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What are the mechanisms for
analogue and digital signalling

in the brain?
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Abstract | Synaptic transmission in the brain generally depends on action
potentials. However, recent studies indicate that subthreshold variation in the
presynaptic membrane potential also determines spike-evoked transmission.
The informational content of each presynaptic action potential is therefore
greater than initially expected. The contribution of this synaptic property,
which is a fast (from 0.01 to 105s) and state-dependent modulation of functional
coupling, has been largely underestimated and could have important
consequences for our understanding of information processing in neural
networks. We discuss here how the membrane voltage of the presynaptic
terminal might modulate neurotransmitter release by mechanisms that do not
involve a change in presynaptic Ca? influx.

The principal function of the CNS is to
adapt an organism’s behaviour to changes in
the environment — a process that is thought
to be mediated by modulation of neuronal
circuits through synaptic modifications.
Understanding the cellular and molecular
mechanisms underlying activity-dependent
regulation of synaptic strength is therefore

a major issue in neurobiology. Recent work
indicates that in addition to changes in post-
synaptic receptor expression and synaptic
vesicle release probability, synaptic strength
in mammalian neurons is regulated by
subthreshold variations of voltage that are
generated far from the synapse'™.

In most neurons, the proximal region of
the axon (the axon initial segment (AIS))
contains a high density of Na* channels, and
is therefore a hotspot for neuronal excita-
tion. Small synaptic potentials that are gen-
erated in the dendrites summate temporally,
and if the resulting potential reaches the
threshold for action potential generation,

a spike is initiated at the AIS. According to
this view, the AIS is the final site for den-
dritic integration of synaptic responses®,
which produces an action potential that

is actively propagated along the axon.
Neuronal information is therefore transmit-
ted to the postsynaptic neuron as discrete
amounts of neurotransmitter released by the
presynaptic neuron in an all-or-none mode.
This mode of neuronal signalling is thus
‘digital’: the neuron either fires or it does
not, and neurotransmitter release follows
this binary mode (FIC. 1a).

However, neuronal information is not
only transmitted digitally, and subthreshold
activity that originates in the dendrites and
reaches the soma can be conveyed along the
axon to the presynaptic element, in which it
influences the arriving action potential and
thus tunes the flow of neuronal information
via ‘analogue’ coding. Clear examples of
analogue transmission of neuronal infor-
mation can be found in the inner ear or in
the retina, in which photoreceptors, bipolar
and horizontal cells signal photostimula-
tion by producing graded potentials with-
out action potentials®. These cells generally
release transmitter continuously (tonic
release), and their high rate of spontaneous
release is directly modulated by membrane
potential fluctuations (FIC. 1b). Similar

examples of graded transmission in the
absence of spiking activity have also been
described in invertebrate neurons (see
REF. 7 for a review).

There is now evidence that analogue
signalling exists at spiking synapses, where
neurotransmitter release is evoked by action
potentials rather than being tonic. In this
article, we discuss recent work suggesting the
possibility of mixed analogue-digital signal-
ling at local axonal connections in CNS cir-
cuits, with an emphasis on the hippocampus.
This has important and exciting implications
for our understanding of information
processing in this part of the brain.

Analogue and digital signalling
Synapses translating analogue presynap-
tic membrane potential fluctuation into
graded tonic release of transmitter display
a significantly higher rate of information
transfer than synapses using presynaptic
spike train coding. The dynamic range at
tonic-release, analogue synapses is indeed
very large, and a single analogue synapse
is able to continuously encode virtually
infinite information levels. For instance,
graded synapses in the fly retina trans-
mit more than 1,500 bits of information
per second: that is, one or two orders of
magnitude larger than spiking neurons®’.
However, this comes at the price of
high energy consumption. For example,
photoreceptors in the retina continuously
release their neurotransmitter at a high rate
(20-80 vesicles per active zone per second),
indicating that each active zone may release
as many as a few million vesicles per day™.
Another drawback of analogue signalling
is that it is constrained by biophysical laws
such as voltage dissipation along neuronal
processes over long distances. Therefore,
pure analogue signalling in neurons is
better suited for local rather than distal
transmission of information.

