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Olfactory Reciprocal Synapses:
Dendritic Signaling in the CNS

Electron microscopic evidence indicates that mitral cell
dendrites contain synaptic vesicles clustered around
active zones (Rall et al., 1966; Price and Powell, 1970a,
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1970b). Granule cells contact mitral cells via large, vesi-University of Washington
cle-containing spines that are both pre- and postsynap-Seattle, Washington 98195
tic to mitral cell dendrites. Virtually all of these contacts
directly oppose mitral cell release sites, and this synap-
tic arrangement is believed to form the basis for recipro-Summary
cal dendrodendritic inhibition of mitral cells (Rall et al.,
1966; Rall and Shepherd, 1968).Synaptic transmission between dendrites in the olfac-

The basic physiological properties of this dendroden-tory bulb is thought to play a major role in the pro-
dritic circuit were described initially in the rabbit olfac-cessing of olfactory information. Glutamate released
tory bulb (Phillips et al., 1963; Nicoll, 1969) and subse-from mitral cell dendrites excites thedendrites of gran-
quently confirmed in the turtle (Jahr and Nicoll, 1980,ule cells, which in turn mediate GABAergic dendroden-
1982a, 1982b; Nowycky et al., 1981) and salamanderdritic inhibition back onto mitral dendrites. We exam-
(Wellis and Kauer, 1993, 1994). These studies demon-ined the mechanisms governing reciprocal dendritic
strated an important role for GABAA receptors in thetransmission in rat olfactory bulb slices. We find that
reciprocal inhibition of mitral cells. It has been proposedNMDA receptors play a critical role in this dendroden-
that glutamate released from mitral cell dendrites ex-dritic inhibition. As with axonic synapses, the dendritic
cites granule cell spines (Jahr and Nicoll, 1982b; Wellisrelease of fast neurotransmitters relies on N- and P/Q-
and Kauer, 1993, 1994); however, the postsynaptic re-type calcium channels. The magnitude of dendroden-
ceptors that drive GABA release in mammalian granuledritic transmission is directly proportional to dendritic
cell dendrites are not well defined. Throughout the CNS,calcium influx. Furthermore, recordings from pairs of
non-NMDA (N-methyl-D-aspartate) glutamate receptorsmitral cells show that dendrodendritic synapses can
mediate the majority of fast excitatory transmission,mediate lateral inhibition independently of axonal ac-
whereas NMDA receptors are thought to play a criticaltion potentials.
role in synaptic plasticity and development (Collingridge
and Lester, 1989). However, the high level of expression
of NMDA receptors in granule cell dendrites (CotmanIntroduction
and Iverson, 1987) raises the possibility that these recep-
tors play a central role in olfactory processing.Fast synaptic transmission in the brain is typically medi-

The reciprocal dendrodendritic circuit provides a reli-ated by neurotransmitters released from axon nerve
able mechanism for spatially localized self-inhibition ofendings. However, a prominent role for dendritic trans-
mitral cells. In addition, the extensive lateral dendritesmitter release has been suggested in several regions of
of mitral cells and the convergence of inputs from multi-the CNS, such as the substantia nigra (Cheramy et al.,
ple mitral cells onto single granules are thought to pro-1981) and retina (Dowling, 1968). While much attention
vide the basis of lateral inhibition and odor discrimina-has been focused on the mechanisms underlying trans-
tion (Yokoi et al., 1995; Brennan and Keverne, 1997).mitter release from conventional axon terminals, rela-

The olfactory bulb, therefore, relies on both conven-tively little is known about factors governing dendritic
tional axonic synaptic transmission as well as local re-transmitter release. To investigate such mechanisms,
lease of fast neurotransmitters from dendrites. It is un-we studied the mammalian olfactory bulb where recipro-
clear whether common mechanisms regulate transmittercal dendrodendritic synapses play a central role in odor
release from both dendrites and axons, since the cal-detection (Yokoi et al., 1995).
cium channels and intracellular calcium dynamics thatThe olfactory bulb is the first site for the processing of
underlie dendrodendritic inhibition are unknown. To ad-olfactory information in the mammalian brain (Shepherd
dress these questions, we have explored the mecha-and Greer, 1990). Mitral cells are the principal neurons
nisms governing dendrodendritic inhibition in slices ofof the olfactory bulb and send excitatory projections to
the rat olfactory bulb. Using patch-clamp recording fromthe piriform cortex (Figure 1A). Mitral cells have a highly
mitral and granule cells, we find that both NMDA and

specialized structure. They receive excitatory input from
non-NMDA receptors are critical for the generation of

olfactory nerve fibers via conventional axonic nerve ter-
dendrodendritic inhibition. Our results also indicate that

minalson the distal tufts of their primary dendrites. Mitral
high voltage–activated calcium channels of the N and

cells also receive a large number of inhibitory synaptic
P/Q class play a dominant role in dendritic transmission.

contacts primarily on their lateral (secondary) dendrites,
Studies of neurons in several different cortical brain re-

which extend for large distances across the olfactory
gions have revealed active properties of neuronal den-

bulb. These inhibitory contacts arise from the large
drites (Johnston et al., 1996; Stuart et al., 1997). We have

spines of axonless local interneurons, the granule cells.
used photometric measurements of calcium signals to
test for active properties in mitral cell dendrites. To study
the relationship between mitral cell activity and the gen-‡Present address: Department of Neuroscience, Case Western Re-

serve University, Cleveland, Ohio 44118. eration of the dendrodendritic response, we have made
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Figure 1. Dendrodendritic Inhibition in the
Rat Olfactory Bulb Slice

(A) Schematic of the olfactory bulb slice. ON,
olfactory nerve; Glom, glomerular layer; EPL,
external plexiform layer; ML, mitral cell layer;
GCL, granule cell layer; LOT, lateral olfactory
tract.
(B) Schematic of the reciprocal synaptic ar-
rangement between the dendrites of mitral
and granule cells.
(C) Current-clamp recording of dendroden-
dritic inhibition in a mitral cell. A depolarizing
current step (0.3 nA, 100 ms) evokes a train
of action potentials followed by a slow after-
hyperpolarization (Control). The afterhyper-
polarization persists in the presence of TTX
and TEA. The response is abolished following
the addition of bicuculline (1BMI).

