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Nusser, Zoltan, Leslie M. Kay, Gilles Laurent, Gregg E. Homan- species. The role of such synchronization is still debated, but
ics, and Istvan Mody. Disruption of GABA, receptors on GABAer- several recent studies have provided strong evidence for the
gic interneurons leads to increased oscillatory power in the olfactog¢sential role of oscillatory synchronization in olfactory infor-
bulb network.J Neurophysiol86: 2823-2833, 2001. SynchronizedmatiOn coding in invertebrates (e.g., locust and honeybee). In
neural activity is believed to be essential for many CNS function e locust. information about odor identity is carried not only

Including neuronal development, sensory perception, and mem V the “spatial” component of the active neuronal ensemble
formation. In several brain areas GARAeceptor—-mediated synaptic P P !

inhibition is thought to be important for the generation of synchronodft 2lso by the precise timing of action potential firing (Laurent
network activity. We have used GABAreceptor33 subunit deficient and Davidowitz 1994; MacLeod and Laurent 1996; Wehr and

mice (83—/-) to study the role of GABAergic inhibition in the Laurent 1996). It has been shown in honeybees that odor
generation of network oscillations in the olfactory bulb (OB) and tencoding involves the oscillatory synchronization of an ensem-
reveal the role of such oscillations in olfaction. The expression ble of projection neurons (PN), and that their desynchroniza-
functional GABA, receptors was drastically reduced-93%) in tion results in impaired discrimination of molecularly similar

B3—/— granule cells, the local inh_ibitoryintern_eurons of the OB. Thi%dorants, but not that of dissimilar odorants (Stopfer et al.
was revealed by a large reduction of muscimol-evoked whole-cglhg7) | |ocusts, PN desynchronization also leads to a loss of
current and the total current mediated by spontaneous, mlnlat%%ing specificity in neurons found two synapses downstream

inhibitory postsynaptic currents (mIPSCs). B8—/— mitral/tufted . D o
cells (principal cells), there was a two-fold increase in mIPSC amp f the PNs, further implicating neuronal synchronization as

tudes without any significant change in their kinetics or frequency. RINg @ functionally relevant parameter of neuronal activity
parallel with the altered inhibition, there was a significant increase (MacLeod et al. 1998). Oscillatory synchronization in the
the amplitude of theta (80% increase) and gamma (178% increag@mnma, beta, and theta frequency ranges has been described in
frequency oscillations irB3—/— OBs recorded in vivo from freely the olfactory bulb and piriform cortex of mammals (Adrian
moving mice. In odor discrimination tests, we foug8—/— mice to 1950; Bressler and Freeman 1980; Freeman 1975; Kay and
be initially the same as, but better with experience tam/+ mice Freeman 1998), but its role in sensory coding is still unclear.

in distinguishing closely related monomolecular alcohols. Howeverpis s mainly due to the lack of experimental tools allowing
p3—/— mice were initially better and then worse with practice thage gelective alteration of oscillatory synchronization in a de-
control mice in distinguishing closely related mixtures of alcoholsfined part of the olfactory pathway in vivo without modifying

Our results indicate that the disruption of GABAeceptor—-mediated . f h turall . timuli
synaptic inhibition of GABAergic interneurons and the augmentatiotrt;'e responsiveness ol neurons 1o naturally occurring stimufl

of IPSCs in principal cells result in increased network oscillations @Nd their spatial arrangements. ) ) )
the OB with complex effects on olfactory discrimination, which can In several mammalian and nonmammalian species, oscilla-
be explained by an increase in the size or effective power of oscill&ry Synchronization of some neural populations requires intact
ing neural cell assemblies among the mitral cellg38f-/— mice. GABA , receptor—mediated synaptic inhibition (reviewed by
Buzsaki and Chrobak 1995; Singer 1996; Traub et al. 1998).
All nerve cells in the mammalian brain express several sub-
INTRODUCTION units of the GABA, receptor (Fritschy and Mohler 1995;

Sensory stimulus associated oscillatory synchronization hAdsden et al. 1992), which are usually co-assembled into

been described in the olfactory (Adrian 1942, 1950; Bressigy €'l GABA receptor subtypes. Granule cells in the olfac-
and Freeman 1980; Freeman 1975, 1976; Gelperin and T4/ Pulb express only tha3 variant of the subunit, whereas
1990; Gray and Skinner 1988; Laurent and Davidowitz 19?%"”6“ and tufted cells express all three kno@isubunits 1,

MacLeod and Laurent 1996; Stopfer et al. 1997) and visudf: @ndB3) (Laurie et al. 1992; Nusser et al. 1999b). Because
(Engel et al. 1997; Gray ana Singer 1989) systems of ma );ubumts are essential for the formation of functional GABA
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receptors, we predicted that after the genetic deletion o8ghe acquisition and analysis software (written in LabView, National In-
subunit gene (Homanics et al. 1997) functional GABcep Struments, Austin, TX) was used to measure the amplitudes, 1_0_—90%
tors would be altered in a cell type—specific manner in tHi€e times, 67% decay times and charge transferred by miniature
olfactory bulb. Namely, we predicted a considerable reductidifiPitory postsynaptic currents (mIPSCs). The decay of the averaged
of functional GABA, receptors in granule cells, the IOCal(:urrents was fitted with a single or the sum of two exponential

circuit GABAergic interneurons of the bulb, without a Iarg({,tljggtg&;ged v;/gg(]:tideEczy Jtrm;e Ir&mjh: fﬁﬁgreei“a;ﬁﬂ]
1 1 2 ’ 1 2

reduction in principal cells (mitral/tufted cells). Previous eXaye the fast and slow decay time constants, respectivelyAaisithe
perimental and modeling studies indicated that disruption @éntribution of the first exponential to the amplitude. The weighted
GABA , receptor—mediated inhibition between GABAergie lodecay time constant from the areg,f,] was calculated by dividing

cal circuit interneurons results in the loss of gamma frequenthe area of each mIPSC by its peak amplitude.

oscillations in the hippocampus and neocortex (Tamas et al.

