-way ANOVA). However,
substantial electrical coupling persisted in normal young adult
animals (3.29 � 0.62%, P31–40, n � 34). These values match those
previously reported in P14–21 mitral cells (19, 21), indicating that
coupling coefficients remain stable after the second postnatal week.
Mitral cell apical dendrites increase in length and complexity during
the first few postnatal weeks (30). However, apical dendritic
filtering could not account for the decrease in coupling coefficients,
because we observed similar developmental decreases using paired
dendritic recordings (15.5 � 2.0%, P7–10, n � 14; 6.3 � 0.8%,
P14–35, n � 16; P � 0.001; Fig. S1).

Between the first and second week, the olfactory mucosa in-
creases 2.5-fold in surface area, and the number and size of
glomeruli increase similarly (30). Because coupling coefficients
declined during this period of rapid olfactory development, we
wondered whether sensory experience might affect electrical trans-
mission. To address this issue, we deprived mice of sensory input
using permanent unilateral naris occlusion on P1. Naris occlusion
prevents odorant responses, acutely attenuates neural activity in the
olfactory bulb, and uncouples cellular activity from the respiratory
cycle (31). Naris occlusion was deemed successful when the bulb
ipsilateral to the occlusion was smaller than the contralateral bulb
after P28 (Fig. 1C) (32). Coupling coefficients between mitral cells
in deprived bulbs (P � 28) did not show a developmental decrease,
remaining as high (10.5 � 1.4%, n � 22; Fig. 1D) as those in control
animals at P7–10. In contrast, recordings in the contralateral bulbs
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showed the expected decrease (4.1 � 0.8% n � 18; P � 0.001,
deprived vs. contralateral; Fig. 1D).

One month of sensory deprivation did not lead to any gross
rearrangements in the lamination of the olfactory bulb, or the
glomerular projection of mitral cells (Fig. 1C) (33). However, mitral
cells from sensory-deprived animals had proportionately shorter
apical dendrites and smaller glomerular diameters, consistent with
impaired morphological development (Fig. 1C; Fig. S2). In con-
trast, genetic deletion of Cx36, which reduces the response of the
glomerular circuit to afferent stimulation (27), did not affect
dendritic growth (Fig. S2). Thus, sensory experience is necessary for
the developmental decrease in coupling coefficients and morpho-
logical development of the glomerular circuit.

Coupling Coefficients and the Membrane Conductance. The decrease
in coupling coefficients with development and their dependence on
sensory experience could result from decreased expression of Cxs.
However, Cx36 mRNA levels remain high in the olfactory bulb into
adulthood, unlike the decreases observed in many brain regions (16,
34). Furthermore, coupling coefficients also depend on the non-
gap-junctional membrane conductance (35, 36). We assessed the
non-gap-junctional membrane conductance by comparing mitral
cell input resistances and coupling coefficients in sensory-deprived
animals, Cx36�/� animals, and control animals. In control animals,
the input resistance markedly declined after the 1st postnatal week,
a pattern similar to the decrease in coupling coefficients. In

contrast, the input resistances in mitral cells from young adult
sensory-deprived and Cx36�/� mice were higher than in contralat-
eral bulbs or in age-matched controls (Fig. 2A). As expected,
electrical coupling was absent in mitral cell pairs from Cx36�/� mice
(Fig. 2 B and C) (21).