simultaneous recordings of dendritic calcium influx and mitral cell (Figure 1B). These results demonstrate that
dendrodendritic inhibition is preserved in the rat olfac-dendrodendritic inhibition. The extent of reciprocal inhi-

bition was closely related to the magnitude of calcium tory bulb slice.
We next examined dendrodendritic inhibition in volt-influx in the mitral cell dendrite. Using dual recordings

from neighboring mitral cells, we also studied the propa- age-clamp recordings from mitral cells. The whole-cell
recording pipette contained a CsCl-based internal solu-gation of dendritic signals between principal cells. We

show that dendrodendritic synapses can mediate lateral tion, which sets the reversal potential for GABAA recep-
tor–mediated responses near 0 mV; inhibitory postsyn-inhibition in a manner that does not require voltage-

gated sodium channels. aptic currents (IPSCs) should then be inward currents
at negative holding potentials. Toevoke dendrodendritic
inhibition, we applied a brief (10 ms) depolarizing stepResults
from 270 to 0 mV. Under control conditions, this step
generated a large action current composed primarily ofWe first tested for the presence of dendrodendritic feed-

back inhibition in mitral cells using current-clamp re- sodium channel–mediated current. The action current
was followed by a slow inward current that was appar-cordings in slices of the rat olfactory bulb. Depolarizing

current steps evoked a train of action potentials in mitral ently generated by the summation of many individual
IPSCs (Figure 2A). Following the addition of TTX, the fastneurons that was followed by a long-lasting afterhyper-

polarization (Figure 1C). Following the application of action current was blocked, and when the depolarizing
voltage step was lengthened, a large inward calciumtetrodotoxin (TTX, 1 mM) to block sodium-dependent

action potentials and tetraethylammonium (TEA, 5 mM) current was evoked. In the presence of TTX, the calcium
current was followed by a slowly decaying barrage ofto block potassium channels, current steps evoked a

calcium spike followed by an afterhyperpolarization, sim- IPSCs that was similar to the response generated under
control conditions (Figure 2A). These results demon-ilar to that seen under control conditions. The long-

lasting afterhyperpolarization appeared tobe composed strate that inhibitory synaptic currents in mitral cells can
be elicited through purely dendritic interactions. Unlessof the summation of individual inhibitory postsynaptic

potentials (IPSPs). The subsequent addition of the GABAA otherwise indicated, all following experiments were per-
formed in the presence of TTX. To illustrate the synapticreceptor antagonist bicuculline methiodide (BMI, 10–20

mM) abolished the afterhyperpolarization, confirming component of evoked responsesmore clearly,we blanked
the calcium current generated during the voltage step.that the response was mediated by GABAA receptors.

These results suggest that this feedback inhibition of Under these conditions, the slow evoked responses
(peak amplitude 5 1.2 6 0.3 nA) decayed with a timemitral cells was mediated by dendritic interactions since

the response persisted in TTX, which blocks all axonal constant of 513 6 58 ms (n 5 8) and were abolished by
BMI (n 5 6; Figure 2B). The evoked response also wasconduction. The simplest interpretation of these results

is that mitral cell dendrites release an excitatory trans- blocked completely by the inorganic calcium channel
antagonist, cadmium (100 mM, n 5 6; Figure 2C). Thesemitter, presumably glutamate, which excites granule cell

spines and leads to the release of GABA back onto the results establish that the evoked IPSC is mediated by
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Figure 2. Voltage-Clamp Recordings of Dendrodendritic Inhibition

(A) Brief (10 ms) voltage steps evoke an action current (clipped) followed by a slow synaptic current (Control). Similar synaptic response
currents can be evoked following slightly longer voltage steps (50 ms), which generate large calcium currents in TTX. These long-lasting
synaptic responses reflect dendrodendritic inhibition of mitral cells and are composed of the summation of many discrete IPSCs (inset).
(B) Dendrodendritic inhibition is blocked by bicuculline (BMI, 10 mM).
(C) Dendrodendritic inhibition also is abolished by cadmium (Cd21, 100 mM).

GABAA receptors and that dendrodendritic inhibition re- Why doesdendrodendritic inhibition require both NMDA
and non-NMDA glutamate receptors? One possibility wequires voltage-gated calcium channels.

The majority of fast excitatory transmission in the considered was that NMDA receptors were important for
generating the response. If the two glutamate receptorbrain is mediated by non-NMDA glutamate receptors

(Collingridge and Lester, 1989). NMDA receptors, which types were colocalized on individual granule cell spines,
depolarization driven by thenon-NMDA receptors wouldhave relatively slow kinetics and are highly permeable

to Ca21, aregenerally thought tocontribute little to trans- be required to relieve the voltage-dependent Mg21 block
of theNMDA receptors. If thiswerethe case, thendendro-mission under resting conditions due to their voltage-

dependent block by extracellular Mg21. We next sought dendritic inhibition would be greatly enhanced in Mg21-
free Ringer’s solution. Indeed, we found a dramatic in-to determine which subtypes of glutamate receptors

on granule cell spines trigger the release of GABA. To crease in the magnitude of dendrodendritic inhibition
after washout of extracellular Mg21 (peak amplitude 5quantitate dendrodendritic inhibition, we measured the

integral of the current response following the voltage step. 2.4 6 0.6 nA, n 5 9; Figure 3B1). The decay time course of
dendrodendritic inhibition evoked in Mg21-free solutionThe non-NMDA receptor antagonist DNQX (6,7-dinitro-

quinoxaline-2,3-dione, 10–20 mM) caused a marked re- (551 6 40 ms, n 5 9) was similar to that in control
conditions. In Mg21-free solution, we found that dendro-duction in dendrodendritic inhibition evoked in all mitral

cells examined (21.2% 6 6.2% of control, n 5 9; Figure dendritic inhibition could be evoked by very brief (1–2
ms) voltage steps to the mitral cell. These responses3A). Surprisingly, the NMDA receptor antagonist APV

