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New neurons are continually recruited throughout adulthood in certain regions of the adult
mammalian brain. How these cells mature and integrate into preexisting functional circuits remains
unknown. Here we describe the physiological properties of newborn olfactory bulb interneurons

at five different stages of their maturation in adult mice. Patch-clamp recordings were obtained
from tangentially and radially migrating young neurons and from neurons in three subsequent mat-
uration stages. Tangentially migrating neurons expressed extrasynaptic GABA, receptors and then
AMPA receptors, before NMDA receptors appeared in radially migrating neurons. Spontaneous
synaptic activity emerged soon after migration was complete, and spiking activity was the last char-
acteristic to be acquired. This delayed excitability is unique to cells born in the adult and may protect
circuits from uncontrolled neurotransmitter release and neural network disruption. Our results show
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that newly born cells recruited into the olfactory bulb become neurons, and a unique sequence of

events leads to their functional integration.

Neurons continue to be generated in the adult vertebrate brain!-2.
In contrast to the function of neurons born during development,
new neurons in the adult brain continually replace older ones
within mature circuits>. The function of neuronal replacement
in adult mammals remains poorly understood, however. In the
adult mammalian forebrain, the subventricular zone (SVZ) of
the lateral ventricles contains the largest pool of neural stem cells
that continually generate neurons in adult lifel. In a process that
begins in the embryo* and continues postnatally® and into adult
life®, SVZ stem cells give rise to neuroblasts that migrate tangen-
tially along the rostral migratory stream (RMS) up to the olfac-
tory bulb (OB) where they migrate radially to complete their
differentiation into neurons. The new cells have morphological
characteristics of granule and periglomerular cells>”® and express
neuronal markers*!?. To date, however, there is no direct elec-
trophysiological evidence that the new bulbar cells are function-
ally integrated or fire action potentials. Such information would
be important, not only to conclusively identify new cells as neu-
rons but also to understand how they contribute to the function
of adult brain circuits>>!1,

Interneurons in the OB have an essential role in shaping the
olfactory information that reaches the olfactory cortex. Dendro-
dendritic synapses between mitral and granule cells (GCs) are
important sites of plasticity for the processing of olfactory
information'2. As adult-generated cells born in the SVZ differ-
entiate into bulbar interneurons, newborn neurons probably con-
tribute to essential aspects of olfactory processing. Although
modeling and experimental studies have already provided evi-
dence for a role of newborn GCs in olfactory discrimination!>14,
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physiological data indicating the functional contribution of new
neurons to the adult OB are still lacking. For example, whereas
much work has been devoted to understanding the birth and
migration mechanisms of new SVZ neuroblasts!, no informa-
tion is available concerning the temporal sequence of electro-
physiological changes that new neurons undergo. Such
information is essential to understand how newly generated neu-
rons become functionally integrated into adult neural networks.

This gap in knowledge is due, in part, to difficulty in distin-
guishing newborn cells from older ones in living brain tissues.
Using a replication-defective retrovirus expressing alkaline phos-
phatase, five morphological stages in the maturation of new bul-
bar GCs have been described!?. Here we used a retrovirus that
carries enhanced green fluorescent protein (eGFP), which allowed
us to characterize the electrophysiological properties of newborn
OB interneurons at different stages of maturation in adult living
brain tissue. We describe how membrane properties and synap-
tic activities change during their morphological maturation. Our
work provides evidence that newborn adult neurons do not sim-
ply recapitulate normal developmental patterns of maturation,
but rather have unique properties likely related to their integra-
tion into fully assembled adult neural circuits.

RESULTS

Live imaging of the maturation of newborn interneurons
A replication-defective retrovirus expressing eGFP—GAP43 was
injected into the ventricle to label neuronal precursors in the SVZ
of adult mice (Fig. 1a). Between 6 and 47 days later, GFP™ cells
were recorded from OB slices. The eGFP-GAP43 construct
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targeted the transduced protein to the plasma membrane!3, which
stained the entire surface of the newborn cells, thus revealing pre-
cisely stage-specific morphology without further tissue process-
ing (Fig. 1b—f). As previously reported!?, the population of
labeled GCs can be divided into five different classes according
to their morphology and location: class 1, migrating neuroblasts
in the rostral extension of the RMS (Fig. 2a); class 2, radially
migrating neuroblasts in the GC layer (Fig. 2f); class 3, matur-
ing GCs with growing dendritic processes that do not extend
beyond the mitral cell layer (Fig. 3a); class 4, GCs with dendrit-
ic arborization in the external plexiform layer (EPL) and almost
devoid of spines (Fig. 3d); and class 5, mature GCs with complex
dendritic arborization and spines (Fig. 4a).

GFP* neuroblasts with a migratory morphology were
observed in the core of the OB 6 days after virus injection. By 14
days post-injection, many GFP* cells had attained a fully mature
morphology, including well-developed dendritic arbors in the
EPL with many spines. Consistent with previous reports>®%, a
smaller number of these labeled neurons were also seen in the
glomerular layer (Fig. 1d and e) and corresponded to newly
formed periglomerular neurons.

Newborn neurons integrate into adult OB

GFP* mature GCs (class 5) and periglomerular cells both
expressed neuronal markers as revealed by colocalization of viral-
ly encoded eGFP with NeuN (Fig. 1¢) and GAD67, an enzyme
required for the biosynthesis of GABA (Fig. 1e and f). Whereas
their morphology, synaptic contacts and molecular markers
strongly suggested that the newly formed cells corresponded to
neurons, there was no direct electrophysiological evidence sup-
porting their functional maturity and integration into the OB
network. To investigate whether newborn cells were functional,
GFP* neurons with a mature morphology were recorded using
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Fig. 1. Newborn neurons are functionally integrated into the adult olfac-
tory bulb. (a) Experimental procedure. The retroviral vector was
injected stereotaxically in the subventricular zone (SVZ). Infected neu-
roblasts expressed eGFP and migrated along the rostral migratory
stream (RMS) into the main OB (MOB). CTX, cortex; V, lateral ventricle.
(b, €) Example of a newly generated GC. The GFP* cell (b) expressed
the nuclear neuronal marker NeuN (c). Scale bars, 25 and 6 pm for b and
c, respectively. The dotted line in b delineates the mitral cell layer.
(d) Example of a newly generated periglomerular cell (PG). The dotted
line depicts the glomerulus. Scale bar, 7 pm. (e, f) White arrows point to
a newborn PG (e) and a newborn GC (f) which both express GAD67.
Scale bars, 7 pm. (g—i) Patch-clamp recordings of a newborn PG cell
showing properties of neurons and functional integration into the OB
(holding potential of =60 mV). (g) A 20-mV depolarizing step evoked a
fast inward Na* current (red trace). (h) Pharmacological analysis
revealed the presence of sIPSCs mediated by GABA, receptor activation
(top, single events in black and average of 40 events in purple) and of
sEPSCs mediated by AMPAR activation (bottom, average of 40 events in
red). (i) The averaged sIPSC and sEPSC shown in h are superimposed
(top) and scaled (bottom) for time course comparison. Decay times
were fitted using a single exponential (dotted lines).

