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Voltage-dependent intrinsic bursting in olfactory
bulb Golgi cells
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In the mammalian olfactory bulb (OB), local synaptic circuits modulate the evolving pattern of activity in mitral and tufted
cells following olfactory sensory stimulation. GABAergic granule cells, the most numerous interneuron subtype in this
brain region, have been extensively studied. However, classic studies using Golgi staining methods identified many
other, nongranule cell types in the OB whose function remains mysterious. Within just the granule cell layer (GCL),
Ramon y Cajal described multiple morphologically distinct subtypes of nongranule interneurons including large spiny
Blanes cells which exhibit intrinsic persistent activity. Here, we define the intrinsic electrophysiology of a different non-
granule interneuronal cell type in the GCL described by Ramon y Cajal, sparsely spiny Golgi cells in the rat OB. Golgi
cells exhibit two distinct firing modes depending on the membrane potential: tonic firing and bursting. Golgi cells also gen-
erate rebound bursts following the offset of hyperpolarizing steps. We find that both low-threshold burst responses to
depolarizing inputs and rebound bursts are blocked by nickel, an antagonist of T-type voltage-gated Ca®* current. The
state-dependent firing behavior we report in OB Golgi cells suggests that the function of these interneurons may dynam-
ically shift from providing rhythmic potent inhibition of postsynaptic target neurons at sniffing frequencies to tonic, sub-

tractive inhibition based on centrifugal modulatory input.

Odorant information is first transduced into neural code by olfac-
tory sensory neurons (OSNs) in the nasal epithelium, and then it
is routed to the olfactory bulb (OB), a second-order olfactory
processing region (Mori et al. 1999; Shepherd 2004). Here, OSN
axons make excitatory inputs onto mitral and tufted cell primary
dendrites, and activity from these principal cells is relayed to ol-
factory cortex and other downstream brain regions (Mori et al.
1999; Shepherd 2004). In the OB, the local inhibitory circuits
sculpt the activity of output neurons, and transform a slow activa-
tion in OSNs into a rapidly evolving temporal pattern of activity
in OB principal cells (Kay and Laurent 1999). The interplay be-
tween principal cell intrinsic spiking properties (Balu et al. 2004;
Balu and Strowbridge 2007) and inhibition from local circuits gov-
erns OB output (Somogyi et al. 1998; Shepherd 2004; Stepanyants
et al. 2004).

While classic studies have identified many morphologically
defined subtypes of inhibitory interneurons in the OB, functional
data are available for relatively few cell types—primarily granule
cells (GCs) and interneurons in the glomerular layer (Aungst
etal. 2003; Liu et al. 2013). Granule cells, small axon-less interneu-
rons, make up the largest population of interneurons in the OB,
and are also the most studied interneuron population. Through
reciprocal dendrodendritic synapses, GCs provide the primary
source of recurrent and feedforward inhibition onto both mitral
and tufted cells outside the glomerular layer (Ezeh et al. 1993;
Isaacson and Strowbridge 1998; Shepherd 2004). Granule cell-
mediated inhibition appears to help modulate principal cell firing
output to facilitate decorrelation of overlapping patterns of sen-
sory input during olfactory discrimination tasks (Giridhar et al.
2011; Fukunaga et al. 2012).
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The granule cell layer (GCL) contains an especially rich col-
lection of relatively unexplored interneurons. Using Golgi stain-
ing methods, Ramoén y Cajal (1911) and subsequent researchers
have described seven primary subtypes of non-GC cell types in
this layer, including Blanes cells, Golgi cells, vertical cells of
Cajal, horizontal cells, bi-tufted neurons, deep stellate cells, and
deep short axon cells (Schneider and Macrides 1978; Lopez-
Mascaraque et al. 1986; Kosaka and Kosaka 2010). Aside from
GCs and Blanes cells (Pressler and Strowbridge 2006), there have
only been scattered electrophysiological investigations of any of
these interneuron subtypes. Defining the electrophysiological
properties for these cells is a critical first step to determining the
local circuit connections these cells form and how they partici-
pate in sensory processing. In many brain regions, morphological-
ly distinct subtypes of interneurons play very different functional
roles, including providing inhibition onto specific cellular com-
partments (e.g., dendritically or somatically targeting interneu-
rons found in many cortical regions and axo-axonic chandelier
cells that selectively synapse on axon initial segments; Kawaguchi
and Kubota 1997). Whether the OB contains analogous interneu-
ron cell types remains to be determined.

