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Key Points Summary

Cerebellar Purkinje cells (PCs) generate two types of action potentials, simple and complex
spikes. Although they are generated by distinct mechanisms, interactions between the two spike

types exist.

Zebrin staining produces alternating positive and negative stripes of PCs across most of the
cerebellar cortex. Thus, here we compared simple spike-complex spike interactions both within

and across zebrin populations.

Simple spike activity undergoes a complex modulation preceding and following a complex
spike. The amplitudes of the pre- and post-CS modulation phases were correlated across PCs. On

average, the modulation was larger for PCs in zebrin positive regions.

Correlations between aspects of the complex spike waveform and simple spike activity were

found, some of which varied between zebrin positive and negative PCs.

The implications of the results are discussed with regard to hypotheses that complex spikes are

triggered by rises in simple spike activity for either motor learning or homeostatic functions.



Abstract

Purkinje cells (PCs) generate two types of action potentials, called simple and complex spikes
(SSs and CSs). We first investigated the CS-associated modulation of SS activity and its
relationship to the zebrin status of the PC. The modulation pattern consisted of a pre-CS rise in
SS activity, and then, following the CS, a pause, a rebound, and finally a late inhibition of SS
activity for both zebrin positive (Z+) and negative (Z-) cells, though the amplitudes of the phases
were larger in Z+ cells. Moreover, the amplitudes of the pre-CS rise with the late inhibitory
phase of the modulation were correlated across PCs. In contrast, correlations between
modulation phases across CSs of individual PCs were generally weak. Next, the relationship
between CS spikelets and SS activity was investigated. The number of spikelets/CS correlated
with the average SS firing rate only for Z+ cells. In contrast, correlations across CSs between
spikelet numbers and the amplitudes of the SS modulation phases were generally weak. Division
of spikelets into likely axonally propagated and non-propagated groups (based on their
interspikelet interval) showed that the correlation of spikelet number with SS firing rate
primarily reflected a relationship with non-propagated spikelets. In sum, the results show that
both zebrin-related and non-zebrin-related physiological heterogeneity in SS-CS interactions
among PCs, which suggests that the cerebellar cortex is more functionally diverse than is

assumed by standard theories of cerebellar function.



Abbreviations List

CS, complex spike; FR, firing rate; ISI, interspike interval; LTD, long term depression; LTP,

long term potentiation; PC, Purkinje cell; SS, simple spike; SD, standard deviation; Z, zebrin



Knowledge of Purkinje cell (PC) spiking patterns is central to understanding cerebellar function,
because this activity represents the entire output of the cerebellar cortex, and is the major
synaptic control of the deep cerebellar nuclei (DCN) from which arises the large majority of
cerebellar efferents. Traditionally, the simple spikes (SSs) and complex spikes (CSs) that PCs
generate have been assigned largely independent roles with regard to this issue. SSs have been
generally thought to be the primary conveyers of PC output, whereas CSs have been proposed to
play a role in synaptic plasticity primarily and not to affect significantly PC output at the time of
their occurrence (e.g., Ito, 2001). However, such a strict functional segregation may not be
needed, and indeed, there are several plausible mechanisms that would allow CS activity to be a
significant component of PC output (Lang et al., 2017). For example, when synchronized across
PCs, CSs cause significant inhibition of DCN firing (Blenkinsop & Lang, 2011; Lang &
Blenkinsop, 2011).

Moreover, SS and CS activity is often correlated, and thus modulation of ongoing SS
activity is a second mechanism by which CSs can have immediate impact on PC output. Indeed,
it is well-known that SS and CS activity have short-term interactions. Specifically, CSs are
followed by a pause in SSs, which is often followed by further modulation of SS activity (Granit
& Phillips, 1956; Bell & Grimm, 1969; Murphy & Sabah, 1970; Bloedel & Roberts, 1971;
Latham & Paul, 1971; Burg & Rubia, 1972; Ebner & Bloedel, 1981a; Ebner & Bloedel, 1981c;
McDevitt et al., 1982; Bloedel €t al., 1983; Ebner €t al., 1983; Mano €t al., 1986; Sato et al.,
1992). Pre-CS changes in SS activity have also been reported (Miall et al., 1998; Burroughs et
al., 2016).

