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Modulation of olfactory bulb network activity
by serotonin: synchronous inhibition of mitral
cells mediated by spatially localized GABAergic
microcircuits

Loren J. Schmidt and Ben W. Strowbridge

Department of Neurosciences, Case Western Reserve University School of Medicine, Cleveland, Ohio 44106, USA

Although inhibition has often been proposed as a central mechanism for coordinating activity in the olfactory system, rel-

atively little is known about how activation of different inhibitory local circuit pathways can generate coincident inhibition

of principal cells. We used serotonin (5-HT) as a pharmacological tool to induce spiking in ensembles of mitral cells (MCs), a

primary output neuron in the olfactory bulb, and recorded intracellularly from pairs of MCs to directly assay coincident

inhibitory input. We find that 5-HT disynaptically depolarized granule cells (GCs) only slightly but robustly increased the

frequency of inhibitory postsynaptic inhibitory currents in MCs. Serotonin also triggered more coincident IPSCs in pairs of

nearby MCs than expected by chance, including in MCs with truncated apical dendrites that lack glomerular synapses. That

serotonin-triggered coincident inhibition in the absence of elevated GC somatic firing rates suggested that synchronized MC

inhibition arose from glutamate receptor-mediated depolarization of GC dendrites or other (non-GC) interneurons outside

the glomerular layer. Tetanic stimulation of GCL afferents to GCs triggered robust GC spiking, coincident inhibition in

pairs of MCs, and recruited large-amplitude IPSCs in MCs. Enhancing neurotransmission through NMDARs by lowering

the external Mg2+ concentration also increased inhibitory tone onto MCs but failed to promote synchronized inhibition.

These results demonstrate that coincident MC inhibition can occur through multiple circuit pathways and suggests that the

functional coordination between different GABAergic synapses in individual GCs can be dynamically regulated.

Rhythmic sensory input to the olfactory bulb (OB), the second-
order brain region in the olfactory system, recruits complex inhib-
itory responses (Hamilton and Kauer 1989) that help shape spike
patterns of mitral and tufted neurons during basal respiration and
sniffing (Abraham et al. 2010). Divergent inhibitory input from
granule cells (GCs), the most numerous interneuron subtype
within the OB, onto principal cells has been proposed to mediate
spike synchronization among subpopulations of principal cells
(Galán et al. 2006). However, the ability of GCs, and other bulbar
interneurons, to generate coincident inhibition on groups of prin-
cipal neurons has been studied directly (using paired intracellular
recordings) only infrequently.

Coincident inhibitory responses onto mitral cells (MCs)—
synaptic input that could potentially synchronize firing patterns
in output neurons by either resetting intrinsic membrane poten-
tial oscillations (Desmaisons et al. 1999) or triggering rebound
activity (Desmaisons et al. 1999; Galán et al. 2006; Balu and
Strowbridge 2007)—have only been reported in the literature in-
frequently, including directly following current steps to MCs
(Isaacson and Strowbridge 1998) and in short-duration epochs
following tetanic sensory afferent stimulation (Schoppa 2006a).
Complicating the interpretation of responses to tetanic stim-
ulation in a resonant brain region such as the OB (Rall and
Shepherd 1968; Freeman 1975; Desmaisons et al. 1999; Galán
et al. 2006) is the possibility that coincident spiking or synaptic
activity following the stimulus might reflect the triggering stimu-
lus rather than synchronization emerging de novo through the in-
trinsic properties of OB neurons or their synaptic connections.

In the present study, we find that the neuromodulator sero-
tonin (5-HT) directly depolarizes MCs, increasing their spontane-
ous firing rates in rodent brain slices, while appearing to have little
direct action on inhibitory GCs. We then used 5-HT to determine
whether a gradual increase in spiking activity induced over a
large population of principal cells promotes coincident inhibition
in MCs. We find a selective increase in synchronized inhibitory
input among nearby, but not distant, pairs of MCs with 5-HT.
The ability of 5-HT to promote coincident inhibition required
non-NMDAR-mediated excitation of GABAergic interneurons
and was not mimicked by treatment with low Mg2+ extracellular
solutions that directly enhanced dendrodendritic inhibition
(DDI). These results demonstrate that AMPAR-triggered depolari-
zation of OB interneurons can generate coincident inhibition in
the absence of synchronized excitatory drive from MCs.

Results

Direct and indirect effects of serotonin in olfactory

bulb neurons
Although coherent inhibitory inputs have been proposed to
underlie spike synchrony in principal cells in the OB during sen-
sory responses (Freeman 1972; Kashiwadani et al. 1999; Galán
et al. 2006; Kay and Stopfer 2006), relatively few studies have
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directly assayed the inhibitory local circuits responsible for syn-
chronous inhibition. Typically, electrical stimulation methods
are employed to either activate glomerular inputs (Aungst
et al. 2003; Schoppa 2006a,b) or focally activate circuits within
the plexiform layers (Nakashima et al. 1978; Isaacson and Strow-
bridge 1998; Friedman and Strowbridge 2003). Utilizing in vitro
OB slices, we used a pharmacological approach to activate large
populations of MCs to probe circuits responsible for inhibitory
synchronization.

In rat horizontal OB brain slices, bath application of 200 mM
5-HT significantly increased the frequency of spontaneous MC
spiking assayed in cell-attached recordings (from 3.0+1 to
20.3+4.7 Hz, P , 0.001, paired t-test, n ¼ 8) (Fig. 1A–C). This de-
polarizing effect appeared to be mediated by postsynaptic 5-HT re-
ceptors on MCs as we found a similar increase in spontaneous
spiking when 5-HT was tested after iono-
tropic glutamate and GABAA receptors
were blocked using an antagonist cock-
tail containing APV, NBQX, and gaba-
zine (from 4.3+2.3 to 20.6+5.9 Hz,
P , 0.01, n ¼ 11) (Fig. 1C). Although pre-
vious studies have identified effects of
5-HT on neurons within the glomerular
layer (Hardy et al. 2005; Petzold et al.
2009), the depolarization of MCs we ob-
served by 5-HT persisted in dissected OB
slices that lack a glomerular layer (Fig.
1D; as in Friedman and Strowbridge
2003), suggesting a direct effect on post-
synaptic receptors located on the MC
somata or dendritic processes contained
in the external plexiform layer. These re-
sults are consistent with Hardy et al.
(2005) who showed intracellular depolar-
ization following activation of 5-HT2Rs
on MCs, though the location of the
postsynaptic 5-HT receptors was not de-
termined in that study. In similar experi-
ments recording from tufted cells (TCs,
fast synaptic transmission blocked), we
found heterogeneous results with three
of four cell-attached recordings from
TCs remaining silent before and after ap-
plication of 200 mM 5-HT. The one spon-
taneously active TC increased its firing
rate in 5-HT from 4.1 to 13.1 Hz. One pre-
vious study (Liu et al. 2012) found direct
depolarization of external TCs following
activation of 5-HT2ARs. Given the possi-
ble heterogeneous effects of 5-HT on dif-
ferent subclasses of TCs, we focused the
present study on 5-HT effects on MCs.

