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the growth and length regulation of the
flagellar filament of Salmonella
Typhimurium.
The earlier work by Turner et al. [13]
reporting that E. coli filaments grew at
constant rates of 13 nm/min was based
on filament regrowth after shearing. In
hindsight, this can be explained by the
Renault et al. [16] injection-diffusion model,
since Turner’s measurements were
extension rates at the ends of broken, long
flagella and did not measure initial growth
rates of nascent filaments, which the
Renault study was able to achieve. The
chain model proposed by Evans et al. [14]
to explain filament elongation by a
constant rate was based on interactions
between amino- and carboxy-terminal
regions in FlgE (hook) and FliC filament
protein subunits through cysteine
crosslinking experiments. However, it is
known that the amino- and carboxy-termini
of FlgE and FliC subunits are directly
aligned in an anti-parallel orientation in the
final folded conformation in the hook and
filament, respectively [19,20]. Evans et al.
[14] failed to demonstrate a parallel
orientation of the amino- and carboxyterminal helices as predicted by the chain
model. They also argued that the 8 Å
cysteine–cysteine spacing could not form
between subunits in the assembled hook
without testing this possibility. Given the
dynamics of hook and filament subunit
interactions in structures rotating at
speeds of 300 to 1,000 revolutions per
second, it would be difficult to assume that
a static crystal structure model of hook and
filament can accurately represent the
dynamic subunit interactions in vivo.
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For half a century it was assumed that granule cells use ultra-sparse
encoding, but now in vivo calcium-imaging studies have shown that
large ensembles of granule cells provide dense signals, which
themselves evolve and adapt during training.
Cerebellar granule cells form the densest
neuronal layer in the brain and they are
critical for motor learning [1]. Their
morphology is highly conserved
throughout phylogeny [2]. Granule cells
have a small cell body with only two to
seven dendrites, each equipped with a
claw receiving a single mossy fiber input.
These mossy fibers are derived from
many pre-cerebellar locations, which

carry a large variety of signals including
sensory, motor, and contextual
information [2,3]. Partly based on this
sparse synaptic connectivity, classical
theories on cerebellar function have
argued that granule cells relay sparse and
fixed encodings of sensorimotor signals
that could be used for generating specific
associative connections at the granule
cell to Purkinje cell synapse (Figure 1A)
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Figure 1. Signals in the granule cell layer are dense rather than sparse and evolve and adapt during training.
(A) Historically, granule cell signals (grey ovals) have been proposed to encode a sparse code of the stimuli. These signals arrive via the mossy fiber pathway (MF)
and converge onto Purkinje cells (P) and the molecular layer interneurons (MLI). The inferior olive (IO) modulates the activity at the granule cell to P, granule cell to
MLI, and MLI to P synapses through climbing fibers (CF). Temporal coincidence or separation of these two inputs changes the signals from the granule cells via
long-term depression (LTD) or long-term potentiation (LTP), the plastic impact of which will be conveyed to the deep cerebellar nuclei (DCN). (B) New studies [6–8]
have revealed that the coding in the granule cell layer is in fact dense and rich (colorful ovals), ranging from information about the physical nature of the external
stimuli (black, light and dark blue ovals) and interpretation of the context (green ovals), to information about the internal state of the cerebellum (red ovals), or the
reward expectation (purple ovals), priority (yellow ovals), motivation (pink ovals), and optimal response (orange ovals) of the organism. Moreover, these new
studies indicate that the coding in the granule cell layer can be subject to learning, such as occurs during eyeblink conditioning. These evolving patterns of
granule cell activity will affect the bidirectional plasticity at the Purkinje cell synapses, which is partially predetermined by expression patterns of intrinsic
molecular pathways (reflected by the different background colors of the Purkinje cell modules involved; grey and white boxes).

