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Although rapid synaptic transmission confers signal fidelity, the activity of some neuronal circuits
depends on prolonged excitation or inhibition. Here we demonstrate that GABAergic granule cells
in the rat olfactory bulb produce prolonged inhibition of mitral cells through a precise kinetic
matching between transmitter-gated and voltage-gated channels in their dendritic membrane. A
transient A-type potassium current (/,) specifically attenuated dendrodendritic inputs mediated by
fast-acting AMPA receptors such that the excitation and subsequent inhibitory output of granule
cells followed the prolonged kinetics of their NMDA receptors. Altering the weights of the AMPA
and NMDA receptor-mediated inputs by modulating I, provides a mechanism to regulate the timing
of inhibition according to the demands on the bulb network.

The relay of information at most synapses in the central nervous
system occurs rapidly, reflecting the fast activation and deactiva-
tion kinetics of postsynaptic ionotropic receptors, whereas slow-
er neurotransmitter responses generally reflect the kinetics of
second messenger-mediated signaling cascades. Exceptions to
these rules exist, however. For example, the slow deactivation
kinetics of NMDA receptors! can produce slow depolarizing
responses and prolonged firing of action potentials>*. Moreover,
the high glutamate sensitivity of the NMDA receptor may cause
‘pure’ NMDA receptor-mediated synaptic responses following
glutamate release at adjacent synapses®. GABA, receptor-medi-
ated inhibitory responses also can be prolonged because of slow
recovery from desensitized states®. Whereas short-lasting synap-
tic responses are regarded as important for preserving signal
fidelity, long-lasting synaptic responses may be critical for other
functions in a neuronal circuit, for example, in the generation of
oscillations and synchronous firing of neurons’.

Prolonged synaptic responses in the olfactory bulb are well
characterized®-1°. The stimulation of bulb mitral cells elicits a
long-lasting excitatory response in GABAergic granule cells that
in turn leads to long-lasting feedback inhibition of mitral cells at
reciprocal dendrodendritic synapses. Both granule cell excitation
and mitral cell inhibition rely on the activation of NMDA recep-
tors'h12, Because granule cells have both AMPA and NMDA
receptors, the NMDA receptor dependence of granule cell acti-
vation presumably reflects a unique way of integrating synaptic
inputs within their dendrites.

The impact of active dendritic conductances on the integra-
tion of synaptic inputs is recognized'3-'¢. Thus, we examined the
active properties of granule cells that might bias their excitation
in favor of NMDA receptors. Using whole-cell patch-clamp
recordings from olfactory bulb slices, we show that granule cells
have a transient A-type potassium current (I,) that allows
throughput of prolonged NMDA receptor-mediated synaptic
inputs, but not rapidly decaying AMPA receptor-mediated inputs.
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The powerful role of I, in discriminating synaptic inputs is not
due to unusual types of receptors and channels in granule cells,
but rather to the distribution of I, channels, the granule cell mor-
phology and the convergent mitral-to-granule cell anatomy with-
in the bulb. The prolonged mitral cell inhibition that results from
the interaction of I, with synaptic inputs is likely to be critical
for the generation of olfactory bulb oscillations and downstream
processing of olfactory sensory information.

ResuLTs

The excitatory response of granule cells is triggered by gluta-
mate released at dendrodendritic synaptic contacts with sec-
ondary dendrites of mitral cells'”. Mitral cells were stimulated
via their primary dendrites by a bipolar stimulating electrode
(100 'V, 100 ps) placed on a single glomerulus (Fig. 1a). As
reported previously'?, glomerular stimulation elicited dual-com-
ponent, AMPA and NMDA receptor-mediated voltage respons-
es in granule cells (Fig. 1b), blocked by bath application of
1,2,3,4-tetrahydro-6-nitro-2,3-dioxobenzo| f]quinoxaline-7-sul-
fonamide (NBQX) and D,L-2-amino-5-phosphonopentanoic
acid (D,L-AP5; nn = 5). Dual-component responses also typical-
ly triggered the firing of action potentials. The number of evoked
spikes was usually limited to one (1.12 + 0.05; n = 7 cells), and
the overall spiking frequency, including trials that failed to evoke
spikes, was 0.51 * 08 spikes per trial (n = 20). D,L-AP5 nearly
abolished evoked spikes (0.04 + 0.03 spikes per trial; n = 7), indi-
cating that AMPA receptor-mediated synaptic inputs by them-
selves are ineffective in supporting granule cell excitation.