In cell-attached MC recordings,
bath application of 200 mM 5-HT elicited
a rapid increase in spontaneous firing
that subsided with a time constant of
44+9 sec (Fig. 1E). We also found rapid
onset kinetics in intracellular recordings
under whole-cell current-clamp condi-
tions (from 269.2+0.9 to 258.7+2.2
mV, P , 0.001, n ¼ 9, 200 mM 5-HT
tested in APV, NBQX, and gabazine)
(Fig. 1F). We took advantage of the rapid
activation and desensitization kinetics
following 5-HT applications in this study
to determine the network consequences

of brief (2–3 min) periods of induced spiking in populations
of MCs.

We first asked if 5-HTalso activated GABAergic GCs that form
reciprocal dendrodendritic synapses with mitral and tufted cells
(Fig. 2A,B; Rall et al. 1966; Isaacson and Strowbridge 1998). In
12 out of 14 GCs tested, 200 mM 5-HT depolarized the membrane
potential. The mean membrane potential change following 5-HT
application in GCs was 3.4+0.7 mV, n ¼ 14. Serotonin also in-
creased the apparent frequency of spontaneous EPSPs (Fig. 2C)
though many of these synaptic events were of small amplitude
and therefore difficult to analyze. Blocking ionotropic glutamate
and GABAA receptors with APV, NBQX, and gabazine abolished
most spontaneous synaptic activity in GCs and occluded the
depolarizing effect of 5-HT (significantly different than the re-
sponse to 5-HT without synaptic blockers, P , 0.002, unpaired
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Figure 1. Serotonin directly depolarizes olfactory bulb mitral cells. (A) Cartoon of intracellular mitral
cell (MC) recording configuration with synaptically connected granule cells (GCs). (B) Example
cell-attached MC recording with fast synaptic transmission blocked (5 mM NBQX, 25 mM D-APV,
10 mM gabazine, GBZ). Bath application of serotonin (5-HT, 200 mM) increased the frequency of spon-
taneous MC action currents from 4.3+2.3 to 20.6+5.9 Hz. (C) Plot of increase in MC firing frequency
following 5-HT application in control conditions (left, n ¼ 8 experiments, [∗∗∗] P , 0.001, paired t-test)
and when fast synaptic transmission was blocked with NBQX + APV + GBZ (Blockers) prior to 5-HT ap-
plication (right, n ¼ 11 cell-attached recording experiments, [∗∗∗] P , 0.001, paired t-test). (D) Plot of
increase in MC firing following 5-HT application in dissected OB slices without glomerular layers. Same
conditions as indicated in C. (∗∗) P , 0.02, (∗) P , 0.05, paired t-test. (E) Plot of mean+SEM of MC
firing rate in 14 cell-attached recordings in NBQX + APV + GBZ. (F) Time course of MC depolarization
following bath application of 5-HT (n ¼ 9 MCs recorded in NBQX + APV + GBZ).
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t-test) (Fig. 2D–F). These results suggest that 5-HT indirectly acti-
vated GCs, presumably primarily through the numerous dendro-
dendritic synapses formed between MCs and distal GC dendrites
in the EPL. We also measured the sustained synaptic depolariza-
tion evoked by 200mM 5-HT in four GCs visualized using live two-
photon microscopy. All four visualized GCs had dendritic arbors
that ramified within the EPL. Serotonin triggered a comparable
steady-state depolarization in visualized GCs with intact dendritic
arbors (Fig. 2F), suggesting that the relatively small amplitude of

the synaptic depolarization recorded in
GCs was not attributable to recordings
from interneurons with truncated den-
drites (and therefore few dendroden-
dritic synapses).

Consistent with the small amplitude
of the steady-state depolarization 5-HT-
evoked in GCs and the relatively hyper-
polarized resting potentials (267.7+1.1
mV, n ¼ 14) (Fig. 2G), we did not observe
action potentials in whole-cell GC re-
cordings within 5 min of 5-HT appli-
cation (0 out of 14 GCs tested). We
confirmed the low incidence of 5-HT in-
duced spiking in GCs by performing 22
cell-attached recordings under the same
conditions where 5-HT reliably induced
MC spiking (as in Fig. 1B,C). The same
small fraction of GCs (3/22) was sponta-
neously spiking before and after appli-
cation of 200 mM 5-HT (Fig. 2E). Of the
three out of 22 GCs that were spontane-
ously active before 5-HT, two increased
their firing rates and one decreased fir-
ing following 5-HT treatment. We con-
firmed that we could detect spiking in
cell-attached GC recordings by electrical-
ly stimulating in the granule cell layer fol-
lowing 5-HT application (Fig. 2E). Results
from the GC cell-attached recording are
summarized in Figure 2H and suggest
that 5-HT-driven depolarization of OB
principal cells synaptically excites GCs,
resulting in a relatively small amplitude
sustained somatic depolarization that re-
mained subthreshold in nearly all GCs
tested.

Inhibitory feedback to mitral cells

evoked by serotonin
Despite only rarely triggering somatic
spiking activity in GCs, 5-HT effective-
ly increased the frequency of spontane-
ous inhibitory postsynaptic responses
recorded in MCs (Fig. 3A1). The average
frequency of spontaneous IPSCs record-
ed in MCs increased from 19.8+1.9 to
47.0+3.6 Hz following 3-min treatment
with 200 mM 5-HT (137.4% increase, P ,

0.0001, n ¼ 61; IPSCs recorded as inward
currents as a consequence of reversed Cl2

gradient). The kinetics of 5-HT-evoked
increase in inhibitory tone paralleled
closely the time course of elevated MC
spiking recorded in cell-attached record-
ings, including the rapid desensitization

phase after �3-min exposure to 200mM 5-HT (Fig. 3A,B). Blockage
of GABAA receptors with gabazine (GBZ, 10 mM) occluded the ef-
fect of 5-HT on spontaneous synaptic currents in MCs (n ¼ 3 MCs)
(Fig. 3A2).

Serotonin appeared to increase GABAergic inhibition of
MCs via AMPA receptor-mediated depolarization of GCs. Block-
ade of NMDA receptors with D-APV (25 mM) lowered the basal
IPSC frequency recorded in MCs (P , 0.05, n ¼ 7 cells) but failed
to occlude the transient increase in IPSC frequency following

-68  
GC

500 ms

20 mV

50 pA

A

C

D

G HF

E

B

rec

MC

GC

200 ms
2 mV

GC (whole-cell)

GC (whole-cell)

GC (cell-attached)

-74

-68

Control

Control

5-HT

+ 5-HTNBQX + APV + GBZ

0

15

30

45

(14) (3/22) (3/22)

(12/13)

0

25

50

75

100

%
 S

pi
ki

ng
 G

C
s

****
50 ms

250 pA

Control 5-HT
5-HT + GCL stim

5 mV
300 ms

Δ V
m

 (m
V

)

ΔV
m

 fr
om

 R
M

P 
(m

V
)

-5

0

5

10

14
(6)

