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Persistent Changes in Spontaneous Firing of Purkinje
Neurons Triggered by the Nitric Oxide Signaling Cascade
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Many types of neurons fire spontaneously because of the activity of pacemaking ion channels. Although endogenous firing can serve as a
persistent signal to downstream targets, little attention has been paid to factors that might modulate such intrinsic electrical activity. We
tested for modulation of spontaneous firing of Purkinje neurons in cerebellar slices under conditions in which principal synaptic inputs
were blocked. Loose-patch recordings from single neurons show that sustained (�40 min) increases in the spontaneous firing rate can be
triggered by activation of the nitric oxide– cGMP signaling pathway. Inhibitors of soluble guanylate cyclase and protein kinase G block
this modulation. Increases in firing rate are also observed after stimulation of parallel fibers but not in response to basket cell activity.
These findings elucidate a novel role for the nitric oxide– cGMP signaling cascade in the brain. This mechanism could permit long-term
adjustments in the baseline firing rate of endogenously active neurons in response to changes in afferent activity.
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Introduction
Spontaneously firing neurons are found in several regions of the
brain, including the midbrain, the hypothalamus, the basal gan-
glia, and the cerebellum (Llinas and Sugimori, 1980; du Lac and
Lisberger, 1995; Uteshev et al., 1995; Häusser and Clark, 1997;
Bevan and Wilson, 1999; Ghamari-Langroudi and Bourque,
2000). Synaptic input is not necessary to generate spontaneous
firing. Rather, in many of these cell types, intrinsic electrical ac-
tivity generates rapid and extremely regular spiking rates. Specific
pacemaking ion channels, such as Ih, mixed cation currents, or
TTX-sensitive Na� currents, are implicated in this endogenous
activity (Uteshev et al., 1995; Bevan and Wilson, 1999; Raman
and Bean, 1999; Ghamari-Langroudi and Bourque, 2000; Raman
et al., 2000). Although intrinsically generated spiking activity rep-
resents a persistent signal to downstream targets, little is known
about how a given neuron determines and regulates its charac-
teristic firing rate.

Cerebellar Purkinje neurons fire with remarkable regularity at
high rates even in the absence of excitatory synaptic inputs
(Häusser and Clark, 1997; Raman and Bean, 1999). Both in vitro
and in vivo, an individual Purkinje neuron maintains a distinct
resting firing rate (Armstrong and Rawson, 1979; Häusser and
Clark, 1997; Raman and Bean, 1997). A survey across many Pur-
kinje neurons shows that some cells fire as slowly as 5 spikes/sec,
whereas others fire as rapidly as 80 spikes/sec. The factors that
determine resting firing rates are not understood, nor is it known

whether individual cells can make long-term adjustments in their
firing rates.

In the cerebellar cortex, elements of the nitric oxide (NO)
signaling cascade are expressed at some of the highest levels in the
brain. Granule and basket cells express the neuronal form of
nitric oxide synthase (NOS) (Bredt et al., 1990), whereas Purkinje
neurons express soluble guanylyl cyclase (sGC) (Ariano et al.,
1982) and cGMP-regulated protein kinase (PKG) (Lohmann et
al., 1981). In addition, G substrate, a proposed substrate of PKG,
is found only in Purkinje neurons (Schlichter et al., 1978, 1980).
Despite the prominence of this signaling cascade in cerebellum,
its role is controversial.

We show in the present study that, independent of fast synap-
tic transmission, cGMP analogs and NO donors cause a long-
term increase in the spontaneous firing rate of Purkinje neurons.
Furthermore, the NO-induced increase is blocked by inhibitors
of sGC and PKG. We also show evidence that NO generated by
parallel fiber activity can cause similar effects. These results high-
light an alternative mechanism for circuit plasticity in which ni-
tric oxide signals to groups of spontaneously active neurons to
adjust their baseline firing rates.