Rescue of excitation by blockade of I,

We first tested if potassium conductances in granule cells were
responsible for the limited efficacy of AMPA receptors. Following
blockade of granule cell spiking with D,L-AP5, spiking remained
low (0.032 * 0.03 spikes per trial; # = 5) in tetraethylammoni-
um (TEA; 10 mM), a non-specific antagonist of delayed-rectifi-
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Fig. I. Blockade of I, with 4-AP enhances granule cell
excitation by AMPA receptor-mediated synaptic inputs.
(a) Morphology. The dominant component of inhibition
in the olfactory bulb occurs at dendrodendritic synapses
between the secondary dendrites of mitral cells (M) and
the dendrites of granule cells (G). The cartoon on the
right shows that glutamate released from the shaft of the
mitral cell dendrite elicits excitation (+) of the granule
spine, which in turn leads to recurrent GABAergic inhibi-
tion (-) of the activated mitral cell as well as lateral inhibi-
tion of other mitral cells. (b) Glomerular stimulation (as
shown in a) elicited spike firing in granule cells that was
greatly reduced by D,L.-AP5 (50 puM), but then recovered
with subsequent addition of 4-AP (6 mM). Four glomeru- |

lar stimulation-evoked responses are shown from one

cell for each condition on the left. The summary plot on

the right reflects pooled data from responses elicited by \1,
glomerular stimulation (three cells) or by focal mitral cell
stimulation (four cells). (c) The granule cell EPSC, as
measured by its total charge (see Methods), was not
increased in size by 4-AP, indicating that 4-AP did not
enhance glutamate release from the mitral cell. The inset
shows that 4-AP did broaden the mitral cell presynaptic
action potential, accounting for the somewhat longer
onset delay and duration of the EPSC in 4-AP. The sum-
mary on the right reflects the same experiments as in (b).
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er and calcium-activated types of potassium chan-
nels'®. However, 4-aminopyridine (4-AP; ¢
5-10 mM), an antagonist of transient A-type potas-
sium channels (I,) caused a dramatic recovery of
spiking (0.66 % 0.17 spikes per trial; n = 7; Fig. 1b).
The rescue of granule cell excitation by 4-AP implies
that I, severely limits the effectiveness of AMPA
receptor-mediated synaptic inputs. 4-AP can
increase transmitter release by broadening the presy-
naptic action potential'®?°. Therefore, we tested
whether the effect of 4-AP on granule cell excita-
tion could be explained by enhanced glutamate
release from mitral cells. To eliminate effects of 4-
AP on the electrical responsiveness of mitral cells, we used a sat-
urating stimulus intensity. 4-AP did broaden the mitral cell action
potential (Fig. 1c, inset) but did not increase the granule cell
EPSC (3 * 7% increase in the EPSC charge; n = 7) nor EPSPs at
holding potentials below threshold for I, (see Fig. 3c). Thus, the
enhancement of granule cell firing by 4-AP reflects increased
excitability of the postsynaptic granule cell membrane rather than
a presynaptic effect on mitral cells.

Granule cells had a prominent transient I, blocked by mil-
limolar concentrations of 4-AP (Fig. 2a; 51 + 4% block, 1 mM
4-AP, +12 mV; n = 5). I, was unaffected by low concentrations of
4-AP (100 pM; 1 = 4) or dendrotoxin (1 UM; n = 3) and was only
slightly reduced by TEA (28 + 10% block, 20 mM; #n = 4). I, mea-
sured in nucleated outside-out patches in the presence of TEA
(10-20 mM; Fig. 2b) had a threshold activation voltage of
—44 £ 2 mV (n = 8) and a midpoint voltage for steady-state inac-
tivation of —66 £ 4 mV (n = 5). The activation threshold for I,
was near the threshold for granule cell spiking (—47 * 2 mV;
n =9), indicating that I, is capable of affecting spike initiation. I,
inactivated with a voltage-independent decay time constant
(24 £ 5 ms at =38 mV; n = 5), and recovery from inactivation (at
—108 mV) was approximated by a single exponential with
T =62 £ 10 milliseconds (n = 3). Granule cells also had a delayed,
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non-inactivating potassium current Iy blocked by TEA
(10-20 mM; Fig. 2a) but not 4-AP (6 * 4% reduction in
5 mM 4-AP; n = 4). However, Iy had a threshold for activation
(=33 £ 5 mV; n = 5) that was above the spike initiation voltage of
granule cells, consistent with the lack of effect of TEA on spiking.

