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Salin, Paul-Antoine, Pierre-Marie Lledo, Jean-Didier Vincent, sory neurons and relay it to the cortex after a local procesding
and Serge Charpak. Dendritic glutamate autoreceptors modulatgyith olfactory bulb interneurons. MC dendrites are divided into
signal processing in rat mitral cellsl.N_eurc_)physmBS: 1275-1282, wwo distinct compartments that are involved in segregated
2001. It has been shown recently that in mitral cells of the rat OlfaCto{:Yrcuits: 1) the primary dendrite that receives hundreds [of
bulb, N-methyl-p-aspartate (NMDA) autoreceptors are activated du'ﬁxonal excitatory terminals from sensory neurons within

ing mitral cell firing. Here we consider in more details the mecha-: | | d ke dendrodendriti g
nisms of mitral cell self-excitation and its physiological relevance. W@'VEN glomerulus -and maxe aenarodendritic synapses w

show that both ionotropic NMDA and non-NMDA autoreceptors ar&!hibitory periglomerular cells?) the secondary dendrites tha =
activated by glutamate released from primary and secondary dép@ke dendrodendritic synapses with inhibitory granular cq 1
drites. In contrast to non-NMDA autoreceptors, NMDA autoreceptoffRall et al. 1966) in the external plexiform layer. Both typ
are almost exclusively located on secondary dendrites and their aofi- dendrites release glutamate and possess a high-de
vation generates a large and sustained self-excitation. Both intragsfi- «-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid®
lularly evoked and miniature NMDA-R mediated synaptic potentiafAMPA), N-methylo-aspartate (NMDA), and metabotropi >
are blocked by intracellular bis{aminophenoxyN.N.N.N'tet- glytamate receptors (Montague and Greer 1999; Petralia g3
éﬁﬁéerﬂgtzc'ds(el?fAe@ﬁ;t?Qf gsn“'Eferorr)rr‘o"’(‘jﬁi':('j”rk');dgp;p]gfentsﬁlfe""s%‘a94a,b; van den Pol 1995). However, electron microsciy
trains of spikes result in frequency facilitation. Thus activation dies have _sugg(?sted th_at eXC|t.at0ry afferept synapses @r
excitatory autoreceptors is a major function of action potentials bag _cg‘;\ted exclusively in the distal reg|on_0f the primary (jendr te
propagating in mitral cell dendrites, which results in an immediafé’rice and Powell 1970). Thus the major part of the mitral
positive feedback counteracting recurrent inhibition and increasifgndritic arbor is entirely devoid of glutamatergic inputs, le
the signal-to-noise ratio of olfactory inputs. though its membrane is provided with glutamatergic receptors.
This mismatch has raised the following question: are th¢
dendritic receptors synaptically activated when glutamatd %
INTRODUCTION released at and diffuses from the dendrodendritic synapses® |
has been shown that the NMDA glutamate autoreceptorg of
A neuron can synaptically modulate its own output throughlC dendrites are indeed activated by glutamate released a} {fi
several mechanisms. First, the axon can establish autapléndrodendritic synapses (Aroniadou-Anderjaska et al. 19%'
contacts on its somato-dendritic compartment (see review @fen et al. 1998; Isaacson 1999; Salin and Charpak 1998),
Bekkers 1998; Pouzat and Marty 1998). A second and makow here that, in addition to NMDA receptors, non-NMDA
common mechanism involves receptors located at the axaumoreceptors are activated by sodium or calcium spikes, nd
terminal. On calcium entry, transmitter is released, activatinge analyze the role of self-excitation in the control of M[C
autoreceptors as well as postsynaptic receptors. In most cades;harge.
activation of autoreceptors results in inhibition of transmitter
release, althoqgh in some cases activation of autoreceptois: ., o p s
located at terminals enhances transmitter release (see review by
Langer 1997). Finally, a neuron may regulate its firing through Horizontal olfactory bulb slices (300—4Q@0n) were obtained from
the activation of autoreceptors located on the soma and déa- to 22-day-old Sprague-Dawley rats. Self-excitation was also pb-
drites. These receptors are coupled to G-proteins and medgge/ed in MCs of adult rats (2-5 mo, not shown). Rats were degply
a slow autoinhibition. However, recent studies have Suggesfg’t?sthetlzed with pentobarbital sodium and the brain dissected ot in|

- s . -.._Ice cold saline solution (in mM: 124 NaCl, 26 NaHGQ.5 KCl, 1.25
that in the olfactory bulb, activation of mitral cell dendr|t|cNaH2PO4’ 2 CaCl, 1 MgCl, and 100-glucose saturated with 959

receptors could involve excitatory ligand-gated channels (Arg;; o, CO,, pH 7.4). Recordings from mitral cells were performed |n

niadou-Anderjaska et al. 1999; Chen et al. 1998; Isaacs@fextracellular medium of the same composition as above, usind the]
1999; Salin and Charpak 1998). ' _ whole-cell recording configuration with the Axopatch 200A amplifigr
Mitral cells (MC) receive olfactory information from sen-

