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For most of the last 50 years, the functional interpretation for inhibition in cerebellar cortical
circuitry has been dominated by the relatively simple notion that excitatory and inhibitory dendritic
inputs sum, and if that sum crosses threshold at the soma the Purkinje cell generates an action
potential. Thus, inhibition has traditionally been relegated to a role of sculpting, restricting,
or blocking excitation. At the level of networks, this relatively simply notion is manifest in
mechanisms like “surround inhibition” which is purported to “shape” or “tune” excitatory
neuronal responses. In the cerebellum, where all cell types except one (the granule cell) are
inhibitory, these assumptions regarding the role of inhibition continue to dominate. Based
on our recent series of modeling and experimental studies, we now suspect that inhibition
may play a much more complex, subtle, and central role in the physiological and functional
organization of cerebellar cortex. This paper outlines how model-based studies are changing
our thinking about the role of feed-forward molecular layer inhibition in the cerebellar cortex.
The results not only have important implications for continuing efforts to understand what the
cerebellum computes, but might also reveal important features of the evolution of this large

and quintessentially vertebrate brain structure.
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THE CLASSICAL VIEW OF CEREBELLAR MOLECULAR

LAYER INHIBITION

For most of the last 50 years, the functional interpretation of cer-
ebellar inhibitory circuits in general, and molecular layer inhibition
in particular, has been dominated by the relatively straight forward
hypothesis that inhibitory and excitatory synaptic inputs sum spa-
tially and temporally to determine whether Purkinje cells reach
threshold and consequently generate an action potential (Andersen,
2006). This “integrate and fire” framework continues to provide
the basis for most models and theories of cerebellar function today
(Medina and Mauk, 2000; Mauk and Ohyama, 2004; Carrillo et al.,
2008; Dean et al., 2010), and in fact for the role of inhibition in
brain function as a whole (Andersen, 2006). Consistent with the
traditional integrate and fire model of neuronal function, the role
of inhibition in the cerebellum has traditionally been described in
terms of “sculpting,” blocking, or canceling excitatory effects on
neuronal output (Bell and Grimm, 1969; Andersen, 2006; Gao etal.,
2006; Shin and De Schutter, 2006; McKay et al., 2007; de Gruijl et al.,
2009; Wisden et al., 2009; Wulff et al., 2009; Dean et al.,2010),a role
that was originally codified in what has come to be known as “the
cerebellar beam hypothesis” (Eccles et al., 1967). Originally pro-
posed by Braitenberg and Atwood (1958) based on the unique geo-
metrical relationship between the parallel fibers of the granule cells
and the Purkinje cell, the beam hypothesis holds that computation
in cerebellar cortical circuitry is fundamentally organized around
the propagation of excitatory parallel fiber activity along “beams,”
sequentially activating cerebellar Purkinje cells (Eccles et al., 1967;
Heck etal.,2007). Molecular layer inhibition was assumed to sculpt

and sharpen these excitatory “on-beam” Purkinje cell responses by
producing an “off-beam” inhibitory area transversely flanking each
side of the core beam (Cohen and Yarom, 2000; Gao et al., 2006;
Heck et al., 2007; Rokni et al., 2007, 2009).

ARE THERE NATURALLY OCCURRING PARALLEL FIBER
INDUCED PURKINJE CELL BEAMS?

While the assumption of strong parallel fiber inputs on Purkinje
cells and inhibition as a sculpting lateral mechanism continues
to dominate modern cerebellar theories (Mauk and Ohyama,
2004; Hong and Optican, 2008), there is actually little experimen-
tal evidence that natural patterns of afferent cortical activation
actually produce beam-like patterns of either excited or inhibited
Purkinje cells (Bell and Grimm, 1969; Eccles et al., 1972; Bower
and Woolston, 1983; Kolb et al., 1997; Cohen and Yarom, 1998;
De Jaeger and Proteau, 2003; Holtzman et al., 2006; Heck et al,,
2007; Rokni et al., 2007; de Solages et al., 2008). Instead Purkinje
cells either activated or inhibited by peripheral stimuli are found
in patches, not beams (Eccles et al., 1972; Bower and Woolston,
1983; Gao et al., 2006) whose locations, when measured, are found
to be in close proximity to activated regions of the granule cell
layer (Bower and Woolston, 1983; Kolb et al., 1997; Cohen and
Yarom, 1998; De Jaeger and Proteau, 2003; Lu et al., 2005; Rokni
et al., 2007; Brown and Ariel, 2009). Those few in vivo reports
claiming to demonstrate the presence of beams either mapped
Purkinje cell responses without reference to activity in the granule
celllayer (Garwicz and Andersson, 1992; Jorntell and Ekerot, 2002;
Heck et al., 2007), employed electrical rather than natural forms
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of afferent stimulation (Jorntell and Ekerot, 2002), or drew their
conclusions based on patterns of activity obtained in completely
different animals (Jorntell and Ekerot, 2002, 2006). For additional
discussion of these methodological concerns see Bower (2002).
Figure 1, reproduced from Bower and Woolston, 1983, shows the
pattern of Purkinje cell excitatory and inhibitory activity induced in
cerebellar folium Crus IIA following stimulation of the ipsilateral
upper lip in an anesthetized rat. Figure 1A shows the spatial distri-
bution of granule cell layer activity induced by the peripheral tactile
stimulus, while Figure 1B shows the resulting activity produced in
Purkinje cells. It can be seen that those Purkinje cells responding
with short-latency increases in spike output (indicated by black
histogram bins in Figure 1B) were not found along beams, but

instead were restricted to the region directly overlying the activated
granule cell layer (dotted area in both Figures 1A,B). Similarly,
Purkinje cells showing a reduction in firing were also not found
along a beam, but instead were located above as well as adjacent
to the activated region of the granule cell layer (stippled histo-
gram bins in Figure 1B). While this apparent inhibitory influence
does extend slightly beyond the activated region of the granule cell
layer, at no point were reductions in Purkinje cell firing seen at a
distance greater than 200 microns, even though parallel fibers in
the rat can extend for up to a 2.5 mm in both directions from the
site of granule cell layer activation (Houk and Walsh, 1971; Harvey
and Napper, 1991; Barmack and Yakhnitsa, 2008a). In other words,
just as there was no “beam” of activated Purkinje cells extending
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FIGURE 1 | Comparison of the spatial distribution of granule cell and
Purkinje cell layer responses in Crus lIA of the rat, evoked by stimulation of
a single upper lip locus. Parallel fibers run from the top of the figure (medial) to
the bottom (lateral). (A) Granule cell layer evoked-response map. This map
illustrates the spatial distribution of activity evoked by mechanical stimulation of
the single ipsilateral upper lip locus. Each rectified, averaged GC layer response
(30 trials) is centered over the electrode puncture location from which the
response was recorded (see brain diagram of Crus I1A at bottom center). The
largest GC layer responses were recorded within the area enclosed by the
dashed line. The time scale and stimulus onset (arrow) for all traces are shown in
the key at top right. (B) Purkinje cell layer evoked-response map. This map

PC LAYER EVOKED RESPONSE MAP

illustrates the spatial distribution of PC layer activity evoked by the same
peripheral stimulus that evoked the GC layer response in (A). Each PST
histogram represents responses of a different Purkinje cell recorded from the
same 19 electrode punctures as the GC layer responses shown in (A).
Statistically significant short-latency increases in PC activity are indicated in
black with decreases stippled. Both these maps are oriented so that the course
of the GC parallel fibers is from the top of the figure to the bottom, i.e., along the
axis of the folium (see brain diagram at lower center). In each PST histogram, the
arrow indicates the onset of the stimulus. The key at top right indicates the scale
for the x and 'y axes for all histograms. v, vibrissae; 11, lower lip; ul, upper lip; fbp,
furry buccal pad.
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down the folium, there is also no evidence for an “off-beam” inhibi-
tory band extending along the parallel fibers. The original beam
hypothesis also did not predict inhibitory effects within the (“on-
beam”) area of Purkinje cell excitation (Eccles et al., 1967). In the
data shown in Figure 1 and elsewhere (Cohen and Yarom, 2000),
short duration excitatory Purkinje cell responses are almost always
followed by a decrease in spiking, presumably due to inhibitory
effects. It should also be noted that this decrease in firing occurs
at the same latency whether preceded by excitation or not, and
regardless of whether the Purkinje cell is above or adjacent to the
area of granule cell layer activation.

