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Abstract

It has been conclusively demonstrated in juvenile rodents that the inhibitory neurons of the
nucleus reticularis thalami (NRT) communicate with each other via connexin 36 (Cx36)-based
electrical synapses. However, whether functional electrical synapses persist into adulthood is not
fully known. Here we show that in the presence of the metabotropic glutamate receptor (mGIuR)
agonists, frans-ACPD (100 uM) or DHPG (100 nM), 15% of neurons in slices of the adult cat
NRT maintained /n vitro exhibit stereotypical spikelets with several properties that indicate that
they reflect action potentials that have been communicated through an electrical synapse. In
particular, these spikelets, i) display a conserved all-or-nothing waveform with a pronounced
after-hyperpolarization (AHP), ii) exhibit an amplitude and time to peak that are unaffected by
changes in membrane potential, iii) always occur rhythmically with the precise frequency
increasing with depolarization, and iv) are resistant to blockers of conventional, fast chemical
synaptic transmission. Thus, these results indicate that functional electrical synapses in the NRT
persist into adulthood where they are likely to serve as an effective synchronizing mechanism for
the wide variety of physiological and pathological rhythmic activities displayed by this nucleus.
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INTRODUCTION

The nucleus reticularis thalami (NRT) is a thin sheet of GABAergic neurons which
surrounds the dorsal thalamus. This nucleus densely innervates neighbouring thalamic relay
nuclei (Uhlrich et al., 1991) and has long been recognised as a key component in bringing
about neuronal synchrony during both normal sleep rhythms (Steriade et al., 1985; Steriade
etal., 1987; Steriade et al., 1993; von Krosigk et al., 1993; Bal et al., 1995; Crunelli et al.,
2005; Fuentealba and Steriade, 2005; Steriade, 2005; Blethyn et al., 2006) and some types of
epileptic discharges (von Krosigk et al., 1993; Bal et al., 1995; Steriade and Contreras, 1995;
Huntsman et al., 1999; Sohal et al., 2000; Slaght et al., 2002). Recently, it has been shown in
juvenile rodents that NRT neurons communicate with each other via electrical synapses
(Landisman et al., 2002; Long et al., 2004; Landisman and Connors, 2005; Deleuze and
Huguenard, 2006; Lam et al., 2006). These electrical synapses provide an effective means
for closely situated cells to synchronize their firing (Landisman et al., 2002; Long et al.,
2004; Landisman and Connors, 2005). In turn, this is postulated as a key mechanism by
which the NRT can provide coherent rhythmic output to thalamocortical (TC) relay neurons
(Long et al., 2004; Hughes and Crunelli, 2005; Deleuze and Huguenard, 2006).
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Electrical synapses in the NRT are based on gap junctions (GJs) derived from connexin 36
(Cx36) (Landisman et al., 2002). As both /n situ hybridization and immunolabelling studies
indicate that Cx36 declines sharply after the second week of postnatal life (Belluardo et al.,
2000; Condorelli et al., 2000; Liu and Jones, 2003), and because electrical synapses in the
NRT have so far only be demonstrated in immature rodents (Landisman et al., 2002; Long et
al., 2004; Landisman and Connors, 2005; Deleuze and Huguenard, 2006; Lam et al., 2006),
an important issue is determining whether functional electrical synapses are present in the
mature NRT. /n7 vivo data from Mircea Steriade's laboratory obtained in adult cats strongly
suggest that this is the case because intracellular recordings from NRT neurons in these
animals commonly exhibit so-called spikelets (Amzica et al., 1992; Contreras et al., 1992, ,
1993; Steriade et al., 1993; Fuentealba et al., 2004). Spikelets are small, stereotypical
subthreshold depolarizing potentials that differ considerably to conventional excitatory
postsynaptic potentials (EPSPs) and which, in many neuronal types, including the immature
NRT (Landisman et al., 2002; Long et al., 2004), have been shown to represent action
potentials that have been transmitted through an electrical synapse (Logan et al., 1996;
Galarreta and Hestrin, 1999; Gibson et al., 1999; Venance et al., 2000).

