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Abstract
Phasic and tonic inhibitions are two types of inhibitory activities involved in inhibitory processing
in the CNS. In the spinal cord dorsal horn, phasic inhibition is mediated by both GABAergic and
glycinergic inhibitory postsynaptic currents. In contrast to phasic inhibitory currents, using patchclamp recording technique on spinal cord slices prepared from adult mice we revealed that tonic
inhibitory currents were mediated by GABAA receptors but not by glycine receptors in dorsal horn
lamina II region. We found that there was a linear relationship (r = 0.85) between the amplitude of
tonic inhibitory currents and the frequency of GABAergic inhibitory postsynaptic currents. Analysis
of charge transfer showed that the charges carried by tonic inhibitory currents were about 6 times
of charges carried by phasic inhibitory currents. The prominent charge transfer by tonic inhibitory
currents and their synaptic activity dependency suggest a significant role of tonic inhibition in
sensory processing.

Background
GABA (γ-Aminobutyric acid) and glycine are two principle inhibitory neurotransmitters in the spinal cord dorsal
horn. They are either released separately or co-released
from presynaptic terminals of inhibitory neurons. Upon
the binding to GABAA receptors and glycine receptors at
postsynaptic membrane, they elicit inhibitory postsynaptic currents (IPSCs). IPSCs provide phasic inhibition in
neuronal network and are important for information
processing. In addition to its action at synaptic sites,
recent studies in several brain regions of matured animals
have indicated that low concentrations of ambient GABA
can activate high affinity GABAA receptors that are
expressed at extrasynaptic sites to elicit a sustained inhibitory current [1-5]. A term 'tonic inhibitory currents' has
been used to describe this sustained inhibitory current [6].
Functionally, tonic GABAergic inhibition has been shown

to control neuronal excitability in the brain [7-9]. Tonic
inhibitory currents have been identified in rat cerebellar
granule cells [1], granule cells of the dentate gyrus [2], thalamocortical relay neurons of the ventral basal complex
[3], layer V pyramidal neurons in the somatosensory cortex [4], inhibitory interneurons in the CA1 region of the
hippocampus [5]. However, not all CNS neurons that
were examined displayed tonic inhibitory currents under
normal conditions. For example tonic inhibitory currents
were normally not observed in hippocampal pyramidal
cells in brain slices from adult animals [[5,10], but see
[11]].
The lamina II of the spinal dorsal horn (substantia gelatinosa) plays an important role in processing nociceptive
input from fine myelinated Aδ – and unmyelinated C-primary afferents from the periphery [12]. In this area, inhibPage 1 of 6
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itory neurons produce feedback and feed-forward
inhibition to control nociceptive input, and a reduction of
inhibitory activity in lamina II can result in central sensitization [13,14]. Previous studies on inhibitory controls
in the spinal cord dorsal horn have been mainly focused
on inhibitory postsynaptic currents, i.e. phasic inhibition.
Little is known about whether tonic inhibitory currents
are present in this region and if so, whether tonic inhibitory currents are mediated by GABA receptors and/or glycine receptors.