the patch-clamp technique, 3-5 weeks after viral infection (n =
13). We could ascertain that recorded cells corresponded to new-
born cells because GFP, detected by fluorescence microscopy,
entered into the patch pipette upon starting the whole-cell con-
figuration. In addition, a red fluorescent dye included in the
pipette medium diffused into the recorded cells, allowing unam-
biguous identification (Fig. 4b and ¢).

An example of periglomerular cell recording 4 weeks after
viral infection is presented in Fig. 1g—i. A fast tetrodotoxin
(TTX)-sensitive voltage-gated Na* current (Fig. 1g), characteristic
of mature neurons, was observed in all tested cells (n = 13). In
addition, recorded GFP* mature bulbar interneurons also dis-
played GABAergic and glutamatergic spontaneous synaptic
events, indicating a functional integration into the OB circuit
(n = 13; Fig. 1h and i). This is the first direct electrophysiological
evidence that newly formed interneurons in the adult OB become
mature and functionally integrated. As seen in other brain
regions! 16718 physiological evidence shows that newborn cells
correspond to mature neurons. Because the new OB neurons
undergo a series of changes during their migration in the RMS
and OB, we investigated their physiological characteristics at dif-
ferent stages of maturation. Most SVZ progenitors give rise to
new neurons in the GC layer; we therefore concentrated our study
on this population and recorded from more than 150 labeled cells
taken from all stages.

Electrophysiological properties of migrating neurons

Whole-cell recordings were obtained from tangentially migrat-
ing class-1 GFP* cells in the RMS and radially migrating
class-2 cells in the GC layer of the OB. From voltage-clamp
recordings, we first extracted passive membrane properties
such as the input membrane resistance (R,), the cell mem-
brane capacitance (C,,) and the resting membrane potential
(Viest)- Class-1 (Fig. 2a—e) and class-2 neurons (Fig. 2f and g)
showed membrane properties of immature neuronal precur-
sors. Using a K-based electrode solution, the average V. was
-37.1% 2.6 mV (mean * s.e.m.,n=26)and —46.2 + 2.7 mV
(n = 23) for classes 1 and 2, respectively. Both cell types had
relatively high R values (2.02 + 0.21 GQ, n = 21 and
1.99 + 0.22 GQ, n = 23 for classes 1 and 2, respectively). In
agreement with high R, values, these cells were characterized
by a complete lack of voltage-gated Na* conductance (0/27 and
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Fig. 2. Functional properties of class-1 and class-2 new-
born granule cells. (a—e) Electrophysiological properties
of a typical class-1 cell. (b) The cell in a showed neither
Na* currents during voltage-clamp (left traces) nor
spikes during current-clamp (right traces). (c—e) -V
relationships have been constructed from measure-
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that it expressed functional NMDARSs. (g) The responses to a depolarizing ramp are shown (left traces) in control bath solution (black trace, TTX
| uM, BMI 20 pM, NBQX 10 pM and D-serine 25 pM) and during NMDA treatment (red trace). The corresponding |-V curve is shown on the

right. All neurons were held at —60 mV.

0/31 tested cells from classes 1 and 2, respectively; Fig. 2b).
Depolarizing voltage steps revealed only voltage-gated K* cur-
rents. The absence of Na* current was consistent with the
inability to generate action potentials in current-clamp
(Fig. 2b). These properties are similar to those associated with
precursor cells isolated from adult brain SVZ!%:20,

We next studied whether GFP* migrating young cells show
extrasynaptic neurotransmitter receptors and/or synaptic
events. Class-1 and class-2 neurons never showed spontaneous
postsynaptic currents (sPSCs) during prolonged recording
times (up to 15 min; 0/26 and 0/30 tested cells for stages 1 and
2, respectively; data not shown). To determine whether the lack
of synaptic event resulted from the absence of functional recep-
tors, we bath-applied different agonists of ionotropic recep-
tors. Addition of kainate (50 M), a non-selective agonist of
both AMPA and kainate receptors, induced an inward current
in some class-1 (Fig. 2¢; 29%, n = 14) and most class-2
neurons (71%, n = 17). This response was reversible and
reproducible. In the presence of TTX (1 UM) and the
GABA , receptor antagonist BMI (20 pM), the mean kainate-
induced current was —27.5 = 8.3 pA (n = 4, Fig. 2¢) and
—54.3 * 20.3 pA (n = 12) for classes 1 and 2, respectively. In
internal medium containing polyamine (Methods), Ca*"-per-
meable AMPA receptors (AMPARs) showed inwardly rectify-
ing current-voltage (I-V) relationships, whereas
Ca’"-impermeable AMPARSs showed nearly linear I-V curves.
The linear AMPAR-mediated response obtained in Fig. 2¢ indi-
cates that AMPARs expressed in immature cells are Ca®*-
impermeable and thus contain the GluR2 subunit.

Addition of cyclothiazide (100-200 UM), a selective antagonist
of AMPAR desensitization, did not reveal any AMPA/kainate
response in cells that lacked such a response (n = 6, data not
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shown). In cells responding to kainate, however, bath applica-
tion of cyclothiazide significantly increased the response (from
-32.4 £ 7.9t0-70.2 £ 12.2 pA, n = 5; Wilcoxon pairs test,
P <0.05). In agreement with this, 1 pM NBQX completely antag-
onized the kainate-induced current (n = 5, data not shown). We
conclude that functional AMPARs are present in a small fraction
of class-1 neuroblasts and in the majority of class-2 cells.