MODELING PURKINJE CELL RESPONSES TO FOCAL
ACTIVATION OF THE GRANULE CELL LAYER

Over the last several years we have constructed realistic models of
cerebellar Purkinje cells (Deschutter and Bower, 1994a,b,¢; Jaeger
etal., 1997; Santamaria and Bower, 2005) and the cerebellar cortical
network (Santamaria et al., 2007) to try to better understand,among
other things, why focal activation of the granule cell layer does
not produce beams of Purkinje cell excitation or inhibition. These
modeling efforts were designed to test a specific hypothesis, first
formulated by Llinas (1982), that the focal activation of Purkinje
cells was due to synaptic input from synapses on the ascending
segment of the granule cell axon before it bifurcated into two paral-
lel fibers (Mugnaini, 1972). Llinas suggested that these ascending
segment synapses had a more powerful influence on Purkinje cells
because they provided a more synchronous input than did parallel
fibers contacting Purkinje cells further down the folium (Llinas,
1982). Confirming the first component of this hypothesis, we have
obtained direct anatomical evidence that Purkinje cells do receive
excitatory synaptic projections from ascending granule cell axons
(Gundappa-Sulur et al., 1999; Lu et al., 2009), and experimen-
tal evidence is mounting that these inputs drive strong excitatory

responses in Purkinje cells (Jaeger and Bower, 1994, 1999; Cohen
and Yarom, 1998; Gundappa-Sulur et al., 1999; Isope and Barbour,
2002; Lu etal.,2005; Sims and Hartell, 2005, 2006; Rokni et al., 2008;
Brown and Ariel, 2009; Lu et al., 2009; Walter et al., 2009).

While ascending granule cell inputs likely account for Purkinje
cell activation directly above an activated region of the granule cell
layer, until recently, the other component of the Llinas hypothesis,
that the lack of Purkinje cell responses along a beam is due to the
relative desynchronization of parallel fibers has not been examined
directly. However, several known anatomical and physiological fea-
tures of the parallel fiber system are consistent with this proposal.
First, while it has been known for some time that individual parallel
fibers make one synapse per Purkinje cell (Harvey and Napper,
1991), recent evidence in mammals suggests that there may be
approximately twice as many granule cell synapses per unit length
on ascending as compared to parallel fiber segments of the granule
cell axon (Pichitpornchai et al., 1994) a result also found in turtles
(Tolbert et al., 2004). With respect to parallel fiber desynchroniza-
tion, it has been known for a long time that parallel fibers are quite
variable in their conduction velocities (Eccles et al., 1966). However,
in addition, the structure of the molecular layer itself would seem
to assure a more desynchronized parallel fiber volley down the
molecular layer. Specifically, action potentials initiated in parallel
fiber volley down the folium must first traverse the entire height
of the molecular layer before reaching the parallel fiber branch
point, while action potentials in deeper parallel fibers start propa-
gating almost immediately (see Figure 2). Thus the geometry of
the cortex itself appears to contribute to the desynchronization of
parallel fibers. Interestingly, this initial desynchronization due to the
branching pattern geometry of granule cell axons in the molecular
layer appears to be further enhanced by the fact that the intrinsic
conduction velocities of deeper parallel fibers can be twice as fast
as those found more superficial in the molecular layer (Vranesic
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FIGURE 2 | Spatial and temporal patterns of action potential propagation
along granule cell axons. (A) Calculated synaptic distributions following a
synchronously activated patch of granule cells, consisting of 80 cells distributed
over 50 square microns along the X-axis. Note the increasingly desynchronized
volley of parallel fiber activity with distance from the activated region. (B) Range
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of propagation times for action potentials converging at different distances from
the site of granule cell activation. The upper and lower bounds are calculated
using the slowest (0.15 m/s) and fastest (0.50 m/s) published propagation
velocities for parallel fiber action potentials. Reproduced with permission from
Santamaria et al., 2007.
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et al., 1994). Figure 2 shows the predicted spatial and temporal
range of parallel fiber activity following focal granule cell layer
activation when these anatomical and physiological constraints
are taken into account.

In order to test whether these properties of the parallel fiber system
alone could account for the lack of Purkinje cell beams, we con-
structed a biologically realistic model of the cerebellar granule cell to
Purkinje cell pathway (Santamaria et al., 2007). When the spatial and
temporal patterns of parallel fiber activity shown in Figure 2 were
applied to modeled Purkinje cells, the results, shown in Figure 3,
were unexpected. In Figure 3, the top four histograms (A-D) are
physiological data obtained in vivo following focal activation of the
granule cell layer under the Purkinje cell whose response is labeled A.
As in our original report (Bower and Woolston, 1983) and as shown
in Figure 1, only the Purkinje cell overlying the activated region of
the granule cell layer responded with short-latency excitation. The
second set of histograms (E-H) were obtained when the spatial tem-
poral pattern of granule cell inputs shown in Figure 2 were applied to
Purkinje cell models positioned at the same distances from simulated
granule cell activation as in A-D. Despite an intentional choice of
(biologically plausible) parameters minimizing the number of par-
allel fiber inputs and maximizing their degree of asynchrony (see
Santamaria et al., 2007 for details), the model surprisingly still pro-
duced beams of activated Purkinje cells. Thus, while the desynchro-
nization of parallel fibers resulted in progressively broader Purkinje
cell excitatory responses with distance, the model produced simulated
beam-like excitatory responses not seen experimentally. Based on
these modeling results we concluded that the original parallel fiber
desynchronization mechanism proposed by Llinas (1982) was not
sufficient to account for the experimental data.

Looking more closely at the responses shown in Figures 3A-D
and Figures 3E-H, beyond the existence of beam-like activation,
the most striking difference between the real and simulated results is
the excessive activation of the simulated Purkinje cells. Comparing
Figures 3A and E for example, it is clear that stimulation in the
model produced a much more dramatic and prolonged excitatory
response than is seen in vivo. Accordingly, it seemed likely that more
realistic responses would likely be obtained after adding molecular
layer inhibition which had not to that point been included in the
model. When molecular layer inhibition was added to the network
model (Santamaria et al., 2007), while changing no other model
parameters, the simulated responses (Figures 3I-L) were remark-
ably similar to those recorded in vivo (Figures 3A-D). For exam-
ple, after adding molecular layer inhibition, Purkinje cell responses
above the activated region of the granule cell layer included both
excitatory and following inhibitory responses (Figure 3I), while
Purkinje cells not directly overlying the activated granule cell layer
but nearby showed decreases in spiking (Figure 3J). Further, and
importantly, the beam-like activity recorded in the model without
inhibition (Figures 3F-H) was completely absent.