By contrast, digital synapses are able
to signal activity far from the site of spike
initiation because neuronal information
encoded in the form of action potentials
is carried over very long distances along
axons without voltage dissipation, as active
currents regenerate action potentials along
the axon'"'”. Another major advantage of
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Figure 1| Digital, analogue and hybrid (analogue-digital) modes
of synaptic transmission. a| Digital mode of synaptic transmission
in the CNS. A scheme of two synaptically connected neurons is shown
on the left. Transmission (right) is stereotyped and occurs in an
all-or-none (digital) manner (that is, only if a presynaptic action potential
is elicited). Note that subthreshold depolarization (indicated by the
arrowhead) produces neither a presynaptic spike nor a postsynaptic
response. b | Analogue transmission is a graded mode of transmission of
presynaptic voltage fluctuations. The two horizontal dashed lines indi-
cate the baselines. The blue trace represents postsynaptic activity.

c | Hybrid analogue—digital (AD) transmission. Both subthreshold fluc-
tuations (red trace) and spiking activity (upper black trace) are transmit-
ted. Note that when the presynaptic spike is produced after a prolonged
period of depolarization (red trace), the spike-evoked synaptic response
(blue trace) is enhanced compared with when there is no prolonged
depolarization (upper and lower black traces). d | Spatial gradient of
hybrid and digital transmission. Because of cable properties, AD trans-
mission is restricted to proximal presynaptic boutons (b1), whereas pure
digital transmission occurs at distal boutons (b2). EPSC, excitatory
postsynaptic current; T , spike threshold; V_, membrane voltage.

digital signalling is its relatively low energy
cost. The kinetics of voltage-gated currents
underlying the action potential are tuned
to minimize energetic consumption'>".
Therefore, in many ways, digital signalling
may appear to be an improvement on ana-
logue signalling. However, it has also several
limitations. Because of its discrete nature,
the coding of information by a single digital
synapse is generally poor in comparison
with analogue synapses. Thus, combining
analogue and digital signalling should in
principle offer a balance between the dual
advantages low energy cost and highly
dynamic transfer of neuronal information.
Hybrid analogue-digital enhance-
ment of synaptic transmission at spik-
ing synapses that was initially described
in invertebrates’™'® has more recently
been reported in many mammalian CNS

synapses, including cortical>*', cerebel-
lar***! and hippocampal synapses"*2. In
these examples, synaptic transmission
evoked by single action potentials is
enhanced as the result of analogue-medi-
ated depolarization (10-30mV) of the pre-
synaptic element for a few tens to hundreds
of milliseconds (FIG. 1¢).

Voltage propagation in axons

A prerequisite for analogue-digital
facilitation (ADF) is that analogue voltage
changes produced in the somatodendritic
regions are capable of spreading along the
axon over long enough distances to reach
synapses. This process of analogue volt-
age propagation is based on the electrical
properties of the axon membrane. It was
first theorized by Rall*® who modelled the
axon as a ‘membrane cylinder’ and showed

that a voltage response decays exponentially
along passive cables. The space constant is
the axonal distance for which voltage drops
to 37% of its initial value. It depends on both
geometrical and electrical factors of the
axon: the axon membrane resistance, which
is determined by the relative contribution
of conducting (pore-forming proteins) and
non-conducting (lipids) molecules, and
axial resistance, which is controlled by the
intra-axonal medium and the axon diam-
eter. Thus, a large space constant is generally
obtained for low intra-axonal resistance or
high axonal membrane resistance. Excitatory
postsynaptic potentials (EPSPs) that are
generated in the dendritic tree of hippocam-
pal dentate granule cells travel passively
towards the soma and along the axon, and
the resulting excitatory presynaptic potential
(EPreSP) in mossy fibre terminals can be
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measured with a patch-pipette'. The axonal
space constant for this transient depolariz-
ing event (~50-100 ms) has been estimated
as ~450 pm'. The space constant varies as