In this paper, we report the presence of spikelets in neurons of the adult cat NRT maintained
in vitro. These spikelets become apparent in a subset of neurons following activation of
mGIuRs with either #rans-ACPD or DHPG and possess a number of properties which
strongly indicate that they represent attenuated action potentials from a distinct, electrically
coupled NRT neuron. Most notably, we show that spikelets, i) are insensitive to blockers of
fast chemical synaptic transmission, ii) possess a conserved all-or-nothing waveform that is
followed by a marked after-hyperpolarization (AHP) and which is identical to that which is
generated by the passage of action potentials through electrical synapses in the NRT of
young rats (Landisman et al., 2002; Long et al., 2004), iii) exhibit an amplitude and time to
peak that are not affected by changes in membrane polarization, and iv) always occur
rhythmically with the inter-spikelet frequency increasing with depolarization. Thus, these
results indicate that electrical synapses are integral component of the mature NRT where
they are likely to operate as a key synchronizing mechanism for a range of both normal
(Steriade et al., 1993; Steriade, 2005; Blethyn et al., 2006) and pathological (Steriade and
Contreras, 1995; Slaght et al., 2002; Gareri et al., 2005; Steriade, 2005; Proulx et al., 2006)
rhythms.

OBJECTIVE

To examine and discuss the properties of spikelets in intracellular recordings of neurons
from the adult cat NRT /n vitro.

METHODS

Experiments were carried out in accordance with local ethical committee guidelines and the
U.K. Animals (Scientific Procedure) Act, 1986. All efforts were made to minimize the
suffering and number of animals used in each experiment.

In vitro slice preparation and maintenance

Young adult cats (1-1.5 kg) were deeply anaesthetized with a mixture of O, and NO5 (2:1)
and 2.5-5% halothane, a wide craniotomy performed and the brain removed. Sagittal slices
(450-500 pm) of the thalamus containing either the lateral geniculate nucleus (LGN),
ventrolateral (VL) nucleus or ventrobasal (VB) nuclei and the associated sectors of the NRT,
i.e. perigeniculate nucleus (PGN), peri-VL sector or peri-VB sector respectively, were
prepared and maintained as described previously (Blethyn et al., 2006). For recording, slices
were perfused with a warmed (35x1 °C) continuously oxygenated (95% O,, 5% CO»)
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artificial cerebrospinal fluid (ACSF) containing (mM): NaCl (134); KCI (2); KH,PO4
(1.25); MgSOy4 (1); CaCl, (2); NaHCOg3 (16); glucose (10). All drugs were dissolved
directly in ACSF. The following drugs were all obtained from Tocris-Cookson (UK): DL-2-
amino-5-phosphonovaleric acid (APV), [S-(R*,R*)]-[3-[[1-(3,4-
dichlorophenyl)ethyl]lamino]-2-hydroxypropyl](cyclohexylmethyl) phosphinic acid
(CGP54626), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), (S)-3,5-
dihydroxyphenylglycine (DHPG), 6-1mino-3-(4-methoxyphenyl)-1(6 H)-pyridazine butanoic
acid hydrobromide (SR95531), (+/-)-1-aminocyclopentane-trans-1,3-dicarboxylic acid
(trans-ACPD),

In vitro electrophysiology

RESULTS

Intracellular recordings, using the current clamp technique, were performed with standard or
thin wall glass microelectrodes filled with 1M potassium acetate (resistance: 80-120 MQ and
30-60 MQ respectively), and in some cases 2% biocytin or neurobiotin, and connected to an
Axoclamp-2A amplifier (Axon Instruments, Foster City, USA) operating in bridge mode.
Impaled cells were identified as NRT neurons using established electrophysiological and
morphological criteria (Steriade et al., 1985; Mulle et al., 1986; Uhlrich et al., 1991; Bal and
McCormick, 1993; Contreras et al., 1993; Blethyn et al., 2006). In slices where neurons had
been filled with biocytin or neurobiotin, visualization of the dye was performed as described
previously (Hughes et al., 2002; Hughes et al., 2004). Voltage and current records were
stored on a Biologic DAT recorder (IntraCel, Royston, UK) and later analyzed using
Clampfit (Axon Instruments). The properties of individual spikelets were assessed according
to the details given in Figure 1. The numbers given in parentheses refer to the number of
neurons. Typically the properties of 5-10 spikelets were assessed in each neuron. Statistical
significance was determined using Student's t-test. All quantitative results are reported in the
text as mean £ s.e.m.

