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Tonic GABAergic Inhibition of Sympathetic Preganglionic
Neurons: A Novel Substrate for Sympathetic Control
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The sympathetic tone is primarily defined by the level of activity of the sympathetic preganglionic neurons. We report a novel inhibitory
influence on sympathetic activity, that of tonic GABAergic inhibition which could have a profound global effect on sympathetic outflow.
Recording from identified SPNs in the intermediolateral cell column (IML) of rat spinal cord slices, application of the GABA receptor
antagonist bicuculline, but not gabazine, elicited a change in voltage that lasted for the duration of application. This response was
mediated by a direct effect on SPNs since it persisted in tetrodotoxin and low Ca 2�/high Mg 2� and the amplitude of responses were
related to Cl � concentration in patch solutions. Such tonic inhibitory responses were not observed in interneurons, the other neuronal
type in the IML, although ongoing IPSPs were antagonized in these neurons. The effects of bicuculline were enhanced by diazepam but not
zolpidem or the GABA modulators THIP and THDOC suggesting a role for �5 subunits. PCR using primers for the �5 and � subunits
indicated the presence of �5, but not � subunits in the IML. Firing rates of SPNs were enhanced by bicuculline and decreased by diazepam
indicating that this tonic inhibition has a profound effect on the excitability of SPNs. These data indicate a novel influence for controlling
the activity of SPNs regardless of their function.
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Introduction
Alterations in the activity of the sympathetic nervous system are
key contributors to changes in cardiovascular variables in many
conditions such as heart failure, renal failure and hypertension
(Tentolouris et al., 2006; Francischetti and Genelhu, 2007). One
avenue for therapeutic intervention is therefore sympathetic
inhibition.

Interventional treatment for hypertension acting through the
CNS could be better designed with a clearer understanding of the
precise neuronal circuitry underlying control of cardiovascular
output and the properties of the neurons within these networks.
Many CNS regions and neuronal types shape the level of sympa-
thetic activity by ultimately influencing spinal sympathetic
preganglionic neurons (SPNs), the sole sympathetic output from
the CNS. A large component of this control is due to activation of
inhibitory neurons, both local (Deuchars, 2007) and from de-
scending pathways (Dembowsky et al., 1985; Deuchars et al.,
1997), that impinge on SPNs. Phasic inhibition, due to release of
GABA and glycine at synapses, is important in setting the pattern
of firing in the SPNs since an inhibitory synaptic input will take
the neuron away from the threshold for firing and reset the level
of excitability. A second group of receptors, distinct from
postsynaptic receptors, can be continuously activated by low am-

bient levels of neurotransmitter. These receptors are located away
from synapses and so are called perisynaptic or extrasynaptic
receptors. A GABA-mediated tonic inhibition was first reported
in dentate gyrus granule cells (Otis et al., 1991) and since then,
tonic inhibition has been reported in a variety of regions of the
CNS, for example cerebellum, hippocampus, dentate gyrus, cor-
tex, thalamus and brainstem (for review, see Semyanov et al.,
2004; Glykys and Mody, 2007). The crucial characteristic of this
inhibition is that, in contrast to event-based synaptic activity,
tonic current continuously influences cell excitability and if
present in SPNs, this could have widespread effects on sympa-
thetic outflow. Changes in the levels of tonic inhibition in SPNs
could also have profound pathological implications since this
would lead to altered sympathetic outflow to many end organs.
Indeed in other CNS regions, reductions of tonically active cur-
rents have been implicated in certain animal models of epilepsy
(Peng et al., 2004; Zhang et al., 2007) while mutations of the
GABRG2 gene known to cause specific generalized epilepsies
with febrile seizures reduced tonic GABA currents (Eugène et al.,
2007). Thus, the discovery of tonic GABAergic currents in other
CNS regions has opened new avenues for treatment of specific
disease states (Meldrum and Rogawski, 2007).