Materials and Methods
Standard techniques were used to prepare 300-�m-thick parasagittal
cerebellar slices (Brasnjo and Otis, 2001). With the aid of an upright
microscope, loose-patch (15–200 M� seal resistance) extracellular re-
cordings were made from the soma of visually identified Purkinje neu-
rons in slices from 15- to 22-d-old rats. Glass pipettes (impedance, 1–3
M�) were filled with 119 mM NaCl and buffered with 10 mM HEPES. A
fraction of the cells (�10%) did not show persistent firing (defined by
pauses lasting �1 sec) during the 10 min control period; if this occurred,
the experiment was terminated. Extracellular solutions contained the
following (in mM): 119 NaCl, 26 NaHCO3, 11 glucose, 2.5 KCl, 2.5 CaCl2,
1.3 MgCl2, 1 NaH2PO4, 0.1 picrotoxin, and either 10 �M 6,7-
dinitroquinoxaline-2,3-dione (DNQX) or 5 mM kynurenic acid to block
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AMPA receptors. In some experiments, 100 �M D,L-APV was added; no
differences were noted, and the data were pooled. Solutions were satu-
rated with 95% O2–5% CO2 and maintained at 30 –33°C throughout the
experiments. Pilot experiments showed no difference between preappli-
cation and coapplication of the drugs used. For parallel fiber stimulation,
previously published stimulus parameters were used (Shibuki and
Kimura, 1997). A bipolar metal electrode was placed between 150 and
250 �m from the Purkinje cell body. Stimuli consisted of bipolar pulses
(175– 675 �A/100 �sec, each phase). Whole-cell current-clamp record-
ings of basket cells were made using 3– 6 M� pipettes filled with the
following (in mM): 122 K-methane sulfonate, 5 KCl, 1 NaCl, 2 MgCl2, 10
HEPES, 2 ATP, and 0.4 GTP. Signals were recorded using Axopatch 200B
or 2B amplifiers (Axon Instruments, Foster City, CA) and Dagan (Min-
neapolis, MN) BVC-700A amplifiers. Igor programs (Wavemetrics, Lake
Oswego, OR) implementing a simple threshold-crossing algorithm were
used to detect single-unit activity; the large signal-to-noise ratio in the
recordings permitted unambiguous spike detection. In the parallel fiber
(PF) stimulation experiment, cells that exhibited �30% changes in firing
rate within 2 min of stimulus onset (n � 3) were excluded. Data are
shown as an average � SEM unless otherwise noted. NO release by the
nitric oxide donor NOR-4 was measured using an electrochemical nitric
oxide probe (World Precision Instruments, Sarasota, FL). Temperature
and test solution were identical to those used in the experiments.

Results
To monitor intrinsically generated spontaneous firing, loose-
patch extracellular recordings were made from single Purkinje
neurons in cerebellar slices continuously bathed in antagonists of
GABAA, AMPA, kainate, and (in some cases) NMDA receptors.
As reported previously (Häusser and Clark, 1997), Purkinje neu-
rons fire regularly when GABAA receptors are blocked. Confirm-
ing this result, histograms of interspike intervals were well fit by
Gaussian functions (Fig. 1B) and showed small coefficients of
variation (CVs). The average CV measured in a 5 min period for
20 neurons was 3.0 � 2.7%. Moreover, this regular firing pattern
was maintained over time in control recordings; comparisons of
mean firing rates for 10 min periods separated by 30 min showed
no significant change in firing rate (105.3 � 3.6% of control rate;
n � 4; p � 0.91).

An NO donor causes an increase in spontaneous firing rate
Exposure of slices for 10 min to the nitric oxide donor NOR-4
(100 �M) resulted in a slow increase in spontaneous firing rate
that was maintained after removal of the NO donor from the
perfusion chamber (Fig. 1). The average increase was to 111.4 �
1.8% (7 min after NO; n � 6; p � 0.0015) of control, and the
relative increase was similar over a wide range of control firing
rates (3–50 Hz) (see Fig. 3). Firing rates remained elevated for
�50 min after washout of the NO donor (116.8 � 4.9%, 50 min
after NO; n � 6; p � 0.019).