1, specifically attenuates brief depolarizations

The attenuation of AMPA receptor-mediated synaptic inputs by
I, might be explained by the short duration of the AMPA recep-
tor-mediated depolarization. Indeed, we found that granule cell
depolarizations in response to short (2—4-ms) somatic current
injections that mimicked an AMPA receptor-mediated EPSP
(Fig. 3a) were significantly enhanced when I, was blocked by 4-
AP (by 7.2 £ 2.6 mV; n = 5). As expected, the effect of 4-AP
depended on whether the injected current elicited a depolariza-
tion that reached the activation threshold for I,. Longer somat-
ic current injections (800 ms, +30 pA; Fig. 3b) elicited spiking
in granule cells in the absence or presence of 4-AP, but 4-AP
reduced the lag to spiking by 47 + 15 milliseconds (1 = 6). Close
examination of the voltage traces showed that 4-AP enhanced
the early portion of the responses, whereas all the responses con-
verged to the same voltage at spike initiation, consistent with
transient attenuation by I,.
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Fig. 2. Properties of I, in granule cells. (a) Whole-
cell potassium currents in granule cells had tran-
sient and steady-state components that were
differentially sensitive to bath application of 4-AP (6
mM) and TEA (10 mM). Currents were induced by
voltage pulses between —58 mV and —8 mV. (b) The
transient current I, measured in nucleated patches
had an inactivation decay time constant near 20 ms.
The threshold for activation of I, in the patch
experiments was near —45 mV, whereas the mid-
point voltage for steady-state inactivation for I, was
near —65 mV. Each point in the activation and
steady-state inactivation curves reflects 3-8 exper-
iments. Steady-state inactivation was evaluated dur-
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help explain the strong effect of I, on spiking.
Whereas action potentials in many neurons ini-

)
I 0.0 %‘

—100 —-50

Membrane potential (mV)

As with somatic current injections, activation of AMPA recep-
tor-mediated synaptic inputs (Fig. 3c) elicited EPSPs that were
enhanced by 4-AP (by 6.4 £ 1.7 mV in 6 cells), whereas the single
spike typically elicited by longer dual-component synaptic inputs
occurred with a much shorter lag in 4-AP (Fig. 3d). Dual-com-
ponent EPSPs under control conditions had a slowly rising depo-
larizing phase that was analogous to the upward creep (due to
inactivation of I,) observed in the control voltage responses to
long somatic current injections. This slow phase produced a
[J100-millisecond delay to the peak of the EPSP (99 * 18 ms;
n = 4), as well as a pronounced delay (71 = 11 ms; n = 15) and
desynchrony in synaptically evoked spiking. Thus, the NMDA
receptor-mediated depolarization in granule cells outlasts I,
thereby eliciting spikes after a pronounced lag, whereas the AMPA
receptor-mediated EPSP is counterbalanced by I,.

Intrinsic membrane mechanisms in granule cells

The activation and inactivation properties of I, in granule cells as
described above were largely conventional'®, as was the amplitude
of the whole-cell I, current (I = 1220 £ 120 pA, +2 mV; n = 24;
see refs. 21, 22). We thus considered whether the localization of I,
could contribute to its powerful effect on the excitation of gran-
ule cells. Although the small diameter of the distal dendrites of
granule cells precluded a direct measure of dendritic I, channels, we
made an indirect assessment by comparing whole-cell potassium
currents with those in somatic patches (Fig. 4a and b). The ratio
of the transient (I,) to the steady-state component (Iy) of the
whole-cell current (I/Iy = 3.7 £ 0.3, n = 25) was much larger than
in outside-out patches (I,/Iy= 1.0 £ 0.2, n = 26) or in cell-attached
somatic patches (I,/Ix= 1.1 £ 0.2, n = 4). The whole-cell I, and Iy
(n=9) had activation properties indistinguishable from the patch
currents. Two cell-attached patches taken from proximal dendrites
also showed a small transient component (Fig. 4b). The small tran-
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which contain high densities of sodium chan-
nels?#?%, spike initiation in the axonless granule
cell must occur in the soma or dendrites. Sodi-
um currents in somatic patches had typical
properties, with an activation threshold of —41 * 3 mV
(n=17), a steady-state inactivation midpoint voltage of =63 mV
(n=2) and rapid inactivation decay kinetics (T = 0.90 £ 0.11 ms at
—18 mV; n = 8). However, the maximum rate-of-rise of synapti-
cally evoked somatic spikes in granule cells (116 £ 14 V per s;
n = 7) was lower than in other cells (300-600 V per s; refs. 26, 27),
consistent with a relatively low density of sodium channels.