MOLECULAR LAYER INHIBITION SUPPRESSES THE BEAM

The most general prediction of the modeling effort just described
is that feed-forward molecular layer inhibition plays a critical,
but here-to-fore unrecognized role in regulating the responses
of Purkinje cells to excitatory granule cell input, an in particular
in suppressing the “beam.” Instead of laterally sculpting excita-
tory Purkinje cell beams as predicted by the beam hypothesis and

assumed in many models and interpretations of cerebellar cortical
function (Bell and Grimm, 1969; Mauk and Ohyama, 2004; Gao
et al., 2006; Shin and De Schutter, 2006; Steuber et al., 2007; Hong
and Optican, 2008), molecular layer inhibition instead appears to
prevent excitatory Purkinje cell beams from occurring. In support
of this basic model prediction, we subsequently showed experimen-
tally that blocking molecular layer inhibition in vivo, results in the
emergence of beam-like patterns of Purkinje cell activity that are
remarkably similar to those seen in the model lacking feed-forward
molecular layer inhibition (Santamaria et al., 2007). A similar result
has recently been reported by Walter et al. (2009).

While the reader is referred to Santamaria et al. (2007), for a
full description of the network modeling parameters, responses to
parameter variations, and other specific model-based explanations
for the influence of molecular layer interneurons, there are several
aspects of the modeling results that are worthy of specific mention
here. As with many realistic modeling efforts (Bower, 1990), one of
the most valuable contributions this type of model can make is in
shedding new light on the functional consequences of well known
anatomical features. Through most of the history of neuroscience,
function has simply been inferred from a fairly straightforward
interpretation of the anatomy, the beam hypothesis itself being an
excellent example. Accordingly, the most obvious interpretation of
the anatomical arrangement between parallel fibers and Purkinje
cellshas been that parallel fiber activity would result in a successive
spatial activation of Purkinje cells, an interpretation bolstered by
experimental studies using direct electrical stimulation techniques
(Ecclesetal., 1966), essentially designed on the assumption that this
was how the system worked. It has taken careful experimental inves-
tigations using natural peripheral stimuli (Bower and Woolston,
1983; Santamaria et al., 2007), combined with realistic modeling, to
understand why this is not the case. Similarly, the laterally inhibi-
tory role for molecular layer interneurons in the beam hypothesis
derives from a simple interpretation of the fact that the axons of
these neurons course in a direction perpendicular to the parallel
fibers (Sultan and Bower, 1998). Considering the anatomy alone, it
seems perfectly rational to assume simple lateral inhibitory effects,
while it has never been previously proposed that laterally projecting
axons would counterbalance progressive parallel fiber excitation
down the folium. The model however, demonstrates such counter-
balancing as a consequence of a combination of the relatively rapid
induction of inhibitory inputs, the desynchronization of parallel
fiber volleys, and the intrinsic electrical properties of the Purkinje
cell dendrite. None of these dynamic effects can be inferred from
looking at the anatomy of axonal projections alone.

Never-the-less, the anatomical fact that molecular layer axons
project perpendicular to the course of the parallel fibers (Sultan
and Bower, 1998), almost certainly has some functional signifi-
cance. In the context of the counterbalancing role for molecular
layer inhibition, this perpendicular project pattern could be inter-
preted as suggesting that there is a close relationship between the
specific parallel fibers synapses made on a particular Purkinje cell
dendritic tree and the feed-forward inhibitory synapses projecting
onto that same tree. Further anatomical studies would be neces-
sary to confirm the possibility, but it would be entirely consistent
with the counterbalancing effect of inhibition proposed here if the
same parallel fibers synapsing on a particular Purkinje cell, also
activated nearby molecular layer interneurons whose orthogonal
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FIGURE 3 | Experimental and modeled granule cell effects on PCs. (A-D) indicate the inhibitory conduction delays as well as the number of basket (BC) and
PSTHs (300 trials) of simultaneously recorded PCs evoked by tactile stimulation of stellate cell (SC) synapses converging on the corresponding PCs. All simulated
the ipsilateral upper lip in vivo. (A) PC immediately above the stimulated region of Purkinje cells received randomly activated excitatory and inhibitory synapses
granule cells. (B-D) PCs recorded along the path of the parallel fibers at the resulting in an average spontaneous firing frequency of 40 Hz. The difference in the
indicated distances. (E-H) PSTHs (256 trials) from network simulations using the delay in the excitatory onset latency in the in vivo (A) and modeled (E and I) PCs is
largest range of parallel fiber conduction velocities (0.15 top, 0.5 m/s bottom), and due to the additional conduction delays from the stimulated skin to the cerebellum
4% of granule cells activated. (FL) Similar simulations as (E-H) with feed-forward in vivo, which for simplicity were not included in the model. The * denotes
inhibition added to the model. (E) and (I) received the same total amount of statistically significant difference from background activity (Ttest, p<0.05).
excitatory input, split between ascending and parallel fiber synapses. The notations Reproduced with permission from Santamaria et al., 2007,

axonal project patterns assured a restricted influence on the same
Purkinje cell. The project patterns of molecular layer interneurons
also suggest that the dynamical state of the dendrite of parasag-

gital rows of Purkinje cells might also be coordinated, perhaps
reflecting the known parasaggital orientation of projections to the
deep cerebellar nuclei (Ruigrok, 2010). Whatever the functional
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significance of the branching pattern of inhibitory axons, for certain
their effects are more complex than the simple flanking inhibition
assumed by the beam hypothesis.

While our (Santamaria et al., 2007) and Walter’s et al. (2009)
in vivo studies provide experimental support for the general role
of inhibition in suppressing Purkinje cell beams, a recent report
by Yarom based on an in vitro whole cerebellar preparation pur-
ports to find no evidence for such an inhibitory effect (Rokni
et al., 2007, 2008). While these authors do interpret their data
to suggest that granule cell input does not produce beams, they
report no additional lateral spread of Purkinje cell activity after
the topical application of agents that block inhibition (Rokni
et al., 2007, 2008). There are several possible explanations for
the failure to see, in this preparation, the emergence of beam-like
activity we and others have reported after blocking inhibition
in vivo (Santamaria et al., 2007; Walter et al., 2009). As these
authors acknowledge, the interpretation of optical recordings can
be difficult, with optical signals likely dominated by dendritic
processes, with little contribution from the somatic spike. This is
especially the case in Purkinje cells where somatic spikes do not
propagate into the dendrite (Llinas and Sugimori, 1980). This is
also a concern with the recent report on the effects of cortical
inhibition by Gao et al., 2006. Therefore, it seems likely that the
optical imaging methods used in these studies would not detect
changes in somatic Purkinje cell spiking and therefore would not
necessarily be expected to reveal the beam-like behavior recorded
at the single cell level when inhibition is blocked (Santamaria
etal., 2007; Walter et al., 2009). That said, it should be noted that
a close inspection of the published data (Figure 6, Rokni et al.,
2007) does appear to demonstrate a subtle increased spreading of
activity along the direction of the parallel fibers when inhibition
is blocked, possibly including a region (to the right of the figure)
outside the optically sampled area.

