L E TT E R T O T HE E D I TO R

Differential Control by 5-HT and 5-HT1A, 2A, 2C Receptors of
Phasic and Tonic GABAA Inhibition in the Visual Thalamus
Vincenzo Crunelli1,2 & Giuseppe Di Giovanni1,2
1 Neuroscience Division, School of Bioscience, Cardiff University, Cardiff, UK
2 Department of Physiology and Biochemistry, University of Malta, Msida, Malta

Correspondence
Professor Giuseppe Di Giovanni,
Department of Physiology and Biochemistry,
University of Malta,
Msida MSD 2080, Malta
and
Neuroscience Division, School of Biosciences,
Cardiff University,
Museum Avenue,
Cardiff CF10 3AX, UK.
Tel.: +356 23402776
Fax: +356 21310577
E-mails: giuseppe.digiovanni@um.edu.mt and
digiovannig@cardiff.ac.uk
Received 24 August 2015; revision 15
October 2015; accepted 16 October 2015
The copyright line for this article was
changed on 10 February 2016 after original
online publication.
doi: 10.1111/cns.12480

Thalamocortical (TC) neurons, including those of the dorsal lateral geniculate nucleus (dLGN), one of the visual sensory thalamic nuclei, exhibit two forms of GABAA receptor-mediated
inhibition: phasic or classical inhibitory postsynaptic currents
(IPSCs) generated by the activation of synaptic GABAA receptors
(sGABAAR) and tonic inhibition generated by extra- or perisynaptic GABAA receptors (eGABAAR) [1,2]. The source of GABA
mediating tonic inhibition mostly arises from spillover out of the
synaptic cleft, because tonic inhibition is blocked by TTX and
removal of extracellular Ca2+ in adult murine dLGN TC neurons
[3]. Therefore, modulation of vesicular GABA release may not
only affect phasic but also tonic inhibition [1,4]. Previous work in
the cat and rat dLGN has shown that several neurotransmitters,
including acetylcholine, serotonin (5-HT), dopamine, and norepinephrine can modulate vesicular GABA release from inhibitory
interneurons, resulting in changes in phasic inhibition (IPSC frequency), primarily through presynaptic modulation of GABA
release from dendro-dendritic synapses [5]. However, except for
dopamine in the somatosensory thalamus, the effect of these neurotransmitters on tonic GABAA inhibition in TC neurons has not
been examined. Here, we investigated whether 5-HT and its
5-HT1A, 5-HT2A and 5-HT2C receptors exert a control over tonic
and phasic GABAA currents in dLGN TC neurons. We used whole