I, drives long-lasting inhibition of mitral cells

The unique mechanism by which I, regulates the excitation of
granule cells at dendrodendritic synapses would also be expected
to affect the output of granule cells, that is, GABA release onto
mitral cells. As observed for granule cell spiking, the GABA, recep-
tor-mediated IPSC in mitral cells is blocked by AP5, implying that
GABA release depends on the activation of granule cell NMDA
receptors!>12, However, in the presence of 4-AP, IPSCs were only
modestly reduced by AP5 (by 29 * 7%; n = 5), but completely
blocked by subsequent addition of NBQX (# = 5; Fig. 5a), indi-
cating that AMPA receptors can support GABA release when I,
is blocked (Fig. 5b). 4-AP also altered the kinetics of the IPSCs.
In 11 mitral cells, 4-AP shortened the IPSC duration (Fig. 5¢),
reducing both its decay time constant (by 30 + 5%) and time to
peak (from 60 + 5 ms to 27 + 2 ms). These kinetic changes were
associated with an increased peak amplitude (A, ,p/Acontrol =
1.53 £0.12; n = 11), although no change was detected in the IPSC
charge (Quap/Qcontror= 1.17 £ 0.20). 4-AP did not change the
kinetics of the unitary synaptic events (Tge,,= 13+ 1and 13 £ 1
ms before and after 4-AP, respectively; n = 5), implying that the
faster kinetics of the composite IPSC reflects disinhibition of the
early AMPA receptor-mediated EPSP, leading to more synchro-
nous GABA release. Thus, by controlling which receptor type elic-
its activation of granule cells, I, effectively regulates the kinetics
of mitral cell inhibition.
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Fig. 3. I, attenuates short but not prolonged current inputs. (a) Short-duration somatic current injections into a granule cell (2 ms, 150 to 300 pA)
elicited depolarizations that were greatly enhanced when I, was blocked by 4-AP. The magnitude of the 4-AP-effect (‘Difference’) was as much as 10 mV
and depended on whether the depolarization reached I threshold. (b) Granule cell depolarizations in response to prolonged somatic current injections
(800 ms, +30 pA) were transiently enhanced by 4-AP (arrow), but control responses eventually converged to the same amplitude as responses in 4-AP
at spike threshold (dashed line). The difference in the lag to spiking in this experiment, plotted on the right as the cumulative probability of spiking, was
between 50—100 ms. (c) 4-AP also enhanced short-duration AMPA receptor (AMPAg)-mediated EPSPs in granule cells, measured in the presence of D,L-
AP5 (50 puM). 4-AP enhanced EPSPs only when the depolarization reached I threshold (compare holding potentials, V;, of -98 and —68 mV). EPSPs
were evoked by focal mitral stimulation. (d) Prolonged AMPAR/NMDARg-mediated synaptic responses in granule cells displayed an upward creep (inset,
short arrow in inset), leading to spiking after a 4-AP-sensitive lag. The lag to spiking, used for construction of the histogram, was taken as the time
between the stimulus and the peak of the evoked action potentials. Dual-component synaptic responses were evoked with glomerular stimulation.