In this study, we provide the first evidence for a tonic
GABAergic inhibition that regulates the firing rate of SPNs in the
thoracic intermediolateral cell column (IML) of spinal cord
slices. Several pharmaceuticals acting on GABAA receptors are
known to influence blood pressure (Marty et al., 1986; Taneyama
et al., 1993). This study suggests that a component of this effect
could be mediated via tonic inhibition and consequently that
tonic inhibition may be one target for CNS-mediated therapeutic
actions on the cardiovascular system.
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Materials and Methods
Electrophysiology. Rats of either sex aged 10 –15
d were anesthetized with urethane (2 g/kg, i.p.)
and perfused with ice-cold sucrose (215 mM)
aCSF. The upper and middle thoracic spinal
cord was removed and sectioned (300 �m
thick). Slices were then superfused at a rate of
3–5 ml/min in aCSF (Deuchars et al., 2001)
[composition (in mM): 124 NaCl, 26 NaHCO3,
3 KCl, 2 MgSO4, 2.5 NaH2PO4, 2 CaCl2, 10 glu-
cose], equilibrated with 95% O2/5% CO2 that
also contained 2 mM kynurenic acid, an excitatory
amino acid receptor antagonist. SPNs within the
IML were targeted, identified both electrophysi-
ologically and anatomically as previously (Deu-
chars et al., 2001). Interneurons [identified as de-
scribed by Deuchars et al., (2001)] in this region
were also recorded to determine whether the tonic
inhibition was confined to SPNs.

Whole-cell patch-clamp recordings were
made in current-clamp mode from SPNs and
interneurons using an Axopatch 1D (Axon In-
struments). Patch electrodes (tip diameter 3
�m, resistance 4 – 6 M�) were filled with 3 dif-
ferent patch solutions that gave different chlo-
ride reversal potentials (ECl), calculated at room
temperature using the Nernst Equation. Intra-
cellular composition (in mM) of K-gluconate
based: 110 K-gluconate, 11 EGTA, 2 MgCl2, 0.1
CaCl2, 10 HEPES, 2 Na2ATP, and 0.3 Na2GTP;
Cs based: 110 Cs2SO4, 0.5 CaCl2, 2 MgCl2, 5
EGTA, 5 HEPES, 5 Na2ATP, 5 TEA; KCl based:
140 KCl, 1 CaCl2, 1 MgCl2, 10 EGTA, 10 HEPES,
3 Mg-ATP, 0.3 Na2GTP, pH 7.2, 295 mOsm.

The lateral funiculus (Lf) was stimulated
with single pulses, using bipolar stimulating
electrodes and isolated stimulators (Digitimer
DS2A) to elicit IPSPs at depolarized potentials
(�20 to �10 mV). The input resistance of neu-
rons was calculated as the voltage response to a
hyperpolarizing current pulse using the equa-
tion R � V/I where R is the input resistance, V is
the voltage deflection and I is the current pulse
amplitude. The downward deflections in the volt-
age traces (see Figs. 1A, 4A,C1) are in response to these hyperpolarizing
current pulses that were applied every 5–10 s.

Drugs were applied in the superfusing solution and the concentration is
the final concentration in the bath. Drugs used were GABA, GABAA antag-
onists (bicuculline, picrotoxin and gabazine) and modulators (diazepam,
zolpidem, THIP and THDOC), a glycinergic antagonist strychnine, a
GABAB antagonist CGP55845A and tetrodotoxin. All drugs were from
Sigma, apart from bicuculline and CGP55845A which were from Tocris.
Picrotoxin and bicuculline are both used at a high concentration (100 �M as
shown) since a saturated concentration is always necessary for receptors with
high affinity to neurotransmitter and less desensitization. Strychnine is con-
sidered as a selective glycine receptor antagonist; however, it may cross-react
on GABA-A receptors when concentrations are �1 �M (Li et al., 2003), so a
concentration of 100 nM was used since this should be completely effective at
glycine receptors (Hussy et al., 1997; Ghavanini et al., 2005).