Separate in vitro calibration experiments (see Materials and
Methods) indicated that the steady-state concentration of NO
achieved under these conditions was �35 nM. This is five to seven
times the NO concentration generated by release from parallel
fibers in cerebellar slices as measured by electrochemical methods
(Shibuki and Kimura, 1997; Kimura et al., 1998).

cGMP analogs cause an increase in spontaneous firing rate
sGC, the enzyme that synthesizes cGMP and an NO target, is
present at high levels in Purkinje neurons; therefore, we tested
whether membrane-permeable forms of cGMP increased firing
rate. Application of the membrane-permeable cGMP analogs 8p-
CPT-cGMP (50 �M) or 8-Br-cGMP (50 �M) for 10 min mim-
icked the effects of NO donors [8p-CPT-cGMP, 117.7 � 4.1% 7
min after NO, n � 10, p � 0.0019 (Fig. 2B); 8-Br-cGMP, 118.0 �

3.1%, n � 4, p � 0.0097]. Similar to NO donors, these increases
were long lasting (126.8 � 8.7% 30 min after 8p-CPT-GMP; n �
10; p � 0.013) (Fig. 2B). As a result of cGMP analog-induced
increases in spiking rate, some cells began firing so rapidly that
they exhibited a repeating pattern in which the firing rate ramped
up to �80 Hz, stopped entirely for several seconds (presumably
because of depolarization block), resumed firing at a rate elevated
from the control rate, and ramped up until another pause was
induced. Such cells were included in the average of cGMP-treated
cells in Figure 2B and account for the increase in the variability
after drug application. Note also that this hyperexcited firing
pattern leads to underestimation of peak firing rates in Figure 2B.
To test the idea further that NO activates sGC to increase firing
rate, we tested the effects of oxadiazolo quinoxalin-1-one
(ODQ), a specific inhibitor of sGC. ODQ alone caused no signif-

Figure 1. The nitric oxide donor NOR-4 causes an increase in baseline firing rate. A, Example
traces taken at times �10 min, 5 min, and 35 min relative to the start of NOR-4 application ( C).
Calibration: 75 pA, 100 msec. B, Histograms of interspike intervals (ISIs) constructed from 10
min periods at�10 min (open bars) and 30 min ( filled bars). Superimposed are Gaussian curves
of the form

y � Ae
�

� x�x̄	2

2SD2

where A is an amplitude factor, and x̄ is the mean. For the open bars, x̄�55 msec, SD�2.9, and
A � 0.137; for the filled bars, x̄ � 47 msec, SD � 2.7, and A � 0.145. � 2 values for both fits are

2 � 10 �4. C, Normalized, average firing rate versus time for six neurons. After a 10 min
control period, 100 �M NOR-4 was added to the bath as indicated by the bar. On average, firing
rates increased 11.4 � 1.8% (at t � 17 min) and remained elevated for �50 min.
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icant change in firing rate (n � 4). Coapplication of ODQ with
NOR-4 blocked the increase in firing rate (Fig. 3C), confirming
that sGC activity is required for modulation.

PKG is necessary for NO-induced increase in firing rate
A rise in cytoplasmic cGMP concentration in Purkinje cells could
increase endogenous firing through at least two types of mecha-
nisms. Cyclic nucleotide-gated (CNG) cation channels could in-
crease spiking by depolarizing the membrane potential. Alterna-
tively, cGMP could activate PKG, a protein kinase expressed at
high levels by Purkinje neurons (Lohmann et al., 1981). PKG
could then either directly phosphorylate ion channels involved in
pacemaking or phosphorylate channel-associated proteins and
thereby increase the excitability of the cell. Coapplication of a
specific inhibitor of PKG type I activity (KT5823, 1 �M) with
NOR-4 blocked the increase in firing rate (Fig. 3C), indicating
that PKG is a necessary downstream effector of nitric oxide. The
involvement of a protein kinase may explain the relatively slow
onset of increased firing. It also raises the possibility that PKG
substrates, possibly ion channels involved in pacemaking or re-
lated proteins, are involved in triggering sustained increases in
spontaneous firing.