Adding to the complexity of SS-CS interactions is that PC activity varies systematically
across the cerebellar cortex. For example, spontaneous SS firing rates are lower in zebrin
positive (Z+) than negative (Z-) regions of the cerebellar cortex. Moreover, the SS pause length
and the strength of the rebound in SS activity after the pause differ between Z+ and Z- regions
(Xiao et al., 2014; Zhou et al., 2014; Zhou et al., 2015).

Thus, CS-SS interactions, and how they vary within and between Z+ and Z- cerebellar
regions, are potentially important aspects of cerebellar physiology. Here, we provide a detailed
quantitative characterization of CS-associated modulation of SS activity, investigate how this
modulation is correlated with CS waveform (i.e., spikelet numbers), and investigate how this

modulation and its relationship to CS waveform vary within and between Z- and Z+ regions.



Methods

Ethical approval.

Experiments were performed in accordance with the NIH’s Guide for the Care and Use
of Laboratory Animals and the UK Animals (Scientific Procedures) Act 1986. Experimental
protocols were approved by the Institutional Animal Care and Use Committee of New York
University School of Medicine and the University of Bristol Animal Welfare and Ethical Review

Body.

Cerebellar extracellular recordings.

Some aspects of the recordings used in the present paper have been reported in previous
publications, and the details concerning the general surgical and recording procedures,
histological procedures, mapping of cells to specific zebrin bands or physiologically-defined
zones, and the specific locations of the recorded cells, can be found in those publications
(Sugihara et al., 2007b; Wise et al., 2010; Xiao et al., 2014).

In brief, recordings were made under ketamine-xylazine anaesthesia in either adult
(~250-200 gm) female Sprague-Dawley rats (breeders: Taconic Biosciences and Charles River)
(experiments in which cells were localized to specific zebrin bands) or adult male Wistar rats
(experiments in which cells were localized to physiologically-defined zones). Animals had free
access to food and water while housed in the vivarium. In all of the zebrin band experiments
anaesthesia was induced by an injection of ketamine (100 mg/kg) and xylazine (8 mg/kg)
intraperitoneally. Supplemental anesthetic was given as a continuous injection via a femoral
catheter whose rate was gradually increased over the first hour of the experiment (final rates:
ketamine, ~260 pg/kg/min; xylazine, ~50 pg/kg/min) to maintain a constant depth of anesthesia,
which was regularly assessed by paw pinch. SS recordings were made several hours after the
start of the continuous iv infusion. In all of the physiologically-defined zone experiments
anaesthesia was induced by an injection of ketamine (100 mg/kg) and xylazine (5 mg/kg)
intraperitoneally. Anesthetic depth was regularly assessed by paw pinch and supplemental doses
of anesthetic were given as needed.

In most of the zebrin band experiments, a single electrode arrangement was used to

record CS and SS activity at the PC layer, as judged by electrode depth (~250 um), by the



presence of both CSs and SSs, and by the predominant positive polarity of the CS. In these
experiments histological controls were used to localize every PC to a specific zebrin band (Fig.
1A), as described in detail previously (Xiao et al., 2014). For one analysis (see Fig. 6C)
multielectrode recordings of CS activity were obtained with electrodes implanted to the middle
depths (100 - 150 um) of the molecular layer where CS, but not SS, activity was observed
(dendritic CSs). In these experiments localisation of PCs to specific bands was performed as
described in the original paper (Sugihara et al., 2007b). In the physiological zone experiments,
recordings were all made at or near the PC layer, as judged by the same criteria as in the zebrin
experiments. The localisation criteria are described in (Wise et al., 2010). The zebrin band
recordings were made at New York University, USA, whereas the zonal recordings were
performed at University of Bristol, UK.

In all experiments rectal temperature was maintained at ~37°C. To gain access to the
cerebellum, animals were placed in a stereotaxic frame, and a craniotomy was performed to
expose the posterior lobe. For the zebrin band experiments, at the conclusion of the recording
session animals were immediately perfused under ketamine/xylazine anaesthesia with phosphate
buffered saline (PBS) followed by 3% paraformaldehyde PBS solution to allow histological
identification of the locations of the recorded cells. For the physiological zone experiments, at
the conclusion of the experiment, all animals were humanely killed by an overdose of anaesthetic

(pentobarbitone, 200 mg/ml, ip) followed by dislocation of the neck.