To examine whether GFP* neurons express NMDA recep-
tors (NMDARs), NMDA (100-200 UM) was added in Mg?*-
containing medium in the presence of 1 UM TTX, 25-50 uM
D-serine, 20 UM BMI and 10 pM NBQX. Cells were depolar-
ized by voltage ramps from —105 to +80 mV to remove the volt-
age-dependent Mg?* block. None of the recorded class-1 cells
(n=11) responded to NMDA (Fig. 2d), but 50% of class-2
neurons did (7/14 cells, Fig. 2g). This latter response was fully
and reversibly blocked by application of the specific NMDAR
antagonist D,L.-APV (100 HM) in all tested cells (n = 5), which
showed an I-V relationship typical of NMDA current (Fig. 2g).
We then investigated whether class-1 and class-2 cells express
GABA, receptors. The majority of migrating young neurons
recorded from both classes had functional extrasynaptic
GABA, receptors (73% of class 1, n = 15; 89% of class 2,
n =9). Bath application of a selective agonist of the GABA ,
receptor (muscimol) generated a rapidly desensitizing response
(Fig. 2e). At 25 UM, the mean current induced by muscimol
was —56.6 + 21.7 pA (n=8) and —240.2 * 100.9 pA (n=38)
for class-1 and class-2 cells, respectively, and was always blocked
by 20 pM BMI. These results indicate that GC precursors
express functional GABA, receptors and AMPARs very early
in their development, while they are still migrating in the RMS.
As they arrive and start migrating radially into the GC layer,
they begin to express functional NMDARs.
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Fig. 3. Functional properties of class-3 and class-4 newborn granule cells. (a—c) Electrophysiological recordings from a class-3 cell (scale bar in
a, 25 pm) indicate the presence of spontaneous synaptic events. (b) Pharmacological analysis revealed the presence of sIPSCs mediated by
GABA, receptor activation (top, single event in black and average of 35 events in purple) and of sEPSCs mediated by AMPAR activation (bottom,
single event in black and average of 20 events in red). (c) The averages of the sIPSCs and sEPSCs shown in b are superimposed (top) and scaled
(bottom). We obtained the T values from single exponential fittings. (d—f) Only class-4 neurons (representative photograph shown in d; scale
bar, 25 pm) showed voltage-gated Na* channels that trigger small spikes in current-clamp (e). (f) The -V curves corresponding to the voltage-
dependent Na* and K* currents elicited by increasing depolarizing voltage steps (successive jumps of 5 mV) are presented in the left panel.
Individual currents (right) were obtained by subtracting steps before and after | UM TTX application for Na* currents or before and after 3 mM

TEA application for K* currents.

Electrophysiological properties of GCs in classes 3 and 4
Whereas cells of classes 1 and 2 showed properties of immature
migrating neurons, class-3 (Fig. 3a—c) and class-4 (Fig. 3d—f) cells
were characterized by the appearance of a small voltage-gated
Na* current accompanied by synaptic responses. Class-3 cells
had apical dendrites that did not reach the mitral cell layer, yet
these cells received both spontaneous inhibitory and excitatory
postsynaptic currents (sIPSCs and sEPSCs, respectively; Fig. 3b,c
and 7b-i). As application of TTX dramatically reduces the fre-
quency of the spontaneous events?!, it was difficult to analyze
the remaining infrequent miniature events. We therefore con-
centrated our analysis on characterizing only sPSCs.

Under our recording conditions (high CI~ internal medium to
increase the driving force for CI~ currents), sIPSCs and sEPSCs
both triggered inward currents at =60 mV. They could easily be
distinguished by differences in kinetics, amplitude
(Figs. 3c and 7) and pharmacological properties. Figure 3b shows
examples and the average of unitary sIPSCs mediated by GABA
receptor activation, since bath application of 20 UM BMI com-
pletely abolished them (7 = 26 from both classes). In the presence
of BMI, the remaining synaptic events were AMPA/kainate—medi-
ated EPSCs as revealed by application of 10 UM NBQX (1 =5 cells
from classes 3 and 4). The presence of sIPSCs was prominent in
most class-3 neurons (79% of tested cells, n = 29) and virtually all
class-4 neurons received GABAergic inputs (97%, n = 31). In con-
trast, only 35% of recorded class-3 neurons (n = 28) received
sEPSCs, and this proportion increased to 77% for class-4 neurons.
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Neurons of classes 3 and 4 could also be distinguished by ana-
lyzing the amplitude of the TTX-sensitive voltage-gated Na™ cur-
rent. About 38% of class-3 cells (1 = 29, not shown) expressed
small Na* current amplitude, not large enough to trigger spikes
(0/29 neurons, data not shown). In contrast, 80% of class-4 record-
ed neurons (n = 31) showed a Na* current that could occasional-
ly elicit spikes (20% of tested cells; Figs. 3e and 5). In voltage-clamp
mode and in the presence of 3 mM TEA, the mean Na* current
amplitude triggered by a 40-mV depolarization (from —60 mV)
was —43.8 £ 3.2 pA for class 3 (n = 8) and —296.1 + 63.3 pA for
class 4 (n = 23) neurons (Fig. 3f). Application of 1 pM TTX to the
control medium unmasked the presence of voltage-gated K* cur-
rents. These results indicate a dramatic maturation step in mem-
brane voltage-gated responses as the newborn cell develops from a
class-3 to a class-4 neuron.

Electrophysiological properties of mature GCs

Class-5 cells had the morphology of mature GCs with a fully
developed dendritic tree (Fig. 4a) containing many spines. To
compare class-5 cells with older bulbar interneurons, non-labeled
GCs were recorded in the same slices in which GFP™ class-5 cells
were recorded (n = 9). We found that the electrophysiological
characteristics of class-5 cells were indistinguishable from the
surrounding older GCs: the average V. was —61.2 * 2.8 mV
(n = 18) for class-5 neurons and —64.9 + 2.8 mV (n =7) for
older neurons (Mann-Whitney U-test, P = 0.38). Both cell types
had similar R, values (class 5, 0.86 + 0.08 GQ, n = 33; older,
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Fig. 4. Functional properties of class-5 newborn granule cells. (a—c) A class-5 neuron (green) was recorded (d, e) and filled with dextran-rhodamine
(red) before being imaged by confocal microscopy. Higher magnification of the cell body is shown in b and c. Scale bars, 30 and 6 pm for a and c,
respectively. (d, €) Pharmacological analysis of sIPSCs observed in the recorded cell presented in (a—c). The time course of drug applications is indi-
cated by horizontal bars in d. The neuron was recorded in the presence of 10 UM NBQX and 100 pM D,L-APV. Strychnine affected neither the fre-
quency nor the amplitude of the inhibitory events (compare representative traces shown at the top in e). The decay time course of the average IPSC
was not affected by strychnine (e, bottom-right traces; average of 48 events under both conditions, Tc.y = 32 ms and Tgycpnine = 36 ms).
Subsequent application of the specific GABA, receptor antagonist SR9553 1 abolished all sIPSCs (d and e). (f-j) Spontaneous PSCs were observed
during the recording of another class-5 neuron. (f) Pharmacological analysis revealed the presence of GABA, receptor—-mediated sIPSCs, as bath
application of BMI antagonized a population of large synaptic events, leaving sEPSCs intact. (g) Graphs showing the relationship between sPSC rise
time versus amplitude in control medium (left) and after BMI application (right). Colored ellipses correspond to three populations of different ampli-
tude and rise time. The blue ellipse delimits the BMI-sensitive IPSCs, and the two remaining populations showed EPSCs with either a fast (green) or a
slow (red) rise time. (h) Sample recordings of the traces shown in i. Arrows indicate synaptic events (color code same as in g). (i) Unitary IPSCs, fast
EPSCs and slow EPSCs (top, middle and bottom traces, respectively) are superimposed with the corresponding trace averaged from 35, 18 and
58 events, respectively. (j) The average PSCs shown in i are superimposed (top and middle traces) and scaled (bottom traces). The decay time was fit-
ted with a single exponential: Tpsc = 10.2 ms, Tpepsc = 2.1 ms and Tg,epsc = 9.2 ms. All neurons were held at =60 mV.