4

 All
GCs

Vis
Gcs

Syn
block

5-HT 5-HT 5-HT
Stim

Ctrl  AP
thresh

*
**

***

Figure 2. Indirect excitation of granule cells by serotonin. (A) Diagram of recording configuration. (B)
Example granule cell (GC) response to a 50-pA depolarizing current step. (C) Example intracellular GC
recording before and during 5-HT application. Horizontal line at 274 mV in both traces. (D) Blockade of
fast synaptic responses with NBQX + APV + GBZ occludes depolarizing effect of 5-HT on GC.
Horizontal line at 268 mV in all three traces. Mean membrane potential change in synaptic blocker
cocktail was 0.4+0.7 mV, n ¼ 6, not significantly different from 0, P . 0.05. (E) Example cell-attached
GC recording showing no spontaneous spikes before or after 5-HT application. Focal stimulation in the
granule cell layer (GCL, asterisks) triggered a barrage of action currents in the same cell-attached re-
cording (right trace). (F) Plot of change in mean intracellular membrane potential in 14 GCs treated
with 200 mM 5-HT; △Vm from individual experiments indicated by symbols at left side. Serotonin trig-
gered a similar membrane potential depolarization in subset of GCs with visualized and intact dendritic
arbors within the external plexiform layer (Vis GCs, n ¼ 4). Granule cell 5-HT response was greatly at-
tenuated when fast synaptic responses were blocked by NBQX + APV + GBZ (Syn Block, n ¼ 6). (∗∗)
P , 0.01, (∗) P , 0.05. (G) Plot of mean GC depolarization triggered by 5-HT in control conditions
(n ¼ 14) relative to the membrane depolarization required to reach spike threshold from the same
resting membrane potential (n ¼ 14). (∗∗∗) P , 0.001. (H) Plot of the proportion of GCs recorded in
the cell-attached configuration which discharged spontaneously in control conditions (Ctrl, gray bar,
3/22), following bath application of 5-HT (3/22), and following focal GCL stimulation in 5-HT (12/13).
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5-HT (Fig. 3C). Blockade of AMPARs with NBQX (5 mM) lowered
the spontaneous IPSC frequency in MCs (P , 0.005, n ¼ 7 cells)
and also prevented 5-HT from increasing inhibitory tone (Fig.
3D). Serotonin triggered a similar increase in spontaneous in-
hibitory tone (160%) in dissected OB slices lacking glomerular lay-
ers (P , 0.0001) (Fig. 3E,F), suggesting that this response was

independent of previously described ef-
fects of 5-HT on periglomerular circuits
(Petzold et al. 2009). Bath applications
of 5-HT had no effect on the rate of min-
iature IPSCs recorded in 1 mM TTX, sug-
gesting that the primary action of this
transmitter was not related to mecha-
nisms regulating GABA release from
interneurons (Fig. 3E). The results sum-
marized in Figure 3E–G are consistent
with the hypothesis that the primary ef-
fect of 5-HT in these experiments is on
principal neurons and that the increase
in inhibitory tone following bolus ap-
plications of 5-HT arises from AMPAR-
mediated excitation of GABAergic inter-
neurons outside the glomerular layer.

Serotonin appeared to depolarize
MCs by binding to postsynaptic 5-HT2
receptors. The 5-HT2R antagonist cinan-
serin (20 mM) (Peroutka and Snyder
1981) completely occluded the effect of
bath application of 200 mM 5-HT (IPSC
frequency 14.2+4.5 Hz before 5-HT vs.
10.2+3.1 Hz in 5-HT, P . 0.05, paired
t-test, n ¼ 5). By contrast, the 5-HT1R an-
tagonist pindolol (25 mM) (Tricklebank
et al. 1984) failed to block 5-HT-mediated
increase in IPSC frequency (12.1+3.1 Hz
before 5-HT vs. 67.5+14 Hz in 5-HT, P ,

0.001, n ¼ 5). Similarly, the 5-HT3/4R
antagonist SDZ 205–557 (10 mM)
(Buchheit et al. 1991; Eglen et al. 1993)
did not prevent the 5-HT-mediated in-
crease in MC IPSC frequency (9.4+2.9
before 5-HT vs. 31.7+8.2 in 5-HT, P ,

0.02, n ¼ 6). Also consistent with an
action on 5-HT2Rs, we found the 5-
HT2AR-selective agonist TCB2 (10 mM)
(Fox et al. 2010) triggered a statistically
significant increase in IPSC frequency
(16.5+2.8 Hz in control vs. 21.0+3.0
Hz in TCB2, P , 0.02, n ¼ 5).

Synchronous inhibition onto

subpopulations of mitral cells
In addition to increasing the overall
frequency of spontaneous IPSCs, 5-HT
triggered synchronous inhibition in pairs
of closely spaced MCs but only infre-
quently in more distant pairs of MCs
(Fig. 4A). Synchronous IPSCs following
5-HT treatment did not result from ac-
tivity in inhibitory local circuits in the
glomerular layer because we observed
similar synchronous inhibitory respons-
es in a near pair of MCs in which both
cells had apical dendrites truncated be-
fore the glomerular layer (Fig. 4B). We

used the clipped cross-intensity function (CIF) (Hahnloser 2007)
to quantify the frequency of synchronous IPSCs within a given
onset latency window (2-msec duration) and the frequency of co-
incident events expected by chance (“Shuf”). In the paired record-
ing between visualized MCs without apical dendritic tufts, 5-HT
triggered a statistically significant increase in CIF over the CIF
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Figure 3. Serotonin triggers disynaptic inhibition onto mitral cells. (A1) Example MC voltage–clamp
recordings illustrating the increase in spontaneous IPSC frequency during 5-HT application (Cl2 reversal
potential reversed because of CsCl internal solution). (A2) Gabazine (GBZ, 10 mM) blocked spontane-
ous and 5-HT triggered inward currents. (B) Plot of the time course of the spontaneous IPSC frequency
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blocked with 5 mM NBQX. Example traces shown in inset. (E) Summary of the increase in MC IPSC fre-
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layers. (∗∗∗) P , 0.001, paired t-test. (G) Summary of the increase in MC IPSC frequency with 5-HT
in the presence of glutamate receptor antagonists. (∗∗) P , 0.01, paired t-test, n.s., P . 0.05.
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expected by chance during 5-HT treatment (P , 0.0002) (Fig. 4C).
The synchronous MC inhibition assayed by CIF only persisted for
�1 min, paralleling the rapid desensitization of the 5-HT-evoked
increase in IPSC frequency (see Fig. 3B). We also found a statisti-
cally significant increase in MC IPSC CIF in a different visualized
pair of MCs in which each neuron contacted a different glomeru-
lus (70 mm between cell bodies, 0.22 IPSC CIF, P , 0.001, not
shown). Over a set of 13 paired recordings between nearby MCs
(cell bodies separated by ,200 mm, mean separation ¼ 83.2+13
mm), 5-HT reliably triggered more synchronous IPSCs than ex-
pected by chance (actual CIF was significantly larger than CIF
computed following shuffling inter-IPSC intervals, P , 0.005)
(Fig. 4D). We also observed a smaller, but still statistically signifi-
cant, increase in IPSC synchrony in eight pairs of MCs separated
by between 200 and 1000 mm and no increase in IPSC synchrony
above chance in five MC pairs separated by .1000 mm (Fig. 4D).
The lack of IPSC synchrony in distant pairs of MCs was not due
to variation in effectiveness of 5-HT in driving inhibitory local
circuits, since 5-HT elevated mean IPSC frequencies similarly in
three paired recording configurations (Kruskal–Wallis ANOVA,
P . 0.05) (Fig. 4E).