Functions of I, for reciprocal and lateral inhibition
Glomerular stimulation-evoked dendrodendritic IPSCs have both
a reciprocal component (as shown in Fig. 1a) and a lateral compo-
nent reflecting inhibition between mitral cells through synaptical-
ly ‘shared’ granule cells. The mechanisms of generation of reciprocal
and lateral inhibition may differ. For example, the spread of volt-
age in granule cells required for lateral inhibition is expected to be
significantly augmented by action potentials, whereas reciprocal
inhibition can be recorded in tetrodotoxin'?, and thus requires only
local signaling within dendritic spines. Similarly, reciprocal and lat-
eral inhibition could be differentially regulated by I,.

To isolate the lateral IPSC, we modified our standard glomeru-
lar stimulation protocol by including the sodium channel antag-
onist QX-314 (15 mM) in the patch pipet to block reciprocal
inhibition (Fig. 6a). In 8 mitral cells, 4-AP did not affect the mag-
nitude of the lateral IPSC (Q,_sp/ Qcontrol = 1.09 £ 0.15), but
reduced its decay time constant by 20 * 6% and time to peak
from 60 * 8 to 38 + 4 ms (Fig. 6b). The kinetic effects of 4-AP
on the lateral IPSC were presumably due to the shortened laten-
cy to synaptically evoked spiking in granule cells (Fig. 3d). Indeed,
a direct comparison between the predicted IPSC based on the
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timing of granule cell spiking and the observed lateral IPSC
(Fig. 6b) showed a close match in the time to peak for the pre-
dicted and observed IPSCs, consistent with a 4-AP-induced
change in triggering of the lateral IPSC. The observed IPSCs were
longer in duration than predicted, perhaps reflecting GABA
release driven by a spike-induced residual calcium signal?®.

The reciprocal IPSC was isolated by direct stimulation
(2—4 ms voltage steps to 0 mV) of a mitral cell (Fig. 6¢). We
first performed experiments in reduced extracellular magne-
sium to enhance the amplitude of the reciprocal IPSC'2. In
100 pM Mg?*, 4-AP markedly changed the kinetics of the rec-
iprocal IPSC from a slow monophasic decay (T = 478 + 28 ms;
n = 8) to a biphasic decay with fast and slow components
(T;=59 %11 ms, T, =528 £ 49 ms, A/A,;=2.5%0.6). 4-AP
increased the total charge associated with the reciprocal IPSC
(Qynp/ Qcontror = 2.1 £ 0.3) by introducing a fast component, as
well as by causing a modest 1.4 + 0.2-fold increase in the slow
component. A large rapid component was also induced by
4-AP in IPSCs measured in our standard extracellular solution
containing 1 mM Mg?* (T = 32 £ 7 ms; n = 8; Fig. 6d). Quan-
titative analysis of the slow component of these reciprocal
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Fig. 4. I, channels in granule cells are localized in dendrites.
(a) Potassium currents recorded in the whole-cell configura-
tion had a much larger transient component (/) compared
with currents in nucleated patches from the soma. Indeed,
somatic patch currents showed no obvious I, until the
steady-state component (lg) was blocked with TEA.
(b) Histograms plotting the ratio I5/l¢ in whole-cell and
somatic patches show that the relative amplitude of the
whole-cell I, was several times larger than in the soma, con-
sistent with a high density of |5 channels in the distal dendrites
of granule cells. The whole-cell and somatic-patch histograms
reflect 25 and 26 measurements, respectively. Ratios were
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IPSCs, however, was precluded by the heightened
level of baseline synaptic noise in 4-AP.

A 4-AP-induced rapid component in the IPSC
(T =38+ 15 ms; n = 3) was also observed in the pres-
ence of tetrodotoxin (1 UM), confirming that the
mechanism by which I, affects reciprocal inhibition
occurs locally, at dendritic spines on granule cells.
The rapid IPSC was insensitive to D,L.-AP5 (50 UM; n = 3) but
blocked by NBQX (10 UM; 7 = 2), indicating that it reflects the
enhanced AMPA receptor-mediated EPSP (Fig. 3¢). Dual-com-
ponent EPSPs were also enhanced by 4-AP (by 4.4 £ 1.6 mV
and 3.5 + 1.5 mV at 30 and 200 ms after the stimulus, respec-
tively), consistent with the enlarged rapid and slow components
of the reciprocal IPSC (100 pM Mg?*).