Materials and methods
The methods for preparing thick adult mouse spinal cord
slices, as well as blind whole-cell patch-clamp recording
techniques, have been described previously [15]. In brief,
transverse spinal cord slices (500–600 µm in thickness)
were prepared from L5 spinal cords of adult mice (Harlan,
IN, USA) aged between 6 and 9 weeks. In each experiment, a spinal cord slice was transferred to a recording
chamber (volume of 0.5 ml). The slice was supported at
the bottom by a nylon mesh in the recording chamber.
The slice was superfused with Krebs solution at flow rate
of 10 ml/min. The Krebs solution contained (in mM):
NaCl 117, KCl 3.6, CaCl2 2.5, MgCl2, 1.2, NaH2PO4 1.2,
NaHCO3 25, and glucose 11. The solution was equilibrated with 95% O2 and 5% CO2, maintained at room
temperature (22°C), and the pH of the Krebs solution was
7.35. Under a dissecting microscope with 40× magnification, lamina regions were identified based on morphological features. The lamina II was clearly discernible as a
relatively translucent band across the superficial dorsal
horn. Under visual guidance, the patch electrode was
inserted vertically into the lamina II.
Whole-cell patch-clamp recordings were made from lamina II neurons with electrodes (5~10 MΩ) filled with an
internal solution containing (in mM): K-gluconate 120,
KCl 20, MgCl2 2, Na2ATP 2, NaGTP 0.5, HEPES 20, EGTA
0.5, and pH 7.2 adjusted with NaOH. Signals were amplified and filtered at 2 kHz and sampled at 5 kHz (Axopatch
200B). Spontaneous inhibitory postsynaptic currents
(sIPSCs) were recorded with cells being held at 0 mV. Each
recording was performed on a cell in a fresh slice without
prior application of any agonist or antagonist. Isolation of
GABAergic sIPACs was accomplished by including 2 µM
strychnine in the bath solution. Tonic inhibitory currents
were revealed following the application of 20 µM bicuculline for a period of 3 min. All compounds tested were
applied through the bath solution at a flow rate of 10 ml/
min. Analysis of sIPSCs, including threshold setting and
peak identification criteria, were performed according to a
method previously described [15]. Decay time constant
(τ) of sISPCs was analyzed using Clampfit 9 (Axon Instruments, Inc., Sunnyvale, CA, USA). sIPSC frequency,
amplitude, and average charge transfer (QsIPSCs, integrated

http://www.molecularpain.com/content/2/1/36

area under sIPSCs) were analyzed using Mini Analysis
Program (Synaptosft, Inc., Decatur, GA, USA). Charge
transfer (QPC) associated with sIPSCs in a given time (t)
was calculated using the equation QPC = f × QsIPSCs × t,
where f is the frequencies (Hz) of sIPSCs, QsIPSCs is the
average charge transfer per sIPSC during a 60-s baseline
recording, and t is the duration (60 s), respectively. The
charge transfer associated with tonic currents was calculated according to the equation: QTC = ITC × t, where QTC is
the charge transfer produced by tonic currents, ITC is the
current amplitude at steady-state, and t is time (60 s).
Unless otherwise indicated, data represent Mean ± SEM,
Student's t-tests were used for statistical comparison, and
significance was considered at the P < 0.05 level.