P > 0.05). These IPSCs showed a slow decay (mean
16.8 + 7.1 ms, n = 34) similar to that of mature GCs
(17.7 £ 2.6 ms, n =7, P> 0.05). Both decay time and fre-

0.80 + 0.16 GQ, n=8;P=0.74) and C,, values (15.9 *
n=33versus 13.8 + 1.1 pF,n=28; P =0.37).
Furthermore, recordings from class-5 neurons (n = 34)

0.8 pF,

revealed fast voltage-gated Na* currents that triggered spikes
in the majority of recorded cells (88%). In bath medium con-
taining NBQX (10 pM) and D,L-APV (100 pM), all class-5
neurons showed sIPSCs with a mean frequency of
0.66 = 0.15 Hz (n = 34, Fig. 4d—g) not different from mature
GCs (0.49 = 0.09 Hz, n =7, Kolmogorov-Smirnov test,
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quency were highly variable (Fig. 7c). Bath application of TTX
did not alter the kinetics (1 = 5, Wilcoxon pairs test, P > 0.05),
showing that GABA s-mediated events did not result from a
difference between spontaneous and miniature synaptic events.
Addition of 500 nM strychnine, a glycine receptor antagonist,
did not affect the frequency (0.43 = 0.05 Hz before and
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Fig. 5. Summary graphs of changes in intrinsic membrane properties during neuronal maturation. (a—c) Input membrane resistance (R, a), cell mem-
brane capacitance (C,, b) and resting membrane potential (V. €) are presented either as cumulative plots (left graphs; each colored line represents
data collected from one class of cells) or as mean values (right graphs; the number of tested cells is indicated in parenthesis). (d) Linear correlation
(plain line) between V ., and C, (R?, square regression index). Dotted lines indicate the 5% confidence band linear regression. (e) Percentage of
recorded GFP* cells in each class that displayed spikes (black dots) or voltage-gated Na* currents (white dots); the number of cells is indicated in paren-
thesis. (f) Mean amplitude of the Na* current triggered by voltage-step of +40 mV (the number of cells is indicated in parentheses).

0.41 + 0.06 Hz during strychnine treatment, n = 4, Fig. 4d),
amplitude (-34.5 = 6.9 pA before and -34.7 * 6.9 pA dur-
ing strychnine treatment; Fig. 4e) or decay time (25.5 + 2.7
ms before and 26.9 * 3.4 ms during strychnine treatment;
Fig. 4e). Thus, heterogeneity of time decays did not result from
glycinergic receptor participation, as also shown by the use of
specific GABA, receptor antagonists SR95531 and BMI
(n =28; Fig. 4d and e).

In standard medium, excitatory and inhibitory synaptic
events were distinguished by their respective amplitudes and
kinetics (colored ellipses in Fig. 4g). GABA ,-mediated events
were characterized by large amplitudes (Fig. 4f) and fast rise
times (Fig. 4g, blue ellipse). In the presence of BMI, the fre-
quency of excitatory synaptic events increased from
3.45 = 0.7 Hzt0 9.46 * 1.38 Hz (n = 19, Wilcoxon pairs test,
P < 0.0005). These sEPSCs, which were totally blocked by
NBQX (10 uM, n = 8), could further be subdivided into two
populations (Fig. 4g) according to their fast (mean 0.5 ms,
green ellipse) or slow (mean 1.5 ms, red ellipse) rise time. The
traces in Fig. 4h illustrate the different synaptic activities (with
the same color code as in Fig. 4g) and reveal that SEPSCs can be
further distinguished by their decay times (Fig. 4i and j). We
infer that class-5 neurons receive two distinct glutamatergic
inputs with different kinetics.

Intrinsic membrane properties during maturation

All GFP* neurons recorded in the RMS (class-1 cells) were
found to be silent, even during prolonged recordings, with rel-
atively high R, low C,, and depolarized V. values (Fig. 5).
Through the different maturation stages, a striking correlation
was found between the passive membrane properties and the
neuronal class. Maturation of newborn neurons was accom-
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panied by a progressive decrease in R, (Fig. 5a). In contrast,
C,,» a parameter proportional to the cell surface area (thus to
dendritic length), increased in parallel with the morphologi-
cal maturation (Fig. 5b). Concomitantly, a gradual hyperpo-
larization of V. (Fig. 5¢) was observed as the cells grew,
indicating progressive changes in internal ionic concentrations
and/or membrane conductances (see Supplementary Table 1
online). This progressive hyperpolarization was also correlat-
ed with the degree of dendritic maturation as shown by the
strong correlation between V. and C,, (Fig. 5d). Thus, intrin-
sic membrane properties could predict the state of maturation
of newborn neurons: high R, cells tended to have shorter den-
dritic arbors and depolarized V.. Associated with the hyper-
polarizing V., we found that the expression of Na* currents
increased with neuronal maturation (Fig. 5e). Surprisingly,
only the most mature neurons (starting with a minority of
class-4 cells) were able to fire action potentials. The lack of
excitability of newborn neurons from class 1 to class 4 seemed
to result from small Na* current amplitudes (Fig. 5f).