When plotted directly against MC separation (Fig. 4F), 5-HT-
driven “excess” IPSC synchrony (actual CIF—expected CIF esti-
mated by shuffling inter-event intervals) decreased sharply with
distance; most paired recordings separated by ,150 mm had ex-
cess IPSC synchrony. By contrast, few paired recordings separated
by .150 mm had more IPSC synchrony than expected by chance
(near 0 excess CIF). These results suggest that despite the long
length of MC dendritic processes (100s of microns) (Shepherd
et al. 2004), coordinated inhibition only reliably occurred in pairs
of closely spaced MCs under our experimental conditions. We also
observed a large variation in degree of inhibitory coupling even
between pairs of nearby MCs, as illustrated by the range of excess
CIF estimates shown in Figure 4F. Serotonin triggered a statisti-
cally significant, but transient, increase in excess IPSC CIF that
was extinguished rapidly (�1 min after the IPSC frequency was
maximal) (Fig. 4G). Mitral cell excess IPSC CIF was not correlated
with the mean IPSC frequency in that episode (R2 ¼ 0.20, n ¼ 26
episodes from 13 MC paired recordings with ,200-mm separa-
tion). Together, these results suggest that the spatial extent of in-
hibitory local circuits revealed by 5-HT is largely restricted to pairs
of MCs separated by ,150mm and is most prominent in pairs sep-
arated by ,80 mm.

Next, we tested whether other experimental treatments that
increased the frequency of spontaneous IPSCs also promoted
synchronous inhibition in nearby pairs of MCs. Reducing extra-
cellular Mg2+ concentration eliminated the tonic blockade of
NMDARs (Ascher and Nowak 1987) and enhanced GC-mediated
reciprocal dendrodendritic inhibition (Isaacson and Strowbridge
1998; Schoppa et al. 1998; Chen et al. 2000). Treatment with
Mg2+-free ACSF increased the frequency of spontaneous IPSCs
in MCs (P , 0.005, n ¼ 8 experiments) (Fig. 5A–D). Despite the ro-
bust increase in inhibitory tone evoked by low Mg2+ ACSF, we ob-
served no increase in frequency of synchronous IPSCs assayed
through cross-correlation analysis in two example experiments
(Fig. 5B) and when IPSC CIF was assayed in four experiments
(P . 0.05) (Fig. 5D). Even when the CIF analysis was restricted
to large-amplitude IPSCs (.200 pA), that might reflect GABA re-
lease events triggered by dendritic spikes in GCs, we did not ob-
serve increased IPSC synchronization in low Mg2+ ACSF (P .

0.05 actual CIF vs. shuffled interval controls, paired t-test).
These results demonstrate that the synchronous inhibition of
MCs triggered by 5-HT was not simply a result of enhanced in-
hibitory tone. Enhancing excitatory synaptic drive onto interneu-
rons using low Mg2+ ACSF elevated the frequency of spontaneous
IPSCs, and also triggered many more large-amplitude IPSCs than

5-HT, without promoting synchronous IPSCs in nearby pairs
of MCs. Figure 5E summarizes the effects of two different ex-
perimental manipulations that increased IPSC frequency (5-HT
and low Mg2+ ACSF) on synchronous MC inhibition. Only 5-HT
increased inhibitory tone and also promoted synchronous in-
hibition, an effect that was robust over a wide range of CIF
analysis window durations from 0.5 to 10 msec. The excess CIF
evoked by 5-HT increased as the analysis window was lengthened
from 0.5 to 4 msec and then was asymptotic, suggesting that the
jitter associated with mechanisms underlying coincident inhibi-
tion of MCs was ,4 msec. This estimate includes the jitter asso-
ciated with transmitter release at both inhibitory synapses and
the temporal variance associated the processes that link the two
release sites.

Finally, we asked if tetanic stimulation in the GCL (Fig. 6A,B)
evoked synchronous inhibition in MCs. GCL stimulation often
triggered spiking in GCs (e.g., spiking triggered in 12 of 13 cell-at-
tached GC recordings) (Fig. 2E); the mean firing rate was 7.8 Hz+

2.2 Hz in five GCs that responded to GCL stimulation throughout
the analysis window employed below (100–1100 msec following

MC1 MC1

MC2 MC2

Near MC pair Far MC pairA

25 ms

200 pA

0

0.05

0.10

0.15

0.20

13 8 5

M
ea

n 
IP

S
C

 C
IF

5-HT Shuf 5-HT Shuf 5-HT Shuf
Near

Near Pairs

Mid Far

n.s.***

***

0

20

40

60

13 8 5

5-HT 5-HT 5-HT
Near Mid Far

M
ea

n 
IP

S
C

 F
re

q 
(H

z) *** ***
***

100 1000

0

0.1

0.2

0.3

E
xc

es
s 

IP
S

C
 C

I F
(A

ct
ua

l -
 s

hu
f fl

e)

MC separation (μm)

Ctrl
5-HT

Post 5-HT

0

0.10

E
xc

es
s 

IP
S

C
 C

IF

*

0.05

B

D

C

E

F G

Ctrl Ctrl Ctrl

Ctrl Shuf 5-HT Shuf Post Shuf
0

0.05

0.10

0.20

0.15

M
C

 IP
S

C
 C

IF

**

50 μm

500 pA

20 ms

MCL

GCL

EPL

MC1

MC1

MC2

MC2

13

Figure 4. (Legend on next page)

Serotonin and coincident inhibition

www.learnmem.org 410 Learning & Memory



the last stimulus). We assayed coincident inhibition in pairs of
MCs separated by �100 mm (range 60–250 mm), a separation dis-
tance in which 5-HT only infrequently triggered synchronous in-
hibition (example traces presented in Fig. 6C). IPSC synchrony
was significantly elevated in six of eight paired recordings follow-
ing a tetanic stimulation (100–1100 msec following the last GCL
stimulation, P , 0.05); the group mean CIF also was significantly
greater following GCL stimulation than CIF computed from shuf-
fled IPSC times (160% increase over bootstrap, P , 0.0005) (Fig.
6D). In the same set of eight paired recording experiments, 5-HT
triggered only modest IPSC synchrony and a 15% increase in
IPSC CIF (P , 0.05). When analyzed individually, only two of
eight paired recordings had a significant elevation in IPSC CIF be-
yond the level expected by chance in 5-HT. Four of the six paired
recordings that showed no increase in IPSC synchrony in 5-HT
had statistically significant increases in IPSC CIF following tetanic
stimulation. Excess IPSC CIF also was significantly increased over
control conditions following GCL stimulation (P , 0.0002) but
not following 5-HT (P . 0.05; n ¼ 8 MC pairs) (Fig. 6E). There
was no statistically significant difference in mean IPSC frequency
triggered by GCL stimulation and bath application of 5-HT (P .