In this report, we describe the intrinsic electrophysiology of
Golgi cells, a sparsely spiny interneuron cell type in the GCL
originally described by Ramoén y Cajal (1911). Unlike GCs, which
generate prominent hyperpolarizing potentials following supra-
threshold depolarizing steps (Pressler et al. 2007), and Blanes cells,
which generate large afterdepolarizations (Pressler and Strow-
bridge 2006), Golgi cells fail to generate an afterpotential follow-
ing tonic spiking. Golgi cells generate prominent all-or-none
bursts when stimulated at hyperpolarized membrane potentials,
with the same stimuli eliciting tonic firing at depolarized poten-
tials. To the best of our knowledge, this report represents the first
example of membrane potential state-dependent firing patterns
in the OB. The ability of Golgi cells to fire repetitive low-threshold
bursts at physiological sniffing frequencies suggests that these in-
terneurons may effect rapid inhibition of GABAergic GCs during
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the onset of each inspiration cycle, transiently disinhibiting the in the GCL of the rat OB. Six bursting cells with somata
primary output neurons of the OB. located in the GCL were filled with Alexa594 (150 pM) through

the patch clamp recording pipette and visualized using live 2-
Results photon imaging. Like Blanes cells, most of the dendritic arbori-

zation of bursting cells was contained within the GCL. By con-
We identified a subset of neurons with distinctive all-or-none trast, GCs typically generated a prominent apical dendrite that
bursts of action potentials as part of a survey of nongranule cells ramified in the external plexiform layer (Fig. 1A, left panel; see

A
Granule Cell Blanes Cell Golgi Cell
20 mV
250 ms
-60
100 pA
1 1 —_—
D
B C 50 um _ x* 200 um
8 _
o ox 6 * %%k
Golgi cells
(%] -
[&] 46 ..6
g 4 g 44 g
9 [0} Q
£ = £,
5 i
§ £ o] E
pd \}\i—i\H =z z
1 -9 i c a oL e g
0 200 400 600 800 1000 GoC  GC BC GoC  GC BC
Distance from cell body (um) Cell Type Cell Type

Figure 1. Morphology and intrinsic properties of neurons in the granule cell layer. (A4) Reconstructions of three different GCL neurons recorded intra-
cellularly and filled with Alexa594. Neurons were imaged in live brain slices using 2-photon microscopy. Image montages were created from multiple
maximal Z-stack projections. Calibration bar represents 50 pm in each montage and 10 wm in the enlargement of the Golgi cell dendrite shown in
the inset. Example response to 1-sec duration depolarizing steps are shown below each montage. The membrane potential at the beginning of each
episode is indicated below trace. (B) Sholl analysis of dendritic arborization calculated from six Golgi cells. (C) Plot of the frequency of dendritic bifurca-
tions from Sholl analysis 50 wm from the cell body in Golgi cells (GoC, n = 6), granule cells (GC, n = 7), and Blanes cells (BC, n=9). (**) P < 0.02. (D) Plot
of frequency of dendritic bifurcations 200 pm from the cell body in the same neuron classes. (***) P < 0.001. Granule and Blanes cell reconstructions
analyzed to compare with Golgi cells were obtained as part of a previous study (Pressler and Strowbridge 2006).
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Price and Powell 1970; Schneider and Macrides 1978; Pressler and
Strowbridge 2006). The cell body of bursting GCL cells (204.3 * 24
wm?, n = 6) was larger than both GCs (47.4 £ 8 wm?, n=8,P<
0.0001) and Blanes cells (117.7+12 pm?, n=9, P < 0.005).
Bursting GCL neurons had multiple primary dendrites emanat-
ing from the soma (4.7 £ 0.6) while GCs typically generate
only one apical dendrite and 0-2 basal dendrites (Pressler and
Strowbridge 2006). Sholl analysis of the dendritic arborization
of bursting cell (Fig. 1B-D) also demonstrated significantly
more dendritic branches 50 pm from the cell body than GCs
(P<0.02) (Fig. 1C) and more branches 200 pm from the cell
body than either GCs or Blanes cell (P < 0.001) (Fig. 1D). The den-
drites of bursting cells were either aspiny (two of six visualized
bursting cells) or sparsely spiny (mean spine density 1.1 0.6
per 100 pm, n = 4 cells) (Fig. 1A, inset). By contrast, both Blanes
cells and GCs are densely spiny (Price and Powell 1970;
Schneider and Macrides 1978; Pressler and Strowbridge 2006).
These morphological properties closely resemble the large, rela-
tively aspiny GCL interneurons termed Golgi cells by Ramén y
Cajal (1911) and others (Schneider and Macrides 1978; Lopez-
Mascaraque et al. 1986; Kosaka and Kosaka 2010), a terminology
we adopted in this report.