a function of the frequency, diminishing
rapidly at high frequency (see supplemen-
tary information in REF. 2). In neocortical
pyramidal neurons, the axonal space con-
stant of steady-state voltage modulation in
the soma yields values of 420-550 um?**. In
principle, active conductance such as a per-
sistent Na* current could enhance the axon
space constant by carrying subthreshold
depolarization that is initiated in the soma
over longer axonal distances. However, the
large space constant of EPreSPs in hippo-
campal granule cell axons does not result
from the activation of Na* channels because
it is unaffected by tetrodotoxin'. Therefore,
the large space constant of granule cell
axons may result from specific electrical
properties (that is, high membrane resist-
ance and/or low axial resistance) that need
to be identified.

The notion of an axonal space constant
is crucial for analogue-digital signalling
because it describes how voltage spreads
along the axon and modulates the bio-
physical properties of ion channels located
in presynaptic terminals. This modulation
depends on the gating characteristics of the
current. For instance, a modest subthresh-
old depolarization will be more effective on
voltage-gated currents with low activation—
inactivation thresholds (that is, near the
resting membrane potential) than on those
with high activation-inactivation thresh-
olds (that is, far from the resting mem-
brane potential). Consequently, ADF will
spread over long distances if the underly-
ing mechanism involves a low threshold
conductance.

As many CNS neurons establish local
recurrent connections, analogue-digital
enhancement is therefore likely to have a
major role in a potentially large number
of cortical, hippocampal and cerebellar
excitatory and inhibitory circuits>*'**. An
important consequence of the size of the
axon space constant is that pure digital and
hybrid signalling may coexist within the
same axon. In cortical pyramidal cell axons,
local connections established by boutons
located in the proximal bouquet of axon
collaterals are likely to function in a hybrid
analogue-digital way, whereas long project-
ing axon collaterals may essentially work
under a digital mode (FIC. 1d). For example,
at excitatory connections between layer 5
(L5) pyramidal neurons, the larger ADF is
observed at local connections®. In addition,

a similar spatial dichotomy has recently
been reported in CA3 pyramidal neurons
in which ADF is observed at proximal syn-
apses established with other CA3 neurons
but not at synapses with distal CA1 neu-
rons®. In this way, analogue-digital signal-
ling increases the computational repertoire
of neuronal communication.

Mechanisms of ADF

Principles of ADF. ADF occurs in a highly
heterogeneous range of synapses in terms

of morphology (en passant boutons and
giant terminals), neurotransmitter (GABA
or glutamate) and brain regions (neocortex,
hippocampus and cerebellum). ADF involves
two major steps: the depolarization of the
presynaptic element, which then causes the
enhancement of neurotransmitter release.

In cerebellar synapses established
between GABAergic interneurons of the
molecular layer, subthreshold depolariza-
tion facilitates spike-evoked release of
GABA?™. In hippocampal dentate granule
cell axons (mossy fibres), the combina-
tion of analogue depolarization spreading
from the soma in the form of an EPreSP
and digital signalling in the form of an
action potential, enhances glutamatergic
transmission at the mossy fibre-CA3 cell
synapse'. For local connections such as
these that occur over relatively short dis-
tances between L5 pyramidal neurons in
the neocortex or GABAergic interneurons
in the cerebellum, the analogue-mediated
component of the facilitation of synaptic
transmission is on average 1-2% per mV
of somatic depolarization>*?*.

ADF is mediated by an increase in gluta-
mate** or GABA®?! release, as indicated by
the reduced paired-pulse ratio (PPR): that
is, the ratio of synaptic responses for a pair
of presynaptic stimuli. Intriguingly, how-
ever, in the case of the hippocampal mossy
fibre-CA3 cell synapse, short-term facilita-
tion tested with repeated presynaptic stimuli
is unchanged', suggesting that (as discussed
later) glutamate release is not changed in a
conventional way.

