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Abstract The deep cerebellar nuclei (DCN) are at the
center of the cerebellum not only anatomically but also
functionally. Classical anatomical studies have described
different types of DCN neurons according to their expres-
sion of various marker proteins, but only recently have we
begun to characterize these different cell types according to
their electrophysiological properties. These efforts have
benefited greatly from the availability of transgenic mouse
lines that express green fluorescent protein under the
control of the glutamic acid decarboxylase (GAD67) and
glycine transporter (GlyT2) promoters, which are markers
for GABAergic and glycinergic neurons, respectively.
These studies have identified several types of neurons
within the lateral cerebellar nuclei, each of which exhibits
distinct active membrane properties. In addition to their
differential use of neurotransmitters (glutamate, GABA, or
glycine), these cell types also receive and provide synaptic
information from different sources and to different targets.

Keywords Cerebellum . Cerebellar nuclei . GAD67 .

GlyT2 . GFP. Transgenic mouse . Electrophysiology .

Morphology

Introduction

Our understanding of cerebellar function has historically
been based on the premise that the cerebellar cortex is the

site of information processing, or at least memory storage
and retrieval [1]. This corticocentric viewpoint assumes
that cerebellar output is mainly carried by the projection
neurons of the deep cerebellar nuclei (DCN). However,
evidence clearly suggests that the DCN are not merely a
relay station, but rather constitute a site of signal
integration if not signal generation. Indeed, a role in
adaptive information processing and perhaps pattern
generation may be deduced from the presence of specific
forms of synaptic plasticity within the DCN [2–4].
Understanding the information-processing capabilities of
a neuronal circuit generally requires the elucidation of the
distinct cell types that comprise it. Several excellent
studies have made an effort to examine the diversity of
DCN neurons using morphological staining [5, 6], either
alone or in combination with electrophysiological record-
ings [7]. These studies have revealed considerable diver-
sity of DCN neurons but have found only modest
correlations between electrophysiological features and
neuronal morphology, indicating that these neurons cannot
be classified solely based on morphometric criteria [8]. To
overcome this challenge, our laboratory took advantage of
transgenic mouse lines that express fluorescent proteins
under the promoters for glutamic acid decarboxylase
(GAD67 [9]) and a glycine transporter (GlyT2 [10]),
which are often used as markers for GABAergic and
glycinergic neurons, respectively [11, 12]. A careful
examination of cerebellar structures in GAD67-EGFP
mice confirmed that all GABAergic (GABA-containing)
neurons in the DCN express EGFP. Since we did not
directly identify the transmitters released by these EGFP-
expressing cells, and in keeping with the terminology
applied in the original publications, we have addressed the
various neuronal subtypes based on the presence of these
markers (e.g., GAD67-positive, GAD+) rather than the
most probable neurotransmitter (e.g., GABA). Neurons
that were not identified by either of the two markers are
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likely to be glutamatergic (for a more detailed discussion
see [12]).

The mouse DCN comprises three distinct nuclei
(medial, interposed, and lateral), each of which features
a specific composition of neurons of various sizes [13].
There are significant differences in gross anatomy and
neuronal morphology between the three DCN—especially
the lateral DCN, also known as the “dentate nucleus” in
primates [5, 14]. However, all of the DCN engage in two
pathways of information flow (Fig. 1): the olivo-cortico-
nucleo-olivary (OCNO) loop, and the pathway formed by
mossy fibers, granule cell axons, Purkinje cells, and DCN
projections to premotor nuclei [1, 15, 16]. These pathways
are organized in compartments that follow the zonal
topography of the cerebellar cortex, each of which is

likely to be related to different modes of cerebellar
function [17].