0.05) (Fig. 6F).
One advantage of assaying inhibitory synchrony using the

CIF method is the ability to quantitatively determine the mini-
mum test window duration required to capture coincident
IPSCs. Simply expanding the duration of the sliding analysis
window will always yield more detected coincident events.
However, subtracting the bootstrap estimate of the frequency ex-
pected by chance for that window generated a metric (excess IPSC

CIF) that can be compared across different conditions. As shown
in Figure 6G, this metric increased in parallel as the window dura-
tion was increased in both 5-HT and GCL stimulation conditions
(open and filled symbols, respectively). Both curves were well
fit by a model with each pair of near-coincident IPSCs originat-
ing from the same interneuron that had a synaptic release jitter
of 2+0.5 msec (mean+ SD) (solid line in Fig. 6G; Kay and
Wong 1987; Sabatini and Regehr 1999). More complex models
of coincident inhibition arising from near-synchronous excita-
tion of multiple interneurons included the jitter associated with
EPSC responses on granule cells (1.1–2.3 msec) (Balu et al. 2007)
and the jitter associated with EPSP-spike coupling (1.4–4.7
msec) (Schoppa 2006b; Rodriguez-Molina et al. 2007). Even using
the EPSP and spike coupling mechanisms described in prior stud-
ies with relatively low jitter required significantly longer sliding
analysis windows to capture coincident events than we found
in our measurements (time constant significantly greater than ei-
ther 5-HT or GCL stimulation conditions, P , 1024) (dashed line
in Fig. 6G). Using the estimate of the jitter associated with EPSP-
spike coupling in OB GCs (4.7 msec) (Schoppa 2006b) required
even longer duration analysis windows (dotted line in Fig. 6G).
These results suggest that following 5-HT and GCL stimulation,
the coincident inhibition we observe in MCs likely arises from
divergent output from individual interneurons.

Finally, we asked if we could differentiate the spontaneous
IPSCs triggered by 5-HT, 0 Mg2+ ACSF, and GCL stimulation. As
shown in the plots in Figure 6H, 5-HT triggered IPSCs with a very
similar distribution of amplitudes as control conditions (P .

0.05, K-S test). Reducing extracellular Mg2+ ions results in a uni-
form shift toward larger amplitude IPSCs (different from control,
P , 1028, K-S test) while GCL stimulation skewed the amplitude
distribution toward large-amplitude IPSCs (different from control,
P , 1028; different from 0 Mg2+, P , 1028; K-S test). While the uni-
form enhancement of IPSC amplitude in 0 Mg2+ ACSF could arise
from multiple mechanisms, the selective increase in spontaneous
large-amplitude IPSCs following GCL stimulation is consistent
with the preferential recruitment of a population of IPSCs that
was not strongly active under control conditions.

Discussion

We make three principal conclusions in this study. First, activa-
tion of large ensembles of MCs with 5-HT recruits inhibitory local
circuits through a 5-HT2R- and AMPAR-dependent mechanism
that forms divergent synapses on nearby but not distant pairs of
principal neurons. Serotonin-driven inhibitory circuit activation
functioned without frequent somatic spiking in GCs. Second, en-
hancement of dendrodendritic inhibition by removing extracel-
lular Mg2+ ions increases inhibitory tone on MCs but fails to
recruit coincident IPSCs on nearby pairs of MCs beyond the fre-
quency expected by chance. Finally, tetanic stimulation of affer-
ents in the GCL triggers robust synchronous inhibition of MCs,
even in MC pairs where 5-HT triggered only modest coincident in-
hibition. These results suggest that different local circuits may reg-
ulate inhibition onto nearby MCs than clusters of principal cells
that span multiple glomerular modules.

Although a variety of stimulation methods have been used to
increase inhibitory tone onto MCs (Rall and Shepherd 1968;
Nakashima et al. 1978; Jahr and Nicoll 1982), our results demon-
strate that they can do so through very different local circuit path-
ways. Enhancing currents through NMDARs by applying Mg2+

free ACSF increased the frequency of spontaneous IPSCs recorded
in MCs but failed to recruit coincident inhibition even in closely
spaced pairs of principal cells. This treatment likely facilitated
inhibition by directly activating reciprocal dendrodendritic

Figure 4. Serotonin promotes synchronous inhibitory synaptic re-
sponses in pairs of nearby mitral cells. (A) Example intracellular responses
in near pairs of MCs shown in left panel that include an IPSC recorded in
both cells (arrows; IPSC onset latency differed by 0.8 msec in the two
MCs, 60-mm spacing between mitral cell bodies). Example recordings
in right panel from a distant MC pair with no synchronous IPSCs
(740-mm spacing between MCs). (B) Reconstructions of dual MC record-
ings following intracellular labeling with 150 mM Alexa594. Picture repre-
sents collage from multiple maximal Z-stack projections acquired using
live two-photon imaging. Neither MC had an intact apical dendrite;
arrows indicate primary dendritic processes directed toward the glomer-
ular layer that were truncated at the surface of the brain slice. Calibration
bar, 50 mm. (EPL) external plexiform layer, (MCL) mitral cell layer, (GCL)
granule cell layer. (C) Inset, example dual voltage–clamp recordings from
two MCs that received synchronous IPSCs during 5-HT treatment. Arrow
indicates example synchronous IPSC recorded in both MCs (IPSC onset
latency difference ¼ 0.4 msec in example shown). Plot of increase in
clipped cross-intensity function (CIF) (2-msec analysis window) following
5-HT application. Gray bars represent results from bootstrap shuffles. 5-HT
bar represents 140 sec following start of 5-HT application; Post bar repre-
sents 200 sec following 5-HT application. (∗∗) P , 0.01, paired Student’s
t-test, n ¼ 4 episodes in each condition. Mean+S.E.M. (D) Plot of MC
IPSC synchrony estimated by clipped cross-intensity function (CIF) in
near (,200-mm separation between cell bodies), mid (200 to 1000-mm
separation), and distant (.1000-mm separation) pairs of MCs. Gray
columns represent average CIF computed from IPSC interval shuffles in
each paired recording experiment. (∗∗∗) P , 0.005, paired t-test.
Number of paired recording experiments analyzed indicated at base of
each bar. (E) Plot of mean IPSC frequency in control (Ctrl) and 5-HT in
paired MC recordings from the same three groups of experiments pre-
sented in D. (∗∗∗) P , 0.005, paired t-test. Mean IPSC frequencies in
5-HT did not differ significantly between the three groups (P . 0.05,
Kruskal–Wallis ANOVA, same MC paired recordings analyzed in D). (F)
Plot of excess IPSC CIF (Actual—mean from interval shuffles) vs. mitral
cell body separation for 25 paired recording experiments. Dashed line
represents no increase in frequency of coincident IPSCs over the frequency
expected by chance (excess IPSC CIF ¼ 0). (G) Summary of the increase in
excess IPSC CIF following 5-HT in 13 MC pairs separated by ,200 mm;
post bar indicates excess CIF at the same time window indicated in C.
(∗) P , 0.05, paired t-test.
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synapses, an inhibitory pathway effectively driven by currents
through NMDARs (Isaacson and Strowbridge 1998; Schoppa
et al. 1998; Isaacson 2001). The absence of coincident inhibition
(beyond the frequency expected by chance) suggests that the ac-
tivation of granule cell dendrites during low Mg2+ treatment
was localized and did not trigger synchronous GABA release at
multiple dendrodendritic synapses at different positions along
the dendritic arborization of individual GCs. The uniform shift
toward larger amplitude IPSCs in low Mg2+ ACSF may reflect a
higher probability of GABA release from dendrodendritic synaps-
es onto MCs due to the larger Ca2+ influx under this experimental
condition (Isaacson and Strowbridge 1998; Halabisky et al. 2000;
Isaacson 2001).