cell patch clamp recordings in coronal slices (300 mm) containing
the dLGN from postnatal day 20–25 Wistar rats. Data analysis and
experimental procedures were similar to those previously
described [1,6] and in accordance with the Animals (Scientific
Procedures) Act 1986 (UK). Focal application of gabazine (GBZ,
100 mM) was used to reveal the presence of tonic GABAA current
(Figure 1). All serotonergic drugs were dissolved in the recording
solution, and their concentrations, co-administration, and effects
on phasic and tonic GABAA current are shown in Table 1 and Figure 1. We found that 5-HT enhances phasic GABAA inhibition
(i.e., spontaneous IPSCs), but has no action on tonic inhibition.
These effects are identical to those observed following 5-HT1A/7R
activation with 8-OH-DPAT. On the other hand, a-M-5-HT and
mCPP enhances and reduces, respectively, both phasic and tonic
GABAA inhibition. These effects are dependent on 5-HT2AR and
5-HT2CR activation, respectively, as they are blocked by co-perfusion with selective antagonists, ketanserin, and SB242084. Thus,
the lack of 5-HT modulation of tonic inhibition might be
explained by the counterbalance of co-activation of 5-HT2ARs and
5-HT2CRs by the endogenous ligand (Figure 1 and Table 1).
Our findings are in agreement with recent evidence in visual
cortex showing that 5-HT enhances phasic inhibition by activating
5-HT2ARs (via calcium/calmodulin-dependent protein kinase II,
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Figure 1 Serotoninergic modulation of phasic and tonic GABAA currents in TC neurons of the dLGN. The tonic GABAA current was measured as the
outward change in baseline current following focal (via a pipette) application of the GABAA antagonist gabazine (100 lM, GBZ, gray bar) (holding potential:
70 mV), as previously described (1). Baseline current was measured as the averaged 20 seconds current before GBZ application, while the shift in
baseline current was measured as the averaged 20 seconds current after GBZ application. Focal application of GBZ (100 lM) reveals different magnitude
of tonic GABAA current. Each 5-HTR ligand was applied in the recording solution, either alone or in combination, and only one TC neuron was recorded in
each slice. sIPSCs recorded in the different experimental conditions were collected before GBZ application and analyzed as previously described [6]. (A)
Representative current traces from different TC neurons obtained under control condition, and in continuing presence of 5-HT (50 lM, black box),
8-OH-DPAT (100 lM, blue box), a-M-5-HT (100 lM, red box), 100 lM a-M-5-HT and 10 lM ketanserin (gray box), 100 lM a-M-5-HT and 10 lM SB242084
(purple box), 50 lM mCPP (green box), and 50 lM mCPP and 10 lM SB242084 (yellow box). For each current recording (top traces), a representative
pre-GBZ period (2 seconds long, bottom traces) shows IPSCs elicited during different 5-HT drug treatments. Summary of the effects of the different 5-HT
ligands and their combinations on tonic current (B) and sIPSC frequency (C). *P < 0.05, **P < 0.01, ***P < 0.002 versus control group. ##P < 0.01 a-M-5HT + SB242084 versus a-M-5-HT. P < 0.01 mCPP and SB242084 versus mCPP. One-way ANOVA, Dunnett’s multiple comparison tests. 5-HT, serotonin;
8-OH-DPAT, ()-2-Dipropylamino-8-hydroxy-1,2,3,4-tetrahydronaphthalene; a-M-5-HT mCPP, meta-chlorophenylpiperazine. sIPCS, spontaneous inhibitory
postsynaptic current. SB 242084, 6-Chloro-2,3-dihydro-5-methyl-N-[6-[(2-methyl-3-pyridinyl)oxy]-3-pyridinyl]-1H-indole-1-carboxamide hydrochloride.

968

CNS Neuroscience & Therapeutics 21 (2015) 967–970

ª 2015 The Authors. CNS Neuroscience & Therapeutics published by John Wiley & Sons Ltd.

5-HT Modulation of Phasic and Tonic GABAA Currents

V. Crunelli and G. Di Giovanni

Table 1 Tonic and phasic GABAA inhibition in dLGN TC neurons under various experimental conditions

Experimental condition
Control (n = 22)
50 lM 5-HT (n = 5)
100 lM 8-OH-DPAT (n = 5) 5-HT1A/7 agonist
100 lM a-M-5-HT (n = 4) 5-HT2A and 5-HT2C agonist
100 lM a-M-5-HT and 10 lM Ketanserin (n = 6)
Ketanserin – 5-HT2A and 5-HT2C antagonist
100 lM a-M-5-HT and 10 lM SB242084 (n = 6)
SB 242084 – highly selective 5-HT2C antagonist
50 lM mCPP (n = 4) Preferential 5-HT2C agonist
50 lM mCPP and 10 lM SB242084 (n = 4)

Decay time
constant (sdecay, ms)