(D-2-amino-5-phosphopentanoic acid, 25–50 mM) caused were graded with the amount of calcium influx into the
mitral cell (n 5 6; Figure 3B2).a similar marked reduction in the dendrodendritic re-

sponse (19.6% 6 3.3% of control, n 5 7; Figure 3B). If dendrodendritic inhibition was generated preferen-
tially by NMDA receptors, then it would be expectedThe dendrodendritic response was virtually eliminated

when both APVand DNQX were coapplied (7.0% 6 3.0% that the requirement for non-NMDA receptors would be
greatly reduced in Mg21-free solution. Indeed, we foundof control, n 5 3). These results suggested that both

NMDA and non-NMDA receptors are critical for the gen- that while APV caused a marked reduction in dendro-
dendritic inhibition in Mg21-free solution (8.7% 6 1.9%eration of GABA release from granule cell spines.
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Figure 3. Importance of NMDA Receptors in
Dendrodendritic Inhibition

(A1) Plot of the reduction of dendrodendritic
inhibition by the non-NMDA receptor antago-
nist DNQX (20 mM). Sample records from this
mitral cell show dendrodendritic responses
before (Control) and after the addition ofDNQX.
(A2) In another mitral cell, the NMDA receptor
antagonist APV (25 mM) reduces dendroden-
dritic inhibition to a similar extent. The entire
response remaining after partial washout of
APV was abolished by BMI.
(B1) Removing Mg21 from the superfusing so-
lution causes a dramatic enhancement of de-
ndrodendritic inhibition in response to the
same voltage step.
(B2) Dendrodendritic inhibition in Mg21-free
solution is graded with calcium influx into the
mitral cell when evoked by voltage steps of
varying durations.
(C) In Mg21-free solution, dendrodendritic in-
hibition is governed almost entirely by NMDA
receptors, while the role of non-NMDA recep-
tors is reduced. The plot shows the results
from one experiment. Mg21-free solution was
substituted for the normal Ringer’s solution
during the period marked by the dashed line.
Under these conditions, APV (25 mM) caused
a marked reduction in dendrodendritic inhibi-
tion, but the subsequent application of DNQX
(20 mM) had littleeffect. Sample sweeps show
responses after washout of Mg21 (Control),
during the applicationof APV, and in the pres-
ence of DNQX.
(D) Summary of the actions of APV and DNQX
in normal and Mg21-free Ringer solution.

of control, n 5 13), DNQX was much less effective indicate that excitatory transmission between mitral and
(67.5% 6 7.3% of control, n 5 9; Figure 3C). Further- granule cells is mediated by both NMDA and non-NMDA
more, restoring Mg21 (1.3 mM) to this solution blocked receptors. Furthermore, these findings are consistent
dendrodendritic inhibition (4.5% 6 0.7% of control, n 5 with the involvement of both glutamate receptor sub-
6) to an extent similar to APV. The results from experi- types in dendrodendritic inhibition.
ments in normal and Mg21-free solution are summarized We then asked whether calcium channels in granule
in Figure 3D. Taken together, these results demonstrate cell spines were coupled directly to the release of GABA.
that NMDA receptors play a dominant role in triggering To address this question, we recorded from mitral cells
the release of GABA from granule cell spines. and depolarized granule cell dendrites using focal appli-

Since both NMDA and non-NMDA receptors are in- cation of 90 mM KCl in the presence of TTX (Figure 4B).
volved in dendrodendritic inhibition, we next studied Local depolarization of the granule cell dendrites was
directly the glutamate receptors that mediate excitatory alternated with voltage pulses to a mitral cell to monitor
transmission onto granule cell spines. We recorded from

dendrodendritic inhibition. Brief (100 ms) applications
granule cells in the absence of TTX and used a focal

of KCl into the EPL evoked a barrage of IPSCs thatstimulating electrode to evoke glutamate release from
resembled the response generated by voltage steps tothe dendrites of nearby mitral cells (Figure 4A). Stimula-
the mitral cell (Figure 4B). The coapplication of DNQXtion in the external plexiform layer (EPL) evoked excit-
and APV completely blocked the dendrodendritic inhibi-atory postsynaptic currents (EPSCs) in granule cells in
tion evoked from voltage steps to the mitral cell; how-the presence of BMI. At 280 mV, EPSCs decayed with
ever, the response to KCl was maintained. The simplesta rapid time course. In all cells examined (n 5 5), mem-
interpretation of these findings is that KCl directly de-brane depolarization revealed a slow component to the
polarized granule cell spines leading to the release ofdecay of the evoked EPSC (Figure 4A). The slow compo-
GABA. The subsequent addition of cadmium (100 mM)nent was blocked by APV and the remaining fast compo-

nent was abolished by DNQX (n 5 3). These results abolished this response. Similar results were obtained
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Figure 4. Synaptic Properties of Granule Cells

(A) Both NMDA and non-NMDA receptors mediate excitatory transmission in granule cells. EPSCs recorded from a granule cell were evoked
by extracellular stimulation of mitral cell dendrites (schematic). At 280 mV, a fast EPSC is evoked in granule cells. Depolarization of the
granule cell to 250 mV reveals a slow component of the EPSC. The slow component is blocked by APV (25 mM) and the remaining fast
component is abolished by DNQX (20 mM).
(B) Calcium channels in granule cell spines trigger GABA release. IPSCs recorded from a mitral cell in response to brief applications of 90
mM KCl from a puffer pipette (100 ms, 10 lb/in2) placed within the EPL (see schematic). Application of KCl (bar) in the presence of TTX (1 mM)
evokes a synaptic response (lower traces) that is similar to the dendrodendritic inhibition elicited in the same cell following a voltage step
(upper traces). Following the coapplication of APV (25 mM) and DNQX (20 mM), dendrodendritic inhibition is abolished but the response to
KCl is undiminished. The subsequent addition of cadmium (100 mM) completely abolishes the response evoked by focal depolarization.

in two other cells. These findings provide strong evi- similar to those recorded at the soma (87 6 4 mV).
Furthermore, action potentials always initiated first atdence that entry of calcium through voltage-dependent

calcium channels in granule cell spines is sufficient to the somatic site, regardless of the site of current injec-
tion (Figure 5A). These results indicate that action poten-trigger GABA release onto mitral cell dendrites.

