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Abstract

Following certain patterns of electrical activity the strength of conventional chemical synapsesin
many areas of the mammalian brain can be subject to long-term modifications. Such modifications
have been extensively characterised and are hypothesised to form the basis of learning and
memory. A recent study in Sciencenow shows that activity-dependent long-term modifications
may also occur in the strength of mammalian electrical synapses. This raises the enticing
possibility that electrical synapses might also contribute to neural plasticity and challenges the
notion that in the mammalian CNS they are a simple mechanism for *hardwiring’ discrete
neuronal populations.
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Introduction

A longstanding challenge of neuroscience research is to understand the neural basis of
learning and memory and to identify the mechanisms which allow the brain to adapt in
response to different types of experience. For along time, neuroscientists had proposed that
such mechanisms would most likely involve modifications in the strength of chemical
synapses. The discovery of long term potentiation (LTP) just over 30 years ago gave this
idea a sound molecular/cellular basis[1, 2], and LTP has since emerged as the prime
candidate mechanism for explaining experience-dependent plasticity and certain types of
memory [3]. LTP refers to the sustained strengthening of a chemical synapse following a
brief tetanic stimulation of afferent pathways and occurs in numerous brain areas and by
various mechanisms. It was later discovered that following a different stimulation protocol
theinverse of LTP, i.e. long-term depression (LTD), can occur [4-6].

Recently, there has been an explosion of interest in adifferent type of synapsein the
mammalian brain: the electrical synapse. Electrical synapses are formed by the direct
connection of neurons via gap junctions (GJs) which are specialized cell-to-cell contacts
consisting of acollection of intercellular channels [reviewed in 7-11]. These channels
provide electrical and chemical continuity by allowing the ‘passive’ diffusion of ions and
low molecular weight proteins. Each channel is composed of two hemichannels, or
connexons, each of which is comprised of six connexins. Although electrical synapses have
been widely investigated in invertebrates, their precise distribution and key physiological
significance in the mammalian CNS are only now starting to be fully appreciated [7-11].
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The apparent ‘passive’ nature of electrical synapses has led many to assume that they
represent a means to hardwire discrete neuronal populations within the CNS. However, it is
well known that in both invertebrates and non-mammalian vertebrates they can be subject to
long-term modulation through a variety of pathways. For example, in the goldfish, high-
frequency stimulation of eighth nerve fibers can lead to along-term strengthening of the
electrical synapse onto the Mauthner cell dendrite, which shares several features with LTP at
chemical synapses[12]. Furthermore, if the stimulation protocol is appropriately atered, this
electrical synapse can also be subject to an equivalent form of LTD [13]. A recent study by
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Landisman and Connors now reveals that long-term modulation of electrical synapses also
occurs in the mammalian brain [14]. Writing in Sciencethey describe how activation of
metabotropic glutamate receptors (mGIuRS) on neurons in the nucleus reticularis thalami
(NRT) leads to a sustained reduction of the coupling strength between cells linked by
electrical synapses (Figure 1). Although thisis not the first indication that modulation of
electrical synapses occursin the mammalian CNS [see for example 15-20], it is significant
for three reasons. First, it is based on direct electrical recordings of coupling strength.
Second, it isinduced by endogenous neurotransmitter rel ease following stimulation of
incoming fibres. Third, it is associated with measurable changes in neuronal population
activity, i.e. modification of synchrony between rhythmically firing neurons. Thus, aswith
LTPand LTD at chemical synapses, this study shows that under certain conditions, afferent
stimulation leads to persistent changesin the strength of mammalian electrical synapses, in
this case a reduction of coupling strength.

Real vs apparent changes in electrical synapses

In order to argue that mGIuUR activation modulates electrical synapses, Landisman and
Connors [14] make use of visualized whole-cell patch-clamp recordings from pairs of
electrically coupled NRT neuronsin rat brain slices. Using this technique a consi stent
voltage transient can be elicited at will in one of these neurons whilst scrutinizing the
amplitude of the response in its partner neuron (Figure 1). A change in thisamplitude is
taken to signify a modulation of the electrical synapse between the two cells. Thisleads to
an obvious question: how do we know that the change in the response amplitude is truly
related to a modulation of the electrical synapse (i.e. the intercellular channels) rather than
simply due to changes in the electrical properties of one or both of the individual neurons?
The main concern is that mGIuR activation might persistently alter the passive or active
membrane properties of the neurons, and that it is this that affects the transmission of the
electrical signal from one neuron to the other. The authors address this issue as follows.
First, whilst the apparent input resistance (Ry) of NRT neuronsis certainly affected by
transient mMGIUR activation in an immediate sense, this change is not sustained with any
statistical significance, whereas the decrease in coupling strength is. This suggests that
passive membrane properties are not persistently altered. Second, because the authors use an
estimate of coupling conductance which takes into account any changesin Ry, it is assumed
that alterations in passive cell properties would only be meaningful if, i) they occur
persistently in dendritic compartments, and ii) the neuron pairs under investigation are
coupled at dendritic sites. If this were the case, then we would need to ask how voltage
signals are attenuated during dendritic propagation in electrically non-compact NRT
neurons, and also consider if mGluR-activation causes any long-lasting changes in the active
properties of their dendrites. To avoid this complication the study is limited to pairs of
neurons, the somata of which appear in close contact or within 5um of each other. Of
course, it is still possible that these NRT neurons are coupled at sites which are remote from
the somaand so aclear issue for the future is determining their precise points of contact [see
21].