2000; Traub et al. 1996; Wang and Buzsaki 1996; WhittingtqR vivo recordings from freely moving animals

et al. 1995), but it could also lead to hyper-synchrony in the _ i _
thalamus (Huntsman et al. 1999). Thus in the present study, w&our control and thre@3—/— mice were anesthetized with 100
used GABA, receptorB3 subunit deficient mice to study the™?/ Iilghkletamme and 5 mg/.‘ﬁg X.ylarz]'”el'( T”he SI':"” .WaShOpe“eo_' and
role of GABAergic synaptic inhibition of granule cells in>ra oles {-2 mm) were drilled in the skull. Following the opening

il hronization in th i if bul f the dura mater, a bipolar electrode (twisted 80-tungsten wires
oscillatory synchronization in the mammalian olfactory bulf;it, yertical tip separation of-0.5 mm) was lowered into the dorsal

and to examine the possible consequences of altered neur@Qghce of the left olfactory bulb. A stainless steel watch screw was

synchronization on olfaction. driven into the skull above the cerebellum to serve as a ground
electrode. All electrodes were stabilized with dental cement. During

METHODS surgery and postoperative care, all efforts were made to comfort the
animals, in accordance with the guidelines of the UCLA Office for

Slice preparation and in vitro electrophysiological Protection of Research Subjects.

recordings Two days after the surgery, electroencephalograms were low-pass

filtered at 200 Hz and digitized at 1 kHz using a data acquisition board
One 28-day-old and four adult>@ month old) 3—/— mice (PCI-MIO 16E-4, National Instruments, Austin, TX) and in-house

(DeLorey et al. 1998; Homanics et al. 1997) and four a@d#-/+  data acquisition software written in LabView (National Instruments).
mice were anesthetized with halothane before decapitation in acaebwer spectra and autocorrelograms were computed with LabView.
dance with the guidelines of the UCLA Office for Protection offhe power spectra were normalized in two wag}. The power
Research Subjects. The brains were then removed and placed int@gdttra during both immobility and exploration were normalized to
ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM) 126Ghe maximum of the lowest frequency peak during immobility (its
NaCl, 2.5 KCI, 2 CaCJ, 2 MgCl,, 1.25 NaHPO,, 26 NaHCQ, and value defined as 1p) The power spectra were normalized to a mean
10 p-glucose, pH 7.3 when bubbled with 95%,6% CQO,. The of 0 and a SD of 1. Almost identical results were obtained with both
olfactory bulb was glued to a platform, and 30s-thick sagittal normalizations, but as the latter method resulted in greater variance
slices were cut with a Vibratome (Leica VT1000S). The slices weigithin conditions, we have chosen to present our data with the first
stored submerged at 32°C in ACSF until they were transferred to i@y of normalization. We discriminated between two behavioral
recording chamber. During recording, the slices were continuousiiates of the animals during the recordings: immobility, during which
perfused with 33-36°C ACSF containing 3-5 mM kynurenic acighe animals did not move and showed no observable sign of sniffing;
(Sigma) and 0.7uM tetrodotoxin (Calbiochem, La Jolla, CA). All and exploration, during which the animals moved around in their cage
recordings were made from the somata of visually identified neurofgd showed intense sniffing activity.
(Zeiss Axioscope and Leica DMS IR-DIC videomicroscopy40
water immersion objective) with an Axopatch 200B amplifier (Axo I
Instruments, Foster City, CA). Patch electrodes were pulled (Naris dor discrimination
ige PP-83, Tokyo) from thick-walled borosilicate glass (1.5 mm OD, All mice (4 adult33+/+ and 4 adult33—/— mice) were trained
0.86 mm ID, Sutter Instruments, Novato, CA) and were filled with gsing a protocol developed and modified according to Linster and
solution containing (in mM) 140 CsCl, 4 NaCl, 1 MgClLO HEPES, Hasselmo (1999) and is as presented elsewhere (Kay et al. 2000).
0.05 EGTA, 2 Mg-ATP, and 0.4 Mg-GTP. All solutions were titratedyiice were first introduced to the test arena (polycarbonate box similar
to a pH of 7.25 and an osmolarity of 280-290 mosmol. The Dfg the home cage and fitted with a dividing door). They were trained
resistance of the electrodes was 2—8Mhen filled with pipette to dig in a small glass dish of sand for a food reward until they reached
solution. Series resistance and whole cell capacitance were estimai@@rion (initiating digging within 10 s). They were then presented
by compensating for the fast current transients evoked at the onset @il two dishes, one scented (5 drops of 5% odorant in mineral oil,
offset of 8-ms, 5-mV voltage-command steps and were checked evgiyed into the sand) and one unscented (5 drops of mineral oil). The
2 min during the recording. If the series resistance increased by m@ifimals learned to dig in the scented dish for a reward.
than 50%, the recording was discontinued. The series resistanc@dor testing sessions began with 10 training trials, in which the
remaining after 75-80% compensation (with 7- tau8dag values) mouse learned to dig in response to the training odor (hexanol or an
was 1.4+ 0.07 and 1.7+ 0.26 (SE) M) for B+/+ andB3—/— mitral  alcohol mixture) and avoid digging in the control dish. The mouse was
cells, respectively; and 3.4 0.3 and 3.8+ 0.4 M(} for B+/+ and  then tested on a set of odors in random order, including the learned
p3—/— granule cells, respectively. Data are expressed as me&@#s odor. Each test trial was 20 s long, after which the animal was
and are compared with an unpairetést assuming unequal variancegsemoved from the arena. In the test trials, there was no reward present

unless otherwise stated. in the dish, and the amounts of time spent digging in the odor dish
(digging time) and the control dish were measured. To avoid behav-
Analysis of the in vitro electrophysiological data ioral extinction, the mouse was given one to three reinforcement trials

with the trained odor in between unrewarded test trials. In the first
All recordings were low-pass filtered at 2 kHz and digitized on-linexperiment, test odors were alcohols of various chain lengths (3-C to
at 20 kHz, as described earlier (Nusser et al. 1999b). In-house d&t& and 10-C) and one nonalcohol, isoamyl acetate (IAA). The
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training odor was hexanol (6-C). All odorants were 5% solutions iof 8.3 = 0.6 ms and the charge carried by each mIPSC was
mineral oil. The odorants were tested twice in each sessmm{ 1 .8+ 0.12 pC (Fig. 1). In33—/— mice, there was an-80%
andround 2in Fig. 7). Generalization was measured as significapbdyction in mIPSC frequency (from 1.160.30 Hz to 0.24+
digging in an odor other than the training odor. 0.04 Hz,n = 7, P = 0.01, unpaired-test) with an accompa-

In the second experiment the fogB+/+ mice and three of the ' : . . 0 .
original four B3—/— mice were challenged with a more difficult odorY'N9 decrease in the amplitude (43% reduction, from 74.8

identification task. The training odor in these sessions was a 5949 PA t0 42.9+ 8.2 pA, P = 0.02) and decay time (42%
dilution in mineral oil of a mixture of alcohols (OM: butanol, pentaJ€duction, 8.3+ 0.6 ms in control and 4.8 0.4 msinB3—/—,
nol, heptanol, and decanol). The test odors were the original mixtle < 0.001). As a consequence, the total current entering
and four mixtures consisting of three of the four alcohols in th#rough synaptic GABA receptors was reduced by 93% €
original mixture (M1: pentanol, heptanol, and decanol; M2: butandD.01) in 33—/— mice compared with the controls (Fig. 1). To
heptanol, and decanol; M3: butanol, pentanol, and decanol; Mé&st whether the observed reduction in GABAergic synaptic
butanol, pentanol, and heptanol). The mice were tested as before, afjftents was due to a decrease in surface GAB&eptors, we

digging times were recorded for each test mixture and the contiphi, anplied~100 uM muscimol. a GABA. receptor agonist
dishes. The odorants were tested three timesnds 1-3in Fig. 8). PP i ' 2 P g '

Due to the small number of animals and the variability of digging
durations across animals, data were normalized by transformation to A
their Z-scores. Normalized digging times for each test odor were I ! Py
compared in a one-way ANOVA across test odors. The test odor [ [
digging times were then compared with each other using a post hoc
Newman-Keuls test. Values & < 0.05 were considered significant.
Only digging times in the test odors were analyzed, as the mice rarely M T
dug in the control sand.