In addition to morphological differences, action potentials
in Golgi cells were different than those of the two other defined
types of GCL neurons, Blanes and GCs. The amplitude of action
potentials in Golgi cells (61.4 £ 4.1 V, n=13) was significantly
less than in Blanes cells (81.8 £+ 1.1 mV, n =8, P < 0.0001) and
not different from GCs (60.5 £ 2.0, n = 13, P > 0.05) (Fig. 1A, bot-
tom traces). The width of action potentials in Golgi cells (2.63 £
0.13 msec measured at threshold, n = 13) was significantly greater
than that of both Blanes cells (2.03 + 0.14 msec, n = 8, P < 0.005)
and granule cells (2.08 = 0.05 msec, n= 13, P < 0.0001). Action
potential threshold in Golgi cells (—32.7 = 1.4 mV) was interme-
diate between the very depolarized threshold of GCs (—22.2
1.6 mV, P < 0.0001) and the relatively hyperpolarized action po-
tential threshold of Blanes cells (—39.9 + 1.4 mV, different from
Golgi cells, P < 0.005).

Golgi cells also differed from Blanes cells and GCs in the type
of afterpotential (AP) generated following action potential trains
(Fig. 2A). Afterpotentials were assessed following depolarizing
steps from similar membrane potentials (mean —62.6 mV for
Golgi cells, —61.8 mV for GCs, and —60.5 mV for Blanes cells).
Step amplitude was adjusted to evoke an average of 8-10 spikes
(mean 8.4 APs for Golgi cells, 9.4 APs for GCs, and 9.8 APs for
Blanes cells over 1-sec duration steps) and the amplitude of the
afterpotential was assayed at 500 msec following step offset. As
shown in Figure 2B, most Golgi cells did not generate afterpoten-
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Figure 2. Afterpotentials associated with different granule cell layer neuron types. (A) Example re-
sponses to depolarizing current steps in three types of GCL neurons. Action potentials truncated. (B)
Plot of afterpotential amplitude assayed 500 msec following step offset. Number of cells tested are in-
dicated within each bar. Golgi cells did not generate an afterpotential to the standardized depolarizing
test stimulus (mean amplitude 0.0 mV, n= 10 cells). (**) P < 0.002, (***) P < 0.0001.
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tials under these conditions (mean amplitude = 0.00 + 0.49 mV,
n=10) while Blanes cells evoked large afterdepolarizations
(5.17 £0.5 mV amplitude, n =17, significantly different from
Golgi cells, P<0.0001) and GCs evoked afterhyperpolariza-
tions (—2.16 £ 0.4 mV amplitude, n =12, P < 0.002 from Golgi
cells). The significant differences in afterpotential amplitude we
found following standardized step responses suggests that differ-
ent GCL cell types express distinctive constellations of intrinsic
conductances.

Additionally, the input resistance of Golgi cells (728 £ 60 M),
n = 13) was similar to GCs (789 £ 88 M(), P > 0.05) and was signif-
icantly higher than the input resistance of Blanes cells (313 * 48
MQ, P <0.0001). The resting membrane potential of Golgi cells
(—58.3 £1.0 mV, n=7) was significantly more depolarized than
either Blanes cells (=66.0£1.5 mV, n=8, P<0.002) or GCs
(—67.3£2.2mV,n=9, P<0.005).