Data analysis. Voltage responses of the recorded neurons were moni-
tored throughout experiments. Recordings were terminated in all exper-
iments if the baseline was unstable or discontinuous. Control condition
(�Vcon) was calculated as the membrane potential difference at 2 min
(V1) and 30 s (V2) before drug application (�Vcon � V2�V1). Drug
induced membrane potential changes (�Vdrug) were the difference be-
tween peak responses (V3) and V2 (�Vdrug � V3 � V2). Although no
measurement or statistical analysis was applied to washout of a drug
effect, pooled data did not include any recordings where no recovery of

membrane potential could be observed upon 10 min of washout. The
effects of drug were determined by the differences between �Vcon and
�Vdrug using Student’s t test as detailed in results. Significance was con-
sidered when p � 0.05.

The amplitudes of evoked postsynaptic potentials were averaged and
changes in amplitude were compared using Student’s paired t test and
considered significant at p � 0.05.

RNA extraction and PCR. Total RNA was isolated from micropunches
of IML and spinal cord slices of rats (10 –15 d), anesthetized and prepared
as described above. The RNA was reverse transcribed as previously de-
scribed (Spary et al., 2008). PCR was performed with 0.4 �M primers (�5
forward 5�, TGACCAAAACCCTCCTTGTCTTCT-3�, �5 reverse 5�, AC-
CGCAGCCTTTCATCTTTCC-3�; � forward 5�, GCCAAGTCTGC-
CTGGTTCCA-3�, � reverse 5�, GGAGACCCAGGACATGGCAA-3�)
(Spary et al., 2008).

Reactions using cDNA extracted from the hypothalamus acted as a
positive control. Negative controls included dH2O and RNA, which had
not undergone reverse transcription. PCR products were confirmed by
DNA sequencing (ABI 3130XL).

Results
A GABAA receptor-mediated tonic inhibition is present
in SPNs
Using K-gluconate-based intracellular solution, bath application
of bicuculline (2–100 �M) to SPNs did not induce obvious mem-

Figure 1. Tonic inhibition is observed in K-gluconate-based intracellular solution and is due to GABAA rather than glycine or
GABAB receptor activation. A, Recording from an SPN holding at resting membrane potential showing 100 �M bicuculline (Bic,
line) slightly increased cell input resistance without changing membrane potential. B, Trace from the same cell when holding at
0 mV before and after application of 1 �M TTX, again the lines denote application of bicuculline. C, A similar response was also
observed with picrotoxin (Pic) but not the glycine receptor antagonist strychnine (Stry) or the GABAB receptor antagonist
CGP55458A (D).
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brane potential changes (0.2 	 0.4 mV to 0.8 	 0.6 mV, n � 11,
p � 0.05) when cells were held at resting membrane potentials
(Fig. 1A). When cells were manually depolarized to 0 mV to
increase chloride driving potential, 100 �M bicuculline caused
membrane depolarizations in all SPNs recorded, with an average
amplitude of 4.4 	 0.5 mV (n � 12, p � 0.001) (Fig. 1B), asso-
ciated with an increase in whole-cell input resistance (M�) of
20.45 	 11.3%. Upon repetitive applications of bicuculline, no
apparent desensitization was observed. This response was also
maintained in the presence of 1 �M external TTX (11.4 	 3.4 mV,
n � 4, p � 0.001) (Fig. 1B). A noncompetitive GABAA receptor
antagonist picrotoxin (100 �M) also induced a membrane depo-
larization in all 4 neurons recorded with mean amplitude of 4.0 	
1.4 mV ( p � 0.05). This response was also observed when 1 �M

TTX was added into perfusion solution (Fig. 1C).
Metabotropic GABAB receptors are also expressed in SPNs

(Whyment et al., 2004); therefore, the effect of the GABAB antag-
onist CGP55845A was examined. Application of 200 nM

CGP55845A did not elicit a membrane potential shift in any SPN
(Fig. 1D), although this concentration completely antagonized
responses induced by baclofen (data not shown). The glycine
receptor antagonist, strychnine (100 nM), was also without effect
on membrane potential (n � 4) (Fig. 1D).