The costs of publication of this article were defrayed in part by the paymgnt
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ire, 15 rue Hugues Picardet, 21000 Dijon, France (E-mail: salin@cesg.cnrsifm)accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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(Axon Instruments, Burlingame, CA) in voltage- or current-clampvycky et al. 1981a; Rall and Shepherd 1968; Schoppa et

modes. Recording electrodes were filled with two different types 91998). In the presence of GABAreceptor antagonists, a slow

solution: potassium gluconate solution (120 mM K-gluconate, 10 mproIarizing afterpotential (DAP) was unmasked (Fid\, 1
KCl, 2 mM MgCl,, 8 mM NaCl, and 10 mM HEPES) and cesiumyqqlg (Aroniadou-Anderjaska et al. 1999; Isaacson 19¢

gluconate (in experiments where calcium currents were evoked bN?COII and Jahr 1982; Nowycky et al. 1981b). DAP was abgl-

voltage pulse; in mM: 120 Cs-gluconate, 10 CsCl, 2 Mg@INaCl,

and 10 HEPES). Recordings were done at room temperature (é%hed by kynure_nate,_ a non-selective ion_otropic g_lutamate
24°C) and in some cases at 32-34°C. Biocytin (0.5%) or LuciféePtor antagonist (Fig.Al, right), suggesting that it did not

yellow (1%) was routinely added to the recording electrode solution fgSult from the activation of intrinsic membrane properties IUt

allow morphological identification of the recorded cells. Patch prather that it was a slow glutamate-mediated excitat

pettes filled with extracellular solution were used for electrical stinpostsynaptic potential (slow-EPSP). In voltage-clamp condi-
ulations (0.1 ms, 10- to 10pA pulses) of neurons and fibers in thetions (Fig. B1), voltage steps evoking partially clamped s¢-

glomerular and external plexiform layers. Inter-trial intervals wergjum spikes evoked slow inward synaptic currents underly
10-20 s. In some experiments, a fine patch pipette was usediig slow-EPSP. In the absence of extracellula®Mdhe slow
selectively section and remove mitral cell axons and dendrites. TE'Grrent was strongly enhanced (Fi@1). In the presence of 1]

following drugs were used: picrotoxin (PTX, Sigma}2-amino- 2+ ; _ ;
5-phosphonovalerate (APV, Tocris), 6-cyano-7-nitroquinolaxinén'vI Mg"™, the current underlying the slow-EPSP displayeq

2,3-dione (CNQX, Tocris), MK-801 hydrogen maleate (MK-801, - :
RBI), 3-[(R)-2-carboxypiperazin-4-yll-propyl-1-phosphonic acid (CPRSUrrent blocked by magnesium (Fig. B1 andB2).
Tocris), tetrodotoxin (TTX, Sigma), 1,2-bis(2-aminophenoxy)ethane- In contrast to a recent study (Isaacson 1999), we found {

N,N,N,N'-tetraacetic acid (BAPTA, Sigma). the slow current presented two components: a major one $en

sitive to the NMDA receptor antagonistsAPV (25—-100uM)

RESULTS and CPP (10-2QuM) and a second one sensitive to th

) ) ) . non-NMDA receptor antagonists CNQX (10—g®1) and 2,3-

MC action potentials, when recorded in control conditiongjioxo-6-nitro-1,2,3,4-tetrahydrobenzoquinoxaline-7-sulphg

are followed by a profound synaptic inhibition due to themide (NBQX) (10uM; Fig. 2, A andB1). About 20% of the

activation of reciprocal dendrodendritic synapses (FA9.1&f)  total current recorded in absence of fgwas blocked by
(Isaacson and Strowbridge 1998; Jahr and Nicoll 1982; N@-NQX (Fig. 2B1;28.5+ 7 pAvs. 136.8+ 36.4 pA, meant+

metabotropic glutamate receptor antagonist ¢Spethyl-4-
carboxyphenylglycine (MCPG) (0.5-1.5 mM) had no effe
(Fig. 2B1). The non-NMDA—mediated current, although slo\
was faster than the decay of the NMDA-mediated compon
(AMPA/kainate-R component: 58.6 11.3 ms,n = 6 vs.
NMDA-R component: 230.1 25.1 ms,n = 7, P = 0.0001;
Fig. 2B2).

To test whether this phenomenon was a self-excitation

Control

— 0mMMg 3 to the activation of MC glutamatergic autoreceptors, we cQi®

v 4Smy 540 sidered and eliminated a variety of other potential synaf
S5m “omy g mechanisms. The slow-EPSP could be due to a recur
é excitation since excitatory synaptic contacts impinging on M
P s By have been observed (Martinez and Freeman 1984; Nicoll 19

ms 2z . . . .
Sy E Holding Nowycky et al. 1981b). Action potentials (Bischofberger a
1 ! potential (mV) Jonas 1997; Chen et al. 1997; Isaacson and Strowbridge 1
Fic. 1. Blockade of GABA, receptors unmasks a slow glutamate-mediatethitiated or backpropagating in dendrites could thus activ.
excitatory postsynaptic potential (EPSP) in mitral celsin control condi-  periglomerular and/or external plexiform excitatory cells v
tions (eft, current-clamp recording, extracellular magnesium: 14, ~62 = qandfritic release sites (Fig. &p). We thus used focal elec
mV), an action potential triggered a strong recurrent synaptic inhibition ( rfical stimulations to activate neurons or fibers in the alom
row) that was blocked during bath application of the GAB#eceptor antag ! g !
onist picrotoxin (PTX, 10QuM, middle. Note that the blockade of inhibition ular and external plexiform layers. Extracellular electrig
unmasked a slow depolarizing afterpotential (DAP, double arrow) durirgtimulations generated large EPSCs in mitral cells that w
which the cell fires. Subsequent application of the nonselective ionotrogieduced in the presence of (25323' R)-2-(2,3’-dicarboxycy-

glutamate receptor antagonist kynurenate (KYN, 10 mM) strongly reduced t - .
slow DAP, which thus corresponds to a slow-EP8Ehf). The bottom lines Eﬁ)propyl)glycme (DCGIV)’ an agonist of group I metabg

indicate the depolarizing current puls&i: voltage-clamp recordings (aver- tI’OpiC glUtamate receptors (FigA3). As in other regions of the
ages of 5) of thé\-methylo-aspartate (NMDA) current underlying the slow-brain (Kamiya and Ozawa 1999; Macek et al. 1996; see