B3+/+ B3-/-

Immunohistochemistry U ' '
o o - : [100 pA
Light microscopic immunostaining for GABAreceptor subunits B s
was performed as described previously (Nusser et al. 1995). Olfactory
bulbs from a control and 83—/— mouse were removed and placed W
into ice-cold fixative containing 4% paraformaldehyde, 0.05% glutar-
aldehyde, and-0.2% picric acid made up in 0.1 M phosphate buffer
(PB, pH 7.4) for 50 min. Vibratome sections (sagittal, #fn in |50 pA
thickness) were cut and collected in PB. Normal goat serum (20%)
was used in 50 mM Tris-HCI (pH 7.4) containing 0.9% NaCl (TBS)
as the blocking solution for 0.5 h followed by the incubation with
purified primary antibodies diluted in TBS containing 1% normal goat C Muscimol Muscimol
serum and 0.05% Triton X-100 overnight. The primary antibodies
were used at the following final concentration8l [code No. T T
B1(350-404)R16/6] (Jechlinger et al. 1998), 1,2% protein/ml; 32
[code No.B2(351-405)R20] (Jechlinger et al. 1998), 1.§/ml; and
B3 [code No.B3(345-408)R21] (Slany et al. 1995),lg/ml. After
washing, the sections were incubated for 90 min in biotinylated
secondary antibodies (diluted 1:50 in TBS; Vector Lab., Burlingame,
CA), followed by further washings and incubation in avidin biotinyl-
ated horseradish peroxidase complex (1:100 dilution in TBS) for 2 h.
Peroxidase enzyme reaction was carried out with-8i@minobenzi-
dine tetrahydrochloride as chromogen andOHl as oxidant. The
sections were then routinely processed for light microscopic exami-
nation (Somogyi et al. 1989).
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B3+/+ p3-/- B3+/+ B3-/- B3+/+ B3-/-
Alteration of GABAergic synaptic neurotransmission in the Fic. 1. Reduction of GABA receptor—mediated inhibition iB3—/—

olfactory bulb granule cells.A: continuous 15-s recordings of spontaneous activity in a

. 3+/+ (left pane) and aB3—/— (right pane) animal in the presence of 3 mM
First, we recorded mIPSCs from granule cells of the Olfagynurenic acid and 0.uM tetrodotoxin. Note that the frequency and the

tory bulb in the presence of the ionotropic glutamate receptanplitude of the inward currents are greatly reduddhe 1st 6 consecutive
blocker kynurenic acid (3-5 mM) and the sodium channaéiiniature inhibitory postsynaptic currents (mIPSCs) frérare shown super-
blocker tetrodotoxin (O.YLI\/I) under whole-cell voltage-clamp imposed on an extended time scale. Note that the synaptic eve@&-ih-
fi . . brain sli B | I ranule cells have smaller amplitudes and faster decay tithegproximately
configuration in acute brain slices. ec_ausie granule CQ Sw U@;LM muscimol evokes a much smaller curreni3®—/— (right pane) than
held at—70 mV and because symmetrlcal Qtoncemra.tlons in control (eft pane) granule cellsD—F: the 69% reduction (from 0.682
were used, GABA receptor—-mediated mIPSCs were inward.123 pC to 0.125 0.035 pCh = 7, P < 0.01, unpaired-test) in the charge
In agreement with our previous studies (Hajos et al. 200ansfer by mIPSCs together with an 80% reduction (from 1:16.30 Hz to

. . 24+ 0.04 Hz,n = 7,P = 0.01, unpaired-test) in mIPSC frequency resulted
Nusser et al. 1999b) in control mice, mIPSCs occurred relg= "o, " 4 o (from 0.745 0.199 pA to 0.050+ 0.009 pAn = 7, P <

tiVG'Y_ infrequently (1.16+ 0.30 Hz_’n = 7), had an average o.01, unpaired-test) in the total current entering through GABAeceptors in
amplitude of 74.8+ 11.9 pA, a weighted decay time constang3—/— granule cells.
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and recorded the drug-evoked whole-cell currents. As shown in
two representative cells in FigCl muscimol evoked a much
smaller inward current iifB3—/— granule cells compared with
controls. As we did not use rapid agonist application, we did
not attempt to quantify the results of these experiments. EPL

Taken together, these results suggest that there was a great
reduction in the expression of functional GABAeceptors on

cL [l

the surface of33—/— granule cells. However, it is clear that MCL
there is no complete loss of functional GARAeceptors from

the surface of granule cells. Using immunocytochemistry with IPL
subunit-specific antibodies, we tested whether a compensatory
up-regulation of otheB subunits could explain the incomplete GCL

loss of synaptic currents. In control granule cells, similar to our
previously published data (Nusser et al. 1999b), no immuno-
reactivity for the 1l and 82 subunits could be detected, but
very strong staining for th@3 subunit was observed (Fig. 2).
In the external plexiform layer, all thre@ subunit variants
were strongly expressed. There was no detectable staining for
the B3 subunit in the whole brain g83—/— mice, including
the olfactory bulb, in agreement with the results of previous :
studies showing a complete loss of {B& subunit (DelLorey et McL
al. 1998). We could not detect any significant labeling for the
Bl or B2 subunits inB3—/— granule cells, whereas these ;
subunits were strongly expressed in mitral/tufted cells. » o P

To assess the effect of th@3 subunit gene deletion on
GABAergic synaptic currents recorded in the principal cells of
the olfactory bulb (mitral and tufted cells), mIPSCs were
pharmacologically isolated and were recorded under whole-
cell voltage-clamp. In control mitral cells, mIPSCs occurred
with a frequency of 2.3+ 0.8 Hz (y = 9) and had amplitudes
of 42.9+ 4.9 pA at—70 mV. The decay of the currents could
be described either with a single exponentia( 3.7 ms,n =
6 cells) or with the sum of two exponentials,[= 2.5 ms
(80%), 7, = 9.9 ms,n = 3 cells]. InB3—/— mitral cells, there MCL
was no significant change in the frequency of the synaptic
currents (2.4- 0.7 Hz,P > 0.05 compared with controls; Fig.
3). The most parsimonious explanation of this result is that
there is no change in the number of GABAergic synapses on
mitral/tufted cells, consistent with the expression of additional ) _ . N