Using KCl-based intracellular solution to increase the chlo-
ride driving force at resting membrane potential, since ECl is 2
mV, 100 �M bicuculline caused a negative shift of membrane
potential (2.4 	 0.4 mV, p � 0.001, n � 11). This response was
also maintained in the presence of 1 �M external TTX (Fig. 2A).
To test whether increased ambient GABA would augment tonic

GABAergic inhibition in SPNs, 2.5 �M GABA was added to ex-
tracellular solution before application of bicuculline. The tonic
inhibition revealed by 100 �M bicuculline in GABA was signifi-
cantly enhanced from 2.2 	 0.1 mV to 3.4 	 0.7 mV for all 5 cells
tested (Fig. 2B) ( p � 0.05).

Bicuculline salts also block Ca-dependent K channels which
contribute to neuronal action potential afterhyperpolarizations
and indirectly manipulates membrane potential (Khawaled et al.,
1999). To block these channels and eliminate this influence, a Cs-
based TEA-containing pipette solution was used. Bicuculline-
induced depolarizations were still observed (10.1 	 1.6 mV, n �
6, p � 0.001) and also in the presence of 1 �M external TTX (n �
2) (Fig. 3A). Furthermore, this response was also preserved in 20
�M CdCl 2 containing aCSF (Fig. 3B) (n � 2) or Ca 2�-free aCSF
(Fig. 3C) (n � 2). This suggests that the bicuculline response was
due to antagonizing GABAA receptor chloride channels and that
GABAergic tonic inhibition in SPNs is Ca 2� independent.

Tonic GABAergic inhibition in SPNs is insensitive to the
GABAA receptor antagonist gabazine
A variety of concentrations of gabazine were used to study its
effectiveness on tonic GABAergic inhibition in SPNs, using
K-gluconate-based intracellular solution. Gabazine at a concen-
tration of 25 nM [which has shown previously to be effective at
tonic receptors (Cope et al., 2005)] did not change membrane
potential shift (0 	 0.04 mV to 0.2 	 0.1 mV) or input resistance
(692.9 	 53.0 M� to 694.8 	 51.2 M�, n � 6, p � 0.05) (Fig.
4A1) when SPNs were held at resting membrane potential. The
addition of exogenous GABA (1 �M) also failed to augment tonic
GABAergic inhibition (n � 4) (Fig. 4A2). When the holding

Figure 2. Tonic inhibition is also observed in KCl-based intracellular solution and is en-
hanced by low concentrations of GABA. A, At resting membrane potential and in the presence of
extracellular TTX (1 �M), this SPN was hyperpolarized by 100 �M bicuculline. B1, Recording
from another SPN where 100 �M bicuculline elicited a small hyperpolarization. B2, In the
presence of applied GABA, bicuculline caused a larger shift in membrane potential.

Figure 3. Tonic inhibition recorded in Cs2SO4-based intracellular solution is unaffected by
TTX or Ca 2�-free solutions. A, When holding at 0 mV in the presence of applied TTX (1 �M), this
SPN was depolarized by 100 �M bicuculline. B, Trace from the same neuron showing that the
bicuculline response was maintained after addition of Cd 2� or (C) in Ca 2�-free extracellular
solution.
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potential was changed to 0 mV, neither this concentration of
gabazine (n � 4, p � 0.05) (Fig. 4B1) nor higher concentrations
[2.5 �M and up to 25 �M, a concentration that has previously
been effective at abolishing pure GABAergic IPSCs but has no
effect on tonic currents (Bieda and MacIver, 2004)] revealed a
tonic current (n � 4, p � 0.05) (Fig. 4B2). In contrast, the am-
plitude of evoked IPSPs elicited by stimulating Lf was signifi-
cantly reduced from 8.4 	 2.1 to 4.5 	 1.0 mV by 2.5 �M gabazine
(n � 7, p � 0.05) (Fig. 4C).