This review will compile work from our three original
studies of the neuronal types found in the lateral
cerebellar nucleus of the mouse as well as complemen-
tary information from other previous and concurrent
studies, without attempting to comprehensively review
the available literature on other features of the cerebellar
nuclei. We will therefore focus primarily on four types of
neurons identified in the mouse lateral DCN based on
GAD67 and GlyT2 promoter activity, with the data from
each neuron type indicated by color code: black, large
GAD67-negative (putative non-GABAergic) DCN cells
(GADnL); orange, small GAD67-negative DCN cells
(GADnS); green, GAD67-positive (GAD+, GABAergic)

Fig. 1 Schematic drawing of the main neuron groups in the DCN
including afferent and efferent connections, emphasizing the two
topographically distinct routes of information flow: the OCNO loop
(left) and the mossy fiber-cortico-nucleo-DCN pathway that mediates
cerebellar output to premotor nuclei. Color coding and naming of
DCN neurons follow a scheme presented in [11] and [48], which will
be followed throughout this review. Red arrows denote glutamatergic
(excitatory) axons; green arrows denote GABAergic (inhibitory)
axons; and blue arrows denote glycinergic or mixed glycinergic/

GABAergic axons. Arrows with dashed lines denote connections that
are of uncertain strength or have not been unequivocally demonstrated.
Note that local axons of DCN neurons are not shown for the sake of
illustrative clarity. GADnL large GAD67-negative cells, GADnS small
GAD67-negative cells, GAD+ GAD67-positive (GABAergic) cells,
Gly-I non-spontaneous GlyT2+ (glycinergic) cells, FN fastigial nucleus,
Gly-F projecting GlyT2+ neurons of the fastigial nuclei, GAD+IO small
GABAergic neurons projecting to the inferior olive
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cells; and blue, non-spontaneously active GlyT2+ cells (Gly-
I). The GAD+ neurons include both local and inferior olive-
projecting GABAergic neurons. Our own data from the
GABAergic cells are strongly biased towards the larger (soma
size >12 um) cells, among which we have observed no
evidence for axons projecting outside the nucleus. The
GABAergic neurons that project to the inferior olive (IO)
have been described as very small [18, 19], and for this
reason, we believe that they constitute a separate cell type,
which we refer to as GAD+IO. To our knowledge, there are
no studies that have specifically examined the electrophys-
iology of these small IO-projecting neurons. To acknowl-
edge the undoubtedly great functional importance of this cell
population, we have included the GAD+IO cells in our
schematic representations while noting that a more detailed
examination remains a goal for future studies.

The Four DCN Neuron Subtypes Exhibit Distinct Active
Membrane Properties

In vitro and in vivo recordings from unidentified DCN
neurons have revealed that the vast majority of these
neurons are spontaneously active at action potential (AP)
firing rates of 35–55 Hz driven by tonic cation currents
[20–24]. Our recordings have confirmed that the major
populations of DCN neurons that are likely to have been
encountered in these previous recordings—namely GADnL,
GADnS, and GAD+ cells—are intrinsic AP generators, while
a small population of large GlyT2-positive cells do not
exhibit spontaneous activity (Fig. 2a and e). Because of
their inactivity, we have termed these “glycine inactive”
(Gly-I). Like the other three cell types, Gly-I cells can be
driven to high-frequency firing by extrinsically imposed
depolarization (Fig. 2b). However, Gly-I cells could not
be made to fire continuously at high frequencies like the
other cell types; instead, they tended to fire short bursts of
fast APs. The GAD+IO neurons have not yet been
carefully examined by intracellular recordings, but our
few recordings suggest that they do exhibit spontaneous
firing behavior that is similar to the local GABAergic
neurons (mean firing frequency 7–10 Hz at 32°C; M.
Uusisaari, unpublished observations).

Rather unexpectedly, the presumably GABAergic GAD+
cell population exhibits the greatest AP width (Fig. 2c, e),
in contrast to the cerebral cortex, where many GABAergic
interneurons are defined by their short-lasting APs. AP
width in GAD− cells can be clustered into two groups with
values above or below 0.6 ms, suggesting the presence of
more than one neuron population. In fact, plotting the AP
width against cell capacitance suggested the existence of
two cellular populations, one characterized by large size
(Cm >100 pF) and shorter APs and another being small in

somatic size (Cm<100 pF) with broader APs. These cell
groups were respectively classified as GADnL and GADnS
populations, divided by a (somewhat arbitrary) boundary
value of 100 pF.

One attractive hypothesis is that these different AP
widths are a consequence of different expression levels of
delayed-rectifier type potassium channels, particularly, Kv3
subtypes [25, 26]. Our own studies [27, 28] and subsequent
investigations by Joho and coworkers [29, 30] do not
indicate a strong correlation between neuronal subtypes and
Kv3 channel expression. However, it seems that Kv3
channel expression levels are somewhat lower in neurons
containing GABA (local and/or IO-projecting) than in the
large glutamatergic projection neurons, which would be
consistent with GABAergic cells showing broader APs than
glutamatergic ones.