. . FIG. 2. Immunohistochemical demonstration of the distribution of ghe

B S'jjbu_n,lts Bl_ andp2) in these (,:e”S' Howev_er’ we observe op panel}, B2 (middle panels andB3 (bottom panelssubunits inB3+/+
a significant increase (118%) in the amplitude of MIPSG®ft panely and B3—/— (right panely mice. Top panels no significant
(from 42.9+ 4.9 pAto 93.4+ 18.9 pA,n = 9,P = 0.01, Fig. difference was seen in the expression of @esubunit in control an@3—/—
3) in B3—/— mitral/tufted cells without any significant changenice 'L‘ b‘?thtﬁ”imat'sf fhhﬁh} Sfutli‘]unif its Stfolngl'y ‘?fXPfeTSES inég?_ i”?‘;f hal'f and
in their Kinelics ) = 3.7+ 0.2 ms in conirol andhy = 1yt (1 ST/ o e Serta e aver (670) The domer
4.3+ 0.4 ms inB3—/—, P > 0.05]. layer (IPL) and the granule cell layer (GCL) are very weakly stained, which is
at the level of the nonspecific stainingliddle panelsthe distribution of the
B2 subunit is also very similar in both animals. The EPL is uniformly and

strongly stained. In the GCL, only the short axon cells are labdéettom

. T . anels immunostaining for theB3 subunit is completely disappeared in
To assess the role of GABAergic synaptic inhibition in th 3—/— mice, whereas it is very strong in all layers of the OB of control mice.

generation of synchronous network activity of the olfactoriicL: mitral cell layer; all pictures at the same magnificationlg5s).

bulb, we recorded electroencephalograms (EEG) from the dor-

sal surface of the olfactory bulb of freely moving control andmmobility, we observed two peaks in the theta frequency band
B3—/— mice (Kay and Freeman 1998). We discriminated twwith frequencies of 4.2 0.9 Hz and 9.7+ 1.8 Hz, respec-
behavioral statesl) immobility, periods during which the tively (Figs. 4 and 6). During exploration, the lower frequency
animals did not move, and no sign of sniffing was observe(®2.5 = 0.3 Hz) theta oscillation had smaller power (£18%
and 2) exploration, during which the animals explored theiof control) than that during immobility, but the power of the
cage, and prominent sniffing activity was apparent. In contrbigher frequency theta oscillation (657 0.5 Hz) was almost
mice, during immobility, a prominent breathing-associateidentical to that in immobility (normalized power 0.51 0.2
theta band (2—-12 Hz) oscillation was apparent as describedduring immobility and 0.50= 0.11 during exploration). In
several other species (Freeman 1976; Kay and Freeman 1988jtrol mice, gamma frequency oscillations were readily ob-
By examining the power spectra of EEG recorded durirgerved in both behavioral states with only slightly different

WA

Effect of altered synaptic inhibition on network oscillations
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quency: 4.3+t 0.9 Hz,n=4vs. 3.0 0Hz,n=3,P=0.14
and 9.7+ 1.8 Hz,n = 4 vs. 7.0+ 1.0 Hz,n = 3, P = 0.14;
normalized power for the higher frequency band: 0:50.20,
n=4vs.0.78+ 0.24,n = 3,P = 0.22 unpaired-test). During
exploration, however, the lower frequency theta oscillation had
a significantly higher power (0.4% 0.08,n = 4 vs. 0.75%
0.09,n = 3, P = 0.02) with similar frequencies (25 0.3 Hz,
n=4vs. 43+ 0.9 Hz,n = 3, P > 0.05) in 33—/— mice
compared with controls. The higher frequency theta oscillation
had a higher frequency (68 0.5,n = 4 vs. 8.7+ 0.3,n =
3,P =0.01) and power (0.5 0.1,n = 4 vs. 0.9%+ 0.16,n =

A

p3+/+ B3/

T T '[
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Fic. 3. Increased synaptic inhibition i3—/— mitral cells. A: 15 s of
continuous recordings of spontaneous GABreceptor-mediated mIPSCs in
B3+/+ (left pane) and B3—/— (right pane) mitral cells. There is a large
increase in the amplitude of mMIPSCs with an apparent increase in the frequency
of the eventsB: 6 consecutive mIPSCs are shown on extended time scales.
Note the increased amplitude of the synaptic currents without any significant
change in the time course of the ever@@sthe charge carried by the synaptic
currents increased from 0.190.03 pC to 0.52+ 0.11 pC o= 9; P < 0.01,
unpairedt-test) in 33—/— mitral cells.D andE: as there was no significant
change in the frequency of mIPSCs (2:210.82 Hz in control and 2.3% 0.71
Hz in B3—/—, n = 9, P = 0.46, unpaired-test), the 118% increase in the
amplitude resulted in a similar increase (129% from 0+46.16 pA to 1.03+
0.33 pA,n = 9, P = 0.07, unpaired-test) in the total GABA receptor—
mediated synaptic current.
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frequencies and power (Figs. 4 and 6; immobility: frequercy

43 = 5 Hz, normalized power 0.33 = 0.17; exploration:
frequency= 52 = 5 Hz, normalized power 0.36 = 0.13),
similar to that seen in rats (Kay and Freeman 1998). The most
striking difference in the EEG patterns between control and o o
B3—/— mice was the very pronounced power increase in thef'e- 4. Characterization of the rhythmic activity of the electroencephalo-
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L . . gram recorded in vivo from the left olfactory bulb of a control mouse4 s
gamma frequency band ig3—/— animals (Figs. 5 and 6). of recordings during immobilityléft pane) and explorationr{ght pane) using

During exploration, the normalized power (SRETHODS) IN  bipolar tungsten electrodes implanted into the surface of the dorsal olfactory

gamma frequency band was increased almost threefold (niastb. There is a dominant low-frequency 8 Hz) breathing-associated oscil-

malized power: 0.36- 0.13 in controln = 4; and 1.00+ 0.10
in B3—/—, n = 3; P < 0.01, unpaired-test), whereas the
oscillation frequency remained unchanged (525 Hz in

latory behavior during immobility, which is the most prominent peak on the
power spectrumB) and dominates the autocorrelogra€) @s well. There is

only a very weak gamma frequency oscillation during immobility, which is
much stronger during exploratioB: there are 3 peaks in the power spectrum

control and 52+ 3 Hz in B3—/—). We also compared the areaduring both immobility left pane) and exploration right pane). During
under the nonnormalized power spectra between 40 and 80iHxobility, the most prominent peak is at3 Hz followed by a peak at

and found a very similar increase (320%) @#3—/— mice.