DiscussioN

Synaptic transmission at dendrodendritic synapses between
mitral cells and granule cells in the olfactory bulb is character-
ized by its slow kinetics and unusual dependence on the activation
of NMDA receptors. We found that 4-AP, a blocker of transient
A-type potassium channels, I, rescued the efficacy of AMPA
receptors in supporting synaptically evoked spiking in granule
cells, indicating that I, functions as a powerful regulator of AMPA
and NMDA receptor-mediated inputs. Blockade of I, also fun-
damentally changed the characteristics of inhibition in the olfac-
tory bulb circuit, from a kinetically slow process mediated by
NMDA receptors to a more rapid process mediated largely by
AMPA receptors.

An I,-mediated synaptic switch on excitability

4-AP is known to affect a number of potassium currents'® and
has both pre- and postsynaptic actions on the excitability of
neurons. In granule cells, however, the effect of 4-AP was lim-
ited to a transient potassium current with the kinetic and phar-
macological properties of I, whereas low concentrations of
4-AP that block I,* had no effect. The rapid kinetics of recov-
ery from inactivation of I, in granule cells are consistent with
the properties of the Kv4.2 potassium channel®’, which is high-
ly expressed in olfactory bulb granule cells®'. Fortuitously for
our analysis, 4-AP enhanced the excitatory responses of gran-
ule cells without increasing glutamate release from mitral cells
(see also refs. 32, 33). The negligible effect of 4-AP on gluta-
mate release may be due to saturation of the calcium sensor in
the release machinery in the mitral cell secondary dendrites or
to rapid calcium diffusion in the large-diameter mitral cell den-
dritic shaft.
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Although I, has been shown to affect excitability and synap-
tic integration in other neurons!'>*+%, the distinctive feature of I,-
mediated attenuation of granule cell excitability is that it
discriminates between synaptic inputs on the basis of their dura-
tions. By keeping the granule cell membrane potential below spike
threshold, I, prevents spike initiation by short-duration AMPA
receptor-mediated inputs. I, also exerts a local effect on voltage
transients in granule cell spines under weaker stimulus condi-
tions, because AMPA receptors are largely ineffective in support-
ing local depolarization-driven reciprocal inhibition'!2 unless I,,
channels are blocked. By mediating depolarization that acts to
relieve magnesium block from granule cell NMDA receptors!!12,
AMPA receptors on granule cells do have an important facilita-
tory function within the dendrodendritic circuitry. However,
AMPA receptor activation alone is insufficient to initiate spikes
or local depolarization-driven GABA release in granule cells.

Paradoxically, 4-AP changed the glutamate receptor depen-
dence of the glomerular stimulation-evoked IPSC without caus-
ing a detectable change in its total charge, implying that blockade
of I, not only enhances the AMPA receptor-mediated drive onto
granule cells but also reduces GABA release mediated by NMDA
receptors. The reduced NMDA receptor-mediated drive for later-
al inhibition can be explained by the spike firing pattern in granule
cells (Figs. 1b and 3d). Spike-activated potassium conductances
elicit a hyperpolarization or shunt that generally limits a synaptic
response to a single action potential, such that early AMPA recep-
tor-mediated spiking in 4-AP inhibits late spiking driven by the
NMDA receptor-mediated EPSP. 4-AP did cause a net increase in
the magnitude of local depolarization-driven GABA release. How-
ever, because the reciprocal IPSC made only a small contribution
to the glomerular stimulation-evoked IPSC, the increase in the
reciprocal component was not detectable in these measurements.

Integration in granule cell dendrites

I, is well known for its effects on repetitive spiking. The promi-
nent role for the granule cell I, in synaptic integration does not
seem to be due to a uniformly high density of I, channels or
unusual activation properties. The steady-state inactivation prop-
erties of I, in granule cells are, however, rather atypical. Where-
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Fig. 5. Blockade of I, elicits rapid, AMPA receptor-driven mitral cell
inhibition. (a) In the continuous presence of 4-AP (6 mM), IPSCs evoked
in mitral cells by glomerular stimulation were only slightly reduced by
D,L-AP5 (50 pUM), but were completely blocked by subsequent addition
of NBQX (5 UM). (b) The fraction of the IPSC supported by AMPA
receptors, as estimated from the AP5-induced reduction in IPSC charge,
averaged 70% in the presence of 4-AP, as compared with only 14% under
control conditions. (c) 4-AP accelerated the kinetics of IPSCs measured
in response to the dual-component synaptic input, which was most
apparent when the currents were normalized (lower trace). 4-AP
reduced the time-to-peak of the IPSC as well as the decay time constant,
as shown for | | cells on the right.