To separate the contribution of gap junctions and the non-gap-
junctional membrane conductance to the total membrane conduc-
tance, we simulated a glomerular network. We also examined the
effect of carbenoxolone (CBX) on input resistance. The simulated
network contained 15 mitral cells, each connected to other mitral
cells by gap junctions (SI Appendix). The simulations incorporated
the observed input resistances and coupling coefficients, and
changes resulting from sensory deprivation (Fig. S3). The simula-
tions predicted that the increase in membrane conductance during
development is sufficient to account for the decrease in coupling
coefficients. Random variability (uniform or biased) in the strength
of the simulated connections did not alter this conclusion (Eqs. S7
and S8 in SI Appendix). For experiments examining CBX-treated
cells, membrane conductance was considered as the residual (un-
blocked) conductance, whereas the estimate of the gap-junctional
conductance was the portion blocked by CBX taking into account
the differences in driving force (Eq. s3.1 in SI Appendix). The
calculated gap-junctional conductance did not change between
P7–10 and �P28 (3.7 � 0.9 nS vs. 4.5 � 1.2 nS, P � 0.59, n � 6 for
both groups). In contrast, there was a marked increase in the
membrane conductance during the same period (9.9 � 1.1 nS vs.
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Fig. 1. Sensory deprivation prevents the developmental decrease in coupling coefficients and alters olfactory bulb development. (A) Diagram of whole-cell somatic
recordings from pairs of mitral cells that project to the same glomerulus. Hyperpolarizing current injections (range �250 to �400 pA, 0.7 s) into cell 1 (black) elicited
avoltagedeflection inthecell2 (red).Eachtracerepresentsanaverageof7–10sweeps.Mitral cellsatP8showedhighercouplingthanatP33. (B)Thecouplingcoefficient
(ratio of the hyperpolarization in the test/stimulated cell) decreased after P10. (C) The right olfactory bulb was smaller in this P32 mouse after right naris occlusion at
P1. The laminar organization of the olfactory bulb and the projection of apical dendrites to glomeruli were not altered in sensory-deprived animals. The images show
slices from contralateral and sensory-deprived bulbs (P � 28), in which Thy1-YFP is expressed in a proportion of mitral cells. (Scale bar, 50 �m.) (D) In young adult mice
(P�28), thecouplingcoefficientwasgreateronthesidethatwassensorydeprived. Intheexamplecontralateral controlbulbshown,ahyperpolarizingcurrent injection
(�400 pA, 0.7 s) into cell 1 (black) elicited only a small voltage deflection in cell 2 (red), compared with the larger voltage deflection elicited in the deprived bulb (P �
0.001).
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16.7 � 1.4 nS, P � 0.003, n � 6 for both groups). The decrease
of input conductance in CBX confirmed the prediction of the
simulations (Fig. S3). Thus, gap-junctional conductance did
not change substantially with age or sensory deprivation (Fig.
S3B), whereas the genetic removal of Cx36 or sensory depri-
vation prevented the maturational increase in non-
gap-junctional membrane conductance.

Maturation of the Circuit Reveals a Mitral–Mitral EPSC. The increase
in membrane conductance during development should reduce the
impact of electrical coupling. We tested this issue by examining
transient responses to backpropagating actions potentials (bAPs) in

mitral cell pairs that projected to the same glomerulus. At P7–10,
a bAP in cell 1 (bottom black trace in Fig. 3A) produced a transient
inward current in cell 2 (upper red trace in Fig. 3A) that was blocked
by CBX (middle red trace in Fig. 3A), but not by 2,3-dihydroxy-6-
nitro-7-sulfonyl-benzo[f]quinoxaline (NBQX; n � 10, upper red
trace in Fig. 3A). When we stimulated in the opposite direction (Fig.
3A Right), a bAP in cell 2 (red traces) produced a transient inward
current in cell 1 (black traces). CBX abolished the transient inward
current (n � 10, middle black trace in Fig. 3A). The bidirectional
response and the block by CBX (Fig. 3B) are consistent with direct
coupling of the action potential waveform through gap junctions in
the absence of measurable chemical transmission. NBQX did not
affect the peak amplitude of the transient (right upper black traces
in Fig. 3A), but it did variably reduce a small, slow component (n �
10, range 12–85% of charge).

The situation was much different in mitral cells from young adult
mice (P � 28). A single bAP now generated a large and rapid
inward current in all cell pairs that was completely blocked by
NBQX, indicative of chemical transmission (Fig. 3 C Left and D).
We restricted our analysis to pairs of cells in which the apical
dendrites were visualized and projected to the same glomerulus.
Unlike the bidirectional coupling of action potential waveforms at
P7–10, a bAP in the other cell did not evoke an EPSC (50 of 53 pairs
Fig. 3C Right). The unidirectional mitral–mitral EPSCs did not
depend on electrical transmission through gap junctions, because
coupling coefficients for these cell pairs were similar in both
directions (4.8 � 1.3% vs. 3.1 � 0.9%; P � 0.12, n � 16). The
unidirectional mitral–mitral EPSC amplitude was 60.0 � 6.4 pA
(n � 37, P15–39).