[4,5]. One of the hypothesized
advantages of sparse encoding was an
efficient separation of input patterns,
which as a consequence would increase
the speed of formation of novel
associations at the level of Purkinje cells.
This memory formation at the Purkinje
cell dendrites would, in turn, be guided
by a powerful error signal mediated by
the olivary climbing fibers, selecting
the proper sets of separated, sparsely
encoded inputs generated in the
granular layer. Surprisingly, three new
studies, including Knogler et al. [6],
Giovannucci et al. [7], and Wagner
et al. [8], in recent issues of Current
Biology, Nature Neuroscience, and
Nature, respectively, provide compelling

evidence that the encoding of granule
cells is dense in that large ensembles
of up to about half of the cells in a
particular lobule can be activated
during sensorimotor integration.
This groundbreaking discovery was
made possible by utilizing technological
advances in monitoring neuronal activity in
awake, behaving animals. Until recently,
granule cell signals were measured using
electrophysiological approaches, often in
anesthetized or decerebrated animals,
procedures which significantly limit the
activity in the granule cell layer. The few
studies performed in awake mice [9,10]
showed rich firing patterns in single granule
cells, but failed to report population coding
because of technical limitations. Granule
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cells are simply too small and too dense for
it to be possible to readily discriminate and
identify abundant numbers of single-units
by electrophysiological means. The three
new studies [6–8] highlighted here took
advantage of large field, high-speed
two-photon calcium imaging, making it
possible to simultaneously observe the
activity of hundreds of granule cells in a
single field of view. Combined with the
latest advances in genetically encodable
calcium indicators [11], which increase the
temporal resolution of observed signals,
and computational methods, which allow
separation of signals from overlapping
cells, it is now possible to monitor large
populations of granule cells in awake
behaving animals at a single cell resolution.
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By imaging the entire cerebellum of
awake, head-embedded larval zebrafish,
Knogler et al. [6] were able to show that
activity in the granule cell layer is
dense across different modalities. The
researchers made use of the fact that
larval zebrafish are optically transparent
and relatively small, allowing modern
two-photon microscopes to image the
entire volume of the cerebellum in one
experiment and at high sampling rate. In
a separate set of experiments, the authors
used genetic tools available in the
zebrafish model to sparsely label granule
cells in the larval cerebellum to carefully
describe the granule cell anatomy at
this stage of the fish development. This
additional dataset revealed that, even in
immature fish, the cerebellum is already
well-established and separated into three
distinctive layers, and that the majority
of granule cells 6–7 days post-fertilization
show several distinctive dendrites (claws)
capable of integrating multiple mossy
fiber inputs. Interestingly, most of the
zebrafish granule cells at this stage
showed between two and three claws,
consistent with the morphology of young
mammalian granule cells [12], which are
on their way to develop about four
dendrites when they reach adulthood [2].
While imaging the whole cerebellar
volume of larval zebrafish, Knogler et al.
[6] observed that granule cells were
densely active in response to sensory
inputs, including whole-field light flashes,
whole-field moving bars and mild shocks,
as well as to stimulus-evoked motor
behaviors captured by monitoring the
movement of the tail. In general, the cells
responded robustly to either one sensory
and/or one motor-related variable. Thus,
multimodal signaling did occur, but not for
different sensory stimuli (Figure 1B, left).
In addition, they showed using both
calcium-imaging and electrophysiological
recordings that cells with the same or
similar responses were spatially clustered
and temporally homogeneous rather
than continuously varying. In this respect,
the responses also deviated from the
theoretical considerations of Marr [4] and
Albus [5], who predicted that the granule
cells would encode signals in higher
temporal dimensions than those
conveyed by their mossy fiber inputs.
Such signals enriched in both the spatial
and temporal domain would generate
more diversity in coding, allowing the

climbing fibers in the molecular layer to
select the proper signals from a wider
range of inputs. However, temporal
patterning did not turn out to be an
obvious feature, at least not in developing
larval zebrafish subjected to sensory
stimulation and/or executing motor tasks
that did not entail training. It remains
possible that temporal diversification in
granule cell signaling becomes more
apparent in adult animals during motor
learning, which was studied by
Giovannucci et al. [7].
Giovannucci et al. [7] also showed the
general property of dense, rather than
sparse, coding in the cerebellar granule
cells, but they took their experimental
approach to adult mammals subjected to
a motor learning task. Consistent with the
findings in the zebrafish, they found that,
during classical eyeblink conditioning — a
cerebellar form of motor learning in which
adult mice are taught to associate a flash
of light (conditioned stimulus) with a puff of
air to the eye (unconditioned stimulus) —
many granule cells responded to either the
conditioned or unconditioned stimulus
(light or puff), the triggered behavior
(closing the eye), spontaneous behavior
(whisking or walking) or a combination of
these (Figure 1B, left). Most strikingly, as
the animals started to learn to respond to
the light with a pre-emptive blink, some
of the granule cells showed activity that
encoded this prediction. As learning
further progressed, more granule cells
acquired this predictive signal that
ultimately highly correlated with the
absence or presence of the learned
response (Figure 1B, right), together
enhancing the level of decorrelation and
temporal dispersion among different sets
of granule cells.
Whereas the decorrelation of the
encodings of granule cells was predicted
by Marr [4] and Albus [5], they did not
envision the widespread adaptive
features of these cells at the input stage.
In their models, the learning was
predominantly attributed to the output
stage of the cerebellum, with its robust
integrative properties provided by the
large dendritic trees of the Purkinje cells.
However, while Giovannucci et al. [7]
uncovered the evidence for learning at
the input stage analyzing sensorimotor
signaling, they did not combine their
imaging and behavioral studies with
concomitant electrophysiological