A subset of neurons in slices of the adult cat NRT exhibit stereotypical spikelets

Following the application of either the non-specific Group I/1l metabotropic glutamate
receptor (mGIuR) agonist, frans-ACPD (100 M), or the Group | mGIuR agonist, DHPG
(100 wM), a subset of NRT neurons (#rans-ACPD: n=7 of 47, 15%; DHPG: n=1 of 6; 17%;
overall: n=8 of 53, 15%) recorded intracellularly /n vitro exhibited stereotypical, short
duration depolarizing events or spikelets (duration: 3.18 = 0.22 ms; n=8) (Fig. 2A). All NRT
neurons that displayed spikelets possessed electrophysiological properties that were
otherwise typical for this cell type including a robust, low-threshold calcium potential
(LTCP)-mediated rebound burst comprising a characteristic accelerating-decelerating action
potential pattern (Fig. 2A,4). Both within the same NRT neuron and between different NRT
neurons, spikelets exhibited a highly conserved, all-or-nothing waveform that was
characterised by a fast time to peak (time to peak: 0.78 £ 0.03 ms; amplitude: 1.9 £ 0.2 mV
n=8) that was followed by a slower decay (tgecay: 1.30 + 0.15 ms; n=8) and then a
pronounced afterhyperpolarization (AHP) (amplitude: 2.1 + 0.2 mV; n=8) (Fig. 2B).
Spikelets were resistant to a combination of blockers of fast chemical synaptic transmission
(20 .M CNQX, AMPA/kainate receptor antagonist; 100 .M APV, NMDA receptor
antagonist; 10 uM SR95531, GABAA, receptor antagonists; 20 uM CGP54626, GABAg
receptor antagonist; n=4) (Fig. 2) indicating that they do not represent conventional EPSPs
or a combination of EPSPs and IPSPs.

Voltage-dependence of spikelets in NRT neurons and entrainment of action potentials

In all NRT neurons, spikelets occurred in a rhythmic manner (Figs. 2A and 3) with the
precise interspikelet frequency increasing linearly with depolarization (Fig. 3B1). At certain

Thalamus Relat Syst. Author manuscript; available in PMC 2008 August 13.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Blethyn et al.

Page 4

levels of steady depolarization spikelets appeared to entrain action potentials (Fig. 3C»),
whereas upon additional depolarization the two types of events seemed to coalesce (Fig.
3C3). However, in the latter case, close scrutiny revealed that an independent spikelet and
action potential could still be discriminated with the spikelet tending to occur just before the
action potential (Fig. 3C3). Spikelets were always abolished by sufficiently large
hyperpolarization (not illustrated). Neither the time to peak nor the amplitude of spikelets
was affected by changes in membrane polarization (Fig. 3A, 3By).

Lack of dye coupling in the NRT and comparison of spikelets between NRT and TC

neurons

We have previously shown that similar stereotypical spikelets to those described here are
also present following mGIuR activation in a subset (~20%) of thalamocortical (TC)
neurons of the cat lateral geniculate nucleus (LGN) (Fig. 4A) (Hughes et al., 2002; Hughes
et al., 2004). In LGN TC neurons, spikelets are often accompanied by dye coupling
indicating that they represent action potentials which have been transmitted from distinct
cells via an electrical synapse (Fig. 4B). Interestingly, dye coupling was never observed for
NRT neurons regardless of whether cells exhibited spikelets or not (n=30) (Fig. 4B). There
were also clear differences in the properties of spikelets between the two cell types. NRT
neurons exhibited a significantly shorter time to peak (p<0.001), duration (p<0.001) and
decay time constant (i.e. tgecay) (P<0.05) and a significantly larger AHP amplitude
(p<0.001) (Fig. 4C and Table 1; see also Fig. 1). With respect to this it was interesting to
note that the duration of action potentials in NRT neurons was also significantly shorter than
in TC neurons (p<0.001) and that NRT neurons exhibited a considerably larger and slower
action potential AHP (p<0.01) (Fig. 4C and Table 1).

CONCLUSION

This study shows that in the presence of either of the mGIuR agonists, frans-ACPD or
DHPG, 15% of neurons in the adult cat NRT maintained /7 vitro exhibit stereotypical, all-
or-nothing depolarizing events or spikelets.

