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Dendritic spines in glomeruli of the inferior olive are coupled by gap junctions and receive both inhibitory
and excitatory inputs. In this issue of Neuron, Lefler et al. (2014), Mathy et al. (2014), and Turecek et al.
(2014) provide new insight into how these inputs modulate electrical coupling and oscillatory activity.
Whereas the intense debate between

Santiago Ramón y Cajal and Camillo

Golgi on the neuronal versus reticular

doctrine of the CNS has been resolved

more than a century ago, potential inter-

actions between electrotonically coupled

neuronal networks and afferent systems

involving chemical neurotransmission

have hardly been addressed. The inferior

olive is one of the best nuclei to study

these interactions in the mammalian

brain, because it contains the highest

density of neuronal gap junctions and

all its coupled dendritic spines receive

inhibitory synaptic input from the hind-

brain and excitatory input from either

ascending or descending systems

(Figure 1) (De Zeeuw et al., 1998). Three

papers in this issue of Neuron provide

new insight into how inhibitory and excit-

atory inputs modulate electrical coupling

in the inferior olive.

With optogenetic stimulation, Lefler

et al. (2014) show that the GABAergic

input from the cerebellar nuclei to the infe-

rior olive can cause a direct but transient

decrement in electrical coupling between

olivary cells (Figure 1). This effect can

most likely be attributed to stimulating

the input to the distal, dendritic, and spiny

synapses, because Lefler et al. (2014)

measured, apart from a prominent impact

on the coupling, a relatively consistent

level of somatic postsynaptic responses

to illuminations of different parts of the

peripheral dendritic tree. The waveform

of these postsynaptic potentials showed

the characteristic frequency-dependent

asynchronous release found after electri-
cal stimulation of nucleo-olivary afferents

(Best and Regehr, 2009). Interestingly, Le-

fler et al. (2014) report that the strength of

the coupling between two olivary neurons

is asymmetric and that the level and direc-

tion of this asymmetry can be regulated

by stimulating their GABAergic input,

highlighting the possibility that the spatial

configuration of complex spike patterns

can be created in a flexible fashion along-

side its temporal aspects. This finding is

in line with the asymmetric distribution

of cerebellar GABAergic terminals within

the mammalian olivary glomerulus (De

Zeeuw et al., 1998). Thus, even though

the spatial resolution of optogenetic

stimulation and electrophysiological re-

cordings has not yet reached the level

of individual glomeruli, the data provided

by Lefler et al. (2014) go a long way to

confirm the concept of shunting coupled

dendrites within glomeruli by chemical

transmission (Llinás, 1974). Lefler et al.

(2014) also show that activation of

the GABAergic cerebellar fibers tempo-

rarily abolishes subthreshold oscillations

without necessarily changing the somatic

membrane potential. These data support

the idea that oscillations are in part an

emergent network phenomenon that de-

pends on gap junctional current flows.

This explanation is consistent with the

finding that the majority of GABAergic

synapses are on the dendritic spines con-

nected by gap junctions, with far fewer

synapses located directly on the dendritic

shaft or soma (Sotelo et al., 1974; De

Zeeuw et al., 1998). Moreover, these find-

ings are also in line with previous work
Neuron 81
demonstrating increased doublet firing

of olivary cells when GABAergic modula-

tion of coupling within olivary glomeruli

is abolished (Ruigrok et al., 1990; Van

Der Giessen et al., 2008).

The reports fromMathy et al. (2014) and

Turecek et al. (2014) shed new light on

the effect of NMDA-dependent excitation

of cells in the inferior olive. Stimulation

of excitatory afferents also modifies

the strength of olivary coupling, but the

impact depends on calcium and CaMKII

activation and is longer lasting than stim-

ulating GABAergic afferents (i.e., tens of

minutes rather than tens of milliseconds).

Mathy et al. (2014) reveal a long-lasting

decrease in the coupling coefficient

between pairs of olivary cells subjected

to 1 Hz electrical stimulation of adjacent

white matter. In addition, Mathy et al.

(2014) show that downregulating coupling

between olivary cell pairs through NMDA

receptor (NMDAR) activation does not

depend on generation of somatic action

potentials and that this activation only

affects the coupling coefficient, leaving

the strength of the chemical synapses

unaffected. These results suggest a

mechanism for long-lasting downregula-

tion of the coupling coefficient between

cells in the olive, complementing the

shorter-term effect due to GABA recep-

tor activation reported by Lefler et al.