Although there are general principles
on which ADF mechanisms operate at
synapses, important differences also exist.
For instance, the temporal requirement
for ADF is highly heterogeneous. In L5
pyramidal neurons, ADF is observed after
several seconds of presynaptic depolariza-
tion*?, whereas a few tens of milliseconds
of analogue subthreshold depolariza-
tion is sufficient to induce ADF at mossy
fibre-CA3 cell synapses' or at cerebellar
GABAergic synapses™.
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Inactivation of presynaptic K* channels.
So far, two independent mechanisms have
been reported to account for the analogue-
digital enhancement of transmission in
central synapses. First, depolarization of
the somatic region of the presynaptic neu-
ron may enhance synaptic transmission as
the consequence of voltage-inactivation

of a specific type of K* channel (FIG. 2a).
Axons contain a high density of voltage-
gated K* (K,)) channels. They generate a
current that is strongly inactivated by a
small depolarization, suggesting that its
contribution to ADF will be important
even in distal regions of the axon, in
which analogue subthreshold depolariza-
tion is minimal. In neocortical and hippo-
campal pyramidal neurons, for example,
the K, 1 channels generate a fast-activating
but slowly-inactivating D-type current
(I,) that reduces spike duration and thus
controls neurotransmitter release®-%%,
Pharmacological inactivation of I with
4-aminopyridine or dendrotoxin enhances
synaptic strength at hippocampal and
neocortical synapses possibly by broaden-
ing the presynaptic spike in the terminal,
resulting in higher release of neurotrans-
mitter*>”®?, In a similar manner, blocking
I, in cortical pyramidal cells also broadens
the spike in the axon and at presynaptic
terminals®***° and occludes ADF of synap-
tic strength®. Furthermore, the kinetics of
the analogue-digital enhancement fit well
with the inactivation kinetics of I **. Last,
voltage inactivation of K1 channels causes
a significant enhancement of the Ca**
transient in the presynaptic terminal that is
evoked by the propagating spike in the pre-
synaptic terminal®. In fact, Ca** chelation
with EGTA (ethylene glycol tetra-acetic
acid) abolishes ADF in L5 pyramidal neu-
rons®. Enhanced neurotransmitter release
by the inactivation of K1 channels is not
solely mediated by intrinsic mechanisms
(that is, depolarization of the presynaptic
neuron). In fact, extrinsic signals, such as
glutamate released from astrocytes, that
are present abundantly adjacent to hippo-
campal axons and their terminals can also
modulate the width of action potentials in
axons and enhance synaptic transmission
in an analogue manner*>*,

Increase of basal Ca** concentration.
Propagated depolarization can also facili-
tate synaptic transmission by the opening
of voltage-gated Ca** (Ca, ) channels, which
results in an increase in basal Ca** concen-
tration in presynaptic terminals (FIC. 2b). At
rest (that is, -65mV), intraterminal Ca**
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Figure 2 | Generic mechanisms for analogue-digital facilitation. a|Facilitation resulting from
voltage-inactivation of voltage-gated K, 1 channels. With digital-only signalling (upper neuron), the
neuronal membrane voltage (V, )is held at-65mV and K| 1 channels remain open, resulting in a rapid
termination of the spike response. Analogue subthreshold depolarization (lower neuron; -50mV at
the soma) propagates from the somatic compartment and along the axon to the terminal (the gradual
decay in depolarization is indicated by red-to-blue shading), resulting in closure of K| 1 channels and
attenuated K* efflux. This produces a broader action potential and results in enhanced spike-evoked
Ca’" entry and incremented neurotransmitter release (single black arrow). b | Facilitation of transmis-
sion resulting from an increase of basal Ca** concentration. Under digital signalling conditions (upper
neuron; V =-65mV), the arrival of an action potentialis insufficient to open voltage-gated Ca** (Ca,)
channels (shown in red) but is sufficient to evoke release of neurotransmitter (black arrow). During
analogue—digital signalling (lower neuron), partial depolarization (V. =-50mV) spreading from the
soma opens Ca, channels, increases Ca’* influx and basal Ca’* concentration in the presynaptic bouton
and enhances neurotransmitter release (indicated by three black arrows) when a presynaptic action
potential also arrives at the bouton. ¢ | Two putative mechanisms of enhanced exocytosis by neuronal
V_.Onthe left,a subthreshold changein V_(lightning bolt) is detected by the voltage sensor of Ca, 2.2
channel (shown in red) that interacts with SNARE (soluble NSF (N-ethylmaleimide-sensitive factor)
attachment protein receptor) proteins (which are part of the exocytosis machinery for synaptic vesi-
cles (SVs)). This results in facilitation of SV fusion and enhanced transmitter release. On the right, a
subthreshold change in V_is detected by G protein-coupled receptors (GPCRs), such as type 3
metabotropic glutamate receptor, which interact with the release machinery to influence neurotrans-
mitter release. EPSC, excitatory postsynaptic current.