EPSP. A single sodium spike induced an inward current that was reduced intag/iew: Conn and Pin 1997), DCGIV acted presynaptically

presence of magnesium [10IM PTX and 20uM 6-cyano-7-nitroquinoxa- jnhihiting glutamate release as suggested by the switch fiom

line-2,3-dione (CNQX); averages of 5]. TleAPV-sensitive component of ired | d . ired | facilitati f th
the slow excitatory postsynaptic current was voltage dependent, being reduP@ir€d-pulse depression to paired-pulse tacilitation ot the

at hyperpolarized potentials when the recording was done in the presencéppnse (Fig. 3A1 and A2). While DCGIV (10 uM) strongly
magnesium (1 mM). The evoked Na currents were digitally removed. Titecreased the size of the extracellularly evoked EPSP (
bottom lines indicate the voltage stef@2 summary graph illustrating the 3B1,79 * 5.7% of decreasey = 12 cells in 7 slices, 13 sites

voltage dependency of the APV—sensitive component of the slow synaptic . - - P
current recorded in the presence of magnesium (iICPTX and 10—2QuM of electrical stimulation located in the glomerular layer and

CNQX). The abscissa shows the holding potential of the cell and the ordin&i$€S Of electrical stimulation located in the external plexifofm

the maximum peak amplitude. The error bars indicate SE. layer), it did not reduce the amplitude of the slow-EPSP (H

rectification at hyperpolarized potentials typical of an NMDA

SE,n = 10, P = 0.01, Student's-test). The broad spectrun
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3B2) generated in the same mitral cells. Thus it is unlikely that

olfactory bulb excitatory fibers, which are inhibited by DCGIV, .

play a role in the generation of the slow-EPSP. g;fgflrt?c'
Another possibility was that MCs establish autaptic excita- )

tory synapses since they send axonal collaterals in the external Mitral cell

plexiform layer, which also contains their secondary dendrites I\

(Fig. 3,top). Autapses have recently been shown to be func-

®

Vx\( Excitatory
neuron
4

Secondary
dendrite

) ; Autapse? | Axon

tional in the CNS (Pouzat and Marty 1998). We found that

when MCs were recorded in voltage-clamp conditions with a A1 A2
cesium-gluconate containing pipette, the inward current fol- 7  PTX 2 +DCGIV +D-APV+NBQX [+2 Scaled
lowing a mixed sodium/calcium spike (partially clamped) de- T

creased by only 6.5 2.6% f = 6) in the presence of 50pA
tetrodotoxin (TTX, Fig. &, 1 uM), a finding previously re- 100ms

ported (Isaacson 1999; Nicoll and Jahr 1982), suggesting that B1 B2

sodium spikes are not a prerequisite for the induction of the PTX

slow synaptic response. The role of an autaptic connection PTX DCGIV
mediated by a calcium spike propagation was further excluded M/Wﬂ“‘ (PTX) / *

+NBOX
A 0 AR vy >\+DCGIV 50ms +I:>\PV+CNQX 200ms
< ao B oS 10.4nA
o ° Ll )| : o
2 P0de P 0 o @ 4 L) o
2 o oged 27 TN mox C 2
2 a0{s © 0 Lt . o / PTX +TTX +NBQX +D-APV 2
i A ‘-..-.. . o~ o - - i ——— g_
E 6017 2 wtm / ~ 100 pA e
> 80 hd . hd - hd 50 pA D-APV 400ms =
g - 100 ms 1 60 mV S
a8 Control | | 0 1 m 3
-100+ T T T r T T r T ) . ’ . . =
0 5 10 15 20 25 30 35 40 45 FiG. 3.  Excitatory connections sensitive to group Il metabotropic glutampig
Time (minutes) receptor agonists and autapses do not play a role in the genesis of the o
EPSP.Top schematic diagram illustrating 2 hypotheses that may expl 1@_
B1 B2 self-excitation:1) the action potential backpropagating in the primary dendr|t&
—_ activates a disynaptic excitatory circuit in the olfactory budp;the action S
%\ -180 g 300 (N=7) potential activates an axo-dendritic autaps#. (2S,2R,3'R)-2-(2,3'-dicar- E
=9 ~ boxycyclopropyl)glycine (DCGIV), a group Il metabotropic glutamate receps
g = OPropy’)¢ \ 1ate recens
o 140 g tor agonist, inhibited excitatory responses evoked by focal electrical stimpila-
3 2 200 tion of the olfactory bulb superficial layerseft voltage-clamp recording| =
2
£ -100 g (N=6) (averages of 10 traces, K-gluconate—filled patch pipette) of an EPSC evokg dgy
= o an extracellular stimulation of the glomerular layer with a patch pipette fille
g -60 2 100
] ° = * with the extracellular solution (PTX and Mg, 1 mM). Middle: low concen | 3
4 20 = tration of DCGIV (1 M) reduced the size of the evoked inward current. Nog
o2 Z 0 steady-state current was observed during the application of DC&Bt the o
Pﬁ* * > 3 ?ﬁ“ * application of the ionotropic glutamate receptor antagomséV (50 uM) | »
$§l® ‘\@o\ @0?1@& §NQ\\Y (@o‘ A é& 0@6‘ QQ?’ &(\‘ and NBQX (10uM) totally abolished the evoked EPS&2 the average traces| n»
.éo“ &Q° A 6&0 &Q° éo“ ((\QO A 6&0 of the recording made in the presence of picrotoxin (thin line, 1) and with hg
& < ° ®© ® addition of DCGIV (thick line, 2) are scaled with the 1st response. The chahge