During immobility, the power of the gamma frequency ban

approximately 6 Hz and a very small peak at 54 Hz. During exploration, the
wer of the low-frequency~2.5 Hz) peak is reduced, that of the one at 5 Hz
unaltered, but the peak at gamma frequency is significantly incre@sed.

was also greater iB3—/— mice, but this increase did not reaChutocorrelograms of 1-s sweeps recorded during immobiktiy pane) and

significance (normal power: 0.38 0.17 in controln = 4; and
0.60 = 0.15 inB3—/—, n = 3; P = 0.15, unpaired-test).
During immobility, there was no significant change in eith

the frequency or the normalized power of the two theta fr

guency bands ir33—/— mice compared with controls (fre-

J Neurophysiof voL 86 - DE

exploration (ight pane). During immobility, the autocorrelogram is domi-
nated by the low-frequency, breathing-associated rhythmicity (1st peak at 350
s yielding a frequency of 2.8 Hz). During exploration, there are prominent
eaks with~20 ms separation, indicating a much more pronounced gamma
equency oscillation. Thinsetsshow the autocorrelograms at an expanded
time scale.
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A Immobility Exploration Taken together, these results show that the almost complete
disruption of GABAergic synaptic inhibition of granule cells,

WMMWW and the increased mIPSC amplitude in mitral/tufted cells, re-
sults in an enhanced oscillatory power @#3—/— olfactory

bulb (OB). We next tested the effect of such altered neuronal

W‘WWW# network oscillations on odor discrimination.
WMWWW Altered odor discrimination ir83—/— mice

A first observation was that th83—/— mice were more

active than thg33+/+ mice, as has been reported elsewhere
WWMMW (Homanics et al. 1997). All animals learned to dig in an
_0'1 myV odorized dish (geraniol) versus control (mineral oil), which

02s indicates that thgg3—/— mice can smell.

Odor identification/discrimination was tested with two tasks.

B The first task was a simple identification of a learned alcohol
5 8 o © (hexanol) in a randomly presented series of chemically similar
s o4 T4 alcohols and a chemically unrelated odorant IAA. The mice
E 2 were tested two times in the same session on the randomized
g 2 § 2 series of odorants. Time spent digging in a scented dish was
& o g o used to assess identification and generalization. In the first
0 40 80 120 0 40 80 120 round of tests, none of the mice showed significant generali-
Frequency (Hz) Frequency (Hz) zation to odorants other than the training odor (FigsA and
C B). In the second round of tests, t|38+/+ mice generalized
to heptanol and dug very little in the other odorants (Fig).7
512 5 127 The 33—/—. mipe dug significantly pnly in hgxanol, showing
Sos . % 08 v no generalization (Fig. ). Thus with prac;ch, t.h¢33_—/.—
£ o4 20 ms § o4l 20ms mice performed better than tH#8+/+ mice in distinguishing
b © this monomolecular alcohol from closely related alcohols.
30'0 2 0.0 The second odor identification test was a more complex

'0-45m0 -0-4;m0 mixture identification task. The mice were trained on a mixture
Time (ms) T ime (ms) of four alcohols and then tested on the original mixture (OM:
. butanol, pentanol, heptanol, and decanol) and four close mix-
Fic. 5. Increased gamma frequency oscillationg—/— olfactory bulb. h .. i f th iginal .
A: continuous recordings of electroencephalograms (EEGs) frgs8-a/— tures (those consisting of 3 of the original 4 Com.ponent&
mouse olfactory bulb during immobilityldft pane) and exploration ight M1-M4, seemeTHoDS). They were each tested three times on
pane). During exploration, the EEG is dominated by a high-amplitude, highrandomized series of the five mixtures in a single session. In

frequency rhythmB: the peak at 40-90 Hz is much more pronounced i : : i A
B3—/— mice compared with the controls. There is a decrease in the amplitulgﬂee first round th$3+/+ mice made no distinction among the

of the 3-Hz peak during exploration, without any significant change in th@dors (Fig. 8\)1 whereas th¢33._/_ mice generalized to those
amplitude of the peak at5 Hz. In B3—/— mice, the gamma frequency peakmixtures lacking the long chain components (M3 and M4) and

is also more pronounced during exploration than during immobility. The discriminated those mixtures Iacking the short chain compo-

peaks at-3 and~6 Hz are very similar in33—/— mice to those recorded in -
control animals, but there is a large increase in the power of the gammgnts (M1 and M2; Fig. B). In the second round thg3-+/+

frequency band (cf. Fig. 3)C: autocorrelograms of 1-s EEGs recorded duringhice generalized to one mixture (M4 in FigCB and the
immobility (left pane) and explorationright pane). Similar to control ani- 33—/~ mice generalized across all odor mixtures (FiD).8n
mals, during immobility the low-frequency activity dominates the autocorre[he third and final round th¢33+/+ mice correctly distin-
logram, but the peaks with-14-ms separation are more pronounced. During ; .

exploration, high-amplitude peaks with17-ms separation show a very strong%L"Shed the learned odor from the other mixtures (Fig, &nd
gamma frequency activity. Thimsetsshow the autocorrelograms at an ex-the 83—/— mice did as well as th@3+/+ mice had done on

panded time scale. the second round (Fig.F§. While the 3—/— mice initially
3,P = 0.05) in3—/— compared with control mice. We aISOpen‘ormed better than th@3+/+ mice on this task, with

computed autocorrelograms of the EEG and found a ves bse_quent exposure to the panel of test odors, they.cor?fused
pronounced increase in the peak at 15-25 ms (Figantl K) t e 'mlxtures found 2 and then peggn to relearn the d|§cr|m-
consistent with the increased power of gamma frequency baffttion (ound 3. The generalization patterns seen in the

In summary, during exploration, the power of both the thefg!xture identification test suggest tha’g effective concentration
and gamma frequency oscillations increased in the olfactdRaY also play a role in performance in both sets of animals.
bulb of B3—/— mice. When the animals did not move and did he mixture most readily confused with the training mixture
not show any observable sniffing activity, the powers of tH®M) was that lacking the longest chain, and thus less volatile,
theta and gamma frequency oscillations were similar betwe@igohol (M4). This alcohol may be less noticed in a mixture of
wild type andB3—/— animals. The frequency of the oscilla-more volatile alcohols and so may participate less in the
tions did not show a prominent alteration B8—/— mice. representation of the OM.
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Immobility Exploration
1.254 ® B3+ 1.254
o 1 O B34 . 1 FIG. 6. Comparison of the oscillatory EEG activity in
g 1.00+ g 1.00+ *4:1[14 3+/+ andB3—/— mice. Power spectra were normalized in 4
° 1 g 1 control (@) and 3 83—/— (0) mice to the amplitude of the
< 0.754 - 0.754 Hﬁi low-frequency peak during immobility. A significant difference
I 1 ..% 8 1 (P < 0.05, unpaired-test) between control ang3—/— mice
g 0.50 T 0.5041 { was found in the normalized power of both theta and gamma
5 1 g 1 § + frequency oscillations during exploration. During immobility,
=z 0.25- z 0.254 there was no significant change in the power or frequency of the
1 1 oscillations.
0.004 0.004
1 v 1 v 1 v 1 v 1 T v 1 v T v L) M 1
0 20 40 60 80 0 20 40 60 80
Frequency (Hz) Frequency (Hz)
DISCUSSION mice showed both an increased ability to discriminate mono-