AP width is not the only clearly distinguishing feature
between GADnL and GADnS cells; GADnS cells also exhibit
a stronger late component in the afterhyperpolarization
(Fig. 2c, double arrowhead) and somewhat longer rebound
depolarization and associated spiking after release from a
hyperpolarizing step (Fig. 2d; [7, 31, 32]). With the
exception of Gly-I cells, which have not yet been thoroughly
characterized in this aspect, all cell types consistently show a
pronounced sag in their response to hyperpolarizing current
steps, indicative of hyperpolarization-activated cation current
(Ih) and rebound bursting that may involve the activity of T-
type calcium currents (Fig. 2d and e) [31, 33, 34]. As
recently reviewed by Turner and coworkers [35], differences
in rebound burst behavior may reflect distinct expression
patterns of T-type calcium channel-forming CaV3 isoforms.
However, this study focused on spontaneously active large-
diameter neurons, and their data pool is unlikely to contain a
significant fraction of the sparse, Gly-I neurons that are also
characterized by lack of spontaneous activity. Our prelimi-
nary examinations of Gly-I cells suggest that these intrinsi-
cally silent neurons are also less prone to rebound bursting
than the other, pacemaker-like neurons of the DCN (M.
Uusisaari, unpublished observations).

Finally, these four cell types differ in spike frequency
versus injected current density and their spike frequency
accommodation. Most notably, GADnL neurons can be
driven to the highest firing frequencies with a nearly
linear current–frequency (I-F) relationship while also
exhibiting the smallest amount of spike frequency
adaption during sustained firing (Fig. 2e—iv, v). Local
GAD+ and GADnS cells respond to depolarization with
saturating values of firing frequency, and show a signif-
icant amount of frequency adaptation. Again, this is in
contrast to the situation in the cerebral cortex, where
GABAergic interneurons typically fire at high and sus-
tained frequencies. The Gly-I cells exhibit the strongest
accommodation, to the extent that they tend to stop firing
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after a few initial spikes. It would thus seem that the
DCN neurons cover a range of signal transduction
modes, from tonic firing and rate-coding (GADnL) to
burst-firing and onset or time-interval coding (GAD+,
Gly-I).

Morphometric Parameters of the DCN Neuron
Subtypes

Classical [5] and more recent studies [6–8] have attemp-
ted to classify DCN neurons on the basis of their
morphology. These cells vary considerably in terms of
dendritic arborization and axonal branching, and these
efforts have revealed no strong correlation between simple
dendritic morphologies and electrophysiological character-
istics [8]. Our own set of ~100 biocytin-filled GAD+,
GAD−, and GlyT2+ cells included neurons with axons
that either coursed locally or projected to more distant
targets. In general, neurons with larger cell bodies
exhibited more complex dendritic morphology (Fig. 3),
and this complexity undoubtedly enables these cells to
perform non-linear integration of synaptic information.
The concentration of synaptic contacts from the collaterals
of mossy and climbing fibers on the dendrites of these

�Fig. 2 Action potential firing properties of DCN neurons. a Example
traces from cell-attached voltage-clamp recordings. With the exception
of Gly-I cells, all cell types fire regularly with a frequency much
greater than 0.1 Hz. b Example traces showing voltage responses to
depolarizing current injections (1-s, 1.5 pA/pF for GADnL, GADnS,
and GAD+; 0.9, 1.5, and 2.4 pA/pF for Gly-I). Note the higher firing
rheobase in Gly-I cell. c Peak-aligned, averaged action potentials;
width of the trace represents ± SEM. Single arrowheads mark fast
afterhyperpolarization, double arrowheads mark slow afterhyperpola-
rization. d Example traces showing voltage responses to hyper-
polarizing current injections (1-s, −1.5 pA/pF). GADnL, GADnS, and
GAD+ cells displayed Ih-indicating voltage sags (single arrowhead)
and pronounced rebound depolarization and associated firing (double
arrowhead). e Statistical summaries of key electrophysiological
parameters. i Spontaneous firing frequency under cell-attached
conditions. Note that Gly-I cells did not spontaneously fire continu-
ously. ii Action potential half width, measured from repetitively fired
action potentials at room temperature (RT; 24°C). iii Duration of
rebound depolarization and associated spiking at half-amplitude at RT.
Note that Gly-I cells never fired spikes on rebound. iv Mean firing
frequency during a step depolarization versus injected current. Note
that in order to enable meaningful comparison of I-F curves in cells of
significantly different sizes, the injected current is given in relative
units of pA/pF. v Spiking frequency adaptation during a step
depolarization that evoked ~40 Hz (GADnL, GADnS, and GAD+)
or ~30 Hz (Gly-I) firing. Data in a–d are modified from [11] and [12].
Panels from e were modified from the following sources: i and iii from
[11], ii from [48], and iv and v from a combination of [11] with [48].
Asterisks denote statistical significance: *p<0.05, **p<0.01, and
***p<0.001; non-significant differences are left unlabeled for visual
clarity
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cells is in keeping with their elaborate computational
properties [5].