A second concern about the optical imaging data involves the
likely plane of section being sampled. In our modeling results, most
of the change in dendritic currents associated with blocking inhibi-
tion were localized in the bottom third of the molecular layer. If the
optical imaging results principally reflect activity in upper levels,
then they might be transparent to the results we report. It should be
noted that even in the presence of inhibition, our network model
indicates robust synaptic effects in Purkinje cells along the parallel
fibers (Figure 4B) which never-the-less do not result in Purkinje
cell somatic firing (Figure 4G).

Finally, if the lack of parallel fiber induced beams is not a
consequence of the molecular layer inhibitory circuitry, one is
left to argue that there is some fundamental difference in the
strength of synaptic effects between ascending and parallel fiber
synapses (c.f. Rokni et al., 2007, 2008). While there is evidence
for morphological and physiological differences in the plastic
properties of these synapses (Gundappa-Sulur et al., 1999; Sims
and Hartell, 2005, 2006), there is good evidence that these syn-
apses don’t differ in their average synaptic strength (Isope and
Barbour, 2002; Walter et al., 2009). It should be noted that, the
synaptic strengths of parallel fiber and ascending segment inputs
in our models were the same. Therefore, an equally important
prediction of the modeling results is that functional differences
between ascending and parallel fiber synapses are NOT based on

differences in their average synaptic strengths, but instead on the
temporal organization of cortical patterns of synaptic activity and
in particular the relative timing of inhibition. Thus, while Walter
et al., 2009, have interpreted the similarity in synaptic strengths
between parallel fiber and ascending segment synapses to suggest
a “computationally equivalence,” computational significance is
determined by the circuitry in which synapses are embedded. In
other words, the influence of both types of synapses on Purkinje
cell behavior is strongly influenced by the larger dynamical struc-
ture of the network in which the Purkinje cell is embedded. It
should also be noted that the claim of computational equivalence
by Walter etal. (2009), would seem to depend on some mechanism
to globally block molecular layer inhibition, as it was only under
those artificial conditions that they (and we) found parallel fibers
could drive Purkinje cell output in vivo.

NEW ROLE(S) FOR MOLECULAR LAYER INHIBITION

Beyond the more general conclusions just discussed, as is often
the case with realistic models, the model makes a number of
more detailed predications regarding the organization and func-
tion of cortical inhibitory mechanisms. In particular the model
suggests different roles for the dendritic and somatic inhibition
onto Purkinje cells provided by molecular layer interneurons.
Traditionally, these two types of inhibition have been attrib-
uted to distinctly different cell types, the so-called “stellate cells”
whose soma’s are found high in the molecular layer and which
provide inhibitory input directly to the Purkinje cell dendrite,
and “basket cells” whose somas are found deep in the molecu-
lar layer and which provide a strong inhibitory input directly
to the Purkinje cells soma (Palay and Chan, 1974; O’'Donoghue
et al., 1989; Castejon et al., 2001a; Donato et al., 2008; Wisden
et al., 2009). However, our recent quantitative anatomical study
of molecular layer interneurons suggests that these cells are, in
fact, one homogenous population, whose probability of provid-
ing an inhibitory input directly to the soma simply goes up as
the soma is deeper in the molecular layer (Sultan and Bower,
1998). Consistent with a single population of neurons, molecu-
lar layer interneurons with somas in the middle regions of the
molecular layer provide both types of inputs. In this paper we
will therefore distinguish between “stellate-like” dendritic and
“basket-like” somatic inhibition rather than referring to stellate
and basket-type cells.

While on the one hand our anatomical and modeling results
suggests that molecular layer interneurons are one population of
cells, our models predict that dendritic and somatic inhibition
play different functional roles. While all molecular layer neurons
receive input from the excitatory granule cell axons (Stell et al.,
2007) it is known that these two types of inhibition have distinctly
different postsynaptic effects on Purkinje cells. For example,
dendritic (stellate-type) inputs have, at best, weak effects on the
Purkinje cell soma (Vincent and Marty, 1996) while basket-type
inputs are very effective in controlling Purkinje cell somatic spik-
ing (Vincent and Marty, 1996). However, beyond these general
descriptions, the functional or computational similarities and
differences between these two types of molecular layer inhibition
are not well understood (Kreiner and Jaeger, 2004; Barmack and
Yakhnitsa, 2008b).
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activation. Activated granule cells and predicted patterns of parallel fiber with respect to basal levels of activity after synaptic stimulation. (F) Net
desynchronization are shown in red. Basket- and stellate-type inhibition somato-dendritic current regulating the firing rate of the PC. (G) PSTH showing
represented as blue and green, respectively. (B) Total excitatory currents from the resulting somatic response. All plots correspond to PCs at distances indicated
granule cell synaptic inputs on PCs. The PC at 0 m received only ascending in the schematic diagram at the top of the figure. Positive current is inwards in
segment synapses. (C) Total inhibitory synaptic currents from stellate-type (B-E) and toward the soma in (F). Averages calculated from 64 simulations in

synapses. Although feed-forward stellate-type synapses are not activated at 0 and (B-E) and 256 in (F). Reproduced with permission from Santamaria et al., 2007

As shown in Figure 4, our network models have resulted in indicated distances from a region of simulated granule cell layer
specific predictions regarding the effects and potential functional — excitation. The charts and graphs below each of these Purkinje cells
roles of dendritic and somatic molecular layer inhibition. The dia-  (B—F) shown the relationships between several important modeling
gram at the top of this figure (Figure 4A) shows the simulated parameters reflecting the influence of molecular layer inhibition.
spatial/temporal pattern of granule cell synaptic input converg- The histograms at the bottom of this figure (G) again show simu-
ing on modeled Purkinje cells located above (far left) and at the lated responses for Purkinje cells at each distance.
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Space does not allow a complete description of the mechanisms
underlying these relationships or, for example, the important analy-
sis of parameter variations. For additional discussion as well as
additional figures explaining model behavior, the reader is referred
to Santamaria et al. (2007). Instead, the following discussion sum-
marizes several predictions regarding the role of these two types
of inhibition in cerebellar cortical networks. Each section will also
consider independent supporting and contradictory evidence:

Feed-forward dendritic (stellate-type) inhibition specifically
serves to counterbalance parallel fiber excitation in local regions
of the Purkinje cell dendrite. The model specifically predicts that
the lack of beam like activation of Purkinje cell along the parallel
fibers is due to an effective balance established by the geometry
of the network itself between dendritic (stellate-type) inhibition
and parallel fiber excitation. This balance is manifest at the level
of local dendritic segments, where feed-forward inhibition and
parallel fiber excitation effectively produce a local clamp on the
membrane voltage (Jaeger et al., 1997; Jaeger and Bower, 1999).
This local voltage control, in turn, influences the activation balance
between the much larger intrinsic voltage dependent calcium and
potassium conductances in the Purkinje cell dendrite. Specifically,
in the case of inhibition, allowing dendritic potassium currents to
more effectively compensate for increasing voltage dependent cal-
cium conductances. This in turn, results in no net flow of somatic/
dendritic current following an increase in parallel fiber activity,
and therefore no effect of parallel fibers on the intrinsic spiking of
the Purkinje cell (Figure 4F). Our models (Jaeger et al., 1997) as
well as experimental results (Jaeger and Bower, 1999), suggest that
this balance between parallel fiber excitation and molecular layer
dendritic inhibition is key to the normal function of the Purkinje
cell dendrite (Kreiner and Jaeger, 2004) and normal patterns of
Purkinje cell somatic activity. In keeping with the general influ-
ence of dendritic inhibition on parallel fiber excitation predicted
here, recent biophysical studies on the post synaptic responses of
PC dendrites show that intra-dendritic excitatory responses are
powerfully restricted in amplitude and duration by molecular layer
inhibition (Brunel et al., 2004; Mittmann et al., 2005).