Olfactory bulb Golgi cells exhibit two distinct firing modes,
tonic and bursting, that depended on membrane potential. In
the example Golgi cell illustrated in Figure 3A, tonic firing was
evoked by three different depolarizing step amplitudes from
—52 mV and burst firing from —70 mV. The initial bursts evoked
by the depolarizing steps were stereotyped across responses (see
below), though subsequent bursts tended to be prolonged with
longer inter-spike intervals (cf. top burst-mode trace in Fig. 3A).
Golgi cells appeared to be most sensitive to prolonged depolariza-
tions, such as the 1-sec duration steps shown in Figure 34, in the
tonic firing mode; weak depolarizing steps (10 pA) that evoked
multiple action potentials from —52 mV typically failed to trigger
spikes when the Golgi cell was held at —70 mV. A switch between
tonic and burst firing modes upon hyperpolarization, as shown in
Figure 3A, was observed in seven out of seven Golgi cells in which
membrane potential was varied systematically. The average mem-
brane potential in which depolarizing steps evoked tonic firing
was —53.0£0.7 mV (n=23) while burst firing was evoked in
the same cells at —65.1 + 0.4 mV (n = 135, significantly different,
P < 0.0001) (Fig. 3B). Nine out of 13 Golgi cells tested generated
multiple bursts in response to 1-sec duration depolarizing steps.
The mean inter-burst interval in these nine cells was 334 + 10
msec. The range of intervals (90% of intervals between 1.8 and
5.1 Hz) (Fig. 3C) was similar to inter-sniff intervals observed in
awake rodents (Fukunaga et al. 2012), raising the possibility that
burst responses in Golgi cells could be entrained by normal inspi-
ration rhythms.

We performed a set of experiments to define the mechanism
of these burst responses. Burst responses in Golgi cells were unaf-
fected by blockade of fast glutamatergic synaptic transmission
(Fig. 4A), suggesting that they were mediated by intrinsic conduc-
tances rather than excitatory synaptic
feedback input. Bursts also could be trig-
gered reliably by both depolarizing stim-
uli (13 out of 13 Golgi cells) (Figs. 1-3)
and during rebound responses following
hyperpolarizing steps (10 out of 11 Golgi
cells tested) (Fig. 4B,C). The latency to re-
bound bursts decreased as the amplitude
of the hyperpolarizing step increased
(Fig. 4C), suggesting that hyperpolari-
zation facilitated burst responses. The
inter-spike intervals within Golgi cell
burst responses were clustered at very
short times (most <20 msec) (Fig. 4D)
and the average burst inter-spike interval
was 19.3 £ 1.5 msec (Fig. 4D, inset). Most
all-or-none bursts in Golgi cells typically
consisted of two or three action potentials
(mean 2.4 £ 0.05 spikes, n = 113 bursts).
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A Tonic Mode

Burst Mode

pulses resembled burst responses evoked
by 1-sec duration steps (Fig. 5D, inset).
In three of five Golgi cells tested, nickel
completely blocked regenerative depo-
larizing responses triggered by short-
duration current pulses, as illustrated in
Figure 5C. In the remaining Golgi cell,
nickel attenuated but did not eliminate
regenerative depolarizing responses (Fig.
5D), suggesting that additional voltage-
gated conductances can contribute to
burst responses.

Finally, we asked if burst responses
were triggered in response to phasic depo-
larizing stimuli that mimic the rhythmic
sensory drive the olfactory bulb normally
receives during normal respiration and
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Figure 3. Voltage-dependent burst responses in Golgi cells. (A) Responses to the same series of
graded depolarizing current steps at two different membrane potentials in one Golgi cell. (B) Plot of
firing mode (bursting or tonic firing) associated with different membrane potentials in recordings
from 13 Golgi cells. Vertical lines indicate range over all membrane potentials, and filled rectangles rep-
resent 95% confidence intervals of the mean. The membrane potential mean + SEM for each firing
mode over 13 Golgi cells is plotted outside filled rectangles. The average resting potential of Golgi
cells without added bias current is indicated by horizontal arrow inside Y axis. (***) P < 0.0001. (C)
Histogram of intervals between bursts in trials in which depolarizing current steps triggered more

than one burst response.

The rebound bursting seemed reminiscent of the classic low-
threshold Ca current response in thalamacortical cells, so in this
set of experiments we tested the involvement of these channels.
The inorganic calcium channel antagonist nickel (Hille 2001) di-
minished or abolished burst responses in Golgi cells. As shown in
Figure SA, bath application of 100-200 wM nickel abolished
single (four of five cells) and repetitive bursts (two of two Golgi
cells with repetitive bursts), arguing that voltage-gated calcium
current contributes to these all-or-none intrinsic responses.
Nickel also blocked rebound bursts in five of five Golgi cells tested.
Rebound bursts were suppressed by nickel when tested over a
range of hyperpolarizing step amplitudes that exceeded the am-
plitude of step responses in control conditions (Fig. 5B). In two
of five Golgi cells tested, rapid spike doublets (inter-spike intervals
<20 msec) remained in nickel even though the depolarizing burst
envelope was blocked, arguing that rapid spike discharges are
mediated, at least in part, by conductances that are resistant to
nickel-sensitive Ca®>* channels.