Peak amplitude (pA)
47.0
68.2
67.5
98.0
47.3







3.9
8.6*
3.4*
8.9*
9.6

5.6
7.0
9.0
4.6
6.5







0.4
1.1
1.5**
1.1
1.0

Charge transfer (fC)
207
211
157
139
140







35.5
126
75.6
30.3
51.5

Total current (pA)
1.2
4.8
3.4
3.5
1.6







0.3
0.7*
0.6*
1.1*
0.4

64.1  10.6*

5.9  1.1

164  167

3.4  0.9*

23.0  4.5*
27.6  2.8*

5.3  2.1
6.2  0.7*

147  80.2
209  21.0

0.4  0.2*
1.2  0.9

Populations of individual IPSCs in a cell were averaged as described previously [6]. Frequency (not listed Figure 1), peak amplitude, decay time constant (sdecay), and charge transfer of the IPSCs were measured under control condition and during drug application. Number of recorded neurons for
each condition is in parentheses. Data are expressed as mean  SD. Data were analyzed by one-way ANOVA (GraphPad Instat 3 software) followed by
post hoc analyses (Dunnett’s and Dunn’s multiple comparison tests) *P < 0.05, **P < 0.01 versus control group.

CaMKII) [7]. However, whereas in visual cortex 5-HT decreases
tonic inhibition via a 5-HT1AR-dependent suppression of protein
kinase A (PKA) activity) [7], we could not detect any effect on the
tonic current by 5-HT or 5-HT1A/7R activation in the dLGN.
Moreover, our study is in agreement with previous in vivo studies in which stimulation of the dorsal raphe nucleus decreased TC
neuron firing in the dLGN [8], suggesting 5-HT had an inhibitory
action. In contrast, however, in vitro intracellular recordings of ferret TC cells found that 5-HT is predominantly hyperpolarizing in
all thalamic nuclei tested except for the dLGN, medial geniculate
and in a subset of pulvinar neurons, in which depolarizing
responses were observed [9]. More recently, it has been shown
that in rats 5-HT excites all TC neurons in first-order thalamic
nuclei and most (85%) TC neurons in higher order nuclei, while
it hyperpolarizes the remaining cells [10]. Specifically in the rat
dLGN, 5-HT2CR activation with a-M-5-HT and the highly selective
ligand CP-809,101 produced depolarization of TC neurons shifting
their firing from bursts to tonic [11]. This would suggest that serotonin has a complex modulatory effect on thalamic nuclei which
appear to be nucleus-, 5-HTR subtype-, and 5-HTR synaptic localization-dependent. 5-HT1A/7 are present in the thalamus [12], and
whereas a strong 5-HT2CR immunoreactivity has been detected,
although not somatically, in dLGN TC neurons [13], 5-HT2AR
immunostaining did not reach detectable levels [11]. Interestingly, both 5-HT2AR and 5-HT2CR mRNA are expressed in the
dLGN GABAergic interneurons of young rats [14]. Therefore, it is
likely that the increase in sIPSC frequency that we observed in
our study may result from postsynaptic 5-HT2Rs on dendritic F2
terminals of dLGN interneurons, as previously shown [14].
Nevertheless, 5-HT1A/7R and 5-HT2A/2CRs might also be located
postsynaptically on TC neurons, and their activation may lead to
phosphorylation of different subunits of sGABAARs and eGABAARs acting to differentially modulate their function. The bind-

References
1. Errington AC, Di Giovanni G, Crunelli V, Cope DW.
mGluR control of interneuron output regulates

ing of 5-HT to 5-HT1A/7R and 5-HT2A/2CRs might activate multiple
signal transduction cascades, which ultimately activate different
protein kinases, such as PKA or protein kinase C (PKC) and differently regulate sGABAARs and eGABAARs, as indicated by our
results. On the other hand, the potential contribution of 5-HTRs
on retinal and cortical terminals can be ruled out as glutamatergic
function was blocked in our preparations through the addition of
kynurenic acid to the recording solution.
Overall, this study is the first to show a modulation of tonic
GABAA current by 5-HTRs in the thalamus and also to highlight
that phasic and tonic inhibition in the dLGN are modulated by
5-HT through different receptor subtypes, leading to a finely
tuned balance of sensory information processing in the dLGN. By
showing a differential modulation of phasic versus tonic GABAA
inhibition, our results demonstrate a novel mechanism by which
the ascending serotonergic afferents can control the thalamic gate
to the visual cortex in a behavioral state-dependent manner.
Moreover, because of the putative role for thalamic tonic GABAA
inhibition in sleep regulation and pathological oscillations, such
as those present in absence epilepsy, the opposing effects of
5-HT2ARs and 5-HT2CRs activation may provide suitable targets
for pharmacological intervention in sleep and other CNS
disorders.