Future directions

Like all exciting discoveries, the persistent modulation of electrical synapses shown by
Landisman and Connors [14] poses many additional questions. In thefirst instance, is it
restricted to the NRT of immature (postnatal day 12 to 15) rats or isit also present in adults,
in other brain areas and in other species. /n stuhybridization and immunolabelling studies
indicate that connexin 36 (Cx36), the connexin that is responsible for forming GJsin the rat
NRT [22], peaks during the first two weeks of postnatal life and then sharply declines[21,
23, 24]. However, it is still present in mature animals and there is certainly evidence of
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electrical coupling between NRT neurons in the adult cat [25; unpublished observations].
Thus, it islikely that Cx36-based electrical synapses between NRT neurons are present in
various species and into adulthood, but determining whether they can be subject to long-
term modulation requires further detailed experimentation.

Since Cx36 is one of the major connexins expressed in other neurons of the mammalian
CNS, itislikely that their electrical synapses could also be subject to persistent
modification. Indeed, since many Cx36-expressing neuron types al so possess postsynaptic
mMGIuRs [e.g. 26], it might be surprising if this were not the case. More generally, it is
interesting to speculate whether mammalian electrical synapses which putatively involve
other members of the connexin and pannexin families, in particular Cx45 [10], Cx47 [27],
Cx57 [10] and pannexinl and 2 [28], might undergo long-term modulation following
appropriate physiological stimuli. Most connexins possess multiple phosphorylation sites
[29], and it has been shown for Cx43, awell-characterized connexin that is prevalent in glial
cells, that several kinases can lead to phosphorylation and, consequently, changesin GJ
communication [30]. This further hints at the possibility that other neurotransmitters that
target G-protein coupled receptors can also elicit alterations in the coupling strength of
electrical synapses. Indeed, perhaps this would not be particularly surprising given the
known inhibitory effects of neurotransmitters such as dopamine, serotonin, noradrenaline
and nitric oxide on tracer-coupling in the developing neocortex [15-18] and other brain
regions[e.g. 19, 20].

In order to fully dissect the specific signal transduction mechanismsinvolved in electrical
synapse modification in the NRT [14] it isimperative to know which subtypes of mGluRs
are involved. The synaptically-induced modifications reported by Landisman and Connors
[14] are mimicked by the non-specific Group I/Il mGIuR agonist, transACPD, and
prevented by the broad spectrum mGIuR antagonist, MCPG. However, NRT neurons
express both functional postsynaptic Group | and Group Il mGluRs [31] (Figure 2). Work on
various forms of LTD at chemical synapsesin the CNS commonly supports a central role for
Group | receptors [e.g. 32-35]. As such, we might assume that these are al so responsible for
initiating the modulation of electrical synapses. We can then speculate on which signalling
molecules are central to thistask (Figure 2). Group | mGluRs are preferentially coupled to
phospholipase C (PLC) and so we might expect akey role for protein kinase C (PKC) [30,
36] and/or Ca?* [37]. However, these receptors are also believed to couple positively to
adenylyl cyclase (AC) [reviewed in 38], and have been linked to arachidonic acid (AA)
formation, presumably through activation of phospholipase A2 activity [39]. The AC link
might be important because hemi-channels formed in Xenopus oocytes by Cx35, the fish
ortholog of Cx36, are inhibited by protein kinase A (PKA)-dependent phosphorylation [40],
whereas AA isawell-known inhibitor of GJfunction [reviewed in 41]. Alternatively, a
reduction in electrical coupling may occur through additional pathways, asfor LTD at
certain types of chemical synapses [42, 43], or involve a postsynaptic activation of group Il
MGIuRs [44, 45] and, possibly, a negative modulation of cyclic AMP (cCAMP) and PKA.
With the extensive armoury of pharmacological tools and knockout mice available, a
detailed picture of the intracellular events that lead to electrical synapse modification should
be easily obtainable and a priority for future work. It will also be important to determine
exactly how coupling strength is reduced in terms of the properties of the electrical synapse
itself. For example, does this occur through a decrease in the number of intercellular
channels viainternalization, areduction in single channel conductance or through some
other process [see 46].