To further investigate this late appearance of action poten-
tials, the expression of the a subunit of voltage-gated Na* chan-
nels was studied at different stages of maturation of the newly
formed OB interneurons (Fig. 6). Cells were probed by immuno-
cytochemistry using an anti-a antibody that recognizes all of the
o isoforms of the Na* channel (panNav; Methods). We found
that neurons of class 1 and 2 did not express Nat channel (data
not shown). In neurons of classes 3 and 4 (Fig. 6a—j), the o sub-
unit was present in the cytoplasm around the nuclei (Fig. 6e
and f). In the more mature class-4 (with a more complex den-
dritic arborization) and all class-5 neurons, staining of the o sub-
unit of the Na* channel was more consistent (Fig. 6g—j). These
observations suggest that Na* channels begin to be expressed
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Fig. 6. Delayed maturation of excitability is a feature of adult neurogenesis. (a—f) A typical class-4 cell that does not display voltage-gated Na* chan-
nel (panNav) staining at the plasma membrane. The GFP* cell has a dendrite reaching the EPL but was moderately developed (a). (b—d) The somatic
plasma membrane (white arrow) is not labeled with panNayv, though a perinuclear staining is observed in the confocal xy projection image (gray
arrow, c). This is confirmed in the xz (e) and yz (f) plane single scan images obtained through the cell body (same neuron as in c). (g—j) A class-5 cell
with a branched dendritic tuft located in the EPL is stained with panNav at the membrane surface. The white arrows point out the somatic and
proximal dendritic membrane staining. (k—-m) Electro-physiological recordings of neonate (P2—P4) olfactory bulb GCs. (k) Rhodamine staining of a
recorded cell. The dendrite crosses the MCL (between dotted lines) and bifurcates (white arrows) in the EPL. Although the cell does not receive
synaptic events (not shown), it emits TTX-sensitive spikes upon three increasing depolarization steps (I). (m) Na* current amplitude (left) and PSC

frequency (right) values obtained from the neonate and the adult neuronal classes are presented as cumulative plots.

soon after cells complete migration and can reliably be detected
only after cells have matured to class 4-5.

Delayed spiking activity in adult-generated interneurons
These results suggest that new neurons produced in the adult brain
are non-spiking during most of their maturation, probably due to
a delay in targeting Na* channels to the plasma membrane. To test
this idea and to investigate whether a similar phenomenon was
taking place in new bulbar interneurons that mature in the early
postnatal brain when olfactory circuits are not yet mature, we stud-
ied GCs by patch-clamp recordings in P2—P4 animals (Fig. 6k—m).
Although the dendritic arborization of GCs was not as complex
as for class-5 cells in the adult, intrinsic electrophysiological para-
meters were similar to those of class-5 neurons. Neonate GCs had
a V. of—61% 2 mV (n=20), not different from class-5 neurons
(M-W test, P> 0.05). About 95% expressed TTX-sensitive Na*
current (n = 20), and more than 70% showed action potential fir-
ing. A comparison of the distribution of Na* current amplitudes
recorded among neonate- and adult-generated cells is shown in
Fig. 6m. The neonate GC population displayed greater Na* cur-
rents (—378 = 72 pA, n = 20) than both class-3 (—14 + 4.3 pA,
n =25 M-W test, P < 1077) and class-4 (-234.8 + 54.9 pA,
n =29; P < 0.05) adult born GCs. Although neonate neurons
showed a rather mature excitability, most of these cells remained
synaptically silent. Only very few cells received synaptic events with
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a frequency lower than that detected in class-3 cells (neonate,
0.19 * 0.1 Hz, n=20; class 3, 0.33 £ 0.1 Hz, n =23; Fig. 6m).
For example, the recorded neonate GC shown in Fig. 6k fired
action potentials (Fig. 61) but did not received synaptic inputs. This
was never seen in adult-generated GCs where synaptic inputs were
present from early stages of maturation (class 3), yet spiking activ-
ity did not appear until cells were nearly mature. For example,
class-4 neurons received ten times more synaptic events than
neonate cells but less than 20% showed spiking activity. In sum-
mary, an early onset of synaptic inputs impinging on non-spiking
neurons is apparently unique to neurons born in adults.

Synaptic activities during neuronal maturation

Our analysis of the developmental appearance of various trans-
mitter receptors at different maturation stages indicated that
extrasynaptic GABA , receptors were the earliest to appear in
newly generated neurons (Fig. 7a). Class-1 neurons predomi-
nantly expressed extrasynaptic GABA, receptors (73%, n = 15
neurons), whereas functional AMPARSs were only present in 28%
of tested cells (Supplementary Table 1). Furthermore, we never
found cells with AMPA currents in the absence of GABA
responses. Interestingly, extrasynaptic NMDARs were not detect-
ed on class-1 cells (n = 11, Fig. 7a). This data supports the idea
that neurons with both GABA, and glutamate receptors were
more developed than those with GABA , receptors alone. When
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Fig. 7. Changes in synaptic activity during neuronal maturation. (a) Percentage of GFP* cells in each class expressing functional GABA, receptors,
AMPARs and NMDARs (blue, red and black lines, respectively) and (b) receiving inhibitory (blue curve) and excitatory (red curve) postsynaptic cur-
rents (see Supplementary Table | for the number of tested cells). (c) Graph showing the relationship between the IPSC frequency and its aver-
age decay time. Each dot represents an individual recorded cell; color code used in c—i indicates the class to which the cell belongs (green, red and
black for class 3, 4 and 5 respectively). (d—f) IPSC frequency (d), average amplitude (e) and average decay time (f) values obtained from the differ-
ent neuronal classes are presented as cumulative plots (statistical significance is given by the K-S test; numbers in parentheses indicate the compared
classes). (g—i) Summary graphs of EPSC frequency (g), amplitude (h) and decay time (i).

comparing glutamate-responding neurons, those expressing
NMDARs were more mature than those that showed only AMPA
responses (Supplementary Table 1).