FiIG. 2. The slow glutamate-mediated excitatory postsynaptic current ha§’@m paired-pulse depression to paired-pulse facilitation suggests that DC|
componentsA: voltage-clamp recordingsVf, = —70 mV) of the current acts presynapticallyBl: an EPSP (averages of 10 traces) was evoked i
underlying the slow-EPSP. Time course amplitude of the mstdeinse) and  Mitral cell in response to an electrical stimulation applied focally in t

of the slow () component of the inward current recorded in the absence 8kternal plexiform layer. DCGIV (1:M) deeply reduced the amplitude of the
extracellular magnesium and with PTX. A single sodium spike induced &¥citatory responsé2 in contrast, DCGIV had no effect on the slow-EPSP
inward current that was reduced by the successive applicatiomfV (100 recorded in the same cell, indicating the involvement of 2 different mecpa-
uM) and of b-APV (100 uM)-2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzoqui-Nisms in the generation of these EPSPs (the extracellular solution contgined

noxaline-7-sulphonamide (NBQX) (1@M). BL summary graph of each PTXand Mg", 1 mM). The evoked sodium current was digitally removed.
glutamatergic receptor-mediated component contributing to the slow excitge suppression of sodium spikes does not block the slow-EPSC. Volt

tory postsynaptic current. Peak values were obtained after subtraction of @mp recordings were performed with a patch pipette containing cesjum

currents recorded in the presence of 1030 CNQX (7 cells or 10—2quM  gluconate ¥, = =70 mV). In control (PTX), a 60-mV voltage step evoked

NBQX, in 3 cells), 50-100uM b-APV [6 cells or 10-20uM 3-[(R)-2-  sodium current associated with a calcium current (truncated) followed by a
carboxypiperazin-4-yl]-propyl-1-phosphonic acid (CPP) in 4 cells] and 0.5-1pW-EPSC. Tetrodotoxin (&M) and then the non-NMDA receptor antagonigt

mM (S)-a-methyl-4-carboxyphenylglycine (MCPG) (4 cells), respectivelyNBQX (10 uM) reduced the size of the inward current, which was th
from the control current peak values. After the subtraction, the maximum peg&mpletely abolished bp-APV (50 uM); Mg = 0 mM.

currents represented in the bar graph were calculated/Agsieee and the 1st . .

vertical bar). Calculations of the peak currents were done at least 10 min af®df €xperiments where the MC axon was sectioned from

the beginning of application of the antagonists (average of 5-10 traces). Ns@ma before the recording (= 5, data not shown) withouf

that in average the NMDA-R component represents more than 80% of the t Cking the slow synaptic response. Both NMDA-R amd
PA/kainate-R currents persisted in these recording cordi-

current. MCPG exerted no action on the slow excitatory EPSC, suggesting t ﬁ\t/l
mGLU-R-mediated response does not contribute to the slow-BPBSBum- . . :
mary graph of the decay time constant of the NMDA-R and non-NMDA-®ONS. Altogether, these results exclude autaptic connection

currents (recordings in 0 mM magnesium and with PTX). a mechanism for the genesis of the slow-EPSP.
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In MCs, self-excitation could occur either at dendritic re- A
lease sites located on the glomerular tuft or on secondary it the primary dendrite

dendrites since backpropagating action potentials reach both %‘(}r‘r’ls
levels of the dendritic tree (Bischofberger and Jonas 1997, ! 2 3
' RMP=-62.2mV, R,=88MQ 1021nA

Chen et al. 1997; Isaacson and Strowbridge 1998). The glo-
merular layer was completely removed (before recording) in a PTX n___fD-APV TCNQX
first set of experiments. Figure 4 indicates that, in the absence + !
of the distal primary dendrite, MCs still presented a prolong
evoked inward current due to the activation of ionotropic ~ Without the primary dendrite  section | Recording
glutamate receptors. Additional experiments showed that MCs 1 542 s 1 /
without distal primary dendrites consistently displayed slow- 5 mv }Z
EPSPs with large amplitudes (4281.2 mV,n = 6 vs. 5.7+ v 50ms 1
0.7 mV in control,n = 7, Mg®" = 0 mM). RMP=-62. ImV, R,=91MQ

In another series of experiments, we quantified the contri- _N

bution of both dendritic compartments by comparing the am- PIX aeD-APV TONQX
plitude of the slow-EPSP before and after section (with a gentle } - !
suction) of the apical primary dendrite. The dendritic section 1 B2

abolished the olfactory nerve—evoked EPSRs=( 3). We
analyzed the effect of dendritic removal on the amplitude of

—
<
o

the major component of the slow-EPSP (i.e., the NMDA one)
was almost unaffected (an average decrease 0ftf916%,

n = 6). As shown on Fig. B2, the section of the apical primary NonNMDA-R - NMDA-R . ,
dendrite did not modify significantly the input resistance and component  component Before section  After section
the resting membrane potential in the same MCs. This rules outic. 5.  NMDA receptors of the secondary dendrites mediate the mg

iifi ponent of the slow-EPSR1: respective contribution of both dendritig
that a significant decrease of the NMDA response was covef&d' artments 1o the Slow-EPSP. The Slow-EPSP was recorded in co