Tonic GABAergic inhibition in SPNs is mediated by �5
subunit-containing receptors
To dissect out the possible composition of receptors mediating
tonic GABAergic inhibition in SPNs, different subunit sensitive
modulators were used. The classical benzodiazepine, diazepam,
activates �2 subunit-containing receptors that also contain either
�1, �2, �3 or �5 subunits (Pritchett et al., 1989; Pritchett and
Seeburg, 1990).When using K-gluconate-based intracellular so-
lution, after the bath application of 1 �M diazepam, the mem-
brane potential shift induced by bicuculline was significantly in-
creased compared with the effect of bicuculline alone (from 2.8 	
0.8 mV to 6.2 	 1.5 mV) while diazepam alone caused an average
hyperpolarization of 2.4 	 0.5 mV (n � 4) (Fig. 5A3). Similar

changes were observed in KCl-based intracellular solution re-
cording with an increase in mean amplitude of depolarization
from 2.2 	 0.7 mV to 5.7 	 0.8 mV (n � 4, p � 0.05). However,
a more selective benzodiazepine site modulator, 2 �M zolpidem,
which acts at �1, �2 and �3 subunit-containing receptors, failed
to induce the same response (0.6 	 0.2 mV to 0.7 	 0.2 mV, p �
0.1) (Fig. 5A2) (n � 4, in K-gluconate intracellular and n � 2 in
KCl intracellular). This strongly suggests that tonic GABAergic
inhibition in SPNs is mediated by �5�2 subunit-containing
receptors.

The existence of � subunit-containing receptor subtypes was
also examined based on its unique pharmacological properties,
i.e., sensitivity to neurosteroids and THIP. Bath application of
THIP (1 �M) alone did not induce apparent membrane potential
changes ( p � 0.05, n � 4) (Fig. 5B3). There was also no signifi-
cant enhancement of the bicuculline induced voltage changes
either. Similar results were observed in THDOC (100 nM) (n � 4)
(Fig. 5B2).

�5 but not � subunits are expressed in the IML of spinal cord
To further verify the presence in the IML of the different subunits
that may contribute to this tonic inhibition, PCR was performed
on punches of IML from spinal cord tissue of the same age, and
prepared in the same way, as that used in the electrophysiological
experiments.

PCR analysis was performed on cDNA samples taken from the
spinal cord and IML. Expression of �5 was observed in all of the
spinal cord and IML samples (n � 4) (Fig. 5D), denoted by
the presence of a single band corresponding to the predicted size
(300 bp). Amplicons representing the � isoform were not de-
tected in either the spinal cord or IML samples despite multiple
attempts (Fig. 5D). This isoform was present in the positive con-
trol tissue taken from the hypothalamus, confirming the negative
results observed were not due to the primers or amplification
conditions.

Modulation of tonic inhibition influences SPN
firing properties
Since tonic GABAergic inhibition plays an important role in reg-
ulating cell excitability in SPNs, the direct influence on mem-
brane properties could affect sympathetic outflow. To test the
membrane response to the antagonist bicuculline and modulator
diazepam, whole-cell input resistance and action potential fre-
quency were measured upon injecting currents.

Under control conditions, SPNs respond to depolarizing cur-
rents by firing of action potentials after reaching threshold. As the
depolarizing current steps are increased, SPNs fire at higher fre-
quency (Fig. 6A1). Application of 100 �M bicuculline that would
block the tonic GABAergic inhibition resulted in an increased
firing rate in all 4 cells recorded (Fig. 6A2,3). Consistently, when
tonic GABAergic inhibition was enhanced by bath application of
diazepam, the associated response to negative current pulses was
a reduced whole-cell input resistance and a lowered firing rate in
response to positive currents (Fig. 6B) (n � 4).