Electrical stimulation of afferents in the GCL reliably trig-
gered coincident inhibition in pairs of MCs and action currents
in cell-attached recordings from GC somata, consistent with syn-
chronous inhibition arising from spiking in GCs. Tetanic stimula-
tion also skewed the MC IPSC amplitude distribution toward
large-amplitude events, consistent with recruitment of an inhibi-
tory circuit that was not active spontaneously in control condi-
tions. Coincident IPSCs recorded in MCs had very low onset
latency jitter, indicative of near-synchronous release of GABA
from multiple synapses formed by the same presynaptic inter-
neuron. Significantly greater jitter would be expected for synchro-
nous inhibition arising from clusters of interneurons that spiked
synchronously because they received coincident excitation. By
assaying coincident inhibition starting 100 msec after the last

electrical shock, we sought to minimize
IPSC synchronization mediated by syn-
aptic inputs directly activated by the te-
tanic stimulus itself.

Activation of MCs with bath 5-HT
triggered widespread spiking in MCs
and also recruited coincident inhibition
in groups of nearby principal cells, pri-
marily in MC pairs separated by ,80
mm. The disynaptic depolarization we re-
port in GCs following 5-HT is consistent
with an increase in inhibitory tone in
MCs mediated by GABA release at den-
drodendritic synapses formed between
granule and MC dendrites (Isaacson
and Strowbridge 1998; Schoppa et al.
1998). However, coincident IPSCs could
potentially arise from inhibitory cell
types in the glomerular layer. Petzold
et al. (2009) described an action of 5-HT
on glomerular-layer inhibitory circuits
mediated by 5-HT2C receptors on per-
iglomerular interneurons that could
contribute to inhibitory tone in MCs
despite the electrotonically distant loca-
tion of these synaptic inputs. Presum-
ably divergent connections formed by
GABAergic periglomerular cells underlie
coincident IPSCs recorded in the sub-
class of TCs located near the glomerular
layer (external tufted cells) (Hayar et al.
2005). Several lines of evidence suggest
that the modulation of inhibitory tone
we observe in MCs is distinct from this
effect in the glomerular layer. First, we
observe similar increases in MC IPSC
frequency in slices in which the glo-
merular layer was surgically removed.
Second, we find a similar, statistically sig-

nificant increase in IPSC synchronization in MCs with apical den-
drites that do not arborize in the same glomerulus. Finally,
modulation of periglomerular inhibitory circuits appears to rely
primarily on 5-HT2C receptors while modulation of inhibitory
tone can be evoked by the selective 5-HT2AR agonist TCB2.
Petzold et al. (2009) found no effect on glomerular-layer circuit
function when they tested the same 5-HT2AR agonist, a result
that is consistent with the high density of 5-HT2ARs found pri-
marily in the MC layer using immunohistochemistry (Hamada
et al. 1998) and in situ hybridization (Pompeiano et al. 1994).
While there is a consensus in the literature regarding 5-HT2CR
expression in the glomerular layer (Pompeiano et al. 1994; Abra-
mowski et al. 1995; Clemett et al. 2000; Petzold et al. 2009), sev-
eral of these studies also found 5-HT2CR expression in deeper
OB layers.

Unlike inhibitory responses triggered by tetanic GCL stimu-
lation and low Mg2+ ACSF, the IPSC amplitude distribution was
not significantly affected by 5-HT. This result suggests that 5-HT
affected primarily inhibitory local circuits that were already active
spontaneously (or triggered IPSCs that had similar amplitudes to
spontaneous IPSCs). Surprisingly, the widespread excitatory
synaptic drive elicited by 5-HT did not lead to frequent somatic
spikes in GCs. Instead, intracellular recordings revealed these in-
terneurons were typically only modestly depolarized by glutama-
tergic EPSPs during 5-HT and did not spike spontaneously.
However, the low jitter we find associated with coincident MC in-
hibition driven by both 5-HT and GCL stimulation likely results
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Figure 5. Low Mg2+ external solution increase spontaneous MC inhibition without promoting syn-
chronous IPSCs in paired MC recordings. (A) Example traces in one MC under control conditions
and at two time points following application of 0 Mg2+ ACSF. (B) Example cross-correlograms comput-
ed from spontaneous IPSC onset times illustrating frequent coincident inhibitory inputs promoted by
5-HT (black curve, peak at lag ¼ +0.2 msec) with no correlated inhibitory input triggered by 0
Mg2+ ACSF (gray curve, separate experiment). (C) Plot of spontaneous IPSC frequency in the four ex-
perimental conditions shown in A for eight MCs. (∗∗) P , 0.005. (D) Plot of MC IPSC CIF at two times
following application of 0 Mg2+ ACSF in four MC paired recordings (,200-mm cell body separation).
Gray bars represent average CIF computed from 10,000 IPSC interval shuffles (Shuf). n.s., P . 0.05. (E)
Plot of the relationship between duration of synchronous IPSC detection window and excess CIF
(Actual—expected from IPSC interval shuffles) in near MC paired recordings (,200-mm cell body sep-
aration). Serotonin (5-HT, black symbols) increased IPSC CIF significantly above expected values for all
coincident detection windows while 0 Mg2+ (gray symbols) did not increase CIF beyond expected
values at any coincidence window duration tested. Comparisons at all window durations tested were
statistically significant in 5-HT experiments (P , 0.01, paired t-test).
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from spiking in common presynaptic interneurons. Although the
blockade of 5-HT-stimulated inhibition on MCs by AMPAR antag-
onists argues that the primary site of 5-HT action was not on inter-
neurons, our results cannot exclude additional modulatory

actions of metabotropic receptors that af-
fect interneuron function.

There are at least two possible mech-
anisms that could explain 5-HT-stim-
ulated synchronous inhibition in the
absence of frequent GC somatic spiking.
Serotonin-triggered coincident inhibi-
tion could arise from dendritic spikes in
GCs that failed to trigger somatic action
potentials or from spiking in an as-yet-
unidentified inhibitory local interneu-
ron that targets MC cell bodies and/or
proximal dendrites. Several studies have
reported dendritically localized spik-
ing in GCs, though often involving pri-
marily low-threshold Ca2+ spikes (Egger
et al. 2003, 2005). Spontaneous fast
Na+-based dendritic spikes have been re-
ported in frog GCs under basal (unstimu-
lated) conditions (Zelles et al. 2006). If
also present in mammals, spontaneous
“D-spikes” could function to synchro-
nize multiple dendrodendritic release
sites in one GC, enabling coincident in-
hibition of nearby pairs of principal cells.
The sensitivity of coincident inhibition
in 5-HT to AMPAR antagonists suggests
that these responses were likely recruited
selectively by excitatory inputs with fast
kinetics. Although we rarely observed
spikelets in somatic intracellular record-
ings from GCs under basal or 5-HT-stim-
ulated conditions that might correspond
to dendritic D-spikes (Zelles et al. 2006),
these events might not be easily de-
tectable given the frequent synaptic in-
puts mammalian GCs normally receive
in 5-HT.