All-or-none burst responses also could be triggered by short-
duration depolarizing steps (Fig. SC,D). Under these conditions,
the depolarizing envelope associated with the burst continued
beyond the current step stimulus, consistent with intrinsic re-
sponses mediated by regenerative inward conductances (Llinas
and Jahnsen 1982). Bursts triggered by short-duration current
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current stimuli (Balu et al. 2004) evoked
all-or-none burst responses in eight of
eight Golgi cells tested. Varying the stim-
ulus amplitude modulated burst latency
but did not affect the burst response itself
(Fig. 6A). Sequences of a-function cur-
rent stimuli typically triggered bursts
only on the first response in the train
with weaker responses, containing fewer
spikes, evoked by later stimuli (Fig. 6A). A
similar pattern of response adaption to
trains of current pulses was observed
when Golgi cells were held at hyperpolar-
ized membrane potentials (Fig. 6B). By
contrast, responses to the same train of
current pulses applied at depolarized
membrane potentials were reliable and
did not adapt (Fig. 6B, inset). These re-
sults demonstrate that adaptation to
phasic stimuli in Golgi cells is dependent
on membrane potential.

Discussion

Although previous studies have established a large diversity of
neurons in the GCL by examining morphological properties and
immunoreactivity to calcium binding proteins, little is known
about the functional properties of interneurons in this layer.
Here, we identify a homogeneous subpopulation of bursting inter-
neurons whose dendritic morphology is consistent with Golgi
cells—a cell type described in classic anatomical studies defined
by long whip-like dendrites and a paucity of dendritic spines
(Ramoé6n y Cajal 1911; Price and Powell 1970; Schneider and
Macrides 1978; Kosaka and Kosaka 2010). We find that Golgi cells
are capable of responding to depolarizing stimuli in two modes
(tonic and burst firing) that depend on membrane potential and
resemble the firing properties commonly associated with thalam-
ic relay cells (Llinas and Jahnsen 1982) We believe that this is
the first demonstration of neurons with dual phasic/tonic firing
modes in the olfactory bulb.

Using the Golgi method, Ramén y Cajal (1911) described
granule cells and three primary nongranule cell types with
somata located in the granule cell layer. Subsequent anatomical
studies employing immunocytochemical methods (Schneider
and Macrides 1978; Lopez-Mascaraque et al. 1986; Kakuta et al.
1998; Alonso et al. 2001; Kosaka and Kosaka 2010) expanded
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Figure 4. Properties of Golgi cell burst responses. (A) Responses to de-
polarizing current steps before and after bath application of ionotropic
glutamatergic receptor antagonists NBQX (5 wM) and p-APV (25 nM).
(B) Example of repetitive burst responses triggered by a single hyperpolar-
izing current step. (C) All-or-none burst rebound responses triggered by
graded hyperpolarizing current steps. (D) Histogram of inter-spike inter-
vals within all-or-none bursts from 13 Golgi cells. (Inset) Distribution of
burst inter-spike intervals in each Golgi cell analyzed. Overall mean £
SEM plotted to the right of the scatter plot.

the inventory of nongranule GCL cells to seven types (Blanes
cells, Golgi cells, vertical cells of Cajal, horizontal cells, bi-tufted
neurons, deep stellate cells, and deep short-axon cells). We pre-
viously defined the electrophysiological properties of the Blanes

www.learnmeonrg

cell (Pressler and Strowbridge 2006), a spiny multipolar cell capa-
ble of generating sustained periods of action potential firing
in response to a brief stimulus. Golgi cells are also multipolar
cells, like Blanes cells, but their dendrites are almost completely
devoid of spines (see Fig 1; Ramoén y Cajal 1911; Schneider and
Macrides 1978; Lopez-Mascaraque et al. 1986; Pressler and
Strowbridge 2006), and their dendrites appear to extend farther
in the granule cell layer (see Fig. 1; Ramoén y Cajal 1911; Schneider
and Macrides 1978; Eyre et al. 2008). Additionally, the majority
of the neuronal processes in our reconstructed Blanes and
Golgi cells were maintained within the granule cell layers (and
see Price and Powell 1970; Schneider and Macrides 1978; Scott
et al. 1987; Nakajima et al. 1996; Kakuta et al. 1998; Kosaka and
Kosaka 2010).