The release of glutamate from conventional axonic syn- tials initiated close to the soma of mitral cells and back-
propagated through dendrites with little decrement.apses requires strong depolarization to open high thresh-

old calcium channels that control exocytosis (Dunlap et Another requirement for the dendritic release of gluta-
mate is the activation of calcium channels in mitral cellal., 1995). If a similar mechanism governs the release of

transmitter in the olfactory bulb, glutamate release may dendrites following action potential invasion. To exam-
ine this possibility, we measured the calcium transientsdepend upon the propagation of large-amplitude action

potentials through dendrites to activate local calcium evoked by single action potentials in mitral cells filled
with the fluorescent calcium indicator Oregon Greenchannels. We used several approaches to address the

active properties of mitral dendrites. We first made si- (100 mM). A photodiode was used to monitor the change
in fluorescence (DF/F) at several locations in the samemultaneous recordings from the soma and dendrites of

individual mitral cells to establish the dendritic propaga- mitral cell following single action potentials (Figure 5B).
Action potentials triggered calcium transients in thetion of action potentials in these neurons (Figure 5A).

Dual current-clamp recordings were made from the soma, primary and secondary dendrites, as well as the
distal dendritic tuft of mitral cells (Figure 5B1). Thesesoma and at locations up to 250 mm away (average

distance 155 6 19 mm) on primary dendrites using a K1- results indicate that single action potentials lead to cal-
cium influx in the dendrites of mitral cells that is presum-based internal solution in the absence of TTX. Action

potentials were evoked by small depolarizing current ably mediated by calcium channels. To confirm the pres-
ence of calcium channels in the dendrites, we examinedsteps applied at the somatic or dendritic recording site.

In all cases (n 5 7), the amplitudes of action potentials the effects of nickel and cadmium on the action poten-
tial-evoked calcium transients. Low concentrations ofrecorded at the dendritic location (84 6 7 mV) were
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Figure 5. Action Potentials Propagate into the Dendrites of Mitral Cells and Activate Dendritic Calcium Channels

(A) Simultaneous recording of action potentials at the soma and dendrite (150 mm from the somatic electrode). Upper traces show action
potentials evoked by a depolarizing current pulse injected at the soma (0.2 nA). Lower traces are from the same cell showing the responses
evoked when the depolarizing step was delivered to the dendritic electrode. In both cases, the action potential occurs first at the somatic
location.
(B1) Single action potentials evoke calcium influx in mitral cell dendrites. Calcium transients were measured at the regions indicated by the
circles in response to action potentials evoked at the soma by depolarizing current injection (lower sweeps).
(B2) Calcium transients recorded in the secondary dendrites of a mitral cell in response to single action potentials (lower sweeps) are insensitive
to nickel (50 mM) but are abolished by cadmium (100 mM).

nickel (50 mM) had no effect on calcium influx, whereas are able to intercept calcium ions before they trigger
transmitter release. It is not known whether similarlycadmium (100 mM) completely blocked the response

(Figure 5C). Similar results were obtained in three mitral tight coupling between voltage-gated calcium channels
and vesicle release machinery exists in the presynapticcell recordings. Since low voltage–activated (T-type)

calcium channels are generally sensitive to nickel (Avery dendrites of the olfactory bulb.
Mitral cells were recorded with our standard internaland Johnston, 1996), these results suggest that only

high threshold calcium channels mediate dendritic cal- solution (containing 0.2 mM EGTA) or alternately with
ones containing 20mM BAPTA or 20 mM EGTA. Dendro-cium influx following single action potentials.

We next asked whether the calcium channels that dendritic inhibition was measured from the time of patch
rupture at the start of whole-cell recording. Under con-regulate glutamate release from mitral cell dendrites were

near or far from vesicle release sites. To address this trolconditions, the dendrodendritic responses gradually
increased in magnitude during the first 3 min of whole-question, we studied the effects of the calcium chela-

tors 1,2-bis(2-aminophenoxy)ethane-N,N,N9,N9-tetraace- cell recording (Figure 6A1), presumably due to the load-
ing of the mitral cells with both cesium and chloride.tic acid (BAPTA) and ethylene glycol-bis(b-aminoethyl

ether)-N,N,N9,N9-tetraacetic acid (EGTA) on dendroden- Results were normalized to the steady-state responses
of the control mitral cells. In mitral cells recorded withdritic inhibition. In most axonal presynaptic terminals

studied previously, only chelators that have very rapid BAPTA, dendrodendritic responses to single voltage
steps were virtually absent (4% of control, n 5 6; Figurescalcium binding kinetics (e.g., BAPTA) can completely

suppress neurotransmitter release (Adler et al., 1991). 6A1 and 6A2). Dendrodendritic transmission could be
restored in BAPTA-loaded cells by applying short trainsBy contrast, chelators with similar affinities for calcium,

but relatively slow binding kinetics (e.g., EGTA), have of voltage steps (Figure 6A3), suggesting that the sum-
mation of three to five BAPTA-attenuated calcium tran-little or no effect on single evoked synaptic responses.

These findings have been used to suggest that calcium sients was sufficient to trigger glutamate release. The
ability to overcome the blocking actions of BAPTA withchannels must be very close to the sites of vesicle exo-

cytosis, since only chelators with very rapid kinetics repetitive stimulation has been described previously at
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Figure 6. Relationship between Mitral Dendrite Calcium Influx and Dendrodendritic Inhibition

(A1) Summary plot of the effect of loading mitral cells with EGTA (triangles) or BAPTA (closed circles). Records are normalized with respect
to the steady-state response recorded under control conditions (0.2 mM EGTA, open circles).
(A2) Representative dendrodendritic inhibition from cells recorded with 0.2 mM EGTA (control), 20 mM EGTA, and 20 mM BAPTA.
(A3) Although the response to single voltage steps is abolished in BAPTA-loaded cells, a train of voltage steps restores dendrodendritic
inhibition. Calcium current during the voltage step has not been blanked in this recording (same cell as shown above, BAPTA).
(B1) Simultaneous recording of dendrodendritic inhibition (DDI) and calcium influx (DF/F) in the secondary dendrite of a mitral cell. Calcium
current has not been blanked from the current trace. The first derivative of the calcium transient, indicating the time course of calcium influx,
activates rapidly and ends shortly after the voltage step (inset).
(B2) Summary of the relationship between dendrodendritic inhibition (open circles) and dendritic calcium influx (closed circles) in seven cells.
Calcium influx was changed by altering the amplitude of the voltage steps (5 ms duration) applied to mitral cells. Responses are normalized
to the values obtained with a voltage step to 0 mV. Both dendrodendritic inhibition and mitral dendrite calcium influx activate at approximately
230 mV.
(C) Comparison of the time course of dendrodendritic inhibition and calcium clearance from mitral dendrites. The current response to a voltage
step has been inverted and scaled to match the peak amplitude of the calcium transient recorded in the secondary dendrite of the same cell.
All experiments were performed in Mg21-free solution.