(2014). Together, these results establish

that distinct mechanisms decrease the

coupling between cells in the olive at

different timescales (Figure 1), revealing

that neural connectivity of the olive is

controlled in a remarkably selective way.
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Figure 1. Modulation of Gap Junctions Reveals Multiple Forms of Plasticity
Lefler et al. (2014) (1) show that optogenetic induction of GABA release at the glomerulus creates a tran-
sient reduction of coupling coefficient; Mathy et al. (2014) (2) demonstrate that stimulation of pairs of infe-
rior olivary cells at lower frequencies decreases the coupling coefficient; and Turecek et al. (2014) (3) reveal
that stimulating olivary efferents to the glomerulus at higher frequencies increases the coupling coefficient.
The waveforms in the diagrams represent the actual changes in subthreshold oscillation amplitudes as
observed in (1) and (3) and the presumptive changes extrapolated from (2).
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Turecek et al. (2014) also revealed a

long-lasting NMDA- and CaMKII-depen-

dent impact on the coupling coefficient

between adjacent pairs of olivary cells af-

ter stimulation of their excitatory afferents.

However, unlike Mathy et al. (2014), they

employed stimulation at higher fre-

quencies (9–50 Hz) as well as NMDA

bath solutions and they observed an upre-

gulation of coupling rather than a downre-

gulation. Using imaging techniques, Ture-

cek et al. (2014) demonstrate that the

calcium influx remains highly local within

the olivary dendrites. Combined with the

unaltered amplitude of EPSPs fromchem-

ical synapses reported by Mathy et al.

(2014), these findings suggest a targeted

mechanism to alter the coupling coeffi-

cient between olivary neurons for longer

periods of time. In fact, the two studies

together offer the interesting possibility

that the frequency of the excitatory input

determines the strength of the coupling

through the amount of calcium influx and

CaMKII activation, providing a common

mechanism that may allow for both up-

and downregulation of coupling occur-

ring. Moreover, considering the negative

impact of decoupling on oscillatory acti-

vity following stimulation of the inhibitory

afferents found by Lefler et al. (2014), it

is interesting to note that Turecek et al.
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of subthreshold oscillations following

stimulation of the excitatory afferents,

highlighting the possibility of integrated

regulation of coupling and oscillations by

olivary afferents.

Several open questions remain to be

addressed. Did the different postnatal

ages of the animals used in the different

studies (varying from postnatal day 18 to

180) have impact on the outcome of the

experiments? To what extent do glomer-

ular and extraglomerular (i.e., dendritic)

GABAergic terminals serve different func-

tions?Can acommoncalcium-dependent

mechanism indeed explain the differential

effects of stimulating excitatory inputs

at different frequencies? With respect

to the latter two questions, we asked

whether the data from the three current

studies on the olive can be unified by an

extended version of a previously pub-

lished multicompartmental model (De

Gruijl et al., 2012). Our preliminary simula-

tionssuggest that a combinationof synap-

tic activation on the main dendrite and at

the glomeruli could account for the post-

synaptic potentials recorded by Lefler

et al. (2014), while activation of synapses

on themain dendrite resulted in a synaptic

potential resembling those they reported

as a somatic voltage response. In our sim-
vier Inc.
ulations,we found that the additionof con-

current glomerular synapse stimulation

resulted in a depolarizing shift in the

steady-state shunt potential. Summation

of the synaptic potential depended criti-

cally on the relative conductances and

potentially explains the reported abolition

of oscillations without noticeable somatic

hyperpolarization. While glomerular and

dendritic synapses may not be function-

ally distinct ensembles, any dendritic

shunt disrupts the dendrosomatic current

flow critical for generating oscillations

and, therefore, stimulating only glomer-

ular synapses as well as stimulating

both glomerular and dendritic synapses

concurrently stops oscillations even in

intrinsically oscillating cells.

As for the findings of Mathy et al. (2014)

and Turecek et al. (2014), we asked

whether a common calcium-dependent

mechanism can explain the bidirectional

regulation of electrical coupling strength

upon stimulation of the NMDA-driven

excitatory inputs at different frequencies.