Despite the cell-to-cell variability of dendritic struc-
tures, the above-described subtypes could not be readily
identified by their morphology alone, even with infor-
mation about GAD67 expression. Indeed, quantitative
analysis of several measures of dendritic morphology
and, surprisingly, cell body size revealed clearly over-
lapping distributions [11]. Importantly, GAD+ cells could
not be reliably differentiated from GAD− cells on the
basis of cell body size, and the Gly-I cells described in
[12] also significantly overlap with GAD− cells in terms

of cell body size. Since many of the electrophysiological
recordings found in literature are reported to originate
from “large DCN neurons,” these data are likely biased
towards glutamatergic cells, but presumably also include
GABAergic or glycinergic cells. Since the electrophysi-
ological differences between GAD+ and GAD− cells are
subtle, it is not surprising that most reports did not find
clearly distinguishable cell types. In this context, it should
be noted that the Gly-I cells might have been omitted in
previous slice studies as “unhealthy cells,” as they are not
necessarily spontaneously active. This is unfortunate, as
our targeted staining of these silent, GlyT2+ cells

Fig. 3 Variability in DCN
neuron morphology.
Representative examples of the
five DCN neuronal classes
stained with biocytin and
comparison of cell body sizes
between cells responding to
three different neurotransmitters.
Arrowheads point to axons;
insets show dendritic spines at
higher magnification. Scale
bar—20 μm for main images,
5 μm for insets. Note that
despite the differences in
average cell body size between
cell types, these values overlap
considerably between groups.
Panels are modified from [11]
and [48]. Asterisks denote
statistical significance:
***p<0.001
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revealed that they project directly to the cerebellar cortex,
unlike any other cell type that we have encountered in the
DCN so far [12], making further elucidation of their
behavior mandatory. The actual synaptic targets within
the cerebellar cortex remain unknown for these putatively
glycinergic—and thus, inhibitory—neurons, but are likely
to be cerebellar Golgi cells as these are the only neurons
in most areas of the cerebellar granule cell layer that
express glycine receptors [36].

Spontaneous Synaptic Activity of DCN Neuron
Subtypes

Purkinje neuron (PN) axons from the cerebellar cortex
provide the main efferent input to the DCN, and this is their
main target. Based on counts of Purkinje and DCN neurons
(estimates for mouse are ~200,000 PNs [37] and ~30,000
neurons in all three DCN [38]), signal transmission from
the cortex to the nuclei shows overall convergence, but the
true extent of this convergence at the cellular level is not
known. Based on the count of Purkinje axon terminals on
large DCN cell bodies, and taking into account various
estimates of how many terminals a single axon will form on
a given neuronal body and the spread of PN axons within
the nuclei, estimates of the number of PNs contacting a
single large DCN neuron range between several tens and
several hundreds [39–41]. Despite anatomical evidence [5,
42] suggesting that the number of PN synapses on DCN
cells is variable across different types of DCN cells, it is
generally assumed that all DCN neurons are equally
controlled by PN activity.