the crayfish neuromuscular junction (Winslow et al., explore further the relationship between dendritic cal-
cium and transmitter release from mitral cells. In these1994) and giant synaptic terminals of bipolar neurons

(von Gersdorff and Matthews, 1994). In marked contrast experiments, our standard CsCl-based internal solution
was supplementedwith the low affinity calcium indicatorto BAPTA, all mitral cells loaded with a similar concen-

tration of EGTA demonstrated reliable but diminished Oregon Green-5N (100 mM). A typical example of den-
drodendritic inhibition and the corresponding calciumdendrodendritic inhibition (44% of control, n 5 9) in

response to single voltage steps. The clear difference transient measured in a mitral cell secondary dendrite
are shown in Figure 6B1. In this case, the current re-between the ability of BAPTA and EGTA to suppress

dendrodendritic inhibition suggests that the calcium sponse during the voltage step has not been blanked,
and an inward calcium current during the voltage stepchannels triggering glutamate release are located in rel-

atively close proximity to the proteins governing exo- as well as a larger calcium tail current can be seen. The
first derivative of the fluorescence transient (Figure 6B1,cytosis.

We next made simultaneous recordings of dendro- inset), corresponding to the time course of calcium influx
into the dendrite, activates during the voltage step anddendritic inhibition and mitral dendrite calcium influx to
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decays rapidly following the end of the step. The rapid 1994; Poncer et al., 1997). It has also been suggested
at several synapses that both channel types can contrib-time course of photometrically measured calcium influx

indicates that we have good voltage control of the sec- ute to transmitter release from single nerve endings
(Castillo et al., 1994; Mintz et al., 1995). We next exam-ondary dendrites in these recordings. The rapid kinetics

of calcium influx and its close correspondence to the ined the involvement of these channels by studying the
effects of the v-conotoxins GVIA and MVIIC. To confirmtime course of the measured calcium current also sug-

gest that calcium-induced calcium release does not that the peptides were reaching the dendritic synapses
at effective concentrations, we measured the field EPSPcontribute significantly to glutamate release from mitral

cell dendrites. We next examined the relationship be- generated by conventional axonic nerve terminals of
olfactory nerve (ON) fibers, which synapse on the distaltween calcium influx and dendrodendritic inhibition by

varying the amplitude of the voltage step applied to dendritic tufts of mitral cells in the glomerular layer.
An extracellular stimulating electrode was placed withinthe mitral cell. Both calcium influx and dendrodendritic

inhibition beganto activate at 230mV and were maximal bundles of the olfactory nerve, and an extracellular re-
cording electrode was placed within a single glomerulusat 0 mV, confirming the importance of high voltage–

activated calcium channels in the release of glutamate (Figure 7B; Aroniodou-Anderjaska et al., 1997). Stimula-
tion of the ON inputs evoked a field EPSP that was(Figure 6B2; n 5 7 cells). When both dendrodendritic

inhibition and calcium influx were normalized, we found blocked by a combination of DNQX and APV (Figure
7B). We monitored dendrodendritic inhibition and thethat the activation of dendrodendritic inhibition paral-

leled closely the amount of calcium influx in mitral cell field EPSP in slices superfused with Mg21-free solution
in the absence of TTX. In these experiments, QX-314 (5secondary dendrites.

What underlies the slow time course of dendroden- mM) was included in the mitral cell internal solution to
remove the possibility that axon collaterals of mitral cellsdritic inhibition? We examined the relationship between

the time course of dendrodendritic inhibition and cal- might contribute to the voltage step response. Applica-
tion of v-conotoxin GVIA (1 mM) caused a marked reduc-cium clearance from themitral dendrites. We considered

the possibility that the time course of dendrodendritic tion in the ON field EPSP (44% 6 7% of control, n 5

6). In the same slices, dendrodendritic inhibition wasinhibition followed calcium dynamics in mitral dendrites.
However, the decay time constant of the calcium signal reduced to a lesser extent (67% 6 5% of control). In-

creasing the concentration of v-conotoxin GVIA to 3 mMwas 4.0 6 0.4–fold faster than the decay of dendroden-
dritic inhibition (n 5 3). These results imply that the did not cause a further reduction in either the ON field

EPSP nor dendrodendritic inhibition (n 5 2). We nextclearance of calcium from mitral dendrites is not the rate-
limiting step governing the time course of dendroden- examined the actions of v-conotoxin MVIIC (5 mM),

which at high concentrations blocks P/Q- as well asdritic inhibition. However, the decay kinetics of dendro-
dendritic inhibition were temperature dependent (Q10 5 N-type channels. Addition of v-conotoxin MVIIC abol-

ished the ON field EPSP (4% 6 2% of control, n 52.3 6 0.7, n 5 3), suggesting that active processesshape
the time course of these responses. This temperature 6) and caused a dramatic reduction in dendrodendritic

inhibition (27% 6 6% of control). Taken together, thesedependence also rules out the possibility that diffusion
of glutamate underlies the time course of dendroden- results suggest that dendrodendritic inhibition depends

on the P/Q class of calcium channels with a smallerdritic inhibition.
Immunolocalization and electrophysiological studies role played by N-type channels. Both N- and P/Q-type

channels govern transmission at the excitatory syn-indicate that a variety of calcium channel subtypes are
present on the dendrites of central neurons (Westen- apses formed by olfactory nerve fibers in the glomerular

layer.broek et al., 1990, 1992; Magee and Johnston, 1995).
What are the relevant calcium channels underlying den- The secondary dendrites of mitral cells can extend

across large regions of the olfactory bulb. The influencedrodendritic inhibition? We explored this question by
examining the action of several pharmacological block- of a single mitral cell can be extended further, since

single granule cells contact multiple mitral cells. Thisers that discriminate between the various classes of
identified calcium channels. The dihydropyridine nifedi- anatomical arrangement has been suggested to form

the basis for lateral inhibition within the olfactory bulb,pine (10–20 mM) had no effect on dendrodendritic inhibi-
tion (103% 6 8% of control, n 5 5; Figure 7A). This rules which is thought to represent an important mechanism

for odor discrimination (Yokoi et al., 1995; Brennan andout the involvement of L-type calcium channels at either
the mitral cell dendrite or granule spine release sites. Keverne, 1997). We sought to determine whether den-

drodendritic interactions could mediate lateral inhibitionAlthough nickel is nonspecific at high concentrations,
at low concentrations nickel blocks T- and R-type chan- in the absence of sodium-dependent action potentials.