Satistical analyses.

To investigate SS-CS interactions in isolation of direct CS-CS interactions, CSs that were
preceded by another CS within 500 ms were excluded from analyses looking at SS-CS
interactions, because prior work has shown CS-CS interactions may occur for at least several
hundred milliseconds. In particular, the waveform of the CS evoked by inferior olivary stimuli
can be altered by a preceding CS at ISIs up to ~150 ms (Campbell & Hesslow, 1986a).
Moreover, climbing fibre responses show paired pulse depression that can last for at least 500 ms
(Hashimoto & Kano, 1998). Lastly, based on interspike interval plots, CSs tend to occur either
at ISIs of around ~1 s or, less often, at short ISIs of around 100 - 200 ms, with intermediate ISIs

being relatively rare, which suggests that CSs separated by short and long ISIs represent distinct



groups, particularly as the level of synchronization differs between the two groups of CSs (Lang,
2001).

For the zebrin localized, somatically recorded PCs, both SSs and CSs were detected and
sorted offline in Igor Pro (Wavemetrics, OR). Cross-correlation between the firing times of SSs
and CSs was used to identify a post-CS pause in SSs, which confirmed that the SSs and CSs
were recorded from the same PC. The numbers of spikelets of somatically recorded CSs were
counted from the individual spikes, because the high signal-to-noise ratio of these recordings
allowed clear separation of spikelets from noise fluctuations (Fig. 1C, E). To count spikelet
numbers, all CS waveforms were high-pass filtered at 300-400 Hz and automatically processed
by a custom-written procedure, which detected all deflections with a peak-to-peak level
exceeding a pre-defined threshold level. The counts were then manually verified, and necessary
deletions and/or additions were made to adjust the final counts. The cells recorded from
physiologically located zones were analysed in a similar manner, using CED 1401 analogue-to-
digital converter and Spike2 software (CED, Cambridge, UK).

Dendritic CSs were also sorted offline. The lower signal-to-noise ratio of these CSs
precluded counting of spikelets from the individual CS waveforms; thus, spikelet numbers were
determined from the average CS waveform of each PC as follows. All CS waveforms of PCs
during 20 min of spontaneous activity were aligned to the time of the initial deflection and
averaged. Each negative deflection of the waveform that crossed a threshold was counted as a
spikelet, where the threshold was defined as ten times the standard deviation of the average
waveform over an approximately 5 ms period near its end.

All distributions were tested for normality using the Kolmogorov-Smirnov goodness-of-
fit test. For normally-distributed populations, Student's t-test for populations with different
variances was used to assess significance (Wonnacott & Wonnacott, 1977), otherwise a non-
parametric test was used as indicated in the text. Values in the text are given as mean + standard
deviation (SD) unless otherwise stated. In the figures * indicates statistical significance (p <

0.05) and t indicates a trend toward significance (0.05 <p < 0.10).



Results

The main dataset consisted of PCs that were recorded at or near the PC layer and
localized histologically to a specific zebrin band in crus Ila (n =27 PCs total; 15 Z- and 12 Z+
cells; 8 animals). Between 1-3 Z+ and/or 1-3 Z- PCs were recorded from any one animal.
Alcian blue dye injection at the recording site was used to identify the location of the PC (Fig.
1A). Sample recordings of two such localized PCs are shown in figure 1B-E (note that in all

figures Z- data is in blue and Z+ in red).

SSfiring rate modulation is associated with CSactivity.

To see the general contour of CS-associated modulation of SS activity, the time
surrounding each CS was divided into overlapping 50-ms windows (25 ms shift between
successive windows). The relative change in SS activity, AFR/FR,,,, in each window was then
calculated for each PC as: (SS rate in window-average SS firing rate)/average SS firing rate. The
population averages of AFR/FR,,, were then plotted for the windows surrounding the CS with
the value in each window plotted at its centre time (Fig. 2A).

The average modulation of SS activity associated with CSs showed a similar time course
for the Z- and Z+ populations (Fig. 2A). Prior to the CS, SS activity first decreased slightly (-
400 to -200 ms) and then increased significantly during the 200 ms immediately preceding the
CS. Following the CS, SS activity decreased during the initial 50-ms period (largely because the
post CS pause in SS activity is included in this period), transiently rebounded, and then dipped
below baseline levels for an extended, several hundred millisecond period.