The NBQX-sensitive mitral–mitral EPSCs were only seen in
pairs of mitral cells that projected to the same glomerulus. Thus, the
closely associated dendritic tufts within a glomerulus are the most
likely synaptic site (37). Consistent with this idea, in dendritic
recordings of electrically coupled mitral cells (P � 28, n � 22), a
bAP produced a large EPSP in the other dendrite, whereas a
subthreshold depolarizing pulse (1.2 nA, 5 ms) caused a barely
detectable depolarization (Fig. S4). Similar to somatic recordings,
the dendritic EPSP was unidirectional in all cases (upper black trace
in Fig. S4). These results indicate that direct chemical transmission
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Fig. 2. Sensory deprivation and genetic deletion of Cx36 prevent developmen-
tal changes in membrane conductance. (A) Input resistance decreased in control
mitral cells for all time intervals after P7–10 including the contralateral control
group (P � 0.001). In contrast, input resistance for the sensory-deprived and
Cx36�/� animals was much higher than the contralateral bulbs or age-matched
controls, respectively (P � 0.001, P � 0.002). (B and C) As expected, in Cx36�/�

animalsacurrentpulsecausedahyperpolarization inonecell (blacktrace),butno
electrical coupling in the follower cell (red trace). The confocal image shows 2
biocytin-filled mitral cells from a Cx36�/� mouse (P34). The margin of the glo-
merulus is outlined by the dotted line. (Scale bar, 50 �m.)
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Fig. 3. A mitral–mitral EPSC emerges in young adult
animals. (A and B) For electrically coupled cell pairs at
P7–10, a bAP elicited by a 1-ms current injection (bottom
traces) produced a capacitative artifact followed by an
inward current (top 2 traces). CBX (100 �M) abolished
the NBQX-insensitive inward currents (middle traces),
consistent with electrical coupling of the bAP. AP5 (100
�M) and gabazine (5 �M) were included in the extracel-
lular solution. In some cases, NBQX (10 �M) decreased
the slow component of the inward current (black cell;
Right Top), but had no effect on the peak inward current
(red cell; Left). (C) In contrast, for mitral cells at P � 28,
short current injection (2.5–3.5 nA, 1 ms) elicited a bAP in
cell 1 (red trace, Left Bottom) that produced an EPSC in
cell 2 (black trace; Left Top) that was completely blocked
by NBQX (10 �M; Left Middle). The EPSC was unidirec-
tional as current injection in cell 2 elicited a bAP (black
trace; Right Middle), but did not produce an EPSC in cell
1 (red trace; Right Top). At increased gain (right bottom
traces), the cell shows only a capacitative transient. AP5
(100 �M) and gabazine (5 �M) were present in the
extracellular solution. (D) NBQX completely blocked mi-
tral–mitral EPSCs in young adult animals (14 of 14 pairs,
P � 0.0001). All traces are averages of 7–10 consecutive
sweeps.
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develops between mitral cells projecting to the same glomerulus by
1 month postnatal.