One simple test for lateral inhibition is to record simulta-nels (Avery and Johnston, 1996; Randall and Tsien,
1997). At a concentration of 50 mM, nickel caused only neously from two mitral cells and to determine if den-

dritic glutamate release, evoked from one mitral cell bya slight reduction in dendrodendritic inhibition (84% 6

8% of control, n 5 6; Figure 7A). Apparently, neither the a voltage step, can elicit GABA release onto a second,
unstimulated mitral cell. An example of this form of lat-T nor the R classes of channels play an important role

in dendrodendritic transmission. eral inhibition in the presence of TTX is shown in Figure
8. A depolarizing voltage step to the first mitral cellAt conventional axonic synapses in several brain re-

gions, glutamate and GABA release are thought to rely (Cell 1) caused dendrodendritic self-inhibition and also
evoked an IPSC in a nearby mitral cell (Cell 2). The IPSCson N- or P/Q-type calcium channels (Takahashi and

Momiyama, 1993; Castillo et al., 1994; Wheeler et al., in both mitral cells were time-locked to the depolarizing
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Figure 7. Calcium Channels Underlying Dendrodendritic Inhibition

(A1) Individual records from different experiments showing that neither nifedipine (20 mM) nor nickel (50 mM) substantially reduce dendrodendritic
inhibition.
(A2) Summary of experiments using nifedipine or nickel. Application of cadmium (Cd21, 100 mM) completely blocks the response.
(B) Recording configuration for simultaneous measurements of dendrodendritic inhibition and olfactory nerve (ON) field EPSPs. Inset shows
that the ON field EPSP recorded in the glomerulus of a slice is blocked by the application of APV (25 mM) and DNQX (20 mM). Scale bars, 0.2
mV and 10 ms.
(C1) Summary plot of experiments examining the involvement of N-type calcium channels in dendrodendritic inhibition (closed circles) and
excitatory transmission mediated by olfactory nerve fibers (open circles). The application of v-conotoxin GVIA (1 mM) for the period marked
by the bar caused a marked inhibition of the field EPSP, while the dendrodendritic response was less reduced. Upper sweeps are taken from
a representative experiment, and the responses before (Control) and after application of v-conotoxin GVIA (CgTx) are superimposed. Scale
bars: 0.4 mV and 5 ms, field EPSPs; 1 nA and 200 ms, dendrodendritic inhibition (DDI).
(C2) Summary plot of experiments examining the role of P/Q-type channels. The application of v-conotoxin MVIIC (5 mM) for the period marked
by the bar completely blocked the field EPSP and caused a dramatic reduction in the dendrodendritic response. Upper traces are taken from
a typical experiment, and the responses before (Control) and after application of v-conotoxin MVIIC (CgTx) are superimposed. Scale bars:
0.2 mV and 10 ms, field EPSPs; 1 nA and 200 ms, dendrodendritic inhibition (DDI). Experiments examining the actions of nifedipine and
peptide toxins were performed in Mg21-free solution.

voltage step applied to Cell 1. The addition of APV by solely dendritic interactionsbetween mitral and gran-
ule cells in the olfactory bulb.blocked the self-inhibition of mitral Cell 1 and also abol-

ished the lateral inhibition recorded in mitral Cell 2. Par-
tial recovery of both responses followed washout of Discussion
APV. The IPSCs mediating lateral inhibition reversed
polarity at 0 mV and were blockedby BMI, indicating that In this study, we have explored the mechanisms govern-
they were GABAA receptor mediated (data not shown). ing dendrodendritic inhibition in slices of the rat olfac-
Lateral inhibition has been found in z10% of the mitral tory bulb. We found that NMDA receptors on granule
cell pairs examined (n 5 40 pairs). These results demon- cell spines play an important role in the generation of
strate that glutamate release from mitral cell dendrites dendrodendritic inhibition. Back-propagating action po-
elicits GABAergic self-inhibition as well as lateral inhibi- tentials activate high threshold calcium channels that
tion. In the absence of sodium-dependent action poten- are tightly coupled to glutamate release sites in mitral

cell dendrites. Our results also indicate that both N- andtials, we conclude that lateral inhibition can be mediated
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Figure 8. Lateral Inhibition Measuredwith Si-
multaneous Recordings from Two Mitral Cells
in TTX (1 mM)

A voltage step is used to trigger dendroden-
dritic self-inhibition in Cell 1 (upper traces)
while monitoring the response in a nearby
(50 mm) unstimulated mitral cell (Cell 2, lower
traces). Each trace represents the average of
z10 sweeps. The voltage step applied to Cell
1 causes a reliable IPSC in Cell 2. The subse-
quent addition of APV (25 mM)greatly reduces
the dendrodendritic self-inhibition and blocks
the lateral response recorded in Cell 2 (middle
records). Both responses recover partially
following washout of APV. Responses were
recorded in Mg21-free solution.