Spontaneous synaptic events were recorded from class-3 and
more mature neurons (Figs. 6m and 7b). Consistent with the
observed sequence of maturation of extrasynaptic receptor-
mediated responses, inhibitory synapses appeared before excita-

tory events. About 80% of class-3 cells (n = 29) showed sIPSCs,
whereas only 36% (n = 28) showed sEPSCs, and none of them
received sEPSCs without sIPSCs. The number of neurons receiv-
ing synaptic inputs increased with maturation (Fig. 7b). Notably,
sIPSC frequency increased sharply from class 4 to 5 cells
(Fig. 7d), whereas changes in sSEPSCs were more gradual
(Fig. 7g). This increase was unexpected given that class 4 and
5 cells differ in their dendritic complexity within the EPL, where-
as GABA, inputs occur only at the somato-dendritic compart-
ment located in the GC layer?? (Supplementary Fig. 1).
Whereas the amplitude of sIPSCs remained constant as new
neurons matured (Fig. 7e), the amplitude of sEPSCs increased

100
§ & W Class 5 significantly with cell maturation (Fig. 7h). In contrast, EPSC
3 it decay times were similar throughout maturation (Fig. 7i), and
w % IPSC decay times significantly changed from class 4 to 5 neurons
E 4 (Fig. 7f). Decay times were highly variable, ranging from 5 to
g 20 51 ms (n = 73), even when the recorded cells belonged to the same
= developmental class (Fig. 7c and f). Having discarded differences
GCL super. GCL deep in synaptic input location (Supplementary Fig. 1), we searched
s 1
- g os
Superficial Q o6 Fig. 8. Two populations of newborn granule cells were distinguished
£ o4 KS P <0.05 according to their location in the GC layer. (a) Photomicrograph show-
E 0'2 == Superficial ing two mature newborn GCs located in the superficial and deep
3 — Deep regions of the GC layer; the dotted line divides the layer into an upper
0 0 20 40 60 and lower part of the GC layer (scale bar, 45 pm). EPL, external plexi-

IPSC decay time (ms)
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form layer; MCL, mitral cell layer. (b) Summary graph showing within
each class the percentage of the recorded newborn GCs located in the
upper and lower part of the GC layer. (c) Cumulative plot comparing
the IPSC decay time values measured from GCs recorded either in the
superficial part (thick line) or the deep part of the GC layer (thin line).
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for possible sources of variability. In agreement with previous
reports'?, we noticed that class-5 neurons showed different den-
dritic morphologies depending on the location of their soma
(Fig. 8a). We thus distinguished new neurons whose cell body
resides close to the mitral cell layer from deeper GCs with a cell
body closer to the core of the OB (Fig. 8a and b). Using this cri-
terion, IPSC decay times were consistently slower in superficial
GCs compared to deeper GCs (superficial, 21.3 = 1.3 ms, # = 55;
deeper, 15.9 £ 1.2 ms, n = 18; K-S test, P < 0.05, Fig. 8¢c). This
difference could, in theory, reflect distortion by electronic filtering,
but this was ruled out because superficial and deep GCs had sim-
ilar IPSC rise times (superficial, 0.79 + 0.04 ms, n = 55; deeper,
0.85 % 0.09 ms, n = 180; P > 0.05) and amplitudes (superficial,
—47 % 3 pA, n = 55; deeper, —49.6 * 9.3 pA, n = 18; P > 0.05,
data not shown). Thus, the two distinct time courses of inhibito-
ry events may rather reflect differences in the composition of the
postsynaptic GABA, receptor, the rate of clearance from the
synaptic cleft, the time-course of GABA release and/or the occur-
rence of GABA overlap from neighboring release sites.

DiscussioN

Previous studies based on morphology>’ or neuronal mark-
ers3~10 suggest that adult SVZ stem cells give rise to new neu-
rons that integrate into the adult OB, but here we have identified
and characterized these neurons using physiological criteria. As
first shown in adult canaries!'! and then in adult mammalian
hippocampus!”!8, electrophysiological recordings provide con-
clusive evidence that newborn cells correspond to neurons. Here
we show that newly formed GCs fire action potentials sponta-
neously and receive synaptic contacts, suggesting that they are
functionally integrated into OB circuitry. Previous in vitro stud-
ies suggest that neurons derived from adult progenitor cells pos-
sess immature properties’®?>24, Our results suggest that newly
formed SVZ cells become functionally mature interneurons with
properties similar, if not identical, to older GCs. In addition, we
describe the functional properties of new neurons, not only once
they express neuronal markers, but also through the different
stages of their maturation.

How immature neurons differentiate during development
has been a subject of many studies, but little is known about
the process governing neuronal maturation in the adult brain.
Unlike in the developing brain where neurogenesis usually pre-
cedes the maturation of neural circuits, in the adult OB, new
neurons have to integrate into a preexisting neuronal network.
Our data show that some of the functional properties of imma-
ture neurons in the adult brain are similar to those described
for the developing brain, but others are unique. This suggests
that integration of new neurons into adult circuits may be sub-
jected to some constraints.

Properties of migrating neurons in the adult brain

Tangentially migrating (class 1) cells in the RMS first expressed
extrasynaptic GABA , receptors and then AMPARs. Within
many brain regions, GluR2-containing AMPARs are develop-
mentally regulated, with low GluR2 being observed at early
developmental stages. This was not the case for neurons born
in the adult SVZ. Indeed, immature class-1 cells express
AMPARSs containing GluR2 before NMDARs appear in class-2
cells. Again, this differs from the developing mammalian brain
where, most often, NMDARSs are first detected and functional
AMPAR recruitment is induced by NMDAR activation?>. We
found that adult-generated GCs receive synaptic inputs short-
ly after completing their radial migration as they began devel-
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oping their dendritic arbor. In these cells, GABAergic synaptic
events appear before glutamatergic ones. In sharp contrast with
prenatal development, we found that maturing neurons receive
both GABA ,-mediated events and excitatory synaptic inputs
before being able to generate action potentials.

Little is known about the electrophysiological properties of
tangentially migrating neuroblasts. It will be interesting to deter-
mine the function of GABA receptors in tangentially migrating
cells and whether activity of these receptors is required for sub-
sequent maturation, including the appearance of voltage-gated
channels. The signals that determine when cells separate from
the chains and initiate radial migration remain to be identified.
We found that tangentially and radially migrating cells differ in
their expression of functional NMDARs. These receptors may
appear in radially migrating neurons as a detector of local levels
of neuronal activity and may hasten the maturation and differ-
entiation of young cells through Ca®* entry as suggested during
development?®. Such a function would be consistent with our
observation that radially migrating GCs have a sufficiently depo-
larized V. to remove the Mg?* block from NMDARs.

Intrinsic membrane properties of adult-generated cells
The maturation of passive membrane properties that we describe
is similar to that reported during development?”?8, We found
that during the maturation of new GCs, R, decreases as the den-
sity of ionic channels increases. It may also be possible that the
development of gap junctions could contribute to the decrease in
R.,. The high R, values found in cells recorded in the RMS
strongly suggest that gap junctions are absent at this early stage
of maturation. This observation is also consistent with the
absence of Na* channels and with the low density of K* chan-
nels found in class-1 cells.