Interneurons do not display tonic GABAergic inhibition
The lateral horn of the thoracic spinal cord also contains inter-
neurons that directly project to SPNs (Deuchars, 2007). These
neurons can be instantly differentiated from principal neurons
during whole-cell patch-clamp recording by their electrophysio-
logical properties (Deuchars et al., 2001). In all 5 interneurons
recorded, holding at 0 mV, 100 �M bicuculline failed to uncover
a tonic inhibition since membrane potentials were not signifi-

Figure 4. Tonic inhibition in SPNs is gabazine insensitive. A1, Recording from an SPN hold-
ing at resting membrane potential where gabazine (GBZ, 25 nM) did not change membrane
potential or cell input resistance. A2, In the presence of exogenous GABA, gabazine still failed to
alter cell holding potential. B1–3, At the holding potential of 0 mV, no tonic inhibition was
detected when different concentrations of gabazine were applied. C, The amplitude of Lf-IPSPs
was significantly reduced by 2.5 �M gabazine ( p � 0.05).
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cantly altered (from 0.24 	 0.2 to 0.38 	 0.6 mV) (Fig. 7A) ( p �
0.05). When exogenous GABA (1 �M) was added, it alone did not
have any effect on holding potential nor did it induce any bicu-
culline response (0.87 	 0.7 mV, n � 3) (Fig. 7B). Compared
with the tonic GABAergic inhibition revealed in SPNs, this result
indicates that interneurons in the lateral horn are not tonically
inhibited by GABAA receptors. Furthermore, the fact that spon-
taneous IPSPs were completely abolished by bicuculline (Fig.
7C), without effect on the membrane potential lends further sup-
port to the idea that the inhibition observed in SPNs is indeed due

to activation of specific extrasynaptic
rather than synaptic receptors.

Discussion
Our data show a novel and widespread ef-
fect of tonically active GABA receptors on
SPNs, but not interneurons, in the IML of
rat spinal cord. Blockade of these receptors
increased the firing rate of SPNs in re-
sponse to a depolarizing current pulse
while enhancement of the inhibition re-
duced the numbers of action potentials.
This finding suggests that these tonically
active GABA receptors may contribute to
setting the level of excitability in SPNs,
thus having a potentially extensive effect
on sympathetic outflow. The pharmaco-
logical profile of this inhibition combined
with PCR data suggests that this tonic in-
hibition is mediated by activation of �5
subunit-containing receptors.

GABA receptor composition
Tonic inhibition in SPNs was enhanced by
diazepam indicating that the receptor in-
volved is likely to contain � and �2 sub-
units. Resistance to high concentrations of
zolpidem rules out the involvement of �1,
2 or 3 subunits (Pritchett et al., 1989;
Pritchett and Seeburg, 1990), which leaves
a most likely receptor combination of
�5�2 subunits. Another group of extra-
synaptic receptors mediating tonic current
contains the � subunit. Sensitivity to ben-
zodiazepine does not necessarily exclude
the possibility of coexistence of � and �5
subunit-containing receptors; however,
insensitivity to the agonist THIP and neu-
rosteroid THDOC contradicts a contribu-
tion from this subunit. Moreover, our RT-
PCR data indicate robust expression of �5
but not � subunits in the IML. The absence
of an amplicon was determined not to be a
“false-negative” result. All the reactions
were run concurrently and positive ex-
pression was seen for �5 in the same cDNA
samples and for � in cDNA samples from
the hypothalamus. Therefore we are con-
fident that the cDNA concentration and
primers were optimal for these reactions.
In addition, increasing the amount of
starting template failed to produce a posi-
tive signal. This finding is substantiated by
immunohistochemical and in situ hybrid-

ization studies from the spinal cord which show a similar lack of
� subunits (Wisden et al., 1991; Persohn et al., 1992; Bohlhalter et
al., 1996).

This �5�2 subunit combination is also the predominant re-
ceptor underlying tonic inhibition in other regions of the CNS
where �2 subunits predominate and the � subunit is decreased
(Pirker et al., 2000), e.g., hippocampal CA1 neurons (Bai et al.,
2001; Stell and Mody, 2002; Caraiscos et al., 2004), cortical layer
V (Yamada et al., 2007). In cultured cells and recombinant ion