It may be important to point out explicitly that this influence
of parallel fiber excitation and molecular layer inhibition on the
dendrite of the Purkinje cell is very different in kind from the “inte-
grate and fire” type functionality that dominates many existing
models of Purkinje cell behavior (Medina and Mauk, 2000; Mauk
and Ohyama, 2004; Carrillo et al., 2008). While the local dendritic
influence of these two types of synapses could be considered to
be a kind of local summing, our previous modeling results have
shown that the “firing” of the Purkinje cell is under the second-
ary influence of the large voltage dependent conductances in the
Purkinje cell dendrite and soma (Jaeger and Bower, 1999) and not
the result of a simple sum of parallel fiber excitation and molecu-
lar layer inhibition. The interaction of the synaptic and intrinsic
voltage dependent ionic conductances is far more complex than
assumed in integrate and fire models. It is even likely that the local
dendritic influences of parallel fiber excitation and molecular layer
inhibition may be more complicated than simple summing, an issue
we are currently addressing by constructed models based on serial
EM reconstructions of local regions of the Purkinje cell dendrite
(Lu et al., 2009).

Regardless of the local biophysical interaction of excitation and
inhibition, in principle, the existence of an additional synapse in
the feed-forward inhibitory pathway might at first seem to pose a
problem for such a counterbalancing mechanism. However, a more
detailed analysis of the network model indicates that the balanc-
ing effect emerges from the geometric and temporal structure of
cerebellar cortical circuitry itself. First, the model suggests that the
network derived desynchronization of parallel fiber volleys does, in
fact, have an important consequence as it assures that Purkinje cells
more distant from the site of granule cell layer activation do not
receive an overwhelmingly large simultaneous excitatory synaptic
parallel fiber excitatory input. Second, molecular layer interneurons
are known to be electrically compact with very large input resist-
ances (Hausser and Clark, 1997) assuring that they respond rapidly
to granule cell synaptic input (Clark and Cull-Candy, 2002; Chavas
and Marty, 2003; Suter and Jaeger, 2004; Crowley et al., 2007). It
has even been suggested that activation by a single granule cell
input is sufficient to produce a spike output from a molecular layer
interneuron (Barbour, 1993). It is also now known that activation
of molecular layer interneurons results in a rapid onset of inhibi-
tory postsynaptic currents in Purkinje cells (Brunel et al., 2004;
Steuber et al., 2007). There is even evidence for electrical synapses
between molecular layer interneurons (Sotelo and Llinas, 1972;
Mann-Metzer and Yarom, 2000) which could serve to speed or
spread the establishment of dendritic inhibition. It should also be
noted, however, that ascending segment synaptic activation occurs
too rapidly and synchronously to be regulated by stellate type inhi-
bition. Thus an equally important conclusion of this analysis is
that ascending segment synapses influence Purkinje cells before
dendritic inhibition can be established. In addition, ascending seg-
ment synaptic input projects onto a different part of the Purkinje
cell dendrite than do the parallel fibers of the Purkinje cell dendrite
(Gundappa-Sulur et al., 1999; Lu et al., 2009).

The effects of Feed-forward somatic (basket type) inhibition are pro-
found and local. The previous sections described the model-derived
prediction that the lack of Purkinje cell excitation at a distance follow-
ing granule cell layer activation involves a dendritic level interaction
between Stellate-type inhibition and parallel fiber activation resulting
in no direct influence on Purkinje cell spiking output (Santamaria
et al., 2007). In contrast, the model predicts that the influence of
Basket-type somatic inhibition is restricted to Purkinje cells above
and adjacent to the area of granule cell layer activation, and results in
adirect effect on spiking output. As shown in Figure 4G and consist-
ent with experimental data (Figures 1 and 3), Purkinje cells in these
relative positions respond with a clear reduction in firing, which for
Purkinje cells immediately overlying the activated granule cell region,
usually follows the stimulus related increase in firing (Rokni et al.,
2007). As illustrated by the currents shown in Figure 4D, the model
predicts that, in both cases, this reduction in firing is due to the direct
influence of a powerful and rapid basket-type inhibitory input on
the soma and initial segment of the Purkinje cell.

There are several lines of experimental evidence that support
model predictions regarding basket-type inhibition. First, it is
well known that basket-type inhibition on Purkinje cells is rapid
and profound (Vincent and Marty, 1996; Donato et al., 2008;
Sakaba, 2008). Second, the prediction that basket-type influence is
restricted to a region local to the site of granule cell layer activation
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is consistent with experimental data showing that molecular layer
interneurons whose soma’s are deep in the molecular layer have
receptive fields similar to those of nearby and not distant regions
of the granule cell layer (Ekerot and Jorntell, 2003; Jorntell and
Ekerot, 2003; Barmack and Yakhnitsa, 2008b). While these restricted
receptive fields have previously been attributed to a parallel fiber
selection process (Ekerot and Jorntell, 2003; Jorntell and Ekerot,
2003; Dean et al., 2010), we believe that it is more likely that these
interneurons may be specific targets for ascending granule cell axon
bundles (Gundappa-Sulur etal., 1999; Lu et al., 2009). This sugges-
tion is consistent with the observations that these cell’s dendrites
rise higher in the molecular layer than those of more superficial
molecular layer interneurons making stellate-type connections
(O’Donoghue et al., 1989; Sultan and Bower, 1998; Castejon et al.,
2001a,b; Barmack and Yakhnitsa, 2008b) making them potential
targets for ascending granule cell axons.

Recent optical imaging studies performed using an in vitro iso-
lated cerebellar preparation have also shown the induction of likely
inhibition overlying and immediately adjacent to a focal activation
of the granule cell layer (Cohen and Yarom, 2000; Rokni et al., 2007).
However, these authors attributed only the lateralized inhibitory
optical signals (so called “off beam”) to molecular layer inhibition,
suggesting that the signals observed “on-beam” reflected the activity
of Golgi cells within the granule cell layer (Cohen and Yarom, 2000).
As already described, our models suggest that all nearby suppres-
sion of Purkinje cell firing is due to the large and power effects of
basket-type inputs on the Purkinje cell soma, a result that would
appear to be supported by more recent intracellular recordings
by this group demonstrating that this “on-beam” optical signal is
associated with actual membrane hyperpolarization in Purkinje
cells (Rokni et al., 2007).