Testing for endogenous activity-dependent production of NO
Because NOS is expressed by both granule neurons and basket
cells, we tested whether activity in these neurons was able to
generate NOS-dependent increases in firing rate. To stimulate
PFs, the axons of granule neurons, we used previously published
stimulation parameters to ensure that substantial NO release oc-
curred (Shibuki and Kimura, 1997; Kimura et al., 1998). These
experiments were performed in the presence of 100 �M

Figure 2. Membrane-permeant cGMP analogs also increase baseline firing rate. A, Example
traces from one neuron in control and 35 min after application of 50 �M 8p-CPT-cGMP. Calibra-
tion: 30 pA, 100 msec. B, Average, normalized firing rate versus time for 10 Purkinje neurons.
After a 10 min control period, 50 �M 8p-CPT-cGMP was added at the indicated time. On aver-
age, the firing rate increased 17.7 � 4.1%.

Figure 3. Summary data for 8p-CPT-cGMP, NOR-4, and control cells. A, Plot of the
control firing rate for each cell measured over the 5 min period just before drug application
versus the firing rate 7 min after the end of the experimental treatment. Each type of
experiment is represented by different symbols (control, F; NOR-4, E; 8p-CPT-cGMP, �;
8-Br-cGMP, ‚), and the error bars indicate SD. The diagonal dotted line indicates no
change in firing rate. The vertical distance between the marker and the dotted line repre-
sents the number of additional spikes every second. * denotes the example cell in Figure 1,
and # indicates the example cell in Figure 2. Inset, Shown at a compressed scale to show
the cells with higher firing rates. B, Average time course of four control cells. Although
there is a small tendency toward increased firing rates, it is not significant and does not
resemble the increases seen in the experimental conditions. C, Histogram shows average
change in firing rate at t � 5–10 min after drug application compared with control
(�5– 0 min) under various conditions. NOR-4 increased firing rate (n � 6; p � 0.0015).
ODQ (10 �M), an inhibitor of sGC activity, blocked the increase in firing rate when coap-
plied with NOR-4 (n � 4; p � 0.24). KT5823 (1 �M), an inhibitor of PKG activity, also
blocked an increase in firing rate when coapplied with NOR (n � 6; p � 0.87).
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L-arginine to provide substrate for NOS, and transverse slices
were used to preserve the PFs. In addition, blockers of glutamate
[DNQX, 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid
(CPP), and LY 367385] and GABAA (picrotoxin) receptors were
present. Before each experiment, a presynaptic fiber volley was
measured from the PFs in the dendritic arbor of the Purkinje
neuron being recorded. Stimulus strength was adjusted so that
the response size was between 2 and 5 mV; an example is shown in
Figure 4A. Using these parameters, Shibuki and Kimura (1997)
reported that single trains of stimuli (5 sec at 20 Hz) evoked
transient NO concentrations between 1 and 4 nM that lasted 10
sec. With the experimenter blinded to the condition, trains of
presynaptic stimuli (20 Hz for 5 sec repeated five times) were
delivered to the PFs in either a control solution with the antago-
nists listed above or a solution to which an NOS inhibitor, either
7-nitroindazole (10 �M) or N-nitro-L-arginine (100 �M) had
been added. Stimulation in control solution caused an immediate
rise in firing rate in six of seven cells in the first 5 min after the
stimulus (Fig. 4C) (107.7 � 2.8%; n � 7; significantly different
from no change, p � 0.033). With an NOS inhibitor present, this
short-latency increase was not significant (Fig. 4D) (101.7 �
1.3%; n � 8; p � 0.23). At 15–20 min after stimulus, the control
group but not the NOS inhibitor group remained significantly
different from control [control, 106.4 � 2.4%, n � 7, p � 0.037
(Fig. 4C); NOS inhibitors, 99.5 � 2.4%, n � 8, p � 0.84
(Fig. 4 D)].