DISCUSSION

Several lines of evidence suggest that the spikelets observed in this study result from the
passage of action potentials from distinct cells through an electrical synapse. First, they
exhibit a highly conserved waveform which is identical to that which unambiguously results
from action potential transfer through electrical synapses in the NRT of young rodents
(Landisman et al., 2002; Long et al., 2004). Second, this waveform possesses a pronounced
AHP which probably reflects the transmission of the large AHP that typically occurs
following action potentials in NRT neurons. The relatively large amplitude of this event is
likely to be due to the facilitated transfer of slower potentials by the low-pass filtering
characteristics of electrical synapses. Third, spikelets always occurred rhythmically which
parallels the manner in which NRT neurons spontaneously generate action potentials
following mGIuR activation (Blethyn et al., 2006). Fourth, spikelets in NRT neurons were
resistant to a combination of antagonists of conventional synaptic transmission indicating
that they are neither EPSPs nor a mixture or EPSPs and IPSPs. Finally, because the time to
peak and amplitude of spikelets is not significantly affected by membrane polarization it is
unlikely that they are generated by intrinsic subthreshold voltage-dependent conductances
(e.g. high-voltage-activated Ca2* channels) as these would be expected to generate events
with kinetics and amplitude that show clear voltage-dependence.
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Prevalence and extent of electrical coupling in the NRT

Spikelets were only observed in this study in the presence of mGIuR agonists. This is almost
certainly because in vitro these agonists usually depolarize NRT neurons from a state of
hyperpolarized quiescence to one where they exhibit spontaneous tonic firing (Blethyn et al.,
2006). Consequently, this spontaneous firing is then evident in electrically coupled cells as
spikelets. According to this scheme, electrical synapses in our study will only have been
detected if the cell from which we are recording was coupled to one which is firing
spontaneously. Because spontaneous firing may not be present in all NRT neurons following
mGIuR activation (Cox and Sherman, 1999), it is likely that many more than the 15% of
neurons in which we observed spikelets expressed electrical synapses. Indeed, previous
investigations indicate that electrical coupling prevalence in the NRT is considerably higher
(between 17% and 47%) (Landisman et al., 2002; Long et al., 2004; Deleuze and
Huguenard, 2006; Lam et al., 2006). If we further consider that activation of mGIuRs in
NRT neurons can lead to a long-term reduction in electrical coupling strength (Landisman
and Connors, 2005), it is possible that our results may also under-represent the strength of
electrical synapses in this nucleus. Of course, it should be noted that previous estimates of
coupling prevalence and the demonstration of mGluR-induced suppression of coupling
strength derive from experiments in the immature NRT. Nevertheless, it is still likely that
more than 15% of adult neurons express electrical synapses and it is important to recognise
that these electrical synapses may also be dynamic entities in mature animals (Hughes and
Crunelli, 2005)

Since it was possible in this study to affect the frequency of spikelets by varying the amount
of injected steady current it appears that, in similarity to TC neurons (Hughes et al., 2002;
Hughes et al., 2004) but in contrast to many other brain areas (Llinas and Yarom, 1981),
NRT neurons are not densely interconnected by electrical synapses. This is consistent with
that found by Long et al. (2004) who used paired whole cell recordings to show that NRT
neurons tend to be coupled in small clusters. One way in which the extent of electrical
coupling can be gauged independently of electrophysiological properties is by assessing the
prevalence and extent of dye coupling. For example, a considerable proportion TC neurons
are dye coupled, usually to between 1 and 3 other cells, with this proportion substantially
exceeding the quantity that exhibit spikelets (37% vs19%) (Hughes et al., 2002; Hughes et
al., 2004). However, none of the NRT neurons examined in this study exhibited dye
coupling. Whilst this lack of dye coupling may seem surprising, a similar situation was also
noted for the immature NRT (Landisman et al., 2002) and it seems to be a curious but
common finding for other inhibitory neuron networks which are coupled by Cx36-based
electrical synapses (Galarreta and Hestrin, 1999; Gibson et al., 1999; Galarreta and Hestrin,
2001).

Functional consequences of electrical synapses in the NRT

Stereotypical subthreshold depolarizing events resembling spikelets have also been observed
in the NRT of adults cats recorded intracellularly /n vivo (Amzica et al., 1992; Contreras et
al., 1992, , 1993; Steriade et al., 1993; Fuentealba et al., 2004). Given the similarity of these
events to those observed /in vitro, and because they are strongly suppressed by halothane
(Fuentealba et al., 2004), a putative GJ blocker, it has been suggested that they also reflect
operational electrical synapses. Within this context, electrical synapses have been suggested
to play an important role in bringing about neuronal synchronization during 7-14 Hz spindle
oscillations (Fuentealba et al., 2004). This proposal is consistent with /n vitro studies
showing that the combination of intrinsic properties of NRT neurons and electrical coupling
leads to synchronized oscillations at ~10 Hz (Long et al., 2004). It is also conceivable that
electrical coupling may promote synchrony for other types of oscillations in the NRT, most
notably the slow (<1 Hz) sleep oscillation (Crunelli et al., 2005; Blethyn et al., 2006). In
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terms of pathological rhythmic activity, recent /n vivo work has indicated that electrical
synapses in the adult NRT, as well as other thalamic regions, might also be involved in the
generation of both typical (Slaght et al., 2002; Gareri et al., 2005) and atypical absence
paroxysms (Proulx et al., 2006).