Figure 5. Tonic inhibition is mediated by �5 subunit-containing GABAA receptors. Recordings made in K-gluconate-based
intracellular solution. Lines indicate application of 100 �M bicuculline. A1–3, Reponses to 100 �M bicuculline in the same neuron
in control conditions, in 2 �M zolpidem and 1 �M diazepam (DZM). B1–3, Responses to 100 �M bicuculline in the same neuron
in control conditions, in 100 nM THDOC and 1 �M THIP. C, Graph showing membrane potential changes to bath application of 100
�M bicuculline alone (white bars), modulators alone (gray bars), and bicuculline in the presence of a modulator (black bars). *p �
0.001, Student paired t test. Error bars represent SEM. D, Expression of �5 in the spinal cord and IML sample, denoted by the
presence of a single band corresponding to the predicted size (300 bp). Amplicons representing the � isoform are not detected in
either the spinal cord or IML samples. This isoform is however present in the positive control tissue (�ve) taken from the
hypothalamus, confirming the negative results observed are not due to the primers or amplification conditions.
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channels, �� receptors can also mediate
tonic current (Mortensen and Smart,
2006), but insensitivity to THIP rules out
their contribution in this study.

Effects of different GABA antagonists
Our data show a sensitivity of the
GABAergic tonic inhibition in SPNs to
bicuculline and picrotoxin but not gaba-
zine. Similarly, in hippocampal pyramidal
neurons (Bai et al., 2001; Bieda and Ma-
cIver, 2004; McCartney et al., 2007), para-
sympathetic cardiac neurons of the nu-
cleus ambiguus (Bouairi et al., 2006) and
second order neurons of the nucleus of the
solitary tract (McDougall et al., 2008),
tonic currents are gabazine insensitive. In
dentate gyrus granule cells (Stell and
Mody, 2002), the effect of gabazine on
tonic current is more complex with insen-
sitivity of the tonic current to low concen-
trations of gabazine (200 nM) but blockade
at higher concentrations (10 �M). This dif-
ferential sensitivity may reflect differences
in the mechanisms underlying activation
of the receptors responsible for tonic inhi-
bition (see below).

Possible mechanisms underlying
tonic inhibition
Tonic current is cell-type dependent and
can be affected by multiple factors. There
are two possible mechanisms underlying
maintenance of a tonic current. First, re-
ceptors are activated by low concentra-
tions of background GABA. Ambient
GABA could be from several different sources, e.g., spillover from
synaptic site during vesicle release (Kaneda et al., 1995; Brickley et
al., 1996), nonvesicular action potential-independent transmitter
release (Attwell et al., 1993; Wall and Usowicz, 1997; Richerson
and Wu, 2003; Rossi et al., 2003) or glial release (Liu et al., 2000;
Kozlov et al., 2006). In contrast to a synaptic event where GABA
could be raised to millimolar level, a nanomolar concentration is
sufficient for tonic inhibition (Santhakumar et al., 2006). Conse-
quently, receptors which mediate tonic current have higher affin-
ities and lower desensitization rates. We show that tonic inhibi-
tion is insensitive to TTX suggesting that there is sufficient
ambient GABA from sources other than action potential depen-
dent synaptic release. Second, some receptors can be spontane-
ously activated without ligand triggering (Birnir et al., 2000;
McCartney et al., 2007), indeed the lack of sensitivity of tonic
currents to gabazine may be an indication that in these cases the
effects are due to spontaneous GABA receptor gating in the ab-
sence of GABA (McCartney et al., 2007).

Tonic GABAergic inhibition in SPNs is unlikely to be an
artifact of development, state of slices or lowered temperature
We have demonstrated that tonic GABAergic inhibition is
present in all SPNS tested in thoracic IML; however, these exper-
iments are performed on tissue from rats aged 10 –15 d which are
considered immature. It is likely though that such tonic inhibi-
tion persists in adult and may even increase in relative contribu-
tion of overall GABAergic inhibition. Tonic GABAergic inhibi-