concentration is ~100 nM and can increase
up to 1 uM upon subthreshold depolariza-
tion (~-50mV?). This increase can easily
be measured in thin cerebellar axons using
fluorescent Ca** probes®»*'. Alternatively,
Ca* currents can be directly monitored
with patch-clamp recording from large ter-
minals such as the calyx of Held®. There is
a clear consensus among studies in various
brain areas that the Ca, channels respon-
sible for this facilitation, whether in the
axon terminal®*?? or in the axon itself?,
are Ca, 2.1 channels (also known as P/Q-
type Ca** channels). Ca, 2.2 channels (also
known as N-type Ca** channels) that are
located in the axon terminal and the AIS
also participate in the increase in baseline
Ca* signal upon depolarization®. Ca, 2.1
and Ca 2.2 channels are activated by high
levels of depolarization. Thus, because of
voltage attenuation along the axon, their
contribution to ADF might be limited to
very proximal inputs. The hippocampal
mossy fibre terminal, however, appears to
be an exception, as subthreshold depolari-
zation induces a Ca*" influx that is not only
mediated by the classical Ca, 2.1 and Ca, 2.2
channels but also by Ca, 2.3 channels (also
known as R-type Ca’* channels)*.

The increase in basal Ca** concentra-
tion triggered by subthreshold depolariza-
tion could have two major consequences.
First, it might directly promote neuro-
transmitter release. In axons of cerebellar
interneurons, for example, subthreshold
depolarization is sufficient to increase
spontaneous, spike-independent release
of GABA®. A second possible action of
an increase in basal Ca?* concentration
is an acceleration of the recruitment of
vesicles to the active zone*. The principal
consequence of this Ca?*-induced prim-
ing of vesicles would be an increase in
synchronous release when the presynaptic
spike invades the axon terminal. Both of
these effects would result in an increase
in neurotransmitter release and enhanced
synaptic strength.

Unsolved question: does ADF occur at the
hippocampal mossy fibre synapse? The
cellular mechanisms underlying analogue-
digital enhancement of synaptic strength at
mossy fibre synapses with CA3 cells chal-
lenge the classical view of synaptic strength
modulation. First, unlike most examples of
analogue-digital enhancement, the PPR is
unaffected despite excitatory postsynaptic
current (EPSC) facilitation of ~40% in the
CA3 cell'. One explanation for this is that
the low release probability of glutamate
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Box 1| Relationship between Ca?* and exocytosis

Ca* ions are required for exocytosis. However the relationship between the presynaptic Ca?*
charge (that is, the total amount of Ca?* ions) and the exocytosis is not linear. At many CNS
synapses, the postsynaptic current (PSC) can be described by a power law (PSC = ax™, where x is
the presynaptic Ca** concentration, a is a constant and m is the power coefficient). The power
coefficient is an indicator of the cooperativity of Ca** binding to presynaptic Ca?* sensor
proteins of the vesicle release machinery and varies considerably from synapse to synapse. For
instance, in hippocampal basket cells, this coefficient is 1.6, indicating relatively low
cooperativity at the output synapses of hippocampal basket cells®, but it may reach 5 at the
synapse formed by the calyx of Held®. In this latter case, very small variations in presynaptic Ca’*
concentration resulting from small subthreshold analogue modulation of the spike waveform
may lead to an extremely large increase in neurotransmitter release. Thus, analogue-digital
modulation of synaptic transmission might be extremely heterogeneous among synapses.