We did not determine the neurotransmitter phenotype of
Golgi cells in this study. However, previous work from Kosaka
and Kosaka (2010) demonstrated that Golgi cells in the mouse
OB strongly express calbindin D28k (see Fig. 2), and Gracia-
Llanes and colleagues (2003) showed that calbindin positive cells
in the rat GCL are GABAergic (see Fig. 5). Based on these pub-
lished results, Golgi cells are likely to be inhibitory interneurons.
Reconstructions of Golgi-stained Golgi cells also suggest that these
interneurons innervate GCs (Price and Powell 1970; Schneider
and Macrides 1978; Gracia-Llanes et al. 2003; Eyre et al. 2008;
Kosaka and Kosaka 2011), though future studies will be required
to explore other potential synaptic targets of Golgi cells.

Eyre and colleagues (Eyre et al. 2008, 2009) described deep
short-axon cells that are morphologically similar to Golgi cells
in this report (see Fig. 2A in Eyre et al. 2008). These studies dem-
onstrate that at least some short-axon cells in the GCL are
GABAergic and synapse onto granule cells, consistent with other
anatomical studies of GCL interneurons (Price and Powell 1970;
Gracia-Llanes et al. 2003). While the electrophysiological compo-
nent study of Eyre et al. (2008) was focused on miniature synaptic
potentials and action potential-related properties, the tonic firing
in the two step responses presented (insets in their Figs 1B and 2A)
are consistent with the firing responses we observe at depolarized
membrane potentials. Neither of the Eyre et al. (2008) short-axon
cell studies examined the effect of changing the membrane poten-
tial on firing properties.

Golgi cells represent the clearest example, to our knowledge,
of state-dependent firing modes in the olfactory bulb. External
tufted cells are glutamatergic neurons that appear to receive direct
sensory input from olfactory receptor neurons (Hayar et al. 2004b;
Gire et al. 2012) and project to tertiary olfactory structures. Both
mitral and tufted cells, the principal neurons in the OB, fire inter-
mittently to prolonged depolarizing step current stimuli (Balu
et al. 2004). External tufted cells, like Golgi cells, can fire bursts
of action potentials but lack a tonic firing mode (Hayar et al.
2004a,b, 2005). While granule cells express low-threshold Ca**
current (Egger et al. 2005; Egger 2008), classic all-or-none low-
threshold bursts of action potentials are only infrequently ob-
served in these interneurons. Future studies will be required to
determine if the large difference in intrinsic properties between
OB granule and Golgi cells relates primarily to the level of LVA
Ca®" channel expression, the spatial location of these channels,
and/or the presence of outward currents in GCs that inhibit
all-or-none LVA-mediated bursts.

Mechanism of bursting activity

Several lines of evidence suggest that burst responses in Golgi cells
are generated through intrinsic, rather than synaptic, conduc-
tances. We find that both depolarizing and hyperpolarizing steps
can trigger similar action potential bursts, suggesting that bursts
do not originate from feedback synaptic circuits. Consistent
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Figure 5. Attenuation of Golgi cell burst responses by nickel. (A)
Responses to the same depolarizing step response before and after bath
application of nickel. (B) Nickel (100—200 pM) blocked rebound bursts
triggered by hyperpolarizing steps. (C) Burst response triggered by short-
duration (50 msec) depolarizing current step. Spiking associated with
burst response occurred after current step. Nickel blocked both regener-
ative depolarizing envelope and spiking associated with burst response.
(D) Effect of nickel in a different Golgi cell. While nickel blocked spiking
associated with the burst response, nickel did not eliminate regenerative
depolarization which was maintained following step offset. Response to
1-sec duration current step in control conditions shown in inset.