However, since most work examining GABAergic
synaptic currents in DCN [43–47] has focused on large-
diameter neurons, which presumably correspond primarily
to GADnL neurons, some of the above conclusions will
need to be revisited with regard to different neuronal
subtypes. To clarify whether PN input is comparable across
different DCN neuronal types, we have studied the
properties of spontaneously occurring inhibitory postsyn-
aptic currents (IPSCs) in DCN cells, taking advantage of
the fact that spontaneous release does not require intact
Purkinje neuron-DCN connections, which are rare in slice
preparations [48]. Whole-cell voltage-clamp recordings
using high-chloride intracellular solution (Erev Cl− ~0 mV)
revealed a striking difference between GAD+ and GAD−
neurons. Both GADnL and GADnS cells were under
constant bombardment of spontaneous, tetrodotoxin-
insensitive IPSCs with kinetics similar to those described
previously for Purkinje-DCN synapses [45], but GAD+
neurons received only very infrequent IPSCs with slower
kinetics and much smaller amplitudes (Fig. 4). Our initial
hypothesis was that these differing kinetics were simply the

result of differential expression of GABAaR subunits in
these cell types. Experiments using GABAaR subunit-
specific agents [48] revealed that there are, indeed, differ-
ences in GABAaR subunit composition between the DCN
cell types. However, these differences are not the only
cause for the observed differences in IPSC kinetics as
IPSCs in both GAD+ and GADnS cells proved sensitive to
selective up-modulators for the alpha1 and alpha3 subunits.
These experiments revealed an additional and rather
intriguing cause for the difference in IPSC kinetics:
whereas IPSCs in GAD− neurons could be recorded
immediately upon breaking into whole-cell mode, IPSCs
in GAD+ cells usually became apparent only tens of
seconds after establishing a whole-cell configuration
(Fig. 4c, upper left). This led to the proposition that
GABAergic synapses on GAD+ cells are predominantly
formed on distal dendrites rather than cell bodies; on the
other hand, PNs form large numbers of synapses on the
bodies of large glutamatergic DCN neurons, to the extent
that GAD− cell bodies seem to be entirely covered by
GABAergic presynaptic terminals [5, 11]. Notably, large
DCN neurons (GADnL) are also most likely to exhibit
distal GABAergic inputs that generate slower and
smaller-amplitude synaptic events, although those may
be masked by the larger events triggered by proximal
synapses. Taken together, it appears that the slower IPSC
time course seen in GAD+ cells arises from a combina-
tion of distal dendritic localization of synapses and a
specific receptor subtype composition, as well as possible
differences in the spatiotemporal dynamics of GABA
release [3, 45, 49].

Unfortunately, we have only limited data on the
properties of the synaptic inputs to Gly-I cells. Prelim-
inary results obtained in our laboratory suggest that these
cells resemble GADnS cells more than GAD+ cells with
respect to IPSC kinetics and frequency (M. Uusisaari,
unpublished observations), which suggests that Gly-I cell
bodies are being targeted by Purkinje neuron axons. As
Gly-I cells seem to be endowed with the capability to
control cerebellar cortical activation via their putative
inhibitory synaptic contacts in the granule cell layer,
elucidation of their afferent inputs is a pressing open
task.

Synaptic Inputs to DCN Neuron Subtypes

Working from our present understanding of these various
functionally different classes of neurons, a partial picture
on the ins and outs to the DCN emerges (Fig. 5). Based
on histological evidence, the PNs are known to synapse on
GADnL and GAD+IO neurons [18, 42], but the extent to
which PNs innervate other cell types is less well
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established. Our electrophysiological data suggest that
GADnS cells are contacted by PN axons to the same
extent as GADnL cells, while GAD+ cells are innervated

to perhaps a lesser degree, based on the different
properties of spontaneous IPSCs in these cells [48].
Bagnall and coworkers [50] have reported that the large,

Fig. 4 Spontaneous IPSCs in GADnL, GADnS, and GAD+ cells. All
recordings in this figure were obtained using a high-Cl− internal
solution (Erev GABA ~0 mV). a Spontaneous IPSCs are not notably
affected by tetrodotoxin (TTX). i Example traces of IPSCs in control
conditions (upper panel) and with added TTX (lower panel). Insets
show IPSCs with an expanded time scale. Note that for GADnL cells,
the current axis is compressed twofold. ii Statistical comparison of
IPSC frequency between cell groups with and without TTX. The
decrease in IPSC frequency was not significant in any of the cell
groups. b IPSC kinetics in GAD+ cells are significantly slower than in
GADnL and GADnS cells. i comparison of IPSC occurrence
frequency between the cell types in control (solid color bars) and
TTX (hatched bars). Asterisks denote statistical significance: *p<
0.05, ***p<0.001. Non-significant differences between control and
TTX conditions are left unmarked. ii Averaged, peak-aligned, and