(~5%) at this synapse would produce little
vesicle depletion, and thus although more
glutamate is being released (accounting for
the enhanced EPSC), there would be no
detectable change in the PPR. This hypoth-
esis is plausible but, conversely, relatively
modest synaptic enhancements, such as
those produced by LTP (~50%), result in
clear changes in the PPR at the mossy fibre
synapse***. An alternative explanation,
which is supported by a number of find-
ings, is that analogue-digital enhancement
at mossy fibre synapses might not entirely
result from a classical rise in presynaptic
neurotransmitter release. For example,
maximal subthreshold depolarization of the
mossy fibre terminal in the hippocampus
produces no detectable change in presyn-
aptic intracellular Ca?* signals*. Moreover,
subthreshold depolarization of the granule
cell soma affects Ca®* signalling only in
proximal segments of granule cell axons,
suggesting that analogue-digital enhance-
ment at more distal mossy fibre boutons
might be largely independent of Ca*". One
may argue that the sensitivity of the fluores-
cent Ca** probe might not be sufficient to
detect very small Ca*" increases in cellular
nanodomains®***’. Supporting this view,
analogue-digital enhancement at the mossy
fibre synapse is partly reduced by buffering
Ca?* with EGTA".

How could enhanced release be pro-
duced without any change in the spike-
evoked Ca?* transient? The classical view
that presynaptic facilitation is necessarily
associated with the modulation of the
presynaptic Ca*" signals (BOX 1) has been
convincingly challenged by Felmy and
co-workers*!. They showed that a three-
fold increase in synaptic strength can be
induced at the calyx of Held synapse by
a prolonged subthreshold depolarization
without any change in Ca?* during the
presynaptic spike. In this case, Ca?* concen-
tration is raised in the calyx of Held during

the subthreshold depolarization, indicating
that, at this synapse, facilitation results
from the supra-linear summation of intra-
cellular Ca*" signals arising from different
sources®.

In summary, one cannot totally exclude
that analogue-digital enhancement at
the mossy fibre synapse results from an
undetectable Ca*" rise produced by the
EPreSP that causes supra-linear sum-
mation between conditional (analogue
depolarization) and spike-evoked Ca**
signals. However, this solution is still not
entirely satisfying because, in contrast with
experimental results’, short-term facilita-
tion should be reduced in this case, so other
mechanisms must be considered.

Modulation of release by voltage

Do Ca?* channels act as voltage sensors in
presynaptic terminals? Voltage can also
induce transmitter release by a direct, Ca?*-
independent effect on release machinery.
Several parallel studies have reported
facilitation of synaptic transmission that is
produced by subthreshold depolarization of
the presynaptic terminal*>**. Furthermore,
in a few rare cases, such as in dorsal root
ganglion neurons, transmitter release is Ca**-
independent but voltage-dependent®. The
underlying mechanisms in this particular
case remain unknown, but at superior cervi-
cal ganglion synapses, the synaptic protein
interaction site of Ca, 2.2 channels that are
present on the presynaptic membrane and
adjacent to synaptic vesicle release sites
mediates a voltage-dependent facilitation

of transmission®. In this case, presynaptic
depolarization is likely to be mediated by

the voltage sensor of the Ca, 2.2 channel and
directly transmitted to the SNARE (soluble
NSF (N-ethylmaleimide-sensitive fac-

tor) attachment protein receptor) proteins
(FIG. 20). This mechanism could mediate
analogue-digital enhancement at mossy fibre
boutons because Ca, 2.2 channels are broadly

PERSPECTIVES

expressed at CNS terminals and particularly
at mossy fibre boutons™.