with this result is the observation that blockade of ionotropic
glutamate receptors with APV and NBQX did not abolish burst
responses. Unlike bursting external tufted cells (Hayar et al.
2004a,b), Golgi cells do not fire bursts spontaneously.
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Both the low threshold for triggering all-or-none bursts at hy-
perpolarized membrane potentials and the membrane potential
state-dependent firing patterns observed in Golgi cells (e.g., tonic
firing at depolarized potentials with burst responses triggered by
depolarizing steps at hyperpolarized voltages) are well-known
characteristics of thalamic relay cells (Llinas and Jahnsen 1982).
As with thalamic cells, the inorganic T-type calcium channel
blocker nickel (Lee et al. 1999) selectively attenuates all-or-none
bursting without abolishing the tonic firing mode, suggesting
that much of the burst response depolarizing envelope reflects
low-threshold voltage-gated Ca®" current. The established ac-
tions of nickel on ionic channels, including high-threshold Ca**
channels, and the absence of highly selective organic blockers
of LVA Ca®* channels make it difficult to completely define the
role of T-type Ca** currents in this response.
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Figure 6. Voltage-dependent adaptation to phasic stimuli. (A) Re-
sponses to trains of a-function of graded amplitude in a Golgi cell.
Bursts were reliably triggered only by the first a-function stimulus and
burst latency was modulated by stimulus amplitude. (B) Plot of number
of action potentials evoked by each current pulse in a train of eight
pulses at —68 mV. The number of spikes in each response was normalized
to the number of spikes evoked by the first pulse in each train. Mean *
SEM plotted for six repetitions of the same stimulus train. (Inset) Respons-
es to a single train at —68 mV, illustrating burst adaptation. Responses to
current pulses presented at —62 mV triggered single-spike responses that
did not adapt.
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Based on the analogy with state-dependent firing patterns in
thalamic neurons, we hypothesize that firing mode in Golgi cells
is controlled dynamically by neuromodulators, likely through
centrifugal input pathways to OB that often terminate in the
GCL (Shepherd 2004). In the thalamus, acetylcholine (ACh) along
with norepinephrine (NE) and serotinin (5-HT) play central roles
in depolarizing the resting membrane potential of relay neurons
during transitions from slow wave sleep to wakefulness (Steriade
and Deschenes 1984), shifting the predominant firing pattern
from bursts to tonic firing as T-type Ca®>* channels become inacti-
vated. Centrifugal modulatory pathways may regulate the firing
mode of Golgi cells to provide fast, sniff-locked inhibition of
GCs when Golgi cells are hyperpolarized and sustained inhibition
of GCs during excitatory barrages that depolarize both Golgi and
granule cells. Muscarinic receptor stimulation promotes persis-
tent firing in GCs (Pressler et al. 2007) and may also lead to coor-
dinated depolarization of Golgi cells and persistent inhibition of
GCs necessary to prevent output saturation.

Functional significance of Golgi cells in the olfactory
bulb circuit

The unusual dual firing mode we find in Golgi cells presumably
enables them to play different roles in controlling granule cell
function, depending on their resting membrane potential. At hy-
perpolarizing membrane potentials, low-threshold Ca** current
likely functions to amplify sensory-driven synaptic excitation,
triggering all-or-none bursts of action potentials in Golgi cells
and summating IPSPs in postsynaptic granule cells. Inhibitory
postsynaptic currents triggered by bursting Golgi cells are likely
to be well suited to provide rapid, time-locked inhibition of
GCs, presumably delaying GC activation. One function of this in-
hibition may be to provide a defined time window for sensory in-
put to directly control spiking in mitral and tufted cells before
inhibition from GCs begins to sculpt principal cell output. We
found that Golgi cells are well adapted to fire repetitive low-
threshold bursts at frequencies similar to rodent sniffing rates
(Charpak et al. 2001), suggesting that this transient mitral cell/
tufted cell disinhibition function could be sustained over multiple
inhalation cycles. At depolarized membrane potentials, Golgi
cells will provide graded inhibition onto granule cells that varies
in proportion to the excitatory input and could potentially last
throughout the sniff cycle. Thus, the function of Golgi cells could
dynamically change from divisive inhibition when Golgi cells are
hyperpolarized, and presumably fire bursts at the start of sniff
cycles, to subtractive inhibition when Golgi cells are depolarized
and fire tonically in proportion to excitatory synaptic drive.
While we did not determine the source of excitatory synaptic
drive to Golgi cells in this study, these interneurons are likely to
receive indirect sensory input, relayed via mitral and tufted cells,
since axon collaterals of both OB principal cell types ramify in the
GCL (containing most of the Golgi cell dendritic arborization;
Shepherd 2004).