as in many neurons I, is nearly completely inactivated at the rest-
ing potential'®3, I, in granule cells is only half-inactivated at rest
(—66 mV), making a large fraction of I, channels available to
affect synaptic inputs. I, channels in granule cells also appear to
have higher expression in dendrites. A preferential dendritic local-
ization of I, has been shown in other neurons'>¥, but I, chan-
nels may have a particularly robust effect on spiking in granule
cells, owing to their high input resistance ([l GQ)'2, their axon-
less morphology and a low density of sodium channels.
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The function of I, in discriminating synaptic inputs based
on their duration relies also on the nature of the incoming
synaptic traffic within the olfactory bulb. In many neurons, volt-
age-dependent magnesium block greatly reduces NMDA recep-
tor-mediated responses®®3, thus limiting the magnitude of any
prolonged depolarization that would be available to outlast I,.
However, the convergent mitral-granule cell connectivity in the
bulb generates a large glomerular stimulation-evoked depolar-
ization in single granule cells that overcomes magnesium block
of NMDA receptors. NMDA receptors in granule cells have a
typically high sensitivity to magnesium!'?, emphasizing that gran-
ule cells have an I,-mediated mechanism to regulate their
excitability while having receptors and voltage-gated channels
with typical intrinsic properties.

Timing of inhibition in the olfactory bulb

Blockade of I, with 4-AP reduced the onset time and accelerated
the decay kinetics of mitral cell inhibition, reflecting the faster
AMPA receptor-mediated drive onto granule cells. The more
rapid inhibition was in part due to a reduction in the latency to
spike firing in granule cells, as well as enhanced GABA release
driven by local, AMPA receptor-mediated depolarizations in the
granule cell spine. The faster inhibition in 4-AP implies that I,
functions in the olfactory bulb circuit to generate inhibition fol-
lowing prolonged NMDA receptor activation. Such long-lasting
reciprocal inhibition (200 ms) might be required for appropri-
ate downstream coding of odorant information carried by sin-
gle mitral cells, whereas prolonged lateral inhibition would inhibit
the delayed spiking that occurs in other mitral cells in response to
an odorant®. Prolonged inhibition is also proposed as a general
requirement for circuits whose functions rely on oscillations and
neuronal synchronization’, as in the case of olfactory sensory
information processing in some systems*"#2,

The I,-mediated mechanism for generating slow inhibition
is also advantageous, as it allows for dynamic regulation. Mod-
ulation of I, could occur through the action of protein kinases
and intracellular calcium*- or through changes in the granule
cell membrane voltage. Inactivation of I, in response to a pre-
vious depolarizing input would produce inhibition with short-
ened kinetics but with a larger peak amplitude. Such inhibition
might be most effective against a rapid train of action poten-
tials occurring in response to high concentrations of odor®’. By
controlling the relative effectiveness of the AMPA and NMDA
receptor-mediated synaptic inputs, regulation of I, allows fine-
tuning of inhibition according to the demands on the bulb net-
work.

METHODS

Horizontal slices (400 pm) were prepared from olfactory bulbs taken
from 10-23 day-old Sprague-Dawley rats, as described!?, and viewed
under DIC optics (Axioskop, Carl Zeiss). All experiments were done at
room temperature (20-24°C).