The direct contribution of presynaptic
voltage has been tested at the calyx of Held
synapse where the release rate increased
only slightly (by 20%) when the presynap-
tic terminal was depolarized by +80 mV
during Ca*" uncaging®. Smaller levels of
depolarization (from +10 to +50 mV) were
not tested in this study, so additional experi-
ments will be necessary to clarify this point.

Other voltage-gated channels such as
K,1.1and K 2.1 interact with presynaptic
SNARE proteins and facilitate neurotrans-
mission**~’, but it is not yet clear whether
detection of voltage by their voltage sensors
has a critical role in this facilitation.

Do G protein-coupled receptors act as voltage
sensors at presynaptic terminals? Another
mechanism of voltage-dependent facilita-
tion of exocytosis has been proposed at
cholinergic synapses®'. Because of charge
movement, binding of acetylcholine to the
M2 muscarinic G protein-coupled receptor
(GPCR) is strongly modulated by membrane
potential®®. The GPCR is bound to the release
machinery at rest, producing a tonic inhibi-
tion of transmitter release, but is unbound
when there is a depolarized potential****

(FIC. 2¢). The functional consequence of the
depolarization produced by the presynaptic
spike would be a facilitation of transmitter
release. A similar mechanism might oper-

ate at glutamatergic synapses as the kinetics
of glutamate release at the neuromuscular
junction of the crayfish are also controlled by
GPCRs™, and presynaptic metabotropic glu-
tamate receptors are voltage-sensitive®. The
mossy fibre terminal contains a wide range of
GPCRes, including type B GABA receptors”,
type 2 and 3 metabotropic glutamate recep-
tors® and adenosine A1 receptors®. However,
the contribution of GPCRs to analogue-
digital enhancement of transmission at the
mossy fibre synapse remains to be precisely
determined.

It is important to note that even if release
modulation could result from a direct action
of voltage on Ca?* channels or GPCRs, the
PPR would still be modulated because vesi-
cle depletion would still occur. Therefore,
the lack of PPR modulation observed at
mossy fibre synapse cannot be satisfactorily
explained by this mechanism.

Does voltage modulate the ratio of kiss-
and-run versus full-fusion exocytosis?
Whether other molecular mechanisms of
Ca**-independent and voltage-dependent
exocytosis contribute to voltage-dependent
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modulation of the release machinery
remains unknown. However, one may
speculate that transmitter release might
theoretically be enhanced if the relative ratio
of kiss-and-run versus full-fusion mode of
exocytosis decreases after analogue depo-
larization®. The kiss-and-run mode of exo-
cytosis corresponds to an incomplete fusion
of the presynaptic vesicle by which only a
small fraction of its content is released®.
Thus, compared with the full-fusion mode
of release, synaptic transmission is not
maximal because not all postsynaptic recep-
tors are stimulated. Kiss-and-run exocytosis
has been reported in cultured hippocampal
neurons®?, but it has not yet been dem-
onstrated at the mossy fibre synapse. It is
noteworthy that if neurotransmitter release
was enhanced in ADF through a decrease
in the kiss-and-run mode of fusion, release
probability and the PPR would not change,
as seen at the mossy fibre synapse.

The By subunits of G proteins are pre-
sent in a wide range of presynaptic termi-
nals, including mossy fibre synapses, are
thought to influence the opening of the
fusion pore downstream of Ca** entry®>*;
however, the precise role of voltage in this
process remains unknown. One may specu-
late that modifications of the open time of
the fusion pore may not affect the PPR in a
classical way. Additional experimental stud-
ies will be needed to determine whether
and how subthreshold depolarization may
modulate kiss-and-run exocytosis at central
synapses.