. . c
by an increase in the space constant. AItogethe_r, these _res&@f.%ﬁﬁons (M&* = 1 mM, PTX, 100uM), then in the presence atAPV
suggest that action potentials backpropagating in the primasy .m), o-APV, and CNQX (5uM), and finally back in control conditions
dendrite activate primarily non-NMDA autoreceptors whilétop, 3 average traces of 10 responses). In a 2nd step, the apical prir
those backpropagating in secondary dendrites activate maiq}ﬁ;}drite was section_ed with a ge_ntle suction u_r_]der visual control, and
NMDA autoreceptors slow-EPSP was again recorded in the 3 conditidnsttom,3 dark traces
; hat are the average of 10 responses; light traces are the average resp
In secondary dendrites, the slow-EPSP could result from th@n the primary dendrite (in 1 and 2)]. The dendritic sectioning of t
activation of dendrodendritic synapses established betweered@rded neuron was relatively easy because the primary dendrites
MC and another excitatory connection insensitive to DCGIVvery well defined under the microscope. The sectioning of the prim

At ; ; jendrite had a small effect on the slow-EPSP (see 4; bottom left
but also from the activation of MC lonotropic g|Utamate aUtcfraceQ. Note that this small decrease in the slow-EPSP is mainly due {

decrease in the non—-NMDA-R—mediated component (see the 2 supe
posed traces 5 2, bottom middle tracés Inset superimposed average

Percentage of amplitude [1J
<

=]

=}
both the NMDA- and non-NMDA components of the slow- §30
EPSP. We found that the amplitude of the non-NMDA com- & 60
ponent significantly decreased after suppression of the primary S 40
dendrite (Fig. 5A1 andA2; 44.2 + 10.1%,n = 6). However, g 20

e

section
L

' }Glolmerular traces (20 traces) of the cell membrane potential before (thin line) and 3
PYEE (thick line) sectioning to illustrate the absence of input resistance char
B1: summary graph showing the percentage of the NMDA and the AM
components of the slow-EPSP before and after section of the ap
External dendrite. Note that the NMDA component was only slightly modified |
plexiform the sectioning. The measurements of the slow-EPSP were done 10 min
layer the beginning of the application of the glutamate receptor antagonists.
following concentrations of the receptor antagonists were used in th
; series of experimento-APV (25-50 uM), CNQX (5-10 uM). B2: the
}cclz\l?lt;a]er sectioning of the apical primary dendrite has no significant effect on
4 input resistance R) and the resting membrane potential (RMP). TH
PTX +D-APV +NBQX quantification of the input resistance immediately before and after
Y "Y section of the apical dendrite does not show a significant increase (41
T,/_’-‘ 'ﬁA —12.7 vs. 147+ —13.9 MQ, P = 0.17, paired-test,n = 6, analysis done
100ms with the cells illustrated irB1). No modification of the membrane restin
N N 2 ' 60 mV potential was observed during this manipulation (6&.5-0.8 vs. 60.5*

FIG. 4. The slow-EPSP persists in the absence of the apicalTtoft.left —05mV,n = 6).

picture of a mitral cell labeled by Lucifer yellow. Note the absence of the distal .
part of the primary dendritop right location of the labeled mitral cell in the receptors by glutamate released from the dendrites. If the Ig
olfactory bulb. The section of the superficial external plexiform layer wasypothesis were true, the slow-EPSP should be observe
L"n"i‘deer 'm;"ig'ﬁttfo'?’ ;ﬁgfncq?éﬁg‘gcghpees'}cﬁewgiz ;esgﬁgx'i%% \?vfsr?rzlgfebr'lzdgfa ®nditions where the entire olfactory bulb network is unca
primary dendrite Bottom most of the slow-EPSC recorded in the illustrate Feg; In the presence of PTX, CNQX’. TTX’ and_ extracellul
mitral cell was blocked in the presencessAPV (voltage clamp, K-gluconate, M3~" (2 mM), there were no synaptic interactions betwe
average of 15 traces, Mg= 1 mM). cells at rest (the resting membrane potential was ab&Q
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A — PIX+CNQX+TTX+Mg The NMDA autoreceptors are also spontaneously activg
—+D-APV in conditions of minimal glutamate release. In the presence

- r.—————-— —-’ ‘125 pA PTX, TTX, and in the absence of extracellular #Mg the
200 ms

membrane potential of MCs was clamped+at0 mV. NMDA-
60 mV mediated miniature synaptic potentials could then be recor|
(Fig. 6B). These events did not result from the activation
NMDA receptors by ambient glutamate. Indeed, when a s
+D-APV ond patch pipette was then used to inject the calcium chel

BAPTA (Fig. 6, C1 and C2, bottonm in the same cell, the

_r

@ L

I i
W

§3F;HAS rent with the decrease in spontaneous miniature synaptic
C1 tentials, the current underlying the evoked slow-EPSP &0
Control BAPTA mV was progressively blocked (FigCa, top righ) as BAPTA

Recordi \ | )C .
N - BAPTA (+15 min) slowly diffused to dendritic release sites (Adler et al. 199

Borst and Sakmann 1996). Fifteen minutes after the seal br
jggr‘;’: the inter-event interval had increased from 2:630.26 s to
— 5.1+ 0.64 s P = 0.004,n = 4, pairedt-test, Fig. €3) while
. the amplitude of NMDA miniature currents had not chang
Control | BAPTA (15 min) | 30 pA (13 + 2.4 pAvs. 10.9+ 1.1 pA,n = 4, P > 0.5).

To understand the functional role of the slow-EPSP,
examined its dynamic properties. Figuré Tlustrates that
there was a temporal summation of the slow-EPSP with
increase in cell firing. Paired-pulse facilitation occurred wh
two sodium action potentials were separatedt800 ms, and
was maximal at an inter-spike interval of approximately 50

O%
N P
@)
w

[V N |

%)

in a range close to this interval (Wellis et al. 1989), it is like
that self-excitation significantly contributes to the mitral cell
response.