Acknowledgments
Epilepsy Research UK (grant P1202 to VC and GDG), The Welcome Trust (grant 91882 to VC), and the Malta Council of Science
and Technology (grant R&I-2013-14 to GDG and VC).

Conflict of interest
The authors declare no conflict of interest.

3. Bright DP, Aller MI, Brickley SG. Synaptic release

feedforward tonic gaba(a) inhibition in the visual

generates a tonic GABA(A) receptor-mediated

thalamus. J Neurosci 2011;31:8669–8680.

conductance that modulates burst precision in thalamic

2. Errington AC, Di Giovanni G, Crunelli V, editors.
Extrasynaptic GABAA Receptors. New York, NY: Springer, 2014.

ª 2015 The Authors. CNS Neuroscience & Therapeutics published by John Wiley & Sons Ltd.

relay neurons. J Neurosci 2007;27:2560–2569.

CNS Neuroscience & Therapeutics 21 (2015) 967–970

969

5-HT Modulation of Phasic and Tonic GABAA Currents

V. Crunelli and G. Di Giovanni

8. Kayama Y, Shimada S, Hishikawa Y, Ogawa T. Effects of

4. Herd MB, Brown AR, Lambert JJ, Belelli D. Extrasynaptic

12. Chapin EM, Andrade R. A, 5-HT(7) receptor-mediated

GABA(A) receptors couple presynaptic activity to

stimulating the dorsal raphe nucleus of the rat on

depolarization in the anterodorsal thalamus. II.

postsynaptic inhibition in the somatosensory thalamus.

neuronal activity in the dorsal lateral geniculate nucleus.

Involvement of the hyperpolarization-activated current I

J Neurosci 2013;33:14850–14868.

Brain Res 1989;489:1–11.
9. Monckton JE, McCormick DA. Neuromodulatory role of

5. Cox CL, Sherman SM. Control of dendritic outputs of
inhibitory interneurons in the lateral geniculate nucleus.

serotonin in the ferret thalamus. J Neurophysiol

Neuron 2000;27:597–610.

2002;87:2124–2136.

6. Cope DW, Di Giovanni G, Fyson SJ, et al. Enhanced

10. Varela C, Sherman SM. Differences in response to

tonic GABAA inhibition in typical absence epilepsy. Nat

serotonergic activation between first and higher

Med 2009;15:1392–1398.

order thalamic nuclei. Cereb Cortex 2009;19:1776–1786.

7. Jang HJ, Cho KH, Joo K, Kim MJ, Rhie DJ. Differential

11. Coulon P, Kanyshkova T, Broicher T, et al. Activity

(h). J Pharmacol Exp Ther 2001;297:403–409.
13. Li QH, Nakadate K, Tanaka-Nakadate S, Nakatsuka D,
Cui YL, Watanabe Y. Unique expression patterns of 5HT2A and 5-HT2C receptors in the rat brain during
postnatal development: western blot and
immunohistochemical analyses. J Comp Neurol
2004;469:128–140.
14. Munsch T, Freichel M, Flockerzi V, Pape HC.

modulation of phasic and tonic inhibition underlies

modes in thalamocortical relay neurons are modulated by

Contribution of transient receptor potential channels to

serotonergic suppression of long-term potentiation in the

g(q)/g(11) family g-proteins – serotonergic and

the control of GABA release from dendrites. Proc Natl

rat visual cortex. Neuroscience 2015;301:351–362.

glutamatergic signaling. Front Cell Neurosci 2010;4:132.

Acad Sci USA 2003;100:16065–16070.

970

CNS Neuroscience & Therapeutics 21 (2015) 967–970

ª 2015 The Authors. CNS Neuroscience & Therapeutics published by John Wiley & Sons Ltd.