Results
Under our voltage-clamp condition with cells being held
at 0 mV, spontaneous inhibitory postsynaptic currents
(sIPSCs) recorded from lamina II neurons were outward
currents, and spontaneous excitatory postsynaptic currents (sEPSCs) were not detectable because the holding
potential of 0 mV is at the reversal potential for sEPSCs.
Phasic inhibitory activities (or sIPSCs) showed three
types, rapid, slow, and mixed types, based on the kinetics
of their decay phases. When these different types of sIPSCs
are integrated together, it yields an sIPSC that best fits into
a two-exponential equation (Figure 1A). Following the
application of 2 µM strychnine to block glycine receptors,
rapid type of sIPSCs disappeared but slow sIPSCs
remained. When bath solution contained 20 µM bicuculline but not strychnine, only rapid type of sIPSCs could be
observed (Figure 1A). All sIPSCs could be completely
blocked in the presence of both bicuculline (2 µM) and
strychnine (20 µM, not shown).
Application of 20 µM bicuculline not only inhibited slow
types of sIPSCs, but also caused a shift of baseline holding
current (Figure 1B). The shift of baseline hold currents
represents the presence of tonic inhibitory currents mediated by GABAA receptors [6]. The amplitudes of the tonic
inhibitory currents revealed by bicuculline were 8.4 ± 0.7
pA (n = 30, Figure 1D). After washing off bicuculline, hold
currents returned to the baseline levels.
Glycinergic inhibitory postsynaptic currents contributed
to phasic inhibitory activity in lamina II region, and application of glycine receptor antagonist strychnine (2 µM)
blocked glycinergic sIPSCs. However, there was no significant change of baseline holding currents following the
application 2 µM strychnine (Figure 1C). The baseline
holding currents were -0.3 ± 0.5 pA (n = 6) in lamina II,
not significantly different from the baseline noise level
(Figure 1D). These results suggested that glycine receptors
did not significantly account for the tonic inhibitory currents in dorsal horn lamina II neurons of adult mice.
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Figure 1 tonic inhibitory currents in lamina II neurons of adult mice
Revealing
Revealing tonic inhibitory currents in lamina II neurons of adult mice. A). Traces on the left side show sIPSCs
recorded in normal bath solution (control), following the applications of either 2 µM strychnine (Stry) or 20 µM bicuculline
(Bic). Traces on the right side are the average of 100 sIPSCs. τ is time constant for averaged trace. B). Sample trace (top panel)
shows the shift of baseline holding current following the application of 20 µM bicuculline. The lower traces show at an
expanded scale the baselines before and during bicuculline application as well after wash off bicuculline. C). Sample trace shows
that application of strychnine (2 µM) inhibited some sISPCs but did not affect baseline holding current. D). Bar graph shows
pooled results of baseline shift following the application of either 20 µM bicuculline (n = 30) or 2 µM strychnine (n = 6). Bicuculline or strychnine was applied for 3 min in each experiment.
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Total sIPSCs in the spinal cord dorsal horn included both
glycinergic and GABAergic inhibitory synaptic activity. We
isolated GABAA receptor-mediated sIPSCs from total sIPSCs by including 2 µM strychnine in bath solution. Under
this condition, glycine receptor-medicated sIPSCs were
completely abolished. We then applied 20 µM bicuculline
to reveal tonic currents, and we found that neurons receiving higher frequency of GABAergic synaptic inputs usually
had larger amplitudes of tonic inhibitory currents (Figure
3A), and neurons receiving lower frequency of GABAergic
synaptic inputs usually had smaller amplitudes of tonic
inhibitory currents (Figure 3B). There was a good linear
relationship between the amplitude of GABAergic tonic
inhibitory currents and the frequency of GABAergic IPSCs
(r = 0.8515, n = 14, Figure 3C).
Charge transfer through GABAA receptors is a measure of
inhibition for both phasic and tonic inhibitory currents.
We determined charge transfer carried by phasic inhibitory currents and by tonic inhibitory currents in a period
of 60 sec recording (Figure 4A). Charge transfer was 1.5 ±
0.31 pC (n = 44) for the total phasic currents mediated by
both GABAergic and glycinergic inhibitory postsynaptic
currents (Figure 4B). On the other hand, charge transfer
was 8.7 ± 0.89 pC (n = 44) for tonic inhibitory currents
mediated by GABAA receptors, and was about 6 times of
the total charge transfer mediated by both GABAergic and
glycinergic inhibitory postsynaptic currents (Figure 4B).

A

B

Tonic inhibitory currents (pA)

Amplitude of tonic inhibitory currents showed large variations among different recordings. One possible cause of
this variation might be due to the differences of resting
membrane potentials of these neurons. Therefore, we
measured resting membrane potentials of each recorded
neurons and plotted amplitudes of tonic inhibitory currents against resting membrane potentials of each recording. No relationship was found between tonic inhibitory
current amplitudes and resting membrane potentials (r =
0.27, n = 30, Figure 2A). We determined whether amplitude of tonic inhibitory currents were in proportional to
inhibitory synaptic inputs by plotting tonic inhibitory
current amplitude against sIPSC frequency. We also did
not find a strong association between the amplitudes of
tonic inhibitory currents and the frequency of total sIPSCs
(r = 0.5, n = 30, Figure 2B).
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Graph shows a plot of tonic inhibitory currents against membrane potentials for each recorded neuron (n = 30). B).
Graph shows a plot of tonic inhibitory current against sIPSC
frequency (n = 30). Tonic inhibitory currents were revealed
by the applications of 20 µM bicuculline. Both resting membrane potentials and sIPSCs were measured before the application of bicuculline.

Discussion
Using spinal cord slice preparations from adult mice, the
present study shows that tonic inhibitory currents are
present in lamina II of the dorsal horn and was solely
mediated by GABAA receptors, that the extent of tonic
inhibition is proportional to GABAergic inhibitory synaptic activity, and that tonic currents transfer charges substantially higher than phasic currents. The results provide

new information about inhibitory activities in a nociceptive processing region.
We have observed a large variation of the size of tonic
inhibitory currents. It has been suggested that ambient
GABA concentrations around the extrasynaptic domains
of neurons is a factor that determines the size of tonic
inhibitory currents. The concentrations of ambient GABA
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bath solution.
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trace shows bicuculline-induced baseline shift in a lamina II
neuron with high GABAergic inhibitory synaptic activity. B).
Sample trace shows bicuculline-induced baseline shift in
another lamina II neuron with low GABAergic inhibitory synaptic activity. C). Plot of GABAergic tonic inhibitory currents
against frequency of GABAergic sIPSCs (n = 14). Linear
regress coefficient (r) = 0.8515. All experiments were performed in the presence of 2 µM strychnine.