Properties of Mitral–Mitral EPSCs. As expected for chemical trans-
mission, decreasing extracellular Ca2� from 2 mM to 0.75 mM
reduced the EPSC amplitude (23 � 2% of control amplitude,
n � 4; P � 0.0001; Fig. S5 Ai and Aii) and increased the
paired-pulse ratio (0.50 � 0.06 vs. 0.94 � 0.17, n � 4; P � 0.05;
Fig. S5Aiii). Mitral–mitral EPSCs showed more paired-pulse
depression compared with transmission between the same pre-
synaptic mitral cell and a periglomerular cell [paired-pulse ratio
(PPR) � 0.53 � 0.04, n � 6, vs. 0.80 � 0.06, interstimulus interval
(ISI) 100 ms, n � 7; Fig. S5 C and D], suggesting that mitral cells
may contain release sites with different properties. The paired
pulse depression for mitral–mitral EPSCs appeared to be pre-
synaptic because cyclothiazide (CTZ), which reduces AMPA
receptor desensitization, did not affect the paired pulse ratio
(0.70 � 0.04 vs. 0.71 � 0.05, ISI 100 ms, n � 6). However, as
expected, CTZ did increase the EPSC amplitude and duration
(172 � 21% control, P � 0.02; decay time constant: control 6.7 �
0.4 ms, CTZ 14.4 � 1.9 ms, P � 0.01, n � 6).

AMPA autoreceptor potentials, which result from direct activa-
tion of AMPA receptors on the mitral cell dendrite that released
glutamate, were present in both cells (Fig. S5B), even though the
mitral–mitral EPSC in these cell pairs was unidirectional. Thus,
electrical coupling of the AMPA autoreceptor potential (19) is not
a sufficient explanation for the mitral–mitral EPSC. Although block
of glutamate uptake with DL-threo-�-benzyloxyaspartic acid
(TBOA) can induce glutamate spillover within a glomerulus (24,
27), TBOA did not enhance the mitral–mitral EPSC (amplitude
77 � 9% of control; P � 0.05, n � 6). The paired pulse ratio was
also unaffected by TBOA (0.67�.04 vs. 0.63�.08, n � 6, P � 0.05).
Overall, these observations indicate that the mitral–mitral EPSC
results from direct synaptic contacts.

Neural Activity in Sensory Deprived or Cx36�/� Mice. Our results
indicate that the functional maturation of the glomerular circuit
results in a functional decrease in electrical coupling, an increase
in dendritic length and glomerular diameter, and the appearance
of a mitral–mitral EPSC. To examine whether these processes
were linked to neural activity, we compared the spontaneous
electrical activity in slices from sensory-deprived animals with
the activity in slices from Cx36�/� animals, which are known to
have reduced excitability within the olfactory bulb (27). Brain
slices of course lack the normal afferent input. However, spon-
taneous synaptic potentials and action potentials, and gap junc-
tions, create a background level of electrical activity that serves
as a measure of the overall excitability of the network. Surpris-
ingly, spontaneous mitral cell activity in sensory-deprived ani-
mals (n � 22) was actually greater than in age-matched (P � 28)
controls (n � 18, P � 0.01; Fig. 4 A and B). In contrast,
spontaneous activity in mitral cells in Cx36�/� animals (n � 8)
was as low as in the presence of synaptic receptor blockers (P �
28, P � 0.78, n � 10; Fig. 4 A and B). Mitral–mitral EPSCs were
present and of similar amplitude in the deprived bulb (33.1 � 6.8
pA, deprived bulb, n � 9; 50.8 � 10.1 pA, control bulb, n � 10;
P � 0.3; Fig. 4), but there were no detectable mitral–mitral
EPSCs in Cx36�/� animals (n � 8 of 8; Fig. 4C). These
observations indicate that spontaneous activity is not sufficient
to drive functional maturation of the circuit, and that Cx36-
mediated gap junctions are required for development of the
mitral–mitral EPSC.

Discussion
Cx36, Coupling Coefficients, and Membrane Conductance. Cx36-
mediated gap junctions between neurons are prominent during
development (38), but their possible instructive roles in circuit
formation are not well understood. In some circuits, gap junctions

essentially disappear in the adult (7, 39–42). Our results indicate
that Cx36-mediated gap junctions persist into adulthood in the
olfactory bulb. However, the impact at the soma of electrical
coupling was decreased because of a maturational increase in
non-gap-junctional membrane conductance. In young animals, the
high coupling coefficients and low membrane conductance pro-
mote efficient coupling of electrical activity.