Although the changes in SS rates of the Z- and Z+ populations followed a similar time
course, there were differences in the amplitude of these changes (Fig. 2A). For example, after
peaking approximately 100 ms before the CS, SS rates remained near their peak levels in Z+ PCs
in the -50 to 0 ms period, but dropped by about half in Z- PCs (Z- cells, latency -100 to -50 ms or
-75 to -25 ms versus -50 to 0 ms, p = 0.017). Also, the magnitude of the post CS modulation of
SS activity was greater in the Z+ positive cells. These analyses were repeated using 200 ms as
the minimum inter-CS interval for including a CS in the analysis, and essentially similar results
were obtained (data not shown), indicating that the exact choice of ISI for CS classification was

not critical.



To simplify the presentation of the results, three specific epochs were defined based on
the SS modulation observed in figure 2A: (1) A pre-CS period (-100 to 0 ms) where a rise in SS
activity occurs; (2) a rebound period (25 to 75 ms) where there is again high SS activity, and (3)
a late inhibition period (200 to 400 ms) where SS activity is depressed (Fig. 2A). These times
were chosen because they showed the largest AFR/FR,,,'s for the two populations. Figure 2B
plots the AFR/FR,,,'s for each epoch for each PC (circles) and the average of the population
(filled bars). Finally, the population averages of AFR/FR,,, from histograms using randomized
CS data as the trigger events are plotted (unfilled bars; see figure legend for details on the
generation of the random data). Comparison of the AFR/FR,,'s obtained with CS activity and
randomized spike trains shows that the modulation of SS activity for all three periods was
significant for both Z- and Z+ PCs (Fig. 2B; Table 1). Moreover, although the modulation
pattern of Z- and Z+ PCs was qualitatively similar, the amplitude was larger for Z+ PCs on
average, with the difference being statistically significant for the rebound period (Fig. 2B and
Table 1, rightmost column). Raster displays and CS-triggered histograms from individual PCs
show example Z- and Z+ PCs (Fig. 2C-F). It is worth noting that although the Z- and Z+
populations showed significant modulation in all three time periods (and showed differences

between themselves), the distributions of the two populations overlapped considerably.

Pre- and post-CS modulation of SSactivity correlated for PCs, but not for individual CSs.

To examine whether there is any relationship between the SS activity leading up to the
CS and that following it, the AFR/FR,,,'s for the pre-CS period were correlated with those of the
rebound and late inhibition periods (Fig. 3). Similarly directed relationships were found for both
Z+ and Z- populations. In particular, the changes in activity in the pre-CS and late inhibition
periods were negatively correlated for both Z- and Z+ populations (Fig. 3B, D). The correlation
between activity in the pre-CS and rebound periods was not significant for either of the two
zebrin populations individually (Fig. 3A, C); however, the relationship was similarly directed in
both populations, and when they were combined, the correlation was significant (r =0.51, p =
0.007); the correlation between pre-CS and late inhibition periods for the combined population
was significant as well (r =-0.60, p = 0.0009). The above analyses indicate that for both Z- and
Z+ populations, PCs that have large SS increases before a CS also tend to have a larger rebound

response followed by a greater decrease in SSs during the late inhibitory phase.

10



Next, we investigated whether the modulation of pre- and post-CS SS activity was
correlated for the CSs of individual PCs. The correlation coefficient of the AFR/FR,,,'s of the
pre-CS period and post-CS periods for individual CSs was calculated for each PC. In general,
the r-values were small for both Z+ and Z- PCs, even though the population average was
statistically different from zero in one case (Fig. 4).

In sum, the average magnitudes of the pre-CS and the various post-CS modulation phases
are often correlated across the PC population, but the CS to CS fluctuations of SS activity before

and after each CS in individual PCs are generally not related.

Bistability firing patterns cannot explain CS-associated SS modulation.