vary from tens of nanomolar to a few micromolar based
on in vivo microdialysis studies in the brain [16-19]. One
possible cause of the variation may be regional and temporal differences in GABAergic neuron activity. We have
shown that GABAergic sIPSC frequencies recorded in lamina II neurons have a big variation, and GABAeric sIPSC
frequency and tonic current size are correlated. It is very
likely that neurons with higher GABAergic sIPSC frequency have higher concentrations of ambient GABA
around them due to more frequent spillover of GABA
from inhibitory synapses. Therefore, these neurons have
larger-sized tonic inhibitory currents mediated by extrasynpatic GABAA receptors. This is consistent with previous

studies in cerebellar granule cells, which shows that ambient GABA concentration is maintained by action potential-dependent vesicular release and is responsible for
tonic GABAA receptor activation [1,7,20-23].
Although phasic inhibition is mediated by both GABAA
and glycine receptors in spinal cord lamina II of adult
mice, we did not observe any contribution of glycine
receptors to tonic inhibitory currents. The lack of glycine
receptor-mediated tonic inhibitory currents could be
mainly due to the lack of high affinity glycine receptor isoforms. Of different glycine receptor isoforms (α1β, α2β,
α3β) identified in the CNS, their EC50 values for glycine
were normally above 50 µM [24]. In contrast, extrasynaptic GABA receptors that contribute to tonic currents were
found to be high affinity isoforms (e.g. α6βxδ, α4βxδ and
α5βxγ2) with EC50 in nanomolar range [6].
The large charge transfer carried by GABAergic tonic
inhibitory currents shown in this study indicates a persistent increase in the input conductance of lamina II dorsal
horn neurons. The increase of input conductance in neurons can decrease the size and duration of the excitatory
postsynaptic potentials (EPSPs), and make neurons less
likely to generate action potentials. Indeed, tonic currents
have been shown to be a critical determinant that controls
neuron excitability in cerebellar granule cells [7-9]. In spinal cord lamina II, decreases of neuron excitability by
GABAergic tonic inhibitory current may be an important
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mechanism to control nociceptive inputs and to prevent
central hyper-sensitization.

http://www.molecularpain.com/content/2/1/36

19.

Competing interests
The author(s) declare that they have no competing interests.

20.

References

21.

1.
2.
3.

4.
5.
6.
7.

8.
9.
10.

11.

12.
13.

14.

15.

16.

17.
18.