We have demonstrated a dramatic reduction of synap lecular aIcohoI; and a decreased ability to dispriminate
GABA , receptor—mediated inhibition in GABAergic interneu €I0S€ly reélated mixtures of alcohols, relative to wild type
rons (granule cells) of the OB caused by the targeted disruptisffrmates.
of the GABA, receptor33 subunit gene. Because there was an
increase, rather than a decrease, in the mIPSC amplitude£ail type—selective reduction of synaptic inhibition in the
B3—/— principal cells (mitral and tufted), a cell type—selectivelfactory bulb of33—/— mice

abolition of synaptic inhibition was achieved in the olfactor o . :
ynap y Examination of the expression of GABAeceptor subunits

bulb of B3—/— mice. In parallel with these altered patterns of H i . led th I
synaptic inhibition, we observed a large increase in the amgfi.th€ mammalian brain revealed that most nerve cells express

tude of olfactory bulb theta and gamma frequency oscillatioRda"9€ variety of subunits (Fritschy and Mohler 1995; Persohn

in vivo during exploration, i.e., while the mice showed intensgt & 1992; Wisden et al. 1992), which are co-assembled into

sniffing activity. In two olfactory discrimination taskg3—/— se\_/eral GAB/)\ receptor subtypes. Even within a sm_gle S.Ub
unit class, most nerve cells express several subunit variants.
For example, cortical and hippocampal pyramidal cells, like
olfactory bulb mitral cells, express at least theeand three
A B ” subunit variants. Thus after genetic deletion of a single subunit,
2 <0000 - p<0.0001 the total elimination of functional GABA receptors is not
predicted. Less frequently, some neurons express only a single
14 subunit of a given subunit class (Fritschy and Mohler 1995;
'l‘ |_L] Persohn et al. 1992; Wisden et al. 1992). For example, granule
0 = cells of the olfactory bulb express strongly only {88 as the
uu \T‘ u B subunit (Nusser et al. 1999b). Because it is impossible to

B#H (n=4) B - (n=4)

Z Scores

form functional GABA, receptors withoutB subunits, we
expected to observe a total disappearance of functional
GABA , receptors from granule cells in thg8 subunit’'s ab
C \ D . o sence. In good agreement with this prediction, we found a
2fp<10 p<t0 dramatic reduction of the muscimol-evoked whole-cell current
and the total current mediated by mIPSCs38—/— granule
14 cells, without an accompanying decrease of mIPSCs in the
principal cells. These results are in excellent agreement with
0- those of a previous study using tig8—/— mice to study the
TuuT TUL{' alteration of synaptic inhibition in the thalamus (Huntsman et
al. 1999), where neurons of the reticular thalamic nucleus
express only33 as theB subunit, whereas relay neurons in the
ventrobasal complex express otlfesubunits. The amplitude,
o , duration, and frequency of the spontaneous IPSCs were greatly
FIG. 7. Alcohol identification task. Results frog8+/+ mice on theleft, | aqyced in neurons of the reticular thalamic nucleug®t/—
from B3—/— mice on theright. The same test was performed twiceund 1 .
A and B; round 2 C andD. A and B: 83+/+ and g3—/— mice correctly MICE, but those recorded from the ventrobasal nucleus were
identify the trained odor, hexanol [significant variation across the set of odd#galtered. Our work and that of Huntsman et al. (1999) showed
tested with ANOVA;A: F; 4 = 8.49,P < 10°% B: F7 ., = 8.69,P < an incomplete loss of functional GABAreceptors inB3
107%. C: B3+/+ mice generalize to heptanol onlf ., = 26.26,P <  gypunit—expressing cells B8—/— animals. To test whether a

10°). D: B3—/— mice do not generalizé-; ,4) = 15.26,P < 10" 9. (** P < ) . S _
0.01 from a post hoc Newman-Keuls test, indicating the difference between &1 mpensatory up regl'”atlon of tl@& or g2 subunits is respon

test odor and all other odors; error bars show standard er@sobres.) Data SiPle for the incomplete loss of GABAreceptors in33—/—
are normalized as described WETHODS. olfactory granule cells, we performed light microscopic immu-

Z Scores
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B +/+ (n=4) B, (n=3) with a reduced number of GABAreceptors in the remaining
A B synapses. This would result in a reduced mIPSC frequency and
amplitude and the drastic reduction of the total number of
P<0.01 surface GABA, receptors (as observed with the muscimol

" »

" experiments). The second possibility is that the total number of
[_L‘ synapses is not altered, but the number of GABAceptors is

L[Jl_r| ) drastically reduced in every synapse. In this case the apparent

Z Scores
e

decrease in the frequency would be due to our inability to
detect very small synaptic currents, which are mediated by less
than four to six receptors. This explanation is also consistent
with a large reduction in the total number of surface GABA
receptors.

Although the B3 subunit was not present in mitral/tufted
cells in B3—/— mice, we found an increase rather than a

C -, * D
’—T—I ,_L‘ decrease in mIPSC amplitudes recorded from these neurons.

I l | I P<0.01

NS

Because a compensatory up-regulation ofgher 82 subunits

T was not observed by light microscopic immunocytochemistry

-1 in B3—/— mitral/tufted cells, the reason for this observation is

unknown. An increased synaptic concentration of GABA could

24 explain the observed increase in mIPSC amplitudes. Such
F * increased concentration may be achieved by an increase in the

- P<0.01 [T T [p<00t GABA content of synaptic vesicles or a change in the geometry

] of the neuropil surrounding the synapse with altered GABA
diffusion/uptake. Furthermore, the conductance of the GABA
receptors in33—/— mitral cells could also be increased as a

" LlJ 1 T consequence of the altered subunit composition. With our

u experimental approach, we cannot exclude the possibility that

the large mIPSCs if33—/— mitral cells are glycinergic syn-

aptic currents. However, this possibility would require that the

_ _ glycinergic synaptic currents had the same decay kinetics com-

FIG. 8. Alcohol mixture task. Results from the3+/+ mice on theleft,  naraq with the GABAergic mIPSCs in control (under control

from B3—/— mice on theight. The test was performed 3 timesund 1 Aand . . . o

B: round 2 C andD; round 3 E andF. A: f3+/+ mice generalize across all €onditions, mIPSCs are bicuculline sensitive). Furthermore, as

odor mixtures F, ;s = 0.76,P = 0.5680].B: B3—/— mice discriminate the We did not detect a change in the mIPSC frequency, a complex

trained mixture (OM) from mixtures M1 and ME[, ;= 21.23,P < 10"%  regulation would be required to decrease the GABAergic IPSC