recordings to establish the level of the
fine-temporal dimensions of granule cell
activity during eyeblink conditioning.
Moreover, it was also not investigated
to what extent granule cells may also
encode higher order cognitive signals.
This ability of granule cells to carry a
cognitive signal was revealed by Wagner
et al. [8], who subjected awake behaving
mice to an operant, voluntary forelimb
motor task, during which they were
trained to push a lever in order to receive a
sucrose-water reward with varied delay
times. They showed that some granule
cells responded preferentially to reward
or reward omission, whereas others
selectively encoded expectation of
reward. Moreover, here too granule cell
encoding was dense, showing high levels
of decorrelation and temporal dispersion
while being subject to changes over
time as learning progressed. Whereas
the intracerebellar feedback signals to
the granule cells have been shown to
originate directly in the cerebellar nuclei
[13] (Figure 1B, right), the source of the
extracerebellar reward signals remain
unclear. The neuro-anatomical tracing
studies by Wagner et al. [8] raise the
possibility that these reward signals might
be derived from areas like the pons, which
receive extensive input from higher brain
regions like the cerebral cortex. The ability
of the cerebellum to integrate cognitive
signals of reward expectation in the
context of sensorimotor processing may
endow the system to even further refine
coordination of its output and speed up
the learning process.
The new experimental data provided
by Knogler et al. [6], Giovannucci et al. [7]
and Wagner et al. [8] are well in line with
recent theoretical work by Cayco-Gajic
et al. [14]. Their work suggests that, while
granule cells are well suited to sparsen
mossy fiber input patterns, expansion of
coding space and decorrelation of activity
patterns are the main determinants of
pattern separation and learning speed for
biologically realistic, spatially correlated
input patterns [14]. In fact, it seems that
it is the sparsity in synaptic connectivity
rather than ultra-sparsening of activity
patterns that appears critical. The small
number of granule cell dendrites each
receiving a single mossy fiber enables
efficient transmission of information,
introduces few correlations, and also
provides a thresholding operation that
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acts to decorrelate signals [15]. Moreover,
the new experimental data also align well
with the recent concepts of D’Angelo and
De Zeeuw [16] and Gao et al. [13,17], who
predicted that learning would also take
place at the cerebellar input stage — the
granular layer, which is also studded with
ample forms of synaptic, intrinsic and
hardwired plasticity.
Inarguably, the three new papers [6–8]
have significantly advanced our
knowledge of cerebellar function in
intact, behaving animals. Yet, there are
still a few unanswered questions left
that need to be addressed by future
studies. Specifically, it will be crucial to
unravel whether the learning-related
granule cell signals truly emerge in
granule cells themselves or rather reflect
changes in the upstream information
carried by the mossy fibers. In addition,
we need to determine how stable the
granule cell representations are over
time after the learning is completed,
and finally, we need to identify the exact
source of the extracerebellar reward
signals (Figure 1B). Answering these
questions will require measurements
of activity in mossy fibers and granule
cells over large neuronal populations with
the ability to simultaneously manipulate
and disrupt the inputs from a wide variety
of sources. Recent advancements in
designing multicolor indicators [18], highspeed volumetric imaging [19] and all
optical control of neuronal firing [20] will
make it better possible to tackle these last
outstanding questions.
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A recent study suggests that the prefrontal cortex gradually becomes
critical as a storage site for remotely acquired memories. How do we
interpret this observation in light of the well-known functional role of
the prefrontal cortex in cognition and memory?
The prefrontal cortex has long been
viewed as the site of working memory, our
ability to hold newly acquired information
in mind for brief periods [1]. A new study
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by Kitamura et al. [2], however, suggests
that prefrontal cortex plays a key role in
memory for a different time period,
specifically for maintaining remotely