Kaneda M, Farrant M, Cull-Candy SG: Whole-cell and singlechannel currents activated by GABA and glycine in granule
cells of the rat cerebellum. J Physiol (Lond) 1995, 485:419-435.
Nusser Z, Mody I: Selective modulation of tonic and phasic
inhibitions in dentate gyrus granule cells. J Neurophysiol 2002,
87:2624-28.
Porcello DM, Huntsman MM, Mihalek RM, Homanics GE, Huguenard
JR: Intact synaptic GABAergic inhibition and altered neurosteroid modulation of thalamic relay neurons in mice lacking
δ subunit. J Neurophysiol 2003, 89:1378-86.
Yamada J, Yamamoto S, Ueno S, Furukawa T, Fukuda A: GABAA
receptor-mediated tonic inhibition in rat somatosensory
cortex. FENS Forum Abstr 2004, 2:. A083.027.
Semyanov A, Walker MC, Kullmann DM: GABA uptake regulates
cortical excitability via cell type-specific tonic inhibition. Nat
Neurosci 2003, 6:484-90.
Farrant M, Nusser Z: Variations on an inhibitory theme: phasic
and tonic activation of GABAA receptors. Nat Rev Neurosci
2005, 6:215-29.
Brickley S, Cull-Candy S, Farrant M: Development of a tonic form
of synaptic inhibition in rat cerebellar granule cells resulting
from persistent activation of GABAA receptors. J Physiol
(Lond) 1996, 497:753-759.
Hamann M, Rossi DJ, Attwell D: Tonic and spillover inhibition of
granule cells control information flow through cerebellar
cortex. Neuron 2002, 33:625-33.
Chadderton P, Margrie TW, Hausser M: Integration of quanta in
cerebellar granule cells during sensory processing. Nature
2004, 428:856-60.
Caraiscos VB, Elliott EM, You-Ten KE, Cheng VY, Belelli D, Newell
JG, Jackson MF, Lambert JJ, Rosahl TW, Wafford KA, MacDonald JF,
Orser BA: Tonic inhibition in mouse hippocampal CA1
pyramidal neurons is mediated by α5 subunitcontaining γaminobutyric acid type A receptors. Proc Natl Acad Sci USA
2004, 101:3662-7.
Bai D, Zhu G, Pennefather P, Jackson MF, MacDonald JF, Orser BA:
Distinct functional and pharmacological properties of tonic
and quantal inhibitory postsynaptic currents mediated by γaminobutyric acidA receptors in hippocampal neurons. Mol
Pharmacol 2001, 59:814-824.
Yoshimura M, Jessell T: Amino acid-mediated EPSPs at primary
afferent synapses with substantia gelatinosa neurones in the
rat spinal cord. J Physiol 1990, 430:315-35.
Moore KA, Kohno T, Karchewski LA, Scholz J, Baba H, Woolf CJ:
Partial peripheral nerve injury promotes a selective loss of
GABAergic inhibition in the superficial dorsal horn of the
spinal cord. J Neurosci 2002, 22:6724-31.
Baba H, Ji RR, Kohno T, Moore KA, Ataka T, Wakai A, Okamoto M,
Woolf CJ: Removal of GABAergic inhibition facilitates polysynaptic A fiber-mediated excitatory transmission to the
superficial spinal dorsal horn. Mol Cell Neurosci 2003, 24:818-830.
Nakatsuka T, Chen M, Takeda D, King C, Ling J, Xing H, Ataka T,
Vierck C, Yezierski R, Gu JG: Substance P-driven feed-forward
inhibitory activity in the mammalian spinal cord. Mol Pain
2005, 1:20.
Lerma J, Herranz AS, Herreras O, Abraira V, Martin del Rio R: In vivo
determination of extracellular concentration of amino acids
in the rat hippocampus. A method based on brain dialysis
and computerized analysis. Brain Res 1986, 384:145-55.
Tossman U, Jonsson G, Ungerstedt U: Regional distribution and
extracellular levels of amino acids in rat central nervous system. Acta Physiol Scand 1986, 127:533-45.
Kennedy RT, Thompson JE, Vickroy TW: In vivo monitoring of
amino acids by direct sampling of brain extracellular fluid at

22.

23.
24.

ultralow flow rates and capillary electrophoresis. J Neurosci
Methods 2002, 114:39-49.
Xi ZX, Ramamoorthy S, Shen H, Lake R, Samuvel DJ, Kalivas PW:
GABA transmission in the nucleus accumbens is altered
after withdrawal from repeated cocaine. J Neurosci 2003,
23:3498-505.
Tia S, Wang JF, Kotchabhakdi N, Vicini S: Developmental changes
of inhibitory synaptic currents in cerebellar granule neurons:
role of GABAA receptor α6 subunit. J Neurosci 1996,
16:3630-40.
Wall MJ, Usowicz MM: Development of action potentialdependent and independent spontaneous GABAA receptormediated currents in granule cells of postnatal rat cerebellum. Eur J Neurosci 1997, 9:533-48.
Brickley SG, Cull-Candy SG, Farrant M: Vesicular release of
GABA contributes to both phasic and tonic inhibition of
granule cells in the cerebellum of mature mice. J Physiol
2003:547. P, C30.
Carta M, Mameli M, Valenzuela CF: Alcohol enhances GABAergic
transmission to cerebellar granule cells via an increase in
Golgi cell excitability. J Neurosci 2004, 24:3746-51.
Aguayo LG, van Zundert B, Tapia JC, Carrasco MA, Alvarez FJ:
Changes on the properties of glycine receptors during neuronal development. Brain Res Brain Res Rev 2004, 47:33-5.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 6 of 6
(page number not for citation purposes)