As noted above, the reduction in electrical synapse strength by mGluRsisrelated to a
measurable decrease in the amplitude of electrical coupling potentials and neuronal
synchrony [14]. Intriguingly, however, mGluR activation has been widely used as atool for
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studying the functional relevance of electrical coupling between mammalian neurons [26,
47, 48], including those in the NRT [49]. Thisis because stimulation of these receptors
commonly leads to depolarization of the neuronal population and, consequently, the
instigation of spontaneous and continuous firing. The ability of electrical synapsesto
synchronize this firing within the population can then be easily examined. Could it therefore
be that the degree of GJ-dependent synchrony observed in the presence of mGIuR activation
in other brain areas has been underestimated, asis the case in the NRT? With respect to this,
it will beimportant in the future to determine the effect of different intensities and durations
of tetanic stimulation or agonist concentration on electrical coupling strength as this will
provide a clearer picture on the precise relationship between electrical synapse modification
and mGIuR activation. In particular, we would like to know in more detail exactly which
types of stimulation lead to a reduction of coupling strength and which do not, so that these
can be related to the different patterns of physiological and pathological activity that occur
in afferent pathways.

Finally, how long does the reduction in coupling strength really last? In this respect, the
present study [14] is unfortunately restricted by the inherent limitations of the recording
technique, and thus modifications in coupling strength could only be assessed for 40 minutes
at most. The authors show that the changes are clearly persistent within thistime scale
(though in one case afull reversal was achieved). Further studies are necessary to ascertain
whether thistime period is close to the limit of the time-course of the effect or whether these
changes are truly ‘long-term’ in the way that early LTP researchers defined the term [1]. If
the latter istrue, it might be that we are dealing with a genuine mammalian *electrical LTD’
phenomenon. The obvious question then would be: how do we induce ‘electrical LTP ?

Possible significance of electrical synapse modulation in the NRT

At present, we can only speculate on the specific roles of electrical synapse modification in
the NRT as these would strictly depend on its time-course, whether or not it is present in
mature animals and the type of presynaptic activity most optimal for itsinstatement. If we
areredlly dealing with ‘electrical LTD’ then we can conjecture that it might be a serious
contender for underlying certain aspects of experience-dependent plasticity [50]. Another
obvious function would be the increased effectiveness of the NRT as a pacemaker of some
sleep rhythms [51-53], given that an enhanced electrical coupling between NRT neurons
would result from the reduced mGIuR activation during sleep compared to the wake state
[48]. Indeed, /n vivoevidence indicates that electrical coupling in the NRT has an important
part to play in generating spindle waves during light sleep [25, 51]. Interestingly, it is
thought that changes in GJ coupling can occur on acircadian basis in the suprachiasmatic
nucleus [54].

In addition to an involvement in normal sleep rhythms, the NRT is also known to play akey
role in the generation of spike and wave discharges of typical absence [55] and Lennox-
Gastaut-like [53] seizures. In fact, an abnormally-elevated synchronized inhibition within
the NRT and to adjacent thalamic relay nuclei has been widely proposed as one of the
central components in bringing about the behavioural and EEG characteristics of these
seizures[53, 56]. It is tempting to speculate that an aberrant modulation of electrical synapse
strength might be involved in these scenarios. Thisis certainly consistent with recent
evidence suggesting that electrical synapsesin thalamic regions play an important role in
both typical [57] and atypical absence paroxysms [58].

Concluding remarks

It is undeniable that research into the molecular, cellular and network aspectsof LTP/LTD
has delivered awealth of invaluable information on the fundamental properties of chemical
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napses. In this sense, electrical synapses have some serious catching up to do. However,

the discovery of along-term modulation of mammalian electrical synapses might now open
up new research avenues, ultimately leading to a fuller understanding of the workings and
significance of these neuronal devices.
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Figure 1. The strength of electrical synapses between NRT neuronsis persistently reduced
following mGIuR activation leading to a pronounced decrease in the size of coupling potentials
(Note dthough electrical synapses alow the bidirectional flow of ions, the effect of reduced
coupling strength is only shown in one direction for simplicity).
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Figure 2. Potential intracellular pathwaysthat mediate the persistent, mGluR-induced reduction
in electrical coupling strength

In addition to the mechanismsiillustrated, activation of Group | receptors has also been
linked to arachidonic acid formation [39]. For more information on Group | mGIuR
transduction pathways, see ref [38]. (DAG, diacylglycerol; ER, endoplasmic reticulum;
other abbreviationsin the text).
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