:Dg?i?gc test Sdhot‘{vs d_iffﬁfgngs betvglﬁef: OM S”d_’vt'l and y% ﬂlf(i-r?llh frequency in proportion to the appearance of the glycinergic
. mice distinguis etween the trained mixture an (o) e e . . gy . .
mixtures Fq 15 = 5.12,P = 0.0084; * post hoc difference between OM and§8/napt|c currents ir33—/— mitral cells. Irrespective of the

M1-M3, P < 0.05]. D: 83—/~ mice generalize across all 0doiB] ;o) = mechanism of the increased mIPSCs in m_itral cells, our data

0.94,P = 0.4809].E: B3+/+ mice correctly identify the learned odor and doshow that a cell type-selective reductiorof synaptic

SOSlgiegerElgstE(A,ls_ﬁ 7dﬁ51,'f°y=h0-0|014: Pé)stdhOC_ palhrWISG differencés:< rg‘]ABAA receptor—-mediated inhibition could be achieved in
.01]. F: B3—/— mice identify the learned odor in the same pattern as tl g e ;

B3+/+ mice did inround 2[F, ,0,= 6.05,P = 0.0097; post hoc differences, e’[fhs t( tﬁlfa,;iolr_y bl.JIb' HOVé.edver,tlft' |sd|mporta|nttto| pomtf

P < 0.05]. OM, original mixture (butanol, pentanol, heptanol, and decano ,u _a in theg mice, We_ 10 notfind a complete l0ss 0

M1, pentanol, heptanol, and decanol; M2, butanol, heptanol, and decanol; M3nctional GABA, receptors in granule cells, and we did

butanol, pentanol, and decanol; M4, butanol, pentanol, and heptanol (error l@lpserve an increase in mIPSC amplitudes in mitral/tufted cells,

show SE of theZ-scores). Data are normalized as describeslgmHobs. which could be the consequence of some compensatory mech-

. . . . . ... anisms, as observed in other GABAeceptor subunit—deleted
nohistochemistry with31 and 82 subunit specific antibodies. ice (Brickley et al. 2001; Jones et al. 1997; Nusser et al.

Although these ant?bo'dies provided strong and specific stainimggga)_ Future experiments with cell type—specific and induc-
throughout the brain, including the external plexiform layer qpje knock-out animals will be required to achieve selective
the olfactory bulb, no detectable specific immunostaininglimination of GABAergic inhibition without possible second-
could be observed in the granule cell layeiBdf-/— olfactory ary, compensatory effects in the olfactory bulb network.

bulb. Unfortunately, the lack of a protein cannot be concluded

from the lack of detectable immunostaining using light micr(bABAergic inhibition of granule cells plays a role in

scopic immunohistochemistry. Because we were unable 690illatory synchronization in the OB

identify the expression of either thel or B2 subunits in

B3—/— granule cells, the reason for the incomplete loss of Oscillatory synchronization in the theta and gamma fre-
functional GABA, receptors remains unknown. It is possibleuency ranges has been described in several brain regions,
that an as yet unidentifie8 subunit is expressed in granulencluding the hippocampus, thalamus, visual cortex, olfactory
cells or that its expression is turned on@B8—/— mice. There cortex, and the olfactory bulb. Several studies using experi-
are two possible explanations of the reduced mIPSC frequemgntal and/or modeling approaches pointed to the importance
and amplitude in33—/— granule cells. One possibility is thatof GABAergic interneurons in the generation of network os-
the total number of GABAergic synapses is reduced togeth@lations (Cobb et al. 1995; Lytton and Sejnowski 1991; Rall

Z Scores
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et al. 1966; Singer 1996; Soltesz and Deschenes 1993; Sterimdecased sniffing rate of the relatively hyperactig8—/—
et al. 1993; Traub et al. 1998; von Krosigk et al. 1993; Wanmice. The mechanisms underlying the increased power of
and Buzsaki 1996; Whittington et al. 1995). Models of ne@amma frequency oscillation are unclear, but may include the
cortex, hippocampus, and insect antennal lobe have predictellbwing: 1) increased synaptic conductances in mitral/tufted
that synaptically interconnected networks of GABAergic ineells; 2) higher excitability of mitral/tufted cells3) larger
terneurons could generate subthreshold oscillations in principalmbers of mitral/tufted cells participating in the oscillatidh;
cells (Bazhenov et al. 2001; Traub et al. 1998; Wang amacreased oscillatory coherence between the active principal
Buzsaki 1996; Whittington et al. 1995). Some recent studieslls;5) altered centrifugal input to the granule cells, resulting
also pointed to the importance of the electrical coupling bé increased synchrony of mitral cells (Gray and Skinner
tween GABAergic local-circuit interneurons in population syni988); or 6) combinations of the above. Future studies on
chronization (Galarreta and Hestrin 1999; Gibson et al. 1998ducible GABA, receptor knock-out animals with multiunit
Mann-Metzer and Yarom 1999; Tamas et al. 2000). Mostcordings will be required to elucidate some of the above
olfactory bulb modeling schemes do not include synaptic imypotheses.
teractions between GABAergic granule cells (Fukai 1996; An unresolved issue about the circuitry of the mammalian
Hendin et al. 1997; Li and Hopfield 1989). When these comifactory bulb is the source of GABAergic synapses on granule
nections are included in OB models, their role in the generatioplls. Previously, we identified two distinct populations of
of network oscillations seems to be in disagreement. OndPSCs in granule cells and suggested that they may originate
model suggests that gamma oscillations arise as a resultfroim distinct sources (Nusser et al. 1999b). One obvious source
negative feedback between excitatory and inhibitory connes-the input from the GABAergic short axon cells present in the
tions and that mutual inhibition serves to desynchronize negranule cell layer (Schneider and Macrides 1978). The second
rons or decrease the amplitude of oscillations, in agreemaource may be interconnection of granule cells through den-
with our results (Freeman 1979). Another model suggests tlitic synapses. Finally, the basal forebrain (diagonal band
gamma oscillations are produced by mutual inhibition of gramuclei) and, to a lesser extent, the ventral pallidum, anterior
ule cells (Linster and Gervais 1996). A recent modeling studmygdala, and the nucleus of the lateral olfactory tract could
of oscillatory network activity in the locust antennal lobe, thalso provide a GABAergic innervation of the granule cells
insect circuit analogous to the vertebrate OB, specifically efZaborsky et al. 1986). It remains to be determined whether the
amined the role of inhibitory connections between inhibitorseduced synaptic inhibition i83—/— granule cells affects all
local neurons (LNs) on circuit dynamics (Bazhenov et ainputs or just some of them.
2001). In this system, odors evoke distributed activity acrossFinally, our results showed that with the changes in OB
PN assemblies whose elements evolve over time in a stimuloseillatory synchrony, on behavioral tests tB8—/— mice
specific manner (Laurent et al. 1996; Wehr and Laurent 199@grformed better than their control littermates in identifying a
An odor is thus normally represented by a temporal successimonomolecular alcohol but worse in discriminating—highly
of transiently synchronized subsets of PNs. Blocking LN-LMverlapping mixtures of alcohols. These differences were de-
inhibitory synapses while sparing LN-PN synapses in thgendent on experience with the odors, as in initial tests the
model led to a disappearance of transient synchronization, ti88&-/— mice performed the same as the control mice on the
prolonging each PN’s participation in the population represesingle alcohol discrimination test and better than the control
tation, decreasing the number of desynchronized PNs amite on the mixture discrimination test. These results indicate
increasing the number of participating PNs at each cycle of thaat increased network synchrony has a complex effect on odor
oscillatory response (Bazhenov et al. 2001). This observatioéarning, representation, and discrimination.
consistent with our experimental observation that local field It has been shown that oscillating assemblies of projection
potential gamma-band oscillatory power increase@3n-/— neurons participate in odor representation and discrimination in
mice. A prediction is therefore that individual mitral cell temthe locust antennal lobe (Wehr and Laurent 1996), and it has
poral response patterns should be less precisely defined hedn suggested that the same may be true of mitral cells in the
more prolonged i33—/— mutants than in control mice. In- rabbit olfactory bulb (Kashiwadani et al. 1999). It has also been
dependent of the approach and the area studied, most studleswvn that the coherence of odor-evoked oscillations increases
seem to agree that GABAreceptor—-mediated chemical synfollowing repeated exposure to odors in locusts (Stopfer and
aptic neurotransmission is essential for the generation of fasturent 1999). If an increase in the number of synchronized
network oscillations. Furthermore, the essential role ahitral cells underlies the increase in gamma poweB®f/—
GABA, receptor—mediated synaptic transmissibatween mice, then larger than normal neural cell assemblies (NCAS)
GABAergic interneuronfas been acknowledged, but has nahay encode a given molecular species in the olfactory bulb
yet been proven experimentally. This is because of the lackroftral cell population, perhaps accompanied by increased sep-
selective deletion/block of GABA receptor—mediated trans aration of the NCAs for chemically related monomolecular
mission between GABAergic interneurons that would spare theorants. This may be due to an increase in lateral inhibition
excitability/responsiveness of principal cells. from granule to mitral cells caused by the decrease in mutual
In the olfactory bulb (our study) as well as in the thalamushibition between granule cells, as suggested by modeling
(Huntsman et al. 1999), the drastically reduced inhibition istudies (Linster and Gervais 1996; Yokoi et al. 1995) and by
GABAergic interneurons resulted in a large increase in thike increase in mitral cell mIPSCs that we report here.
power of network oscillations at the gamma and theta fre- An increase in the size or effective power of a NCA could
guency ranges. The observed increase in the frequency acdount for both behavioral results reported here. Training on
power of the higher frequency theta band, breathing-assoagisingle monomolecular odorant would #8—/— mice pro-
ated, oscillation in the olfactory bulb may be explained by th#uce a large NCA representing that odor and could make these
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animals specialists for that odor. Experience would then ePeLorey TM, HANDFORTH A, ANAGNOSTARAS SG, HomaNIcs GE, MINASSIAN
hance the separation of NCAs more m_/_ than control BA, ASATOURIAN A, FaNsELOow MS, DELGADO-ESCUETA A, ELLISON GD,