FUNCTIONAL IMPLICATIONS

Most modern models and theories of cerebellar cortex exclude
molecular layer inhibition altogether (Ohyama et al., 2003; Yamazaki
and Tanaka, 2007; Carrillo et al., 2008; Dean and Porrill, 2008; Traub
et al., 2008; de Gruijl et al., 2009; Dean et al., 2010), and those in
which it is included, have not distinguished between dendritic and
somatic types of molecular layer inhibition (Chauvet and Chauvet,
1999; Medina et al., 2000; Silkis, 2000; De Jaeger and Proteau, 2003;
Mauk and Ohyama, 2004; Steuber et al., 2007; Hong and Optican,
2008; Wulff et al., 2009). The model-based studies here suggest that
although both forms of molecular layer inhibition are involved in
controlling Purkinje cell responses to parallel fiber input, stellate
(dendritic), and basket (somatic)-type inhibition are organized
quite differently, with different spatial, temporal, and physiological
effects and consequences.

DENDRITIC INHIBITION AND PARALLEL FIBER EXCITATION CONTROL THE
“STATE" OF THE PURKINJE CELL DENDRITE

With the evidence continuing to accumulate that parallel fiber
inputs do not activate Purkinje cells along a beam (see above),
those who continue to believe that parallel fibers can and do directly
drive Purkinje cell output have generally suggested that the lack
of beams is due to a synaptic learning based selection process that
leaves many if not most of the parallel fibers biophysically silent
(Isope and Barbour, 2002; Jorntell and Ekerot, 2002; Ekerot and

Jorntell, 2003; Jorntell and Ekerot, 2003; Apps and Garwicz, 2005;
Heck et al., 2007; Dean et al., 2010). Our results, however, suggest
the alternate view that parallel fiber inputs are active, but under the
control of feed-forward stellate-type molecular layer inhibition and
are not intended to drive Purkinje cell output directly. This revised
way of thinking about the influence of parallel fibers on Purkinje
cells has important algorithmic implications for cerebellar cortical
function (for further discussion: Bower, 2002). Instead of support-
ing a parallel fiber driven cerebellar learning function (Marr, 1969;
Albus, 1971; Mauk and Ohyama, 2004; Ito, 2006; Thompson and
Steinmetz, 2009), feed-forward dendritic stellate-type inhibition
and parallel fiber excitation together are proposed to regulate the
local dynamics of the Purkinje cell dendrite (Jaeger et al., 1997) with
the large dendritic Ca and K dendritic currents providing most of
the direct influence on Purkinje cell somatic spiking (Deschutter
and Bower, 1994¢; Sugimori et al., 1994; Jaeger et al., 1997; Womack
and Khodakhah, 2003). In support of this idea, it has been pointed
out by Mann-Metzer and Yarom (2002) and colleagues that the
relatively “jittery” spiking response of molecular layer neurons to
synaptic input with a duration that is independent of the strength of
that input, is not consistent with a role in precise temporal coding.
This behavior is consistent with a modulatory function however.

Algorithmically, our models and physiological data have sug-
gested that this modulatory regulation of the dynamic balance
between the large voltage dependent membrane condutances
directly influences the response of the Purkinje cell to input from
the ascending branch (Santamaria and Bower, 2005). Specifically,
because the synapses of the ascending synapses contact only the
smallest spiny branchlets of the Purkinje cell (Gundappa-Sulur
et al,, 1999; Lu et al., 2009), their voltage effects traverse regions
of the dendrite under voltage clamp control of parallel fibers and
feed-forward inhibition. We have interpreted this geometrical
arrangement to suggest that the local parallel fiber/feed-forward
voltage clamp mechanism serves functionally to modulate inputs
from the ascending segment axons. Consistent with this prediction,
we have shown using simultaneous granule cell layer and Purkinje
cell recordings that any single activation of the granule cell layer
does not necessarily result in a response from its overlying Purkinje
cell (Lu et al., 2005).

BASKET CELLS AND PARALLEL FIBERS

One elegance of the arrangement between parallel fiber excita-
tion and molecular layer dendritic (stellate) inhibition is that any
activation of the granule cell layer produces both a strong influ-
ence on overlying Purkinje cells as well as a modulatory influence
on more distant Purkinje cells [for more detail on this theory see
Bower (2002)]. It is easy to see how such an algorithmic structure
could extend seamlessly across the large extent of cerebellar cortex.
However, what role does this leave for the basket-type somatic inhi-
bition. Our modeling results predict that this type of inhibition is
also specifically involved in controlling the influence of parallel fibers
on Purkinje cell spiking output, however, not in as subtle or perhaps
even as elegant a fashion as dendritic inhibition. Specifically, analysis
of our network models predicts that basket-type input occurs at
precisely the time that, otherwise, parallel fiber activity generated
by local activation of the granule cell layer would otherwise directly
influence the output of the Purkinje cell soma. In other words, the
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model suggests that the profound somatic inhibition generated by
the basket-type input, in effect, assures that this locally generated
parallel fiber input DOES NOT result in Purkinje cell output (Huang
et al., 2006). In the absence of this inhibitory influence, Purkinje
cells above and nearby activated regions of the granule cell layer
produce uncharacteristically large and prolonged responses in the
model (Santamaria et al., 2007) and in vivo (Mittmann et al., 2005;
Rokni et al., 2007; Santamaria et al., 2007).

On the surface, this proposed inhibitory function of basket-type
inputs might seem more akin to the traditional inhibitory role of
sculpting or shaping excitatory responses (Bell and Grimm, 1969;
Cohen and Yarom, 2000; Gao et al., 2006; Shin and De Schutter,
2006; Heck et al., 2007; Rokni et al., 2007; Barmack and Yakhnitsa,
2008b; Wisden et al., 2009). However, analysis of the model sug-
gests instead, that basket-type inhibition is present to maintain
the computational integrity of cortical processing. In other words,
if the functional role of parallel fibers is to modulate the state of
the dendrite and not provide a direct excitatory drive on Purkinje
cell output, then some mechanism should exist to compensate for
conditions in which parallel fibers might be able to directly drive
somatic firing. While at a distance, the excitatory effect of parallel
fibers can be counterbalanced by stellate-dendritic type inhibition,
our models and physiological results suggest that this is not the case
near the point of parallel fiber bifurcation. In these locations and
with a sufficiently large activation of the granule cell layer, there
is a risk that parallel fibers will directly drive Purkinje cell somatic
output (Huangetal.,2006). Our models predicts that it is precisely
in these regions that Basket-type inhibition can effectively shut
down somatic Purkinje cell spiking. Further experimental evidence
that this might be case is presented in Figure 5.

Originally intended to determine whether Purkinje cell beams
might emerge with appropriately timed sequences of granule cell
layer activations as subsequently suggested by (Heck, 1999), this
figure shows Purkinje cell responses following stimulation of two
different peripheral locations activating two different, but nearby;,
regions of the granule cell layer (from Bower and Woolston, 1983).
Figure 5A shows the location of the two tactile stimuli used, in this
case the ipsilateral and contralateral upper lip, while Figure 5B shows
the corresponding two activated regions of the granule cell layer.
Figure 5C shows responses recorded from a single Purkinje cell
(location shown by the arrow in Figure 5B), resulting from stimula-
tion of either peripheral locus alone (top and bottom), or stimula-
tion of the two peripheral locations at different times (middle three
histograms). It can be seen that this Purkinje cell which is located
over the area of the granule cell layer activated by contralateral upper
lip stimulation, as expected responds to stimulation of the contral-
ateral upper lip with an increase in firing followed by a decrease in
firing (top histogram). As also expected, this same Purkinje cell,
which is adjacent to the region of the granule cell layer responding
to ipsilateral stimulation, only responded with a decrease in spik-
ing to ipsilateral stimulation (bottom histogram). When, however,
the timing of both stimuli was adjusted so that the suppression
of firing induced by ipsilateral stimulation temporally overlapped
the increase in firing due to contralateral stimulation (middle his-
togram), the excitatory response even to the underlying granule
cell layer input was suppressed. We suggest that the significance of
this result is not that the excitatory response was being sculpted by

surround inhibition, but that the basket-type somatic input was
assuring that parallel fiber inputs did not influence the output of the
cell. Based on the conduction velocity of parallel fibers, inhibition
occurs at precisely the time that parallel fiber inputs resulting from
activation of the contralateral stimulus would be converging on
this Purkinje cell. Instead of summing with the ascending input to
provide a more robust Purkinje cell output (Huang et al., 2006) as
has been proposed for example by Huang et al. (2006), the response
of the Purkinje cell is instead suppressed.