Since V. is determined primarily by non-gated K*, Cl~ and
Na*t channels?, the progressive hyperpolarization we observed
during maturation of the new neurons may reflect an increase in
channel densities and/or alterations in the internal concentra-
tion for the corresponding ions. We found that SVZ precursors
recorded in the RMS extension had a V. of =37 mV, an incipi-
ent K* current and remained unable to generate spikes. The lack
of firing activity was also observed in cultured SVZ precursors®’.
Surprisingly, we found that spiking was the latest property
acquired by newborn interneurons (see below).

Synaptic activities in adult-generated neurons

In many neuronal systems, activity-dependent refinement and
remodeling of initially coarse patterns of synaptic connections
is required for the development of fully functional networks.
However, it is not yet clear whether the same principle applies
to neurons that integrate into already-functional circuits in the
adult brain. It was of particular interest to determine when and
what kinds of synapses are first established onto the newly
formed neurons. We found that synaptic connections first
appear in class-3 neurons, shortly after the precursors have
stopped their radial migration and while they are still growing
dendrites. New neurons in adult OB first receive GABAergic
synapses and then glutamatergic ones. This is similar to what
has recently been described in the neonate hippocampus®®3!,
but the transition appears to occur more rapidly in the adult
OB. Whereas class-2 cells never display synaptic events, more
than 80% of class-3 cells receive GABAergic inputs and about
35% exhibit glutamatergic events. The initial glutamatergic
contacts onto newborn neurons may arise from mitral cell
axonal collaterals or from centrifugal fibers'? as class 3 cells do
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not yet have dendrites reaching the EPL. A second population
of glutamatergic inputs appears later when the GC tuft is
formed (class 5). The progressive increase in EPSC frequency
shown in Fig. 7g and the appearance of larger EPSCs (Fig. 7h)
for class 5 cells may reflect the formation of the reciprocal den-
dro-dendritic synapses with mitral cell lateral dendrites. Con-
sistently, the increase in number and length of newborn GC
dendrites reaching the EPL coincides with the appearance of a
second wave of excitatory inputs. This suggests that the den-
dritic length of newborn GCs may have to reach a certain size
before additional glutamatergic synapses can be established as
demonstrated for hippocampal pyramidal neurons®**3!. Con-
versely, the formation of the initial glutamatergic synapses
could trigger dendritic growth32,

Early onset of GABAergic synapses on newborn neurons
In many immature brain regions, the primary inhibitory trans-
mitter in the mature brain, GABA, first provides excitatory drive
in the embryonic or neonatal brain?433-35, The shift from the
depolarizing to the hyperpolarizing action of GABA is mediat-
ed by changes in [CI]; that generally occurs at the end of the first
postnatal week?333, The depolarizing effects of GABAergic
synapses during development are considered a milestone of
developing networks and have been confirmed in many species
and structures®*. In our study, GABA mediated the first extrasy-
naptic responses seen in migrating cells. The early expression of
GABA , receptors agrees with a recent report showing that cul-
tured SVZ precursor cells express only GABA, receptors®. In
our preliminary experiments using the gramicidin perforated
patch-clamp technique, E was found to be -21.2 + 1.4 mV in
class-1 cells (n = 3), indicating that activation of GABA recep-
tors depolarizes tangentially migrating SVZ progenitor cells from
their mean V. of =37 mV. This observation, combined with a
recent finding that a subset of adult SVZ precursor cells contains
GABA3, suggests that GABA receptors may control the cell
migration within the RMS.

GABA enhances neurite outgrowth, increases synapse for-
mation, modulates cell migration and promotes the develop-
mental switch of neuronal GABAergic responses from excitation
to inhibition?3-3%. Similarly, acquisition of early GABA , recep-
tors in class-1 cells may be critical for their maturation. The ques-
tion of how GABA, receptors expressed by class-1 cells are
activated remains unanswered because migrating cells do not
form synapses, as indicated by electron microscopy’” and by the
lack of spontaneous synaptic currents (present results). One pos-
sibility is that endogenous extracellular GABA could activate
GABA, receptors by a non-synaptic mechanism. It is also possi-
ble that migrating neuroblasts could themselves release GABA to
activate neighboring migrating cells in a paracrine manner.

It would be interesting to determine precisely when the Eg,
switch occurs during neuronal maturation. Based on V. values
shown in Fig. 5¢, it is difficult to predict whether class-3 neurons
receive excitatory or inhibitory GABA, synaptic inputs. Unlike
developing neurons in other systems, young GCs formed in the
adult OB acquire the ability to generate action potentials only
very late in their maturation. Thus, even if GABA is excitatory
in stage-3 neurons, it does not trigger cell spiking, as newborn
neurons quietly integrated into the bulbar circuits, became con-
nected and only then began firing spikes. In the developing brain,
in contrast, excitatory GABA participates in network synchro-
nous activities’»38, The adult mechanism may protect already-
functional circuits from uncontrolled neurotransmitter release
and network disruptions.
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Contribution of adult-generated interneurons in the OB
Previous observations in the hippocampus suggest that new
neurons bring unique properties into adult circuits. The form
of plasticity seen in young GCs in the adult dentate gyrus is
different from that observed in older GCs*. New neurons also
respond preferentially to the modulation mediated by stress
hormones?’, to spatial learning*! and to exercise*?. Similarly,
increasing the number of newborn interneurons in the OB
improves olfactory memory*?, whereas decreasing it alters odor
discrimination!®!#, The multiple stages in the maturation of
newborn neurons that we have described here may serve as a
substrate for plasticity. They could provide the OB with a large
repository of plastic cells to better respond to changes in the
environment. Interestingly, one of the forms of plasticity may
reside in the type of neurotransmitter released by newly formed
cells. We have recently reported that some GCs, previously con-
sidered as a homogeneous population of GABAergic neurons,
release glutamate onto mitral cell lateral dendrites*. Similarly,
it has recently been shown that glutamatergic GCs of the den-
tate gyrus actually release both glutamate and GABA*>4°, It is
possible that new bulbar GCs could use both neurotransmit-
ter systems, or release glutamate only transiently, at early stages
of their maturation.