To demonstrate this, we tested the role of NMDA aut

20 —BAPTA

0 2 4 6 8 10 12
Inter-events interval (s)

f—

Inter-events interval (s)

p<}
=
(5]
-
[
3
5 40 ~— Control
=]
=
Q
Q
1=
L
o

Control BAPTA

Fic. 6. NMDA autoreceptors mediate MC'’s self-excitatigh. glutamate receptors on MC discharge Given that the dendrodendiii

released by secondary dendrites activates NMDA autoreceptors in an unCOLH-b-t- . tirelv d dent th lut te i t
pled network. In the presence of ®¥Ig(2 mM), PTX (100uM), TTX (1 uM), Inhibituon 1s entirely dependent on theé glutamate ionotrof

and CNQX (20uM), evoking a calcium current did not induce any slowf€ceptor activation (Isaacson and Strowbridge 19
inward current when the membrane potential was voltage clampe8@mV ~ Schoppa et al. 1998), the use of extracellularly appli
(left). In contrast, when the membrane was depolarized46 mV, to relieve gutamate receptor antagonists may result also in an |mF

the magnesium block, the NMDA component of the slow excitatory postsy - :
aptic current was revealeddht). B: NMDA autoreceptors mediate miniature . nt effect on MC flrlng by a blockade of the dlsynapt

synaptic currents. At a holding potential 840 mV and in the presence of INhibition. Thus. to address the issue of the physiologi
tetrodotoxin (1uM), outward synaptic events were recordidtf and could be role of self-excitation, it was necessary to block synap
blocked by 50uM b-APV (right). Note the absence af-APV-insensitive nhibition prior to test the effect of NMDA receptor antag
spontaneous outward curren@&L: in another cell, NMDA miniature synaptic onists. In the presence of PTX, CNQX, and extracellu

currents were 1st recorded in the same conditibagt¢m lef}. After 10 min, o4 din 3 it t of th . dendrit
an additional patch pipette containing the calcium chelator BAPTA (20 mMyld~ (and in 3 cases after a cut of the primary dendrite)

was used to record the same cell. Fifteen minutes after the intracelllf&@in of action potentials was regularly evoked with a cy
application of BAPTA, the slow inward current evoked by a calcium currerent depolarizing step (Fig.A8l). During the mitral cell
totally disappeareddp right, \j, = —70 mV). In the same cell, the frequencydischarge' NMDA autoreceptors were activated. After ha

of spontaneous synaptic events also decredseitbfn righ} after this manip- . : : :
ulation, suggesting that they were generated, at least in part, by a dirl&g established a stable baseline of the cell dlscharge,

activation of NMDA autoreceptors by glutamate released from the record@@Plied the NMDA receptor antagonists MK8GtAPV, or
MC (V,, = +40 mV).C2 cumulative distribution of NMDA miniature events CPP. The NMDA open channel blocker MK801 modestl

recorded in a MC in control (thin line) and in the presence of BAPTA (thiclut significantly, increased the average inter-spike inter

line) after 15 min (2.379+ 2.41 s vs. 4.2+ 0.624 s,P = 0.0002; nonpara- (19 8+ 1.8 ms vs. 23.3+ 2.3 ms for the 3rd inter-spike
metric Kolmogoroff-Smirnoff test)C3: summary graph of the inter-event "~ — °** ’ ' ’

interval in control and in BAPTA for 4 MCs (means of 2.630.26 s and 5.1 |nte2rval,n =6,P= 0;0125' palred-tes_t, 4 cases in 1 mM
0.64 s, respectivelyP = 0.004, pairedi-test). Picrotoxin (100uM) was M( " and 2 cases with 0.8 mM M(j) in a use-dependen
applied in all experiments. manner (Fig. 82). Application of the competitive NMDA
receptor antagonists APV (50 uM) and CPP (1QuM) had
mV). Evoking a calcium current in a MC in these conditiong|so similar effects (20.3 1.3 ms vs. 25.1+ 2.1 ms,P =
did not induce any synaptic component (Fid\,8ef). How- 0.008,n = 4). The protocol used here evoked trains
ever, when the membrane potential of the stimulated cell wasveral action potentials that may activate numerous §
depolarized to-40 mV, to relieve the M§" block, the NMDA  rounding mitral cells (i.e., Isaacson 1999). Thus the apj
current was revealed (Fig.A6 right). These results strongly cation of competitive NMDA antagonists may overestima
suggest that NMDA autoreceptors mediate self-excitation the real contribution of NMDA autoreceptors on the MC
secondary dendrites. excitability. In contrast, the activity-dependent block

Wmmmw frequency of spontaneous NMDA synaptic currents progr
sively diminished after breaking the membrane seal. Cong

%

(Fig. 7,B andC). Given that, during odor stimulation, MCs fir¢
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MK801 inhibited the NMDA autoreceptors activated by the A1l A2

glutamate release from the recorded cell and not all NMDA — PTX+CNQX 215 MK801 +D-APV
receptors present in the network. As shown in Fig18the — TMKS01 & —
first spike of the discharge was exactly superimposed in §14 : {.,.-.'.?.;.".'s"",':':
control (with PTX) and in MK801 conditions, indicating £ 13 e __;..‘-.'.“‘-'.Third interval
that the blockade of the effect of ambient glutamate (Sah et g12 e N
al. 1989) did not produce a large change in the membrane 20 mV %11 . _"'"’"1371 .'t" |
resting potential (Fig. B1) and in the spike threshold (Fig. LS0ms =51 wTel Imterva