In summary, our studies suggest that basket-type molecular layer
somatic inhibition may provide a mechanism to enforce what we
are suggesting is a core computational feature of cerebellar cortical
circuitry, that parallel fibers are modulatory and don’t directly drive
Purkinje cell somatic spiking. Obviously, this possibility further
distances cerebellar function from the beam hypothesis and most
current models and theories of cerebellar function (Dean et al.,
2010), as it suggests that mechanisms specifically exist to assure that
parallel fibers NEVER directly drive Purkinje cell output, regardless
of the strength or pattern of granule cell layer activation, or any
presumed plastic modification of synaptic strength driven by climb-
ing fiber inputs (Dean et al., 2010). Previously, Braitenberg et al.
(1997) have specifically suggested that Purkinje cell beams might
emerge under special “tidal wave” conditions of granule cell layer
activation. However, to date the only experimental support for this
hypothesis has been generated in in vitro slice preparations under
conditions in which cortical inhibition was blocked pharmacologi-
cally (Heck, 1995). As already discussed in and shown in Figure 5,
our own efforts to look at “tidal wave effects” now almost 25 years
ago, failed to find any such effects, in vivo specifically because of
inhibitory mechanisms.

Of course, as always, it remains an open question how these
experiments conducted in anesthetized preparations with one or
at most two peripheral stimuli will illuminate cerebellar behavior
in awake behaving preparations. Recordings in our laboratory from
tactile regions of the cerebellum in awake behaving animals reveal
that real behavior results in much more complex peripheral activa-
tion patterns producing much more complex patterns of granule
cell layer activity (Hartmann and Bower, 1998,2001). Future mod-
eling efforts applying more realistic patterns of granule cell layer
activity to the network model should, in principle, allow us to more
rigorously test the basket-inhibition regulatory hypothesis under
many different and more natural stimulus conditions.

ALTERNATIVE VIEWS OF THE FUNCTION OF MOLECULAR
LAYER INHIBITION

As many neurobiologists are aware, cerebellar physiologists, anato-
mists, and theorists have been engaged in along and complex debate
regarding the role of synaptic plasticity in cerebellar cortical func-
tion (Ito, 2006). In part as a way to explain the contrast between
the large number of parallel fibers as compared to a single climbing
fibers converging on each Purkinje cell, Marr (1969) and Albus
(1971) independently speculated that the climbing fiber determined
(or instructed) which of the 10s of thousands of parallel fibers
influenced the output of a particular Purkinje cell. Underlying this
assertion was the assumption that it was unlikely that Purkinje cell
function could depend on a range of active parallel fibers from tens
to hundreds of thousands synaptic inputs. One of the more inter-
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FIGURE 5 | Purkinje cell responses to cotemporaneous peripheral stimuli
activating two adjacent regions of the granule cell layer in Crus IIA of the
rat. (A) This figurine shows the location of the contralateral (C) and ipsilateral (I)
upper lip foci stimulated in this experiment. (B) Shows the areas of the granule
cell layers that responded to stimulation of each location. This figure also shows
the location of the Purkinje cell whose responses to stimulation of different
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temporal sequences of the two peripheral stimuli are shown in (C). (C) Five
peri-stimulus time histograms representing the responses of the same Purkinje
cell to stimulation of the two peripheral stimuli in different temporal sequences.
Statistically significant increases in spiking activity are shown in black, while
statistically significant decreased spiking is shown stippled. For analysis of
results see text. Reproduced with permission from Bower and \Woolston, 1983.

esting consequences of the modulatory relationship we propose
between parallel fiber and stellate-type inputs, is that the feed-
forward nature of stellate-type inhibition, driven itself by parallel
fibers, may very well result in a natural scaling between the amount
of parallel fiber excitation and stellate-type inhibition. Thus, the
local voltage clamp mechanism should be viable whether hundreds
or tens of thousands of parallel fibers are active. This, of course, is
a question for further realistic modeling.

The debate about cerebellum learning has also been strongly
framed around the more specific question regarding the role
of synaptic plasticity in cerebellar function. Physiological stud-
ies reporting plastic changes in parallel fiber synapses and more
recently, plastic changes in synapses associated with molecular
layer inhibition (Scelfo et al., 2008) have been central to the debate
about cerebellar learning in general (Ito, 2006). Space does not
allow a complete discussion of the many experiments supporting
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and questioning the role of synaptic plasticity in cortical function,
however, there is one fundamental and important consequence
of the view of the cerebellum emerging from our models that is
relevant to this debate. Our results suggest that essential features
of the connectivity and therefore the function of cortical networks
in general and Purkinje cells and molecular layer interneurons in
particular are determined in a fixed way by the spatial relation-
ships between neuronal components. Thus, the receptive fields of
Purkinje cells are determined by the receptive fields of granule cells
in the underlying granule cell layer (Bower and Woolston, 1983)
via synapses on the ascending segment of the granule cell axon,
and not by a synaptic plasticity rule or the climbing fiber system
(Dean et al., 2010). Similarly, our models predict that the recep-
tive fields of molecular layer interneurons are determined by their
spatial location relative to activity in the granule cell layer, not by
some plasticity synaptic mechanism (Dean etal.,2010). This is not
to say that synapses are not plastic, all synapses are plastic, it is to
suggest that the fundamental relationships between neurons in the
cerebellum are determined spatially and are not “learned.”

Experimental evidence purporting to show that receptive fields
of both Purkinje cells and now molecular layer interneurons are
“learned” have not directly compared the responses of either type
of neuron directly to the receptive field properties of the underlying
granule cell layer in the same animals (Dean etal.,2010). While there
are regularities in the afferent input maps to the granule cell layer in
the cerebellum (Bower and Kassel, 1990), these patterns are not regu-
lar enough to allow receptive field relationships to be understood
by aggregating data across multiple animals (Jorntell and Ekerot,
2003). While we have previously shown by direct comparison in the
same animals, that Purkinje cell receptive fields are determined by
the receptive fields of the underlying granule cell layer (Bower and
Woolston, 1983), based on the studies presented here, we would
predict that molecular layer interneurons whose soma’s are deep
in the molecular layer (and therefore making basket-type connec-
tions) would have receptive fields similar to those of the underlying
granule cell layer. On the other hand, more superficial molecular
layer interneurons should have broader receptive fields reflecting
the multiple afferent inputs typically seen in larger regions of the
granule cell layer (Bower and Kassel, 1990). In fact, those receptive
fields should specifically reflect the origins of the parallel fibers run-
ning in their region of the cerebellum. Intermediate depth molecular
layer interneurons should be intermediate. As a corollary, we also
predict that molecular layer interneurons in the deeper layers of the
molecular layer would receive their predominant granule cell synap-
tic input from ascending granule cell axons, while more superficial
molecular layer interneurons would receive a larger proportion of
their inputs from parallel fibers. This prediction is consistent with
the ratio of these two different types of synapses in the deep and
superficial regions of the granule cell layer (Gundappa-Sulur et al.,
1999) as well as with the vertically elongated shape of the dendrites of
deep molecular layer interneurons (O’Donoghue et al., 1989; Sultan
and Bower, 1998; Castejon et al., 2001a,b; Barmack and Yakhnitsa,
2008b). Both these anatomical and physiological experiments are
doable, but have not yet been done.