The sense of smell has had a central role mammalian evolu-
tion. Odor representation is dynamic and highly complex, perhaps
requiring a unique mechanism of plasticity. Neurogenesis, migra-
tion and maturation of new neurons in the OB are likely part of
this adaptive mechanism. It takes about two weeks for a new SVZ
neuron to become part of the existing circuit in the OB, and dur-
ing this time, it undergoes a series of unique maturational stages.
Each of these functional stages could contribute to plasticity. The
presence of young neurons at different stages of differentiation in
the active OB may allow for adjustments in the way these cells
become integrated. As it takes time for new neurons to extend neu-
rites and become synaptically integrated, bulbar neurogenesis may
contribute to long-term adjustment of the OB circuitry rather than
to acute plastic changes. However, other mechanisms may also take
advantage of new neurons. More than half of the new interneu-
rons in the OB die within a month after they reach their mature
state!?. The present results confirm that during this period of fast
cell death, newborn GCs are synaptically connected. Selective elim-
ination of neurons may allow for rapid modification of circuitry.
The ability to mold how new neurons become integrated, and to
continually eliminate older cells without depleting the neuronal
population, may bring into neuronal networks a degree of circuit
adaptation unmatched by synaptic plasticity alone.

METHODS

Retroviral vector construction. A replication-incompetent retroviral vec-
tor encoding eGFP (Clontech Laboratories, Palo Alto, California) was
used to label cells. For a better visualization during electrophysiological
recordings, eGFP was tagged with a GAP-43 sequence to target the GFP
to the cell membrane. The construction, purification and storage of retro-
viral vectors were done as previously described!”. Stock concentration
was [110° infectious particles per ml. In some experiments, a viral con-
struct in which eGFP was fused to the human histone H2B gene was also
used to target the eGFP to the nucleus*”. Neurons infected by either con-
struct showed similar physiological properties. Thus, GFP targeting to
the plasma membrane does not alter the electrophysiological properties,
and it was preferentially used because it offers a more precise visualization
of plasma membranes.

Animals and stereotaxic injections. Injections of retroviral particles were
done stereotaxically on more than 80 male mice of about 10 weeks old

(C57BL/6]; Iffa Credo, L’ Arbresle, France). Animals were anesthetized
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by an intraperitoneal injection of pentobarbital (25 mg per kg of body
weight). About 200 nl of retroviral stock solution was injected at two sites
for each hemisphere (coordinates relative to Bregma: A, 1 mm; L,
+1 mm; D, 2.2 mm and A, 0 mm; L, 1.4 mm; D, 1.6 mm). The bevel
and small diameter of the pipette tip results in very little brain damage,
but we cannot exclude the possibility that proliferation was altered by
stereotaxic injections. This is not problematic for the present work, as
we did not quantitatively analyze neurogenesis, and our recordings of
newborn neurons were performed far from the injection sites. All exper-
imental procedures were done in accordance with the Society for Neu-
roscience and European Union guidelines and were approved by our
respective institutional animal care and use committees.

Immunohistochemistry. At 50 days after viral infection, 12 mice were
given an overdose of sodium pentobarbital (100 mg/kg; Sanofi, France)
and perfused transcardially with 50 ml of saline containing heparin (5 X
10% U/ml) at 37 °C followed by 200 ml of 4% paraformaldehyde (PFA)
in 0.1 M phosphate buffer at 4 °C (PBS, pH 7.3). The brains were then
dissected out and fixed overnight in 4% PFA. They were embedded in
4% agar and 40 pm-thick horizontal slices were prepared with a
vibratome (Leica) and collected in PBS (0.1 M). Slices were preincubat-
ed in 3% normal horse serum, 3% BSA and 0.1% Triton X-100 in PBS
for 1 h. Primary rabbit polyclonal anti-GAD67 (1:1,000, Chemicon),
anti-sodium channel (SP19, 1:400, Sigma) and mouse monoclonal anti-
NeuN (1:200, Chemicon) antibodies, diluted in PBS containing
0.05% Triton X-100, were applied overnight. Secondary anti-rabbit IgG
and anti-mouse Alexa-568 antibodies (1:1,000, Molecular Probes), dilut-
ed in PBS, were applied for 3 h. Sections were washed in PBS, covered
with Vectashield (Vector Laboratories, Burlingame, California) and flu-
orescent images were obtained with a Leica TCS SP2 confocal micro-
scope equipped with Ar laser 488 and HeNe laser 543.

Electrophysiological recordings. Adult recordings were performed as
previously described?! on horizontal OB slices (300 pm). GFP* cells
were identified and recorded under video-assisted differential interfer-
ence contrast with an upright Zeiss Axioskop microscope. The mor-
phology of recorded cells was observed using 0.4% dextran-rhodamine
(Sigma, St. Louis, Missouri) in the internal pipette solution. Only cells
expressing GFP and subsequently labeled with rhodamine were taken
into account in this study.

Neonate (P2-P4) C57/Bl6] mice were killed by cervical dislocation
after Isoflurane anesthesia (Belamont, Neuilly-sur-Seine, France). The
brain was dissected out and rapidly incubated in cold oxygenated
(5% CO, and 95% O,) ACSFE. Horizontal slices (200 or 300 pm) were
obtained from brains embedded in 4% agar with a vibrating microtome
(VT-1000, Leica, Argenteuil, France) and kept in oxygenated ACSF at
32 °C for about 30 min. Subsequently, the slices were stored at room
temperature (20-22 °C) for 4-6 h. Individual slices were then trans-
ferred to a submerged-slice recording chamber where they were super-
fused with oxygenated ACSF at a rate of 2-3 ml/min.

During patch-clamp recordings, cells were bathed with a Ringer’s solu-
tion containing 124 mM NaCl, 3 mM KCl, 2.4 mM CacCl,, 1.3 mM
MgSO,, 25 mM NaHCOj3, 1.25 mM NaH,PO, and 10 mM D-glucose;
pH 7.3 when saturated with 95% O, and 5% CO, (310 mOsm). The
internal pipette milieu contained 135 mM KCl, 8 mM NaCl, 0.2 mM K-
EGTA, 10 mM Na-HEPES, 10 mM p-glucose, 0.3 mM GTP, 2 mM Mg-
ATP, 0.2 mM AMPc and 0.1 mM spermine; pH 7.3 (280 mOsm). V.
was estimated just after breaking the membrane in the cell-attach mode.
NMDA, muscimol and D-serine were obtained from Tocris (Ellisville,
Missouri); all other drugs and salts were purchased from Sigma (Saint
Quentin Fallavier, France).

Note: Supplementary information is available on the Nature Neuroscience website.
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