Our estimates of gap-junctional conductance and non-gap-
junctional membrane conductance were based on simulations of a
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Fig. 4. Spontaneous mitral cell activity in sensory-deprived and Cx36�/� ani-
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glomerular network and on block of gap junctions with CBX.
Caveats to be considered are potential nonspecific effects of CBX.
For example, in cultured hippocampal neurons, CBX can cause
small decreases in non-gap-junctional membrane resistance (ca
20%; see ref. 72). Such changes would cause a small underestimate
of the gap-junctional conductance. Likewise, the simulations did
not consider variables such as voltage-dependent conductances and
their cellular distribution. For example, the electrical isolation of
gap junctions in the apical tuft would cause the simulations to
underestimate the gap-junctional conductance (43). However, the
consistency between the approaches supports the conclusion that,
during mitral cell development, it is the membrane conductance,
not the gap-junctional conductance, which underlies the reduced
impact of electrical transmission.

Mitral–Mitral EPSCs, Are They Really Synapses? Mitral–mitral exci-
tation largely has been attributed to spillover or coupling of
autoexcitatory potentials through gap junctions (19, 24), but
recent studies indicate the possibility of excitatory synapses
between mitral cells (37, 44). The properties of mitral–mitral
EPSCs in our experiments leave little doubt that they arise from
direct synaptic interactions, and are limited to older animals;
thus, explaining the lack of such EPSCs in earlier data using
slices from PN14–21 animals (19, 27). These properties include
the block by an AMPA receptor antagonist, the dependence on
extracellular calcium, and the presence of typical calcium-
dependent paired pulse depression. Also, EPSCs were virtually
always generated in only one direction in pairs of mitral cells,
which is incompatible with electrical transmission in cells
of comparable impedance (45). Although the location of the
presynaptic site remains to be established, EPSCs were only
present in cell pairs that project to the same glomerulus. This
observation suggests a dendritic release site within a glomerulus
(44). We cannot completely exclude nonglomerular contacts
such as synapses between lateral and apical dendrites or the
presence of recurrent mitral cells axons, but mitral cell axon
collaterals have not been reported in the external plexiform or
glomerular layer (46).

Mitral–mitral EPSCs could result from glutamate spillover at
conventional mitral-interneuronal synapses (47), or from distinct
release sites. We favor the latter for several reasons. First,
spillover should be enhanced by block of glutamate uptake, but
no such enhancement occurred in our experiments. Although
there is no ultrastructural evidence for conventional synapses
between rodent mitral cell dendrites (48–50), clear vesicles are
scattered along apical dendrites (48). Asymmetric synapses have
also been noted between salamander mitral cell dendrites (51).
Last, the difference in short-term plasticity between the mitral–
mitral EPSC and the mitral-interneuron EPSC may suggest
distinct release sites.

Experience-Dependent Maturation of the Glomerular Circuit. Olfac-
tory input reaches the olfactory bulb before birth (52); thus, the
postnatal maturation of the glomerular circuit is subject to the
influence of sensory input, as well as local circuit activity. Such
influences are well known to have a crucial role in the refinement
of developing sensory circuits (1, 53). Maturation of visual and
somatosensory circuits continues for weeks after the onset of
sensory input, and sensory deprivation leads to abnormal circuit
structure and function (3). In the olfactory bulb, naris occlusion has
been used to induce sensory deprivation. Naris occlusion can cause
reduction in the size of glomerular tufts, a reduction in dopamine
content, and possible synaptic rearrangements (54–56).

Although acute naris occlusion reduces spontaneous and odor-
evoked spiking in mitral cells (31), our results show a more complex
activity pattern in animals that were sensory-deprived for the first
month of life. Despite the loss of patterned sensory input, sponta-
neous activity in the deprived bulb was actually larger than the

contralateral control, to which the higher degree of electrical
coupling likely contributes. This observation may explain the in-
creased deoxyglucose signals in response to odorants in animals in
which the naris is reopened after chronic deprivation (57). How-
ever, the residual spontaneous activity in deprived animals was not
sufficient to drive the morphological development or functional
maturation of the glomerular circuit. Without sensory input, the
morphology and membrane properties of mitral cells seem to be
arrested at the initial stage of glomerular formation (i.e., P7–10).