A second, related function of nongranule cells in the GCL,
such as Golgi and Blanes cells, may be to create diversity in gran-
ule cell responses to similar sensory inputs. Recent work in a
cerebellum-like structure in the electric fish suggest that diverse
intrinsic properties of local circuit neurons may function to ex-
pand the repertoire of granule cell responses to stereotyped inputs
(Requarth and Sawtell 2011). The resulting large population of
granule cell responses enables that brain region to efficiently gen-
erate “negative images” of sensory input which could be subtract-
ed at the next cell layer, yielding derivative-like neural signals that
emphasize the unexpected components of the sensory response.
While there is a large excess of granule cells, relative to principal
neurons, in both the OB and cerebellum, whether OB GCs gener-
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ate a similar wide range of responses to simple olfactory stimuli re-
mains to be determined.

Materials and Methods

Olfactory bulb slices (300 pm thick) from P14-25 Sprague-Dawley
rats of either sex were prepared using a Leica VT1000 or VT1200
vibratome as previously described (Pressler and Strowbridge
2006). An artificial cerebrospinal fluid (ACSF) solution with low
[Ca®*] was used when preparing and storing slices that contained
(in mM): 124 NaCl, 2.6 KCI, 1.23 NaH,PO4, 3 MgSO4, 26 NaHCOs3,
10 dextrose, 1 CaCl,, equilibrated with 95% O,/5% CO,. The
ACSF was chilled to 4°C during slicing. Olfactory bulb slices
were incubated in a 30°C water bath for 30 min and then main-
tained at room temperature. During experiments, olfactory bulb
slices were superfused with ACSF that contained (in mM): 124
NacCl, 3 KCI, 1.23 NaH,POy4, 1.2 MgSOy4, 26 NaHCO3, 10 dextrose,
2.5 CaCl,, equilibrated with 95% O,/5% CO, and warmed to
30°C. Except where noted, all compounds used in this study
were obtained from Sigma. Glutamate receptor antagonists
(NBQX and APV) were purchased from Tocris.

Whole-cell current-clamp recordings were made from gran-
ule cell layer neurons visualized with infrared-differential inter-
ference contrast (IR-DIC) optics using either Axioskop 1 FS (Carl
Zeiss) or BWS1WI (Olympus) fixed-stage upright microscopes
and Axopatch 1D amplifier (Molecular Devices). Electrodes used
for whole-cell recordings (5-7 MQ) were pulled from thin-wall
capillary tubes with filament (1.2 mm OD, WPI) and contained
(in mM): 140 K-methylsulfate, 4 NaCl, 10 HEPES, 0.2 EGTA, 4
MgATP, 0.3 Na3GTP, 10 phosphocreatine. The same internal solu-
tion was used for current-clamp recordings in a previous study of
olfactory bulb interneurons (Pressler and Strowbridge 2006). In
some experiments, Alexa594 (150 pM, Invitrogen) was added to
the internal solution to visualize the recorded neuron. Live imag-
ing experiments were performed using a custom 2-photon micro-
scope based on the Verdi V10 pump laser, Mira 900 Ti-sapphire
laser (both from Coherent), and a high-speed XY galvanometer
mirror set (6210, Cambridge Technology). Intracellularly loaded
Alexa594 were excited at 830 nm through a 60 x water immersion
objective (Olympus). Emitted light was detected through a light
path that included a 700DCLPXR dichroic mirror, a BG39 emis-
sion filter (both from Chroma Technology), and a cooled PMT
detector module (H7422P-40, Hamamastu), as previously de-
scribed (Pressler and Strowbridge 2006). In most experiments,
the output of the Mira laser was attenuated by >90% using a
computer-controlled Pockels cell (ConOptics).

Intracellular recordings were low-pass filtered at 2 kHz and
sampled at 5 kHz using a 16-bit analog-to-digital converter (ITC-
18, Instrutech/Heka) using custom software written in Visual
Basic.NET (Microsoft) and Matlab (Mathworks). Origin 8.5 (Ori-
ginLab) and custom Matlab routines were used to analyze data.
Pharmacological agents were applied by switching the perfusion
solution. Voltages presented are not corrected for the liquid junc-
tion potential. Statistical significance was determined using the
Student’s t-test. Data are presented as mean *+ S.E.M.
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