We next tested whether basket cells could be stimulated to
produce NO and cause increases in Purkinje neuron firing rates.
A whole-cell recording was established from a basket cell, and an
extracellular recording was used to identify a Purkinje neuron
inhibited by that basket cell. An example of such a pair is shown in
Figure 4E. After a connected pair had been identified in
picrotoxin-free solution, GABAA receptors were blocked by add-
ing picrotoxin to the bath. The basket cell was then prevented
from firing by injection of hyperpolarizing current while a base-
line firing rate was measured in the Purkinje neuron. After base-
line data had been collected, the basket cell was made to fire
bursts of action potentials by repeated depolarizing and hyper-
polarizing current injections. Results from an example recording
are shown in Figure 4F, and average results from four connected
pairs are shown in Figure 4G. These manipulations had no sig-
nificant effect on the firing rate of Purkinje neurons (Fig. 4G)
(101.2 � 1.8%; n � 4; p � 0.55), and therefore the effects of NOS
inhibitors were not tested.

Discussion
These experiments show that brief exposure to NO donors or
cGMP can trigger long-lasting increases in the spontaneous firing
rate of Purkinje neurons in the absence of fast synaptic inputs.
Stimulation of PFs using a protocol known to release NO also
caused increases in Purkinje neuron firing rates that were blocked
by NOS inhibitors. Together, the data provide strong evidence
that the observed effect is a result of NO stimulating sGC to
generate an increase in cGMP concentration. cGMP could affect
several different targets, including CNG channels, phosphodies-
terases, or PKG (Hofmann et al., 2000). Experiments showed that
a PKG inhibitor, KT5823, was able to block the NO-induced
increase in firing rate, supporting a model in which modulation
occurs through an NO– cGMP signaling cascade that involves
sGC and PKG.

This modulation caused relative increases in firing rate up to
25%. Although this may seem moderate, given baseline firing
rates from 15 to 60 spikes/sec, this represents 4 –15 extra spikes

Figure 4. Stimulation of parallel fibers or basket cells to generate endogenous NO. A, To
maximize NO production from PFs, presynaptic fiber volleys were measured and stimulus in-
tensity was adjusted before each experiment. Average fiber volley across all experiments was
3.0 � 1.4 mV (range, 2–5 mV). Calibration: 3 mV, 0.5 msec. B, An example of one experiment.
Five trains of stimuli (20 Hz for 5 sec, 6 sec intertrain interval) was delivered to the PFs at t � 0
min. C, Average results from seven control cells; D, eight NOS inhibitor cells. NOS inhibitors block
an increase in firing rate. At t � 20 min, control cells tend toward higher firing rates, whereas
cells in the presence of NOS inhibitors tend toward baseline firing rates. E, Paired recordings (1
whole-cell recording from a basket cell, 1 extracellular recording from a synaptically connected
Purkinje neuron) were established in the absence of picrotoxin. Calibration: 20 mV, 75 pA, 100
msec. F, After addition of 100 �M picrotoxin to block the fast synaptic inhibition, a presynaptic
basket cell was stimulated at time t � 0 min. Little change in firing is visible in this example
recording from the connected Purkinje neuron. G, On average, no significant increase could be
detected in four pairs.
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every second. Changes of this magnitude will most likely make a
strong contribution to the output of the cerebellar cortex.