In certain instances PCs show a pattern of activity referred to as bistability in which there
is an alternation of high SS firing rates (up state) with long pauses in SS activity (down state).
Moreover, it has been reported that CSs can trigger jumps between these states (Loewenstein et
al., 2005). Thus, we investigated whether bistability was present in the neurons we recorded and
contributed to the SS modulation patterns we observed. The average duration of a pause in PCs
exhibiting bistability is 1.5 s (Loewenstein et al., 2005). None of our neurons showed a single
SS ISI of that length or greater. Figure 5A shows, in raster format, ~90 s of the spike trains from
four PCs that were recorded. SSs are represented by the rows of vertical lines, and CSs by the
dots above each row. Records 1 and 3 are typical trains and records 2 and 4 are from the Z- and
Z+ cells showing the largest percentages of longer ISIs. In all records no ISI approaches 1.5 s.
IST histograms from the entire recordings of these four PCs confirm this and show the virtual
absence of ISIs > 100 ms in most PCs (Fig. 5B, cells 1 and 3) and their rarity even in the PCs
with the highest percentage of longer ISIs (Fig. 5B, 2 and 4; note the change of scale for the y-
axis between the main and inset plots for all ISI plots).

A recent study reported that PCs recorded from cool or damaged tissues have an
increased frequency of bistable firing patterns, as indicated by a larger percentage time spent in
long SS ISIs, which were defined as ISIs > 500 ms (Zhou €t al., 2015). Thus, as a further test of
whether our cells showed behaviour suggestive of damaged tissue, the percentage of the total
recording time accounted for by SS ISIs of a particular duration or greater was calculated for
durations between 50 and 2000 ms (Fig. 5C). These calculations showed that essentially no time

was spent in long pauses (> 500 ms) by either Z+ or Z- PCs. Moreover, the long pause
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percentages for ISIs > 500 ms in our population are far lower than those reported for PCs from
damaged tissue, and in contrast, closely match the values reported for PCs recorded from healthy
tissue (Zhou et al., 2015). Lastly, no significant difference was found between the Z- and Z+
populations at any of these pause lengths (p < 0.05, Wilcoxon-Mann-Whitney test). In sum,
these results indicate that bistability was not a factor in explaining the SS modulations or the

differences in these modulations between Z- and Z+ PCs that were observed.

Average number of spikelets/CSisthe same for Z- and Z+ PCsin vivo.

Some, but not all, previous studies have found a relationship between spikelet numbers
and the levels of SS and/or CS activity (e.g., compare Mano, 1970; Gilbert, 1976; Burroughs et
al., 2016). In addition, average spikelet numbers in Z- and Z+ PCs were reported to differ under
invitro conditions (Paukert et al., 2010). Thus, we investigated whether the characteristics of
spikelets differed between Z- and Z+ PCs in vivo, whether SS activity correlated with any
spikelet parameters, and whether these correlations varied between the zebrin populations.

In terms of basic spikelet parameters, the two populations were quite similar. PCs in both
populations showed similarly wide ranges of spikelet numbers (Fig. 6A; average range of
spikelets for a PC, Z-: 5.00 £ 2.04, n = 15; Z+: 4.42 + 1.88, n = 12). Furthermore, both
populations were similarly heterogeneous in terms of the individual cell spikelet distributions,
with some cells tending to generate CSs with predominantly one or two spikelets (Fig. 6A, lower
rows) and other cells having CSs with much higher numbers of spikelets (Fig. 6A, upper rows),
on average.

In terms of average number of spikelets per CS, no difference was found between the Z-
and Z+ populations (Fig. 6B; Z-: 2.49 + 0.65 Z+: 2.43 + 0.95; p = 0.87), in contrast to what was
reported for in vitro conditions (Paukert et al., 2010). Moreover, individual Z- and Z+ PCs
showed similar variability in spikelet numbers, as measured by the SD of each PC's spikelet
distribution (Z-: 0.90 + 0.29; Z+: 0.79 + 0.28; p = 0.30). Because our finding of no difference in
average number of spikelets per CS differs from the previously reported in vitro findings, we
compared spikelet numbers for two further sets of PCs.

The first additional set comprised crus IIa PCs recorded for a previous study using a
multielectrode approach in which PCs were localized to specific zebrin bands (n = 65 PCs total;

37 Z+ and 28 Z- cells; 6 animals) (Sugihara et al., 2007b). This approach allowed comparison of
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Z- and Z+ PCs recorded simultaneously, and thus under identical conditions. In these
experiments, spikelet content was characterized by first obtaining the average CS waveform of
each PC and then determining the number of significant peaks in the average (see Methods for
details). No statistically significant difference in peak number between Z- and Z+ PC
populations was found for any of the six experiments (p > 0.05 all six cases) nor was one found
when all PCs were grouped into single Z- and Z+ populations (Fig. 6C; Z-: median 2; Z+:
median, 2; p =.16, Wilcoxon-Mann-Whitney).