Concluding remarks

Several recent investigations have demonstrated the presence of electrical synapses in NRT
neurons from immature rodents (up to 21 days) (Landisman et al., 2002; Long et al., 2004;
Landisman and Connors, 2005; Deleuze and Huguenard, 2006; Lam et al., 2006) which are
formed by Cx36 (Landisman et al., 2002). However, in situ hybridization and
immunolabelling studies indicate that Cx36 peaks during the first two weeks of postnatal life
and then declines sharply (Belluardo et al., 2000; Condorelli et al., 2000; Liu and Jones,
2003). These points clearly raise questions regarding whether functional electrical synapses
persist into adulthood. Here we have shown the presence of stereotypical spikelets in
neurons from the mature cat NRT recorded /7 vitro which are identical to those that result
from electrical synapses in young rodents. Thus, electrical synapses appear to be a species-
independent component of the mature NRT where they are likely to play a central role in
both physiological and pathological neuronal synchronization.
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Figure 1. Explanation of spikelet parameters

A. Example of spikelets recorded intracellularly from the adult cat NRT. The frequency of
spikelets is taken as the reciprocal of the interspikelet period, i.e. the time between
successive events. The sections marked B and C are enlarged below and illustrate the
parameters used for assessing the fast depolarizing phase of the spikelet and the spikelet
AHP, respectively.
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Figure 2. Basic manifestation of spikeletsin NRT neurons

A. Intracellular recording from the adult cat NRT /n vitro exhibiting spikelets (1). The
sections marked 2 and 3 are expanded below and illustrate the conserved, rhythmic and
stereotypical nature of spikelets. The trace on the far right shows the presence of a robust
LTCP-mediated burst of action potentials following release from hyperpolarization. B.
Enlarged spikelet (1) and action potential (2). Note the pronounced AHP that follows both
the spikelet and action potential. The overlay of the spikelet and action potential on the far
right (3) reveals that the spikelet has a slightly longer time to peak and a substantially slower
decay time. CNQX, APV, SR95531 and CGP54626 were present in the recording medium
during this experiment (concentrations given in the results).
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Figure 3. Dependence of spikelet properties on membrane polarization and the interaction of
spikeletswith action potentials

A. Effect of varying membrane potential through the injection of steady d.c. current on the
generation of spikelets in an NRT neuron. B. Plots showing the variation in the frequency of
spikelets with respect to injected steady current (1) and the relationships between spikelet
amplitude and injected current and between the time to peak of spikelets and injected current
(2). C. Recording of an NRT neuron at various levels of injected steady current showing the
presence of both spikelets and action potentials. The sections marked 1, 2 and 3 are
expanded below. At sufficiently hyperpolarized membrane potentials, spikelets occur in
isolation (1), whereas upon depolarization spikelets can trigger full blown action potentials
(2). After further depolarization the two events seem to coalesce (3). However, enlargement
of one of the action potentials (indicated by the asterisk) from this period (far right) reveals
the presence of both the action potential and the spikelet. An isolated spikelet from the same
neuron is shown below for comparative purposes.
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Figure 4. Comparison of spikeletsin TC and NRT neurons

A. Spikelets from an LGN TC neuron (left) and NRT neuron (right). B. TC neurons in the
LGN commonly exhibit dye coupling (example shown on the left) whereas NRT neurons
never do (see right). C, left. Overlay of a typical spikelet from a TC neuron (red trace) with
a characteristic spikelet from an NRT neuron (black trace). Note the slower decay of the TC
neuron spikelet and the larger AHP following the NRT neuron spikelet (see Table 1). These
properties are consistent with the action potentials displayed by these two cell types (right).
Action potentials from NRT neurons (black trace) are faster than those from TC neurons
(red trace) and exhibit a substantially larger AHP (see Table 1).
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