Coincident inhibition of MCs also
could arise from other (non-GC) in-
terneurons that target MC somata or
proximal dendrites, explaining the bias
toward synchronous inhibition in near
but not far MC pairs. At present, there is
little evidence for axo-dendritic or axo-
somatic inhibition of MCs apart from
periglomerular circuits. A wide variety
of morphologically defined interneuron
subtypes has been identified in the EPL
and GCL that could potentially form ax-
onal connections with MCs (Schneider
and Macrides 1978; Pressler and Strow-
bridge 2006; Kosaka and Kosaka 2011;
Pressler et al. 2013). Recent studies
(Kato et al. 2013; Miyamichi et al. 2013)
described a new class of parvalbumin
(PV)-immunoreactive interneuron locat-
ed in the external plexiform layer that
could potentially mediate the synchro-
nous IPSCs we observe in MCs in 5-HT.
Alternatively, one or more subtypes of
large “short-axon” interneurons in GCL,

such as Blanes cells (Pressler and Strowbridge 2006) and Golgi cells
(Pressler et al. 2013), may contact MCs in addition to GCs.

Although our experimental results cannot definitively deter-
mine whether coincident inhibition in 5-HT arises from dendritic
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Figure 6. Synchronous MC inhibition triggered by afferent stimulation. (A) Diagram of recording
configuration. (B) Example recording of MC response to tetanic stimulation in GCL (three bursts of
four shocks at 100 Hz, 500-msec inter-burst interval). (C) Enlargements of responses to GCL stimulation
(left traces, arrows indicate IPSCs with onset latencies that differed by ,0.2 msec) in a paired MC re-
cording with coincident inhibition. Bath application of 5-HT failed to evoke synchronous inhibition in
the same pair of MCs (right traces). (D) Plot of the synchronous MC inhibition (IPSC CIF) present in
control (Ctrl) conditions, following bath application of 5-HT, and following GCL stimulation (Stim).
Estimates of IPSC synchrony expected by chance in each condition presented in gray columns
(Shuf). (∗) P , 0.05, (∗∗∗) P , 0.005, n.s., P . 0.05, paired t-test. (E) Plot of excess CIF (Actual
CIF–CIF expected by chance) in control conditions, 5-HT, and following GCL stimulation. (∗∗∗) P ,

0.005, paired t-test. (F) Plot of increase in IPSC frequency in 5-HT and following GCL stimulation.
Both conditions increased IPSC rate from control conditions (P , 0.005, paired t-test). IPSC frequency
did not differ significantly between 5-HT and GCL stimulation conditions (P . 0.05, n.s., paired t-test).
(G) Plot of relationship between excess MC IPSC CIF and the duration of the sliding analysis window in
both 5-HT (open symbols; mean+SEM, downward error bars) and following GCL stimulation (filled
symbols; upward error bars). Solid line represents single divergent interneuron model with 2.0+
0.5-msec (mean+SD) jitter associated with GABA release events. Dashed and dotted lines represent
models of coincident IPSCs arising from excitatory synchronization of multiple interneurons. See
Materials and Methods for details. (H) Plot of the cumulative IPSC amplitude distributions for control
conditions (solid line, n ¼ 20 cells), 5-HT (dash–dot line, n ¼ 20), 0 Mg2+ ACSF (dotted line, n ¼ 8),
and following GCL stimulation (dashed line, n ¼ 16).
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D-spikes that couple multiple dendrodendritic GABA release
sites within individual GCs or from divergent axonal input from
another interneuron class, several lines of evidence are sugges-
tive of the latter hypothesis. First, GCs are known to synapse
along the length of MC secondary dendrites and, therefore, could
potentially provide synchronous inhibition to widely separated
pairs of MCs—which we did not observe. In principal, cable at-
tenuation could explain the bias we found toward synchronous
inhibition only in closely spaced MC pairs. However, using
focal uncaging of GABA, Lowe (2002) recorded IPSCs originating
from dendrodendritic synapses on lateral dendrites �200 mm
from the cell body that were often larger than spontaneously
occurring IPSPs. Based on this prior uncaging study, we expected
that divergent GC inputs should be detectable in our experi-
mental conditions in MC pairs separated by 300–400 mm. The
ability of GCL stimulation to recruit coincident inhibition in a
set of paired MC recordings that showed little synchronous
inhibition in 5-HT (Fig. 6D,E) also is suggestive of a role for two
distinct inhibitory interneuron subtypes outside the glomerular
layer. Inhibitory circuits recruited during 5-HT treatment typ-
ically linked clusters of MCs separated by , �100 mm (likely
only one or a few glomerular modules) while local circuits acti-
vated by GCL stimulation extended over larger clusters of MCs
and included more glomerular modules. The significantly dif-
ferent IPSC amplitude distributions following 5-HT treatment
and GCL stimulation also are suggestive of a role for non-GC
interneurons.

Multiple investigators have hypothesized that the inhibi-
tory local circuits formed between MCs and GCL interneurons op-
erate on different spatial scales relative to the size of glomerular
columns (Egger and Urban 2006, Balu et al. 2007). The smallest
spatial scale is likely to be the reciprocal dendrodendritic syn-
apse formed between MC and GC dendrites (Isaacson and
Strowbridge 1998; Halabisky et al. 2000) which may function to
gate AP propagation along the MC secondary dendrite (Chen
et al. 2000). Unexpectedly, we found that widespread activation
of these synapses following low Mg2+ ACSF triggered robust MC
inhibition but little inhibitory synchrony, suggesting that den-
drodendritic synapses may function to coordinate MCs on smaller
spatial scales than assayed in this study. The other unexpected
finding from this study was that activation of large ensembles of
MCs did not generate inhibitory synchrony on the same spatial
scale as MC dendritic processes, many of which span millimeters
(Shepherd et al. 2004). Instead, we find coincident inhibition was
restricted to a spatial scale similar to the size of a glomerular col-
umn. Given previous work demonstrating the ability of correlated
inhibitory synaptic input to drive synchronous firing in MCs
(Galán et al. 2006; Schoppa 2006a), a primary prediction from
our study is that activation of inhibitory local circuits driven
disynaptically by 5-HT should promote to spike synchrony in
MCs with same or neighboring glomerular modules. Unfortunate-
ly, it is not possible to directly test this prediction using the ex-
perimental paradigm used in this study because of the direct
depolarizing effects of 5-HT on MCs. In principle, optogenetic
methods that selectively depolarize the same interneuron popula-
tion that was disynaptically excited by 5-HT could test this hy-
pothesis though additional studies will be required to identify
the appropriate interneuron subclass.

Materials and Methods

Slice preparation
Horizontal OB slices (300 mm thick) were prepared from P14-P19
Sprague-Dawley rats, either sex, as previously described (Hala-
bisky et al. 2000; Friedman and Strowbridge 2003; Balu et al.