As before, we used an extended version

of the model published in De Gruijl et al.

(2012) and estimated the amount of intra-

cellular calcium in the spine head for gap

junction plasticity induction protocols

from both labs (without taking internal

stores into account) and fitted a plasticity

function (O’Donnell et al., 2011) to those

results. The resulting fit was sign consis-

tent and could qualitatively explain both

labs’ reported findings. Additionally, our

simulations and the observations of

Turecek et al. (2014) suggest that the

majority of cells are damped oscillators,

which require external input to oscillate

(e.g., from coupled intrinsic oscillators), a

finding that is in line with the hypothesis

that oscillations are a network effect

and spread via gap junctional coupling

(Torben-Nielsen et al., 2012; Lefler et al.,

2014).

In the future, we will need to gain a

deeper understanding of the interplay

between GABA and NMDA receptor

activity patterns, thereby elucidating the

function and timing properties of projec-

tions to the inferior olive. We also need

to clarify to what extent the regulation of

coupling in the olivocerebellar system

plays a role in both acute motor perfor-

mance and long-term motor learning

processes (Van Der Giessen et al., 2008).

The network state of the inferior olive
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determines the number of sodium spikes

fired per event by individual cells (Maruta

et al., 2007; Mathy et al., 2009) and may

thereby mediate the direction and speed

of learning in Purkinje cells (Mathy et al.,

2009; Rasmussen et al., 2013). The phase

of subthreshold oscillations in the inferior

olive could be a determining factor for

guiding climbing fiber-induced plasticity

(Mathy et al., 2009; De Gruijl et al.,

2012), indicating a possible role for a

GABAergic reset of olivary oscillations

in both motor timing and learning. In addi-

tion, inferior olive ensemble oscillation

synchrony may determine the speed and

direction of cerebellar learning (Bazziga-

luppi et al., 2012; De Gruijl et al., 2012),

which would emphasize the importance

of correct segregation of inferior olive

ensembles by GABAergic input from the

cerebellum. As a result, cerebellar motor

execution and motor learning hypotheses

are now increasingly finding common

ground. Spatiotemporal firing patterns

of the olivocerebellum affect both motor

execution and plasticity, and plasticity ef-

fects take place throughout the olivocer-
ebellar system, apparently even down to

the level of electrical synapses of the infe-

rior olive (Lefler et al., 2014; Mathy et al.,

2014; Turecek et al., 2014). We may not

know the exact inner workings of the

olivocerebellar system yet, let alone that

of other loci in the CNS with chemical-

electrical interacting synapses, but work

done in the labs of Yarom, Häusser, and

Welsh shows that we move toward that

goal with leaps and bounds.
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Pyramidal cell dendrites are able to produce a variety of active calcium signals in brain slices. In this issue of
Neuron, Grienberger et al. (2014) investigate dendritic function in the hippocampus of live mice.
Fluorescent Ca2+ indicators have forever

changed our view of how neurons work.

Rather than passively propagating synap-

tic currents to the soma, a rich repertoire

of active events has been discovered

in pyramidal cell dendrites, including Na+

spikes, Ca2+ spikes, NMDA spikes, and

wave-like Ca2+ release events from intra-

cellular Ca2+ stores (Schiller et al., 2000;

Nakamura et al., 1999). In the past,

most calcium imaging studies have been

conducted in brain slices, and some
forms of dendritic calcium signaling can

be observed only under quite specific

stimulation conditions. Clearly, the spatial

distribution of excitatory inputs, the de-

gree and timing of inhibition, and the

presence or absence of modulatory in-

puts all affect the frequency and extent

of dendritic calcium signals.

In this issue of Neuron, Grienberger

et al. (2014) investigate dendritic Ca2+

signals in hippocampal pyramidal cells

of live mice. As even two-photon micro-
scopy cannot penetrate brain tissue

deeper than about 1 mm, the authors

removed a small portion of neocortex

to gain optical access to the hippocam-

pus. Individual pyramidal cells in CA1

were loaded with the high-affinity cal-

cium dye OGB1 through a patch pipette.

Two types of calcium signals occurred

spontaneously in anesthetized mice, re-

flecting ongoing physiological activity:

very small and localized calcium ‘‘blips’’

were associated with small somatic
, March 19, 2014 ª2014 Elsevier Inc. 1217
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