——u02nA 0 20 40 60 80 100 120

8B2). For different values of depolarizing current, the la-

. . . . Time (mn)
tency of the first spike was also the same in control condi-

tions and in the presence of MK801. Moreover, in the entire é?o 30 .
population of cells analyzed here, the latency of the first & ] Controle o © 95 |4, Control0.15nA
. e . MKS80ls t 2 4 MKS801,025nA »
spike after an application of the NMDA-R antagonists was %60 . 426
e . o
not modified. As a result, the average spike frequency for 3 i i_ s +++
each cell decreased after application of MK801, although ~ g40y , " ¢ 22147, +ié
the spike threshold was not modified (FIiA3 lef). Figure 2 + £ thte e,
g20{ ¢ a18 MR
[5) = A
Z E
A — PTX+CNQX 10 mV 0 =14
— +D-APV 0 01 02 03 04 1 3 5 7 9 1113
200 ms 2
I (nA) # Spike interval
103 nA .
B1 B2 S
-56 44 5
> o
_-58 O 2
N = —— o
A T ——— S
o, U o
-62 £
5 §-52 ;
\' 4 E
-66 -56 3
Control MKS801 Control MK801 o
Fic. 8. Self-excitation exerts a positive feedback on MC activiy: | &
— 1 self-excitation facilitates MC firing. Application of MK801 (4aM) for 20 |
1 1 min decreased the number of spikes evoked by a depolarizing current step @C
C uM PTX, 20 uM CNQX, 0.8 mM Mg ™). The 1st spikes were superimposedo
in both conditions (resting membrane potentiab9.7 vs.—59.5 mV; spike | =
threshold: —47 vs. —46.8 mV). Experiments during which the membraﬂeg
< potential or the bridge balance compensation varied were discak@etime | Q
% course of the effects of MK801 (same cell a\ND). Subsequent application of] 3
b= 50 uM p-APV had no effectA3: the current-average frequency curveff | &
o during application of MK801 demonstrates that activation of NMDA autorlea
= ceptors increases cell excitabilitRight MK801 shapes MC's firing pattern.| o
-S‘ The distribution of the inter-spike interval was plotted as a function of the
L spike rank during a MC's discharge evoked by 2 depolarizing current pulsg&s
S (0.15 nA in control; 0.25 nA in the presence of MK801). Current values wgré®
+ chosen (arrows on tHeft graph) to induce similar average firing frequency. |

control condition (PTX, CNQX, and Mg), self-excitation caused an aceel
eration of cell firing that was blocked by MK80B.: the resting membrane
potential (RMP) was not modified by the application of MK801 (quantificati
FiIG. 7. Short-term facilitation of self-excitation by mitral cell's actiondone in control conditions and 25 min after the beginning of the applicatio
potentials A: the size of the slow-EPSP is modulated in an activity-dependelf<801; =60 * —0.6 mV vs.—-60.2+ 0.8 mV,n = 6, P = 0.29, paired
manner Top the slow-EPSP (arrow) increases with the number of spikes (1 ériest).B2: MK801 did not change the spike threshold (1st spiké9.4+ 0.9
the left, 4 on theright; thick lines,V,: —59 mV). Application of glutamate MV vs.=49.3% 1 mV (n = 6, P = 0.78, paired-test).
receptor antagonists blocked the slow-EPSP (thin lines) and revealed the ) ) . =
afterhyperpolarization (star) entirelyBottom the traces (averages of 10) 8A3 (right) illustrates that MK801 also modified MCs'’ firing
represent the difference between traces obtained in control{l@TX, 20 pattern, flattening the discharge rate as a function of tin
1M CNQX, Mg®* = 1 mM) and with the addition of the NMDA antagonist These results indicate that the NMDA-mediated self-ex

D-APV (50 uM). The sodium spikes are digitally remove. paired-pulse : - )
facilitation of the current underlying the slow-EPSRop a mitral cell was tation acts as an excitatory feedback that shapes MC’s g

voltage-clamped at 70 mV (K-gluconate) and 2 voltage steps (2 ms, 60 mvACtIVity.

were applied successively, separated by either 30 ms (thick Img)sa(thin

line). The 2nd slow-EPSC clearly increased when the inter-pulse interval WSS CcUSSION
brief (30 ms). The extracellular solution contained 0@ PTX and 20uM

CNQX (Mg®* = 0). The evoked sodium currents were digitally removed.  The goal of the present paper was to examine in more de
summary graph showing that paired-pulse facilitation lasts up to 300hms ( ir%ﬂ

0 200 400 600 800 1000
Paired pulse interval (ms)

5 cells). The paired-pulse ratio was calculated as the ratio of the amplitude ? meChamsms of self-excitation and its .phyS|oIog|caI I’_O
the 2nd slow-EPSC over the 1st slow-EPSC. The dash line indicates a pairé¢€ first demonstrate that olfactory bulb excitatory connectig

pulse facilitation ratio of 100%. are not responsible for the slow-EPSP. The fact that intra
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lular blockade of the spontaneous glutamate release deegligted EPSPs may unblock NMDA receptors. It will be impdg
reduced the frequency of miniature NMDA-R—mediated synmant to determine whether AMPA and NMDA autoreceptg
aptic currents in the same neuron directly implicates NMDAre co-localized in the neighborhood of the dendrodendr
autoreceptors. However, in the experiments shown here, sygmapses.

cannot totally exclude the possibility of the contribution of The duration of the CNQX/NBQX-sensitive component
glutamate release from neighboring MCs (Isaacson 1999). Tlbeg in comparison to the known kinetics of the AMP
paper also shows that, during self-excitation, there is a modesteptors. Several reasons may explain this result. First,

but significant activation of AMPA/kainate autoreceptorgossible that there is also a contribution of kainate receptors