P/Q-type calcium channels mediate dendritic transmis- Both NMDA and non-NMDA receptors have been sug-
gested to contribute to feedback inhibition in salaman-sion. We have also found that dendrodendritic transmis-

sion, independent of voltage-gated sodium channels, der mitral cells (Wellis and Kauer, 1993). The simplest
interpretation of our results is that non-NMDA receptorsunderlies lateral inhibition between mitral cells. These

findings are summarized in Figure 9. on granule cell spines provide the depolarization neces-
sary to relieve the voltage-dependent Mg21 block of
NMDA receptors under physiological conditions. The veryRole of NMDA Receptors in Dendrodendritic Inhibition

Previous studies of dendrodendritic inhibition in the tur- large enhancement of dendrodendritic inhibition we find
when this block is reduced (in low Mg21 Ringer’s) sug-tle (Jahr and Nicoll, 1982b) and salamander (Wellis and

Kauer, 1993) olfactory bulb demonstrated a role for glu- gests that NMDA receptors can preferentially activate
this synaptic circuit.tamatergic transmission in triggeringGABA release from

granule cells. However, the identity of the excitatory The highcalcium permeability of NMDA receptors raises
the intriguing possibility that calcium influx through thesereceptors mediating this dendrodendritic response in

the mammalian olfactory bulb remained unclear. In this receptors, rather than through voltage-activated cal-
cium channels, initiates GABA release. We feel that thisstudy, we show that in low extracellular Mg21, dendro-

dendritic inhibition is mediated largely by glutamate act- is unlikely since electron microscopic analysis (Price
and Powell, 1970b) suggests that GABA release sitesing on NMDA receptors present on granule cells, with

little involvement of non-NMDA receptors. In the pres- can be distant (z1 mm) from the postsynaptic densities
in which the NMDA receptors are presumably concen-ence of physiological levels of Mg21, however, we ob-

served dramatic reductions in dendrodendritic inhibition trated. Synaptic transmitter release is generally consid-
ered to require very high local concentrations of calcium.when either glutamate receptor subtype was blocked.

Figure 9. Summary Diagram Describing the
Steps Governing Dendrodendritic Self-Inhibi-
tion and Lateral Inhibition

(A) Self-inhibition.
(B) Lateral inhibition. Dashed lines indicate
the flow of excitation withinmitral and granule
dendrites.
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Such calcium “microdomains” typically are generated the convergence of dendrites from multiple mitral cells
onto single granule spines (see Price and Powell, 1970a,by high threshold calcium channels in close proximity

to transmitter release sites (Simon and Llinas, 1985; 1970b). It is unlikely that diffusion of calcium between
spines is this signal, since spine necks appear to repre-Adler et al., 1991; Dunlap et al., 1995; Mintz et al., 1995).

The influx of calcium through distant NMDA receptors sent a significant barrier to calcium diffusion (Svoboda
et al., 1996). As with NMDA-mediated self-inhibition andwould be unlikely to provide the calcium concentrations

required at the sites of GABA exocytosis. If GABA re- in accord with previous theoretical studies (Rall and
Shepherd, 1968; Woolf et al., 1991), we believe thatlease is mediated instead by voltage-sensitive calcium

channels (Figure 9A), either glutamate receptor subtype the signal mediating lateral inhibition is the spread of
depolarization through granule cell dendrites.would be likely to depolarize the spine to threshold for

calcium channel activation. Consistent with this hypoth-
esis, while we find that NMDA receptors preferentially

Calcium Channels Governingactivate dendrodendritic responses, there is noabsolute
Dendritic Transmissionrequirement for these receptors. Even in the presence
Much attention has been focused on the relationshipof high concentrations of APV (100 mM), voltage steps
between calcium and transmitter release from conven-still can evoke reciprocal dendrodendritic inhibition,
tional axonic nerve terminals. However, little is knownwhich is blocked completely by DNQX (data not shown).
about mechanisms governing transmitter release fromAlso as predicted by this model, we demonstrated (using
presynaptic dendrites. Dendrites of central neurons ex-focal depolarization) that voltage-gated calcium chan-
press a variety of calcium channels, including T-, L-, N-,nels are coupled directly to GABA release in granule cell
and P/Q-type (Westenbroek et al., 1990, 1992; Johnstonspines.
et al., 1996), any of which may underlie transmitter re-We have found that both NMDA and non-NMDA re-
lease. The release of peptides from dendrites in theceptors mediate excitatory transmission from mitral to
hippocampus has been suggested to rely on L-type cal-granule cells. This result is consistent with previous
cium channels (Simmons et al., 1995). We find no evi-studies of EPSCs in salamander (Wellis and Kauer, 1994)
dence for the involvement of either T- or L-type channelsand cultured rat olfactory bulb cells (Trombley and West-
in triggering glutamate or GABA release from dendritesbrook, 1990). It is likely that both glutamate receptor
in the olfactory bulb. Instead, similar to findings at con-subtypes are colocalized on granule cell spines, since
ventional axonic synapses (Castillo et al., 1994; Dunlapwe never observed evoked synaptic currents in granule
et al., 1995; Mintz et al., 1995; Poncer et al., 1997), wecells mediated solely by NMDA receptors. Why, then,
find that N- and P/Q-type calcium channels govern theare NMDA receptors more effective at evoking GABA
dendritic release of fast neurotransmitters in the olfac-release than non-NMDA receptors? A major distinction
tory bulb. Since dendrodendritic inhibition involves re-between these two glutamate receptor types is the
ciprocal synaptic transmission between mitral and gran-intrinsically slow kinetics of NMDA receptors (Lester et
ule cells, we cannot easily assign N and P/Q channelsal., 1990). Modelingstudies (Woolf et al., 1991; Koch and
to specific synaptic locations. However, we have someZador, 1993) suggest that the faster, transient current
evidence that these channels may be present at thethrough non-NMDA glutamate receptors will be greatly
mitral cell synapse, since calcium currents measured inattenuated by the high impedance of spine necks. By
our somatic recordings were reduced consistently bycontrast, theprolonged time course of theNMDA current
v-conotoxins (data not shown). Additional experimentsis more likely to activatevoltage-gated calcium channels
will be required to determine definitively the specificgoverning GABA release in neighboring spines along
synaptic location of the calcium channels that underliethe granule cell dendrite. In this way, NMDA receptors
dendrodendritic inhibition.would be better suited than non-NMDA receptors to