normalized IPSC shapes. Width of the trace indicates ±SEM. iii–iv
Comparison of 10–90% rise time and decay time constant distributions
at 32°C. Note the broad spread of both measured values in GAD+ cells.
c Delayed appearance of IPSCs suggests distal location of GABAaRs in
GAD+ cells. i Normalized frequency of IPSCs as a function of time
since breaking into whole-cell configuration. ii–iv Suggested mecha-
nism behind the delayed appearance of IPSCs. Upon breaking into
whole-cell configuration, the reversal potential of GABA-mediated Cl−

currents (Erev GABAa) near somatic GABAaRs on GADnL cells is
quickly shifted to 0 mV, providing inward driving force for chloride and
thereby permitting IPSC measurements. On the other hand, the Erev

GABAa near GABAaRs located in distal dendrites is shifted more slowly,
requiring diffusion of Cl− from the soma to the dendrites. a–c (i) are
modified from [48]
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glycinergic projection neurons of the fastigial nucleus
appear to be under PN control, even though it is unclear
whether PN synapses are present on the Gly-I neurons in
the lateral nucleus. Conversely, it is known that climbing
fiber (CF) collaterals contact both GAD+IO and GADnL
DCN neurons and that mossy fiber (MF) collaterals
synapse on GADnL cells, but the relative strength of
these connections and whether MF or CF synapses occur
on other cell types is unknown [5, 19]. Unpublished
observations from our laboratory suggest, however, that both
GAD+ and GADnS cells receive glutamatergic extracerebel-
lar synaptic afferents (M. Uusisaari, unpublished observa-
tions). Notably, the roles and targets of inhibitory DCN
interneurons are entirely unknown, even though non-Purkinje
GABAergic presynaptic terminals have been described on
both GABAergic and glutamatergic DCN neurons.

Clearly, we presently lack even a basic description of
all of the various cell types in the DCN and are far from
compiling a circuit diagram that reflects an understanding
of their functional properties. Fundamental issues that
need to be addressed in future work include the
examination of the neurons that project from the DCN
to the IO, determining the extent to which our observa-
tions in the lateral nucleus can be generalized to the
other two nuclei, and the completion of a careful

histological examination of the spatial distribution of cell
types within the different nuclei [6]. Following on the
identification of these different cell types, we also need to
examine their afferent and intrinsic connections. Notably,
previous studies aimed at characterizing the properties of
MF and CF synapses were specifically biased towards
large neurons, whereas there is clear anatomical evidence
for afferent connections targeting different cell types [5].
Even less is known about the functional role of the
connectivity within the DCN, which is likely to consist of
local GABAergic, glutamatergic, and glycinergic synaptic
communication [5, 51, 52]. It seems likely that the DCN is
organized in a modular fashion, since afferent and efferent
connections segregate according to their extra-nuclear
sources [53]. There is a possibility that synaptic crosstalk
may occur between these modules in a manner analogous
to the parallel fibers that provide information flow across
the zones of the cerebellar cortex.

Finally, future research efforts should explore the
possible function of inhibitory nucleo-cortical synaptic
connections formed by Gly-I cell axons [54–56]. Our
growing toolbox of mouse strains in which neuronal
subtypes are conveniently identifiable via cell type-
specific expression of fluorescent protein reporters, in
conjunction with techniques for neural circuit labeling via

Fig. 5 Schematic drawing of
the putative synaptic
connections for the different
DCN neuron types. Arrows with
dashed lines denote axons of
local DCN neurons or collaterals
of efferent axons. Note that few
of the depicted synaptic
connections have been
unequivocally demonstrated. PN
Purkinje neuron axon, MFc
mossy fiber collateral, CFc
climbing fiber collateral, CCtx
cerebellar cortex, GlyR glycine
receptor, GABAaR GABAa
receptor, AMPAR/NMDAR
AMPA and/or NMDA receptor
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transsynaptic gene delivery, should enable us to effectively
address these issues in the years to come [57].
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