Next, to expand the territory from which recordings were made, and thus verify that the
failure to find a difference in average spikelet numbers between Z- and Z+ PCs was not specific
to crus Ila PCs, we used data from experiments performed in a second laboratory in which
recordings were obtained from PCs that were localized to the C1 (largely Z-) and A2 (largely
Z+) physiological zones of several additional lobules (n = 19 total; 13 A2 and 6 C1 cells; 12
animals, for specific break down by lobule, see Table 2). (For evidence supporting the validity
of using the zonal identification as a surrogate for zebrin identity, see Xiao et al., 2014.) No
significant differences were found between PCs in the C1 and A2 zones (Fig. 6D; C1: 3.48 &
0.72, median = 3.65, n = 6; A2: 3.18 £ 0.93, median = 3.34, n = 13; p = 0.64, Wilcoxon-Mann-
Whitney), consistent with there being no difference in spikelet numbers for Z- and Z+ PCs.

Finally, the area under the CS waveform was used as a more general parameter to
investigate differences in CS waveform. This area was calculated from the onset of the CS (to) to
either the time when the recording trace first returns to baseline (t;) or to 20 ms after to (t9+20 ms)
(Fig. 6E inset). Using the latter interval, a difference was found in vitro (Paukert et al., 2010);
however, in vivo neither measure showed a significant difference between Z- and Z+ PCs (p >

0.05; Fig. 6E, F).

Variations in spikelet numbers are primarily related to variations in presumed non-propagated
spikelet numbers.

Only some spikelets are propagated as axonic action potentials (Ito & Simpson, 1971;
Khaliq & Raman, 2005; Monsivais et al., 2005), raising the issues of whether variations in
spikelet numbers are related to a particular class (propagated versus non-propagated) of spikelet

and of whether zebrin-related differences exist in this variation between PCs.
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We could not directly measure the number of axonal spikes resulting from each CS;
however, the probability that a spikelet leads to an axonal spike is a function of its interspikelet
interval from the preceding spikelet: longer interspikelet intervals are associated with increased
probability of propagation (Khaliq & Raman, 2005; Monsivais €t al., 2005). Specifically,
spikelets that occur at an interspikelet interval of > 2.4 ms have a > 50 % chance of being
propagated (Monsivais €t al., 2005). Thus, the interspikelet interval of 2.4 ms was used to
classify spikelets as likely propagated or not.

Using this criterion, the mean numbers of likely propagated and of non propagated
spikelets did not differ between the Z- and Z+ populations (Fig. 7). Note that the plotted values
for total (All) and likely propagated spikelets do not include the initial spike of the CS, which is
always propagated as well. Thus, including the initial spike, on average, just over two axonic
spikes are triggered by each CS for both Z- and Z+ PCs.

Spikelet numbers vary between PCs (note the shift of the spikelet number distributions
from top to bottom in figure 6A for both Z- and Z+ populations) and from spike to spike for
individual cells. Thus, we next analysed whether these variations were primarily due to changes
in likely propagated and/or non-propagated numbers of spikelets. Plots of average total (All)
spikelets versus either non-propagated or propagated spikelets were made for Z- (Fig. 8A, B) and
Z+ (Fig. 8C, D) populations. For both Z- and Z+ populations, a strong positive correlation was
observed between total and non-propagated spikelet numbers. In contrast, a weaker negative
correlation was seen between total and propagated spikelet numbers that was statistically
significant only for the Z- population. Thus, PCs with greater numbers of spikelets have CSs
with more non-propagated spikelets on average, and, at least among Z- PCs, reduced numbers of
propagated spikelets.