An attractive feature of this olfactory circuit is thedepolarize populations of granule spines to threshold for
ability to measure and manipulate calcium dynamics inGABA release. This model implies that dendrodendritic
a large presynaptic structure, the mitral cell dendrite.transmission mediated solely by current through non-
Dendrodendritic inhibition recorded in a mitral cell canNMDA receptors would activate a relatively limited num-
then be used as a detector of glutamate release fromber of granule cell spines, whereas the current through
presynaptic mitral cell dendrites. Using this approach,NMDA receptors would recruit a much larger population
the complete blockade of dendrodendritic inhibition inof spines. In agreement with this model, we find that
BAPTA-loaded mitral cells confirms the central role ofdendrodendritic responses evoked after blockade of
calcium in dendritic transmitter release. The greater sen-NMDA receptors are greatly reduced in amplitude but
sitivity of dendrodendritic inhibition to BAPTA versusstill follow a time course similar to that seen under con-
EGTA suggests that, as with axonic terminals, the sitestrol conditions.
of calcium entry must beclose to the exocytotic machin-Dendrodendritic interactions are clearly not limited to
ery in mitral cell dendrites (Adler et al., 1991). The partialthe self-inhibition of mitral cells. We find strong evidence
reduction of dendrodendritic responses in EGTA-loadedthat dendritic synapses onto granule cells mediate lat-
mitral cells may reflect some contribution of calciumeral inhibition between mitral cells. Depolarization of a
channels that are relatively distant from glutamate re-single mitral cell can lead to synchronous inhibition in
lease sites (Borst and Sakmann, 1996; Salin et al., 1996).that mitral cell as well as in neighboring mitral cells.
Alternatively, the slow buffering kinetics of EGTA mayLateral interactions among mitral cells are likely medi-
suffice when used at very high concentrations.ated by the spread of a signal between granule spines

(Figure 9B), since there is no anatomical evidence for We have also used simultaneous measurements of
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CsCl and TEA-Cl. Series resistance, which was ,10 MV, was rou-dendrodendritic inhibition and calcium influx to explore
tinely compensated by .80%. Unless indicated otherwise, the hold-further the relationship between calcium and dendritic
ing potential was 270 mV and experiments were performedprimarilyglutamate release. By varying the amplitude of voltage
at room temperature (228C–258C). Some pharmacological experi-

steps applied to mitral cells, we found a close corre- ments were performed at 308C. The temperature sensitivity (Q10)
spondence between dendritic calcium influx and den- of dendrodendritic inhibition was determined in individual cells by

varying the temperature of the superfusing solution.drodendritic inhibition in Mg21-free solution. Given that
Fluorescent calcium transients were measured using a photodi-our measurements reflect output from two coupled syn-

ode and a high gain current-to-voltage converter (5 GV feedbackapses, we cannot determine directly the transfer func-
resistor). Mitral cells were loaded with a calcium-sensitive indicatortion that relates dendritic calcium influx to glutamate
dye (either Oregon Green or Oregon Green-5N, Molecular Probes)

release. Nevertheless, we can infer some aspects of the through the whole-cell pipette and illuminated using a 150 W Xe
input/output relationship of this reciprocal network. The lamp (Opti-Quip) anda 485 nm excitation filter. Emitted fluorescence

was detected using a 505 nm dichroic mirror and a 530 nm barrierhigh threshold of both dendrodendritic inhibition and
filter (Omega Optical). An area of interest was defined by restrictingcalcium influx into mitral cell dendrites suggests that
the illumination to a spot z50 mm in diameter that was positionedonly action potentials in mitral cells trigger dendroden-
along the dendrite or soma of a filled mitral cell. Data is reporteddritic inhibition in vivo. Indeed, we consistently observe
as fractional changes (DF/F) of the photodiode output. The low

that mitral cell dendrites support the back-propagation affinity calcium dye, Oregon Green-5N, was used in voltage-clamp
of large-amplitude action potentials, in accordance with experiments to reduce signal artifacts due to dye saturation. In

these recordings, the indicator dye clearly was not saturated by theseveral recent studies (Bischofberger and Jonas, 1997;
calcium influx during short steps used to evoke dendrodendriticChen et al., 1997). In neocortical pyramidal neurons,
inhibition, since longer duration steps elicited significantly largercalcium accumulation can be linearly related to action
fluorescent transients (data not shown).potential frequency (Helmchen et al., 1996). The parallel

Field EPSPs were evoked via a Ringer’s-filled pipette (tip diameter
relationship we found between calcium influx and den- 10–20 mm) placed within the olfactory nerve layer. Extracellular re-
drodendritic inhibition raises the possibility that dendro- cordings were made from similar pipettes placed within individual

glomeruli. Field EPSPs were recorded with an Axoclamp-2B (Axondendritic inhibition can be linearly related to the fre-
Instruments), filtered at 1 kHz, and digitized at 5 kHz. Dual somaticquency of mitral cell action potentials.
and dendritic recordings were obtained using the two headstagesThe time course of dendrodendritic inhibition is re-
of an Axoclamp-2B in bridge mode. Smaller patch pipettes weremarkably slow. Yet, dendrodendritic inhibition is clearly
used for dendritic recordings (5–7 MV). Action potentials were fil-

composed of the summation of many unitary GABAergic tered at 5 kHz and sampled at 50 kHz. Dendritic recording locations
IPSCs with rapid kinetics, similar to those seen else- relative to the soma were measured from a video DIC image of the

cell using an image processor (Argus-10, Hamamatsu). Synapticwhere in the brain (Galarreta and Hestrin, 1997). Our
currents were recorded with an Axopatch-1D amplifier (Axon Instru-results suggest that calcium clearance from mitral cell
ments). Currents were filtered at 2 kHz before being digitized at 5dendrites occurs too rapidly to be the rate-limiting step
or 10 kHz. Data were analyzed with pClamp (Axon Instruments) andin dendrodendritic inhibition. Dendrodendritic respon-
custom-written software. Dendrodendritic inhibition was quantified

ses are also significantly slower than NMDA receptor– by calculating the current integral overa 2 s period beginning 50–100
mediated EPSCs (Lester et al., 1990), suggesting that ms after the end of the voltage step. In some figures, synaptic

currents represent the average of 5–10 sweeps. Action potentialNMDA receptor kinetics alone cannot account for the
amplitude was measured from the resting membrane potential.Dataslow time course of these responses. One possibility
are shown as mean 6 SEM.we have not yet explored is that GABA release from

granule cells is prolonged due to the intrinsic properties
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