Previous work has suggested that NO modulates neural activ-
ity by changing excitatory synaptic strength. However, these
studies indicating a role for NO in hippocampal long-term po-
tentiation (Schuman and Madison, 1991, 1994; Zhuo et al.,
1994a,b) and hippocampal long-term depression (LTD) (Son et
al., 1998) remain controversial (Selig et al., 1996). Similarly, it has
been suggested that NO is critically involved in cerebellar LTD
(Hartell, 1994, 2001; Lev-Ram et al., 1995, 1997; Boxall and
Garthwaite, 1996), although this remains in debate (Linden et al.,
1995). The present study proposes an alternative role for NO in
influencing neural activity.

To change the spontaneous firing rate of a neuron, ionic con-
ductances in the cell membrane must be altered. At least two
channels are attractive candidates: large-conductance, Ca 2�-
activated K� channels (BK) and the channels responsible for
persistent or resurgent Na� current. In smooth muscle tissue, BK
channels are facilitated by NO– cGMP (Archer et al., 1994). PKG
has been reported to phosphorylate BK channels directly, and this
modification shifts the voltage-activation curve to more hyper-
polarized potentials (Alioua et al., 1998). Furthermore, it has
been shown in pituitary nerve terminals that PKG activation in-
creases channel open probability, and this modification seems to
increase excitability, leading to more action potentials in re-
sponse to current injection (Klyachko et al., 2001). Thus, in Pur-
kinje neurons as in smooth muscle cells, PKG may facilitate a K�

conductance. However, unlike in muscle cells (but similar to
pituitary terminals), this increase in potassium current may
enhance the excitability of the Purkinje neuron by a mecha-
nism by which the hyperpolarization facilitates a pacemaker
current.

A second candidate conductance is a class of TTX-sensitive
Na� currents that generates inward current flow between spikes
(Uteshev et al., 1995; Bevan and Wilson, 1999; Raman and Bean,
1999). Recent evidence suggests that phosphorylation state
tightly controls a resurgent Na� current in Purkinje neurons
(Grieco et al., 2002). Our results imply that PKG may be re-
sponsible for maintaining the phosphorylation state of resur-
gent current. Interestingly, nitric oxide has been reported to
facilitate a persistent Na � current in pituitary nerve terminals;
however, this action is independent of cGMP–PKG (Ahern et
al., 2000).

Our results suggest that integrated, local activity triggers long-
term increases in Purkinje neuron excitability, but which affer-
ents trigger NO production? We investigated two possible
sources of endogenous NO production. Cerebellar granule cells
and basket cells express NOS at high levels (Bredt et al., 1990).
Direct electrical stimulation of PFs has been shown by Shibuki
and Kimura (1997) to cause a Ca 2�-dependent increase in NO
concentration. Using the stimulus parameters from that study,
we observed significant increases in firing rate that were blocked
by NOS inhibitors. A complementary experiment on basket cells
showed that high levels of activity in a single presynaptic basket
cell could not cause an increase in the firing rate of a Purkinje
neuron. Unfortunately, we were not able to test the effects of
stimulating many basket cells simultaneously, and the possibility
remains that such a concerted stimulus would also generate NO-
dependent changes in Purkinje neuron firing.

A major component of the output of cerebellar cortex consists
of pauses in persistent firing of Purkinje neurons. These pauses
facilitate firing of target premotor neurons in the cerebellar nu-
clei and vestibular nucleus (Eccles et al., 1967). By serving as a link

between afferent activity and the intrinsic electrical activity un-
derlying baseline firing of Purkinje neurons, this new mechanism
could help to maintain Purkinje neuron output within a proper
dynamic range. In this way, afferent-induced, long-term in-
creases in baseline firing rate of Purkinje neurons might allow for
a wider range of disinhibitory signals to be transmitted from the
cerebellar cortex to its targets.

Given that NO– cGMP elements are expressed throughout the
brain, this mechanism may be widespread, producing activity-
dependent, persistent adjustments in the baseline firing rate of
endogenously active neurons.
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