Next, we investigated whether similar correlations held across the CSs of individual PCs.
A high correlation of total and non-propagated spikelet numbers was found for the CSs of
individual PCs for both Z- and Z+ PCs (Fig. 9, Non vs. All). In contrast, the average correlation
between propagated and total spikelets was much weaker, although still significantly different
than zero (Fig. 9, Prop vs. All). Note that the few PCs showing large correlations between total
and propagated spikelets were those PCs in which almost all spikelets were classified as
propagated. Significant negative correlations were found between propagated and non-

propagated spikelets in both Z- and Z+ cells (p < 0.05).
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Z-, but not Z+, PCs show a relationship between spikelet numbers and average SSfiring rate.
To assess the relationship between spikelet number and SS firing rate, the average
number of spikelets/CS was plotted as a function of SS rate for the Z+ and Z- populations.
When considering all spikelets, the Z+ population showed a significant negative correlation (Fig.
10A1; p <0.05). This correlation appears to be due to variation of the non-propagated spikelets
with SS rate, as a significant negative correlation was found for this relationship as well (Fig.
10A3; p <0.05), whereas the number of likely propagated spikelets was not significantly
correlated with SS rate (Fig. 10A2; p > 0.05). In contrast, the Z- population showed no
significant correlation between SS rates and all, propagated, or non-propagated spikelet numbers

(Fig. 10B).

Relationship of spikelets to the CS-associated modulation of SSactivity.

We next investigated whether spikelet numbers were related to changes in SS activity
during the pre-CS, rebound, and late inhibition periods. For each PC, the number of spikelets in
each of its CSs was correlated with the AFR/FR,,, for each of the three time periods surrounding
the corresponding CSs (Fig. 11). When considering all spikelets, significant correlations were
found for the pre-CS and late inhibition periods for Z- but not Z+ cells (Fig. 11 Al, B1, data
plotted at latencies of -50 ms and 300 ms). For the Z- cells, the correlation of total spikelet
number and pre-CS activity seemed to be due to variations in propagated spikelets, as these
spikelets correlated with the pre-CS AFR/FR,,,, whereas the non-propagated ones did not (Fig.
11, A2 versus A3, -50 ms latency). Although total spikelet number did not correlate with
changes in SS activity for Z+ cells, the number of propagated spikelets was significantly
correlated with SS activity leading up to the CS (Fig. 11 B2, -50 ms) and the number of non-
propagated spikelets was correlated with the decrease in SS levels in the late inhibition period

(Fig. 11 B3, 300 ms).
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Discussion

In this paper we describe several new aspects of the modulation of SS activity associated
with CSs. In particular, we show that the SS rates during the pre- and post-CS phases of the
modulation may be well correlated with each other across a PC population, but are generally not
correlated for the CSs of individual PCs. We also identified several physiological parameters
related to the interaction of CS and SS activity, including the zebrin status of the PC and spikelet
numbers. The implications of these results for several hypotheses related to cerebellar

physiology are discussed below.

Pre-CSassociated modulation of SSactivity.

While a number of studies of post-CS modulation of SS activity exist, to our knowledge
there has been only one report of pre-CS modulation of SS activity (Miall et al., 1998) prior to
our recent study (Burroughs et al., 2016). The study of Miall et al. (1988) reported an increase in
SS activity between 100 to 150 ms before the occurrence of a CS. The specificity of this interval
was viewed as important because it was "close to the estimated visuomotor feedback delay", and
thus would match the timing needed for an error signal to allow adaptive plasticity. The data
used in that paper were from PCs that were mostly located in lobules of the anterior lobe
(Keating & Thach, 1995), making it likely that Z- PCs formed the majority of their population,
based on the predominance of Z+ territory in the anterior lobe. Thus, the transient pre-CS rise in
SS activity observed in that study is generally consistent with what we observed for Z- PCs,
whose SS activity is high at 150 to 100 ms preceding the CS and then drops toward baseline in
the 50 ms just prior to the CS.

However, we found that Z+ PCs, in contrast to Z- PCs, show a more sustained increase in
SS activity up to the time of the CS, and thus do not exhibit a narrow time window of increased
SS activity. This implies that the SS increase in Z+ PCs would not be specifically matched to the
feedback delay of an error signal generated during a motor task. Therefore, our data are
inconsistent with the idea that excessive SS activity triggers a corrective CS at a precisely timed
delay as a rule governing plasticity throughout the cerebellar cortex, though we cannot rule out

the possibility for Z- regions.
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Does the CS-associated modulation of SSactivity reflect the workings of an homeostatic
mechanism?