The results presented here may also have important implications
for the more general issue of information coding in Purkinje cell
spike trains. Recently, it has been suggested that decreases in Purkinje
cell spiking, at least in part associated with cortical inhibitory

mechanisms, either reflect changes in coding state (Rokni et al.,
2009) or may even themselves be part of the Purkinje cell neural
code (De Schutter and Steuber, 2009). With respect to coding state,
there is some evidence, mostly in vitro (Rokni et al., 2009), but also
in awake preparations (Yartsev et al.,2009), that Purkinje cells may
be “bistable” exhibiting “upstates” and “downstates.” These states
are proposed to change the way in which Purkinje cells respond to
synaptic input including inhibition (Rokni et al., 2009). But it has
also been suggested that synaptic inputs from parallel fibers and
molecular layer inhibitory neurons might be involved in switching
between these states (Rokni et al., 2009). We have previously shown
that the general level of background synaptic activity provided by
parallel fibers and stellate-type inputs can have a profound effect
on the firing behavior of Purkinje cells (Jaeger et al., 1997) and
a principle conclusion of our work to date is that the primary
role of parallel fiber excitation and molecular layer inhibition is to
modulate the dynamical state of the Purkinje cell dendrite (Bower,
2002). In principle, the role for dendritic inhibition proposed here
is consistent with a role in such “state changes” although we also
suspect that the climbing fiber input is involves as well.

In addition to these longer time scale “state” modulations of
Purkinje cell spiking, it has also recently been suggested that inter-
mediate duration pauses in spiking, on the order of 10’s to 100’s of
milliseconds might be a mechanism for coding specific forms of
information for transfer to the deep cerebellar nuclei (De Schutter
and Steuber, 2009) (Kreiner and Jaeger, 2004; Jaeger, 2007). It has
further been suggested that a principle role for cerebellar LTP is
in regulating the duration of these pauses in spiking (De Schutter
and Steuber, 2009). In the cerebellum, this argument is related to a
long tradition of speculations regarding Purkinje cell output (Eccles
et al., 1967), that effective excitation in the deep cerebellar nuclei
can be achieved by inhibiting the inhibitory output of Purkinje
cells (Jaeger, 2007; De Schutter and Steuber, 2009).

While these are interesting ideas, and some are based on models
efforts (De Schutter and Steuber, 2009), the question with respect to
the current paper is what role molecular layer inhibition might play
in the short term pausing mechanism (Jaeger, 2007). As is generally
the case with Purkinje cells, the answer to this question is made more
complicated by the large intrinsic voltage dependent conductances
found in the Purkinje cell dendrites and soma. Evidence suggests
that the interplay of these conductances all by themselves can result
in pauses in spiking activity in the absence of inhibitory synaptic
influence (Steuber et al., 2007; De Schutter and Steuber, 2009).
With respect to inhibition, it has recently been proposed that the
role of cortical inhibitory circuits is more in coordinating, or syn-
chronizing pauses between nearby Purkinje cells than in generating
the pauses per se (De Schutter and Steuber, 2009). Our predictions
that basket-type inhibition is mostly a local effect, close to a region
of granule cell activation is compatible with such a coordinating
mechanism. Unfortunately, however, as is typical for theories of the
role of molecular layer inhibition in general, current speculations
don’t distinguish between stellate and basket forms of inhibition (De
Schutter and Steuber, 2009). In previous modeling studies, we have
shown that while rapid increases in overall stellate-type dendritic
inhibitory input can influence the timing of individual Purkinje cell
spikes generated in the soma (Jaeger et al., 1997), these influences
occur over millisecond times scales not the 10s or 100s of milliseconds
assumed associated with information coding (Steuber et al., 2007;
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De Schutter and Steuber, 2009). Further, in the absence of perhaps
artificially rapid increases in dendritic inhibition, we would predict
that this type of inhibition only influences cell spiking very indirectly
through subtle changes in local dendritic voltage. Thus, it seems
unlikely that stellate-type inhibition would have much of a direct
effect on spike coding reflected in pauses in spiking.

EVOLUTIONARY CONSIDERATION

Finally, there is another likely important consideration with respect
to a direct role of especially basket-type molecular layer inhibition
in neural coding mechanisms, and that is that this type of synaptic
connection is only found in mammals and birds (Llinas and Hillman,
1969; Larsell, 1972; Larsell and Jansen, 1972). Anatomical studies have
shown that the cerebellar cortex of most fish (Waks and Westerman,
1970), amphibians (Midtgaard, 1992) and some reptiles (Llinas et al.,
1969) lack basket-type connections altogether. In those fish, amphib-
ians, and reptiles whose Purkinje cell soma’s do receive inhibitory
projections from molecular layer interneurons they are of the more
traditional “en passant” rather than the specialized basket-type (Llinas
et al., 1969; Waks and Westerman, 1970; Midtgaard, 1992).

The fact that only mammals and birds have been shown to
have true Basket-type connections would seem to produce addi-
tional difficulties for an information coding mechanism based on
pauses due to this type of inhibitory input. Presumably, principles
of Purkinje cell coding and cerebellar function are not significantly
different in non-mammalian and non-avian species. Instead, we
would suggest that the limited comparative distribution of basket-
type connections is more consistent with the idea that these inputs
restrict parallel fiber synaptic influences on Purkinje cell outputs,
making sure that Purkinje cells don’t spike to this type of input.

Reexamining our network modeling results from more of an
evolutionary perspective, there are two features of mammalian
cerebellar cortex that make basket-cell type inputs necessary:
very large numbers of parallel fiber inputs per Purkinje cell, and
Purkinje cell dendrites that are electronically compact. It follows
that we would predict that species lacking basket-type inhibitory
connections should either have significantly fewer parallel fibers per
Purkinje cell and/or have significantly less electrotonically compact
dendrites. To test these predictions, we are currently engaged in a
comparative study of multiple vertebrate species to determine both
the ratio of granule cells to Purkinje cells and the passive electrical
properties of those Purkinje cells. Preliminary results suggest that,
in fact, mammals and birds generally have the highest ratio of gran-
ule cells per Purkinje cells and also have the most electrotonically
compact Purkinje cells (Cornelis et al., 2007; Wilcox et al., 2009).
The mormyrid fish may be an exception, but interestingly enough,
there is some evidence that they may also have a more basket-like
inhibitory connection (Grant et al., 1998).

While these experiments are still underway, the results to date
are consistent with the suggestion that Basket-type inhibition
is an evolutionary adaptation to changes in cortical properties
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