These autoreceptors are located in part in the glomerular reginnself-excitation since it has been shown that kainate
of the primary dendrite while the major component of theeptor-mediated response present a prolong decay (Cag
slow-EPSP results from the activation of NMDA autoreceptoes al. 1997). Second, dendrodendritic synapses are loc
located on secondary dendrites. Finally, the study indicates tbhatseveral sites of secondary dendrites, and backpropagg
there is a frequency facilitation of self-excitation and that #ction potentials may induce a prolonged glutamate rele
may control the MC'’s firing in an activity-dependent mannehy an activation of several release sites. Finally, we can

Given the presence of intrinsic excitatory connections ixclude an imperfect voltage and space clamp of the glu
olfactory bulb (seeresuLT9, it was important to discard the mate receptor—-mediated responses since MCs possess
possibility that the slow-EPSP was generated by conventiomahg processes (the site of recording was in the soma).
synaptic mechanisms. We were able to separate the two synfhe presence of an AMPA receptor—-mediated respons
aptic mechanisms by using an agonist of presynaptic metalsorprising given the low affinity of the receptor for glutg

tropic glutamate receptors and by examining the frequency ofte. It has been demonstrated that glutamate spillover gy

miniature NMDA currents after blockade of glutamate releasetivate NMDA or metabotropic glutamate receptors th
in the recorded neuron. We considered also the respectheve a much higher affinity for glutamate than AMP
contribution of primary and secondary dendrites in the geneeceptors (Kullmann and Asztely 1998). Given the results
ation of self-excitation. Indeed, the major component of thmodels of glutamate diffusion (Clements 1996), the loc
self-excitation results from an activation of glutamate receptamation of AMPA receptors should be very close to t
localized in MC secondary dendrites, indicating the importantlease sites (i.e., a distance smaller than 400 nm)

role of backpropagating action potentials in the MC integratiddolmes 1995). Increase in glutamate concentration by
of the signal. The coincidence of bursts of axonal actidease of glutamate from neighboring sites (see, for exam
potentials and the self-excitation may, in turn, facilitate th8canziani et al. 1997) located on the MC dendrites o
generation of calcium and sodium action potentials in secorgklayed clearance of the neurotransmitter caused by s
ary dendrites depending on the level of dendrodendritic infébstacle to the neurotransmitter diffusion in the extracel
bition (Larkum et al. 1999). Finally, it has been recently showlar space could also contribute to the AMPA receptor ag
that the distal primary dendrite can initiate mitral cell actiomation. In support of these latter possibilities is the relativg

potentials (Chen et al. 1997). In this context, it will be imporslow time course of the decay of the AMPA receptor coiny

tant to determine the potential role of dendritic action poteponent that could be in part due to a prolonged presenc
tials evoked by activation of the olfactory nerve in the geneglutamate (Barbour et al. 1994).
ation of self-excitation and, reciprocally, to examine the We found a modulation of MC excitability by self-exci
contribution of self-excitation to the regulation of distal dentation, suggesting a precise role of this phenomenon for
dritic impulses. temporal coding of odor signals. It is now well establish
Here, we have shown that self-excitation is mediated in pahtat sensory neurons lack response selectivity for odor,
by AMPA/kainate receptors. Given that one previous repogands and present a relatively high level of spontane
(Isaacson 1999) did not mention this result, we discard, lagtivity (Duchamp-Viret et al. 1999; Malnic et al. 1999). |
using high doses of different NMDA-R antagonists, the posgiontrast, MCs have a much narrower tuning curve th
bility of an incomplete blockade of NMDA receptors. In thesensory neurons (Duchamp-Viret and Duchamp 1997; M
work of Isaacson, self-excitation was evoked with Ca currentsnd Yoshihara 1995), and the cellular interactions unde
using cesium-gluconate—filled pipettes and tetrodotoxin. In oung the increase in selectivity in the olfactory bulb have |
experiments, the size of the NMDA-R—mediated currents whém be determined. Self-excitation may contribute to an
evoked by Ca spikes in the absence of extracellular magnesiaraase in the signal-to-noise (S/N) ratio by amplifying acti
is very large in comparison with the amplitude of the AMPAinputs from sensory neurons with an excitatory feedbg
R—mediated currents. In that case, it was possible that timechanism. The behavior of such an amplifier has b4
non-NMDA component was partially masked by the Ca cuextensively analyzed in models of recurrent excitation
rents/spikes. Indeed, when Na spikes evoked the slow curreatebral cortex (Douglas et al. 1995; Somers et al. 199
(with potassium gluconate—filled patch pipette), the rise time ahd it has been shown that this could be a powerful me
the AMPA/kainate-R response was so fast that it was difficidnism for improving the response selectivity of cortic
to distinguish it from the end of the sodium current (partiallpeurons to noisy inputs. Indeed, the effect of NMDA aut
clamped). Our result indicates that AMPA receptor subuniteceptor activation on the slope of the average freque
localized on MC dendrites (Montague and Greer 1999) havecarve (see Fig. 83) suggests an increase in the S/N ratio f
physiological role. Thus self-excitation is not silent at théhe specific set of MCs that are most activated, as in th
resting membrane potential since AMPA/kainate receptor—mmaodels. Together with the disynaptic inhibition, self-exd
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tation exerts a push-pull regulation of the spike dischardéscex TA, Winber DG, GEReau RW IV, Labb CO, anp Conn PJ. Differ-

that may contribute to the coding of olfactory inputs. ential involvement of group Il and group Il mGIuRs as autoreceptors
lateral and medial perforant path synapskkleurophysiolr6: 3798—-3806,
1996.
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