Measurement of synaptic responses. Synaptic responses were recorded
using a base extracellular bath solution that contained 125 mM NaCl,
25 mM NaHCOj;, 1.25 mM NaH,PO,, 25 mM glucose, 2.5 mM KCl, 2
mM CaCl, and 1 mM MgCl, at pH 7.3 and was oxygenated with 95%
0,/5% CO,. Granule cell EPSPs and EPSCs were recorded with picro-
toxin (50 UM) added to the bath and with patch pipets (8—13 MQ) that
contained 125 mM potassium gluconate, 2 mM MgCl,, 2 mM CaCl,, 10
mM EGTA, 2 mM Na-ATP, 0.5 mM Na-GTP and 10 mM HEPES, adjust-
ed to pH 7.3 with KOH. Mitral cell IPSCs were recorded using pipets
(1-3 MQ) with equimolar replacement of potassium gluconate with KCL
Voltage-clamp recordings were done using series-resistance compensation
(60—-90%) at a holding potential between —70 and —80 mV. Data acqui-
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Fig. 6. I, regulates the
kinetics of lateral and recip-
rocal inhibition. (a) The lat-
eral IPSC was evoked with
glomerular stimulation in
the presence of QX-314
(15 mM) in the recording
pipet. Blocking [, with 4-AP
caused a modest accelera-
tion in the decay of the lat-
eral IPSC. (b) On an
expanded time scale, it can
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cells (Fig. 3d) with the time course of the spontaneously occurring IPSC in mitral cells (sum of two exponentials, T = 0.5 ms and Tyeq,, = 20 ms). () The
reciprocal IPSC, elicited by direct depolarization of the test mitral cell (2 ms, 0 mV), was slowly decaying under control conditions, but 4-AP introduced a
pronounced rapid component (T). The reciprocal IPSC was augmented by using a reduced concentration (100 M) of extracellular magnesium. (d) The
4-AP-induced rapid IPSC had a large amplitude (A;) in both 100 UM and | mM Mg2*. An estimate of A;in 100 UM Mg?* was obtained from double-expo-
nential fits of the IPSCs (as in c). For measurements done in | mM Mg2*, A; was taken as the peak of the 4-AP-induced rapidly decaying IPSC.

sition was terminated when the access resistance was greater than 15 MQ.
Except where noted, current-clamp recordings were made while hold-
ing granule cells near their resting potentials (=66 £ 2 mV; n = 32).

Single visualized glomeruli were stimulated with a bipolar tungsten
electrode (tip separation, 125 pm; World Precision Instruments, Sara-
sota, FL). We used maximal stimulation (100 V, 100 ps duration), which
generally elicited maximum-amplitude responses. For focal mitral cell
stimulation, a 2-3 MQ patch pipet filled with extracellular solution was
positioned above the soma of a mitral cell within 150 pm of the record-
ed granule cell. In recordings of reciprocal IPSCs, sodium and potassi-
um currents evoked by the depolarizing pulse, as estimated from the
current remaining in bicuculline (50 UM), were subtracted.

Current and voltage signals recorded with an Axopatch 200A amplifi-
er (Axon Instruments, Foster City, California) were filtered at 1-5 kHz
using an eight-pole Bessel filter and digitized at 2-10 kHz. Data were
acquired on a IBM 486 clone using PCLAMP version 6, and were ana-
lyzed with AXOGRAPH (Axon Instruments). Synaptic charge transfer
was estimated by numerically integrating the baseline-subtracted cur-
rent during a 30-50-ms window for EPSCs and 500-1500-ms window
for IPSCs. Statistical significance (p < 0.05), denoted by double asterisks,
was determined using the Student’s ¢-test. Except where noted, each of
the displayed traces reflects an average of at least eight responses.

Measurement of potassium and sodium currents. Whole-cell and outside-
out patch recordings of granule cell potassium currents were made with
D,L-AP5 (50 UM), CNQX (10 uM) and tetrodotoxin (1 pM) added to the
bath. TEA (10-20 mM), added to the bath for characterizing patch I,
caused a modest block of 1, but had no apparent effect on the activation
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of unblocked I, channels (1 = 5). A reduced concentration (0.1 mM) of
EGTA in the pipet solution or Cd (100 UM) in the bath were used in some
recordings, but these modifications had no effect on I, activation. Cell-
attached recordings of I, done with equimolar replacement of the pipet
potassium gluconate with NaCl, were made during +80 to +120 mV volt-
age steps. Measurements of sodium currents in outside-out patches were
made with 50 UM picrotoxin, 50 UM D,L-AP5, 10 uM CNQX, 200 uM Cd,
20 mM TEA and 5 mM 4-AP added to the bath. The holding potential was
—78 mV. The leak current was subtracted using a P/4 protocol. Measure-
ments of I, amplitude in Fig. 4b were made by isolating I, with TEA
(10-20 mM) or, alternatively, from the current measured at 1.5 ms, the
time point at which I, peaked in the isolated currents.
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