2007). Slices were incubated in ACSF at 35˚C for 30 min and
then maintained at room temperature. All experiments were car-
ried out in accordance with the guidelines approved by the Case
Western Reserve University Animal Care and Use Committee.

Electrophysiology
All recordings were performed in a submerged recording chamber.
Most recordings were performed at 34˚C–35˚C; experiments
visualizing GC dendritic arbors using two-photon imaging were
performed at 30˚C. Slices were continuously perfused with an ex-
tracellular solution containing (in mM): 124 NaCl, 5 KCl, 1.23
NaH2PO4, 1.2 MgSO4, 26 NaHCO3, 10 dextrose, 2.5 CaCl2, equili-
brated with 95% O2/5% CO2 (pH 7.3) at a flow rate of 1.5–2.0 mL/
min. Whole-cell patch-clamp electrophysiological recordings
were made using AxoPatch 1B or 1D amplifiers (Axon instru-
ments) and borosilicate glass pipettes (2–8 MV). All data were dig-
itized at 5 or 10 kHz by an ITC-18 computer interface (Instrutech)
and a Windows 7 personal computer. Slices were imaged using
IR/DIC optics on an upright fixed stage Zeiss Axioskop 1FS micro-
scope and cells were identified based upon morphology, soma
location within a slice, and intrinsic membrane properties. For
current-clamp whole-cell and cell-attached recordings, the inter-
nal solution contained (in mM): 140 K methylsulfate, 4 NaCl, 10
HEPES, 0.2 EGTA, 4 MgATP, 0.3 Na3GTP, 10 phosphocreatine-
Tris. A CsCl-based internal solution was used for all MC voltage-
clamp recordings that reversed the Cl2 gradient; it contained
(in mM): 115 CsCl, 4 NaCl, 10 HEPES, 1 EGTA, 25 TEA-OH, 5
QX-314, 4 MgATP, 0.3 Na3GTP, 10 phosphocreatine-Tris. All inter-
nal solutions were equilibrated to a pH of 7.3 and an osmolarity of
�290 mmol/kg. Serotonin phosphocreatine was prepared for use
daily from powder (Sigma Aldrich). All other drugs were purchased
from Tocris and were prepared in aliquots and frozen at 220˚C
until use. Drugs were added to the bath by changing the source
of external solution. Evoked responses were obtained using a
constant current stimulus isolation unit (A-360, World Precision
Instruments) and a monopolar tungsten electrode (FHC) placed
in the GC layer. Neurons filled with Alexa594 through the patch
pipette were imaged using a custom two-photon laser scanning
system (Balu et al. 2007).

OB slice microdissection
Horizontal OB slices lacking a glomerular layer were prepared by
first making two cuts perpendicular to the mitral cell layer
(MCL) that extended through the entire slice, leaving a dissected
slice �2 mm wide. The glomerular layer was then separated from
the remaining tissue by making a third cut, parallel to the MCL,
through the EPL (Friedman and Strowbridge 2003). All microdis-
section cuts were performed in a submerged recording chamber
while visualizing the slice through a 5× objective. Dissected slices
were allowed to recover for at least 20 min before attempting re-
cordings. Dissected slices were stained with methylene blue dis-
solved in ACSF at the conclusion of each experiment to visualize
the OB laminar structure. Only recordings from slices in which
the glomerular layer was completely removed were analyzed.

Data analysis
Data analysis was performed with custom Matlab 2012b (Math-
works) scripts. Inhibitory and excitatory postsynaptic currents
(IPSCs, EPSCs), and action potentials were automatically detected
as previously described (Larimer and Strowbridge 2008). Briefly,
traces were smoothed via a Savitsky–Golay filter and the instanta-
neous derivative was calculated. Events were defined by a cumula-
tive dV/dt or dI/dt that exceeded a set threshold, and event times
were defined by the first deviation toward threshold. Average fre-
quencies of spikes or synaptic events were determined by taking
the reciprocal of the average inter-event interval. All data are pre-
sented as mean+S.E.M. unless otherwise noted. The paired Stu-
dent’s t-test was used to determine statistical significance, unless
otherwise specified. Autocorrelation and cross-correlation were
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performed by detecting events and convolving a 2-msec Gaussian
kernel with the binary event times (Galán et al. 2006).

The clipped cross-intensity function (CIF) (Hahnloser 2007)
was computed based on detected IPSC event times and used to
determine whether the incidence of synchronous events was
greater than expected by chance. To calculate the CIF for two re-
sponse channels, we computed the total number of coincident
(event onset latencies that differed by less than the synchronous
window cutoff of 2-msec events, except for the analyses in
Figures 5 and 6 that used varying duration windows) and divided
by the total number of events on the channel with the fewest
events. For example, one paired MC recording episode that con-
tained 200 detected IPSCs in MC1 and 250 IPSCs in MC2, with
30 IPSCs that each occurred within 2 msec on both channels,
would have an IPSC CIF of 0.15 (30/200). Two advantages of the
CIF method, compared with correlation-based methods for de-
tecting synchrony, are the ability to quantitatively define event
synchrony over variable coincidence stringencies and the ability
to directly compute estimates of synchrony expected by chance.
Unless noted, all analyses were based on the average CIF comput-
ed over three control (pre 5-HT) and two consecutive 30-sec epi-
sodes acquired between 140 and 210 sec after switchover to
ACSF containing 5-HT. We computed CIF expected by chance
for each episode by permuting the inter-event intervals contained
in each channel; bootstrap CIF estimates were computed over 104

to 106 iterations. Bar plots labeled shuffled CIF reflect the mean of
the bootstrap runs computed from each episode. “Excess” CIF was
computed by subtracting the mean bootstrap CIF from the CIF
computed from the actual event timing. Probability estimates ob-
tained from individual episodes were computed from cumulative
distribution functions based on the bootstrap estimates.

Estimates of excess IPSC CIF from interneurons that form
divergent synaptic connections with MCs and clusters of inter-
neurons synchronized by common excitatory input (Fig. 6G)
were generated by a common template of 100 exactly synchro-
nous events across two MCs and distributed with Poisson inter-
event intervals. For the divergent interneuron model (solid line
in Fig. 6G), a separate IPSC releases jitter values drawn from a
Gaussian distribution with a mean of 2.0 msec and a SD of 0.5
msec (Kay and Wong 1987; Sabatini and Regehr 1999) was added
to each simulated MC channel. We constructed two models of
nondivergent interneurons coupled by common excitatory in-
puts. The nondivergent model with lowest jitter (dashed line in
Fig. 6G) was made by including glutamate release jitters of 1.1+
0.2 msec (Balu et al. 2007) on each interneuron channel as well
as the jitter associated with EPSP-spike coupling in neocortical
neurons (1.4+0.9 msec) (Rodriguez-Molina et al. 2007). Using
the less reliable EPSP-spike coupling reported in OB GCs (4.7+
1.5 msec) (Schoppa 2006b) and the jitter associated with dendro-
dendritic EPSPs onto GCs (2.3+3.2 msec) (Balu et al. 2007) re-
quired much longer sliding windows to capture synchronous
IPSCs (dotted line in Fig. 6G).
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