Conclusion

In summary, synaptic transmission is
highly modulated by changes in analogue
voltage resulting from synaptic activity
that is generated in the dendrites of CNS
neurons. This form of activity-dependent
regulation of synaptic strength is compu-
tationally appealing because many corti-
cal neurons establish local connections
through proximal synaptic inputs. Two
principal presynaptic mechanisms have
been identified in the recent years: a spike-
width-dependent facilitation and a basal
Ca**-dependent enhancement. However,
analogue-digital enhancement of trans-
mission at mossy fibre synapses may also
involve other processes. Alternative mech-
anisms to the classical Ca**-induced modu-
lation of exocytosis have been suggested,
such as Ca?*-independent but voltage-
dependent exocytosis. However, the role of
this mechanism remains controversial, and
its precise contribution to analogue-digital
enhancement has yet to be identified.
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PERSPECTIVES

OPINION

The circadian clock: a framework
linking metabolism, epigenetics and

heuronal function

Selma Masri and Paolo Sassone-Corsi

Abstract | The circadian clock machinery is responsible for biological timekeeping
on a systemic level. The central clock system controls peripheral clocks through a
number of output cues that synchronize the system as a whole. There is growing
evidence that changing cellular metabolic states have important effects on
circadian rhythms and can thereby influence neuronal function and disease.
Epigenetic control has also been implicated in the modulation of biological
timekeeping, and cellular metabolism and epigenetic state seem to be closely
linked. We discuss the idea that cellular metabolic state and epigenetic
mechanisms might work through the circadian clock to regulate neuronal function

and influence disease states.

The circadian clock is an extensive molecular
network of timing mechanisms that converge
to maintain the physiological state of an
organism. In mammals, biological rhythms
are established and maintained by a central
clock consisting of around 20,000 pacemaker
neurons in the suprachiasmatic nucleus
(SCN)™. SCN neurons are entrained by light,
the most powerful zeitgeber (time-giver), via
the retinohypothalamic tract (RHT). The cen-
tral SCN clock directs rhythms in a number
of peripheral tissues using several output cues,
including secreted paracrine signals*, and
thereby helps to synchronize the clock system.
However, peripheral clocks are also entrained
by extrinsic cues, specifically food intake,
which operates as a powerful zeitgeber. Other
findings have shown that various ‘nutrient
sensors’ are linked to circadian rhythms>**,
reinforcing the idea that there is a tightly
coupled relationship between metabolic state
and the clock. A further layer of this com-
plex timing mechanism lies in the emerging
link between cellular metabolic state and
epigenetics®.

Circadian clockwork relies on a highly
regulated network of transcriptional and
translational loops that drive clock-controlled
gene (CCG) expression. It is believed that
approximately 10% of the genome in a given
cell is subject to circadian oscillation, although
this is an estimate as oscillatory genes differ
among tissues”®. The positive transcriptional
limb of the clock machinery is composed of
the core transcription factors CLOCK and
BMALI (also known as ARNTL), which

drive circadian gene expression. Among these
transcribed clock genes are period (PER) and
cryptochrome (CRY) family members. Their
products comprise the negative regulatory
arm of the circadian clock system®’. The cir-
cadian clock machinery has been reviewed in
detail elsewhere>'>'2. A variety of chromatin
remodellers and epigenetic events have been
associated with the oscillatory nature of cir-
cadian transcription® (TABLE 1). These might
be directly linked to cyclic changes in the
levels of specific metabolites, potentially plac-
ing the clock at an interface between cellular
metabolism and epigenetic control (FIC. 1).
For example, sirtuin 1 (SIRT1) is a NAD*-
dependent histone deacetylase (HDAC) that
deacetylates the circadian transcription factors
BMALI1 (REF 13) and PER2 (REF. 14), as well as
histone H3 at Lys9/Lys14, thereby contribut-
ing to circadian gene expression®. SIRT1 is
also a metabolic sensor, as it requires binding
of its coenzyme NAD* for enzymatic activity.
As the levels of NAD* oscillate over the circa-
dian cycle'', the enzymatic HDAC activity
of SIRT1 oscillates, which links the metabolic
state of the cell with an epigenetic mechanism
that depends on the circadian clock.

Defects in timekeeping give rise to
various pathophysiological manifestations.
Circadian dysfunction has been linked to
sleep disorders, depression, bipolar disor-
der and changes in cognitive function and
memory formation'”". Here, we discuss the
connection between neuronal function and
the circadian clock, especially as it relates to
underlying metabolic states and an epigenetic
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