mice Training on a mixture of closely related alcohols pro- AND OLseN RW. Mice lacking theB3 subunit of the GABA receptor have
’ the epilepsy phenotype and many of the behavioral characteristics of an-

duces an initial_behavioral response that is betterBBrF/— gelman syndrome) Neuroscil8: 8505—8514, 1998.

than control mice, due to the increased size of the NCAuceL AK, RoeLrsema PR, FRIES P, BRECHT M, AND SINGER W. Role of the
Subsequent experience with the test mixtures produces comemporal domain for response selection and perceptual bindegeb
peting, highly overlapping NCAs, since the test mixtures areCortex7: 571-582, 1997.

very similar in chemical Composition and the NCAs represerﬁREEMAN WJ. Mass Action in the Nervous SysteMew York: Academic,
ing monomoleculaodors inB3—/— mice are presumed to be_ 1975

- REEMAN WJ. Quantitative Patterns of Integrated Neural Activi§underland,
larger and more separated than those of control mice. Tﬁ'ﬁnA: Sinauer, 1976.

_COUld explain the decrease ir! performance offiBe-/— mice  rreevan WJ. Nonlinear dynamics of paleocortex manifested in the olfactory
m_the second roqnd o_f the mixture task. However, @8e-/— EEG. Biol Cybern35: 21-37, 1979.

mice are not so impaired that they cannot eventually learn RetscHy J-M AND MoHLER H. GABA ,-receptor heterogeneity in the adult rat
discriminate the mixtures, as is indicated by their performancé)rain: differential regional and cellular distribution of seven major subunits.
in the third round of tests. It is probable that with further J Comp NeuroB59:154-194, 1995.

- . . “UKAI T. Bulbocortical interplay in olfactory information processing via syn-
training they could have done as well as their control litteF: chronous oscillationsBiol Cybern74: 309-317, 1996,

mates. It_ 1S _aIs_o p_OSSIb|€ that prior leammg of the monom%_-ALARRETA M AND HESTRINS. A network of fast-spiking cells in the neocortex
lecular discrimination task affected subsequent performance igonnected by electrical synapséture 402; 7275, 1999.

the mixture task differently in the two groups of mice. Becausg&.rerin A anp Tank DW. Odour-modulated collective network oscillations
of the small numbers of animals and the difficulty of breeding of olfactory interneurons in a terrestrial mollusdature 345: 437—-440,
the B3—/— mice, we were unable to test this possibility. 1990.

Hlati ; ; 1BSON JR, BEIERLEIN M, AND ConNoRs BW. Two networks of electrically
To provethe role of network oscillations in odor coding and” coupled inhibitory neurons in neocorteNature 402: 75-79, 1999.

dlscnr_mnatlon' the animals should be first tram_ed In one Staé‘?{AY CM anD SINGER W. Stimulus specific neuronal oscillations in orientation
(e.g., in control state) and consequently tested in another (€.Geolumns of cat visual corteferoc Natl Acad Sci US&6: 1698—1702, 1989.
after altered network synchrony). Because we were unable@ev CM ano Skinner JE. Centrifugal regulation of neuronal activity in the

train and test our “conventional33 subunit—deleted mice in olfactory bulb of the walking rabbit as revealed by reversible cryogenic

such a way, future experiments with an inducible deletion W%@iﬁ%iﬁi:ﬁ%ﬁ?% 18380, 88, L cell ype- and

be necessary. Such experlments will require preC|Se_ CO,nFrO|S napse-specific variability in synaptic GARAreceptor occupancyeur
the effects of the manipulations on the tuning of individual j Neurosci12: 810-818, 2000.
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