Necessary Role of Cx36 in Circuit Maturation. Our results indicate
that genetic removal of Cx36-mediated gap junctions prevents
the development of chemical transmission between mitral cells.
Developmental interactions between electrical and chemical
transmission also occur in some invertebrate systems. For ex-
ample in Drosophila optic lamina mutations in gap junction genes
(innexins) can prevent chemical transmission between retinal
neurons and lamina monopolar neurons (58). In other cases,
invertebrate systems show transitions in either direction between
electrical coupling and chemical transmission (59, 60). A rela-
tionship between decreases in electrical coupling and increases
in chemical transmission has also been reported in the ferret
visual cortex (61). Synaptic activity may in some cases affect
electrical coupling as well (62–65).

Why gap junctions are required is not clear. Compensatory
changes can occur in knockout animals (66); thus, further experi-
ments will be necessary to examine the mechanism by which Cx36
affects synapse development. Electrical synapses could certainly
provide important biochemical and/or electrical signaling between
mitral cells, which could instruct pre or postsynaptic orientation and
the proper delivery of synaptic molecules. Alternatively, gap junc-
tions may act as molecular staples, bringing neighboring dendrites
into close proximity to allow for chemical signaling. In support of
the latter hypothesis, mitral cells in Cx36�/� mice are capable of
dendritic glutamate release (27), but our results show that they do
not have mitral–mitral EPSCs. Also, synchronized oscillations are
only present in Cx36�/� mice when glutamate transporters are
blocked. These results suggest that dendrites may not be as closely
apposed in the absence of gap junctions (66).

Functional Consequences. Odor discrimination of 2 structurally
similar chemicals can occur rapidly, in �200 ms, the equivalent
of 1 sniff (67). Synchronization of mitral cells within a glomer-
ulus is one potential mechanism to support such rapid olfactory
processing. Although synchronization has been largely attrib-
uted to electrical coupling in young animals, the excitatory
chemical transmission we describe here should enhance synchro-
nization of mitral cells as the circuit matures. Apical dendritic
tufts are capable of local generation of sodium-dependent action
potentials with strong stimulation of olfactory receptor neurons
(ORNs) (68, 69). Thus, rapid synchronization of glomerular
output can occur in the apical tuft without requiring bAPs.
Because there are �15–20 mitral cells per glomerulus in the
mouse (70), closely spaced afferent inputs are likely to lead to
rapid synchronization within the apical tuft. Given the strong
synaptic depression of mitral–mitral EPSCs, we suggest that they
provide a phasic response to strong odorant stimulation.

Methods
Tissue Preparation. All animal protocols were approved by the Institutional
Animal Care and Use Committee and followed the National Institutes of Health
guidelines for the ethical treatment of animals. Olfactory bulb slices were pre-
pared from 7- to 42-day-old Thy-1 transgenic mice that expressed YFP in a subset
of mitral/tufted cells (line YFP-G) (71). All recordings were done at 31–34 °C. We
used exclusively mitral cell pairs that projected to the same glomerulus. Detailed
protocols for electrophysiology, immunohistochemistry, and morphological
measurements are included in SI Methods. For some experiments, the right naris
was occluded by electrocauterization as described in SI Methods. Naris occlusion
prevents stimuli from reaching the olfactory epithelium, but does not directly
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damage olfactory receptor neurons or their axons that innervate the olfactory
bulb.

Network Modeling. We simulated a glomerular network of mitral cells con-
nected by gap junctions using Matlab 6.5 (MathWorks, 2002). Matrices with
random entries were generated using the Matlab function, rand. For addi-
tional details, see SI Appendix and Fig. S3.

Data Analysis and Statistics. We used AxoGraph on a Macintosh computer for
analysis. Estimates of charge for spike-coupled inward currents were mea-

sured by integrating the currents starting at the onset of the response. For all
experiments, statistical significance was determined by using standard t tests
and Newman–Keuls 1-way ANOVA, and indicated on the figures with aster-
isks. Averaged data values are reported as mean � SEM.
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