tion is reported in adult rat hippocampal, cortical and cerebellar
slices (Brickley et al., 1996; Wall and Usowicz, 1997). Indeed in
cerebellar granule cells, the amplitude of the tonic current in-
creased and in mature rats was TTX insensitive (similar to our
results) suggesting that the source of GABA in adult rats is un-
likely to be due to action potential dependant spillover of GABA
from synaptic terminals. These changes in amplitudes of tonic
GABA currents with age may be due to developmental changes in
local morphology, for example, the size of the synaptic cleft, den-
sity of the local surrounding cells, or status of axonal myelination
(Semyanov et al., 2004). The more complex the local environ-
ment, the more transmitter molecules might be trapped after any
source of release therefore increasing their chances of activating
the extrasynaptic site. Wall and Usowicz (1997) also reported that
the tonic current persisted at near physiological temperatures,
ruling out the possibility that the tonic inhibition was due to less
efficient clearance of GABA from the extracellular space. Trans-
mitter leaking from unhealthy or dead cells (Rossi et al., 2003)
might cause a common bias in slice recordings, especially in the
very demanding spinal cord preparation. However, this is likely
to be limited by the care applied in practice, such as resting slices
before experiments, maintaining high perfusion rates and com-
mencing recording once slices are stable.

Functional significance of tonic GABAergic inhibition
The level of sympathetic outflow is a direct outcome of the excit-
ability of the SPNs. Tonic inhibition in general increases the en-
tire conductance of cells as a population (Mody and Pearce,

Figure 6. Modulation of tonic inhibition influences SPN firing properties. Recordings made in K-gluconate intracellular solu-
tion. A1–2, Reponses of an SPN to depolarizing current steps (�10, �20, �30 pA, left to right) under control conditions and
during bath application of 100 �M bicuculline. A3, Graph showing mean action potential frequency against injected current step
in the same SPN. B1, Responses of a different SPN to injecting currents (�80, �50, �30, �20, �10, �30 pA) under control
conditions (left) and during bath application of 1 �M diazepam (diaz, right). B2, Plot of mean action potential frequency against
injected current step in the same SPN.
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2004). Therefore, the level of response to an external stimulus at
a cellular level can be reduced compared with cells with no tonic
“buffering” system. Such a global tonic inhibitory influence on
the level of activity in SPNs would have extensive effects on many
end organs, including the heart and blood vessels. Interestingly,
the hemodynamic effects of the two GABA modulators used in
this study, diazepam (which enhanced tonic inhibition due to
nonselective effects on all � subunits) and zolpidem (which had
no effect since it has little influence on �5 subunits) fit with the
idea that this tonic inhibition may contribute to overall blood
pressure changes. Diazepam causes hypotension and overall de-
creases in muscle sympathetic activity in humans (Kitajima et al.,
2004), that is partly attributed to decreases in levels of circulating
epinephrine (Marty et al., 1986). In dogs, the baroreceptor reflex
sensitivity is also attenuated (Taneyama et al., 1993). A high pro-
portion of the hemodynamic effects of diazepam were attributed

to modulation of central pathways and
may be due in part to contribution of these
tonic receptors. Zolpidem in contrast had
no significant effect on blood pressure in
humans (Cashman et al., 1987) or in rats
(Mailliet et al., 2001). Others report con-
flicting changes in RR intervals, depending
on the dose of zolpidem administered but
mainly due to a change in cardiac vagal
tone, rather than on sympathetic outflow
(Chen et al., 2005). These data fit well with
our report of the effects of different mod-
ulators on tonic GABA inhibition.

A steady sympathetic tone is critical
under physiological circumstances, for ex-
ample, chronic hypertension causes irre-
versible pathological changes in the arte-
rial system while a sharp increase in blood
pressure may induce an acute arterial rup-
ture. To this extent, the existence of tonic
inhibition in SPNs could both slow down
the development of high blood pressure
and attenuate the level of sudden changes
in arterial pressure. Therefore, our report
of tonic inhibition in SPNs might lead re-
search in blood pressure regulation to a
new direction.

In conclusion, our results show effects
on all SPNs at the upper thoracic levels,
indicative of a profound effect of tonic
GABA inhibition on the level of excitabil-
ity in sympathetic outflow from the spinal
cord. These data propose a novel mecha-
nism by which sympathetic tone is set by
SPNs sensing the levels of ambient GABA.
Such a mechanism could prove to be an
important target for therapies where re-
duced sympathetic tone is required, such
as obesity induced hypertension.
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