The question of whether the SS modulation phases are related to, or are independent of,
each other for individual CSs bears on the question of whether CS activity is a homeostatic
mechanism that acts to maintain SS activity at a specific baseline rate (Mauk & Donegan, 1997;
Miall et al., 1998; Cerminara & Rawson, 2004; Bengtsson & Hesslow, 2006; Zhou €t al., 2014;
De Zeeuw & Ten Brinke, 2015). That is, rises in SS activity have been proposed to cause a
disinhibition of the inferior olive, via increased inhibition of the GABAergic nucleo-olivary
neurons, which would result in an increase in CS activity, that in turn would act to reduce SS
levels. Consistent with this idea manipulations of SS activity do produce correlated changes in
CS activity (Marshall & Lang, 2009; Chaumont €t al., 2013), and manipulations of inferior
olivary activity produce inverse changes in SS levels (Colin et al., 1980; Rawson &
Tilokskulchai, 1981; Montarolo et al., 1982; Demer et al., 1985; Savio & Tempia, 1985;
Cerminara & Rawson, 2004). However, in these studies the SS levels of large populations of
neighboring PCs or inferior olivary neurons were simultaneously modified, which is unlikely to
be the case in most physiological situations. Thus, the action of this feedback loop under
physiological conditions remains to be demonstrated.

Moreover, if the homeostasis idea is correct on a single cell level, there should be a
strong relationship between the SS activity before and after each CS of individual PCs.
However, we observed only weak, generally not significant correlations between the amplitudes
of the pre- and post-CS modulation phases of individual CSs. Furthermore, in most PCs,
following a CS, SS activity generally went through a period during which it undershot its
baseline level (late inhibition period) rather than returning to it, as would be predicted by the
homeostasis hypothesis. Thus, the CS-associated modulations in SS activity seem unlikely to
reflect the workings of a homeostatic mechanism.

Instead, we suggest that CS-associated SS modulation is an important aspect of the
communication between PCs and their targets, principally the DCN. Consistent with this
suggestion, is the fact that although CS activity appears to cause a short-latency inhibition of
cerebellar nuclear activity by its direct action, the timing of additional aspects of the DCN
responses to CS activity appear to reflect the multiphasic pattern of simple spike modulation we

describe here (Tang, Blenkinsop, Suh and Lang, unpublished data). Finally, even if the

17



homeostasis hypothesis is not correct, it may still be the case that SS activity is in some way
regulated by the feedback loop through the inferior olive, though for reasons other than

maintaining a specific SS baseline firing rate.

Variations in non-propagated spikelet numbers are the main determinant of spikelet number.

The CS has often been viewed as an all-or-none event. The variation in CS waveform we
describe here is at odds with this conception. Indeed, the variability of the CS waveform has
been noted in a number of studies (Mano, 1970; Gilbert, 1976; Campbell & Hesslow, 1986a,
1986b; Piochon et al., 2007; Piochon et al., 2010; Lang et al., 2014; Burroughs et al., 2016), and
the limits of viewing the CS as simply an all-or-none event are being increasingly recognized
(Najafi & Medina, 2013; Lang et al., 2017), which raises the issue of the function of this
variability.

Some evidence suggests that spikelet number may be a parameter of synaptic plasticity
(Mathy et al., 2009; Rasmussen et al., 2013; Yang & Lisberger, 2014). If these studies are
correct, our result, that in most PCs variations in total spikelet number are most strongly
correlated with the number of likely non-propagated spikelets, suggests that plasticity is
modulated primarily by varying this type of spikelet. This would potentially allow dissociation
of the CS's role in modulating plasticity from its role in directly altering PC output. Moreover,
the present finding that CSs of both zebrin populations have similar numbers of spikelets, on
average, would indicate that while individual PCs may differ significantly in the plasticity their
inputs are undergoing, on a population level the plasticity occurring in Z- and Z+ PCs is similar
(at least to the extent that spikelet number determines the degree and type of plasticity).

In contrast to the variation in their non-propagated spikelet numbers, PCs all had, on
average, approximately one likely propagated spikelet per CS (i.e., two axonic spikes if the
initial spike of the CS is included). The relative constancy of the number of propagated spikelets
across PCs within each zebrin-defined population, and the lack of difference between the Z- and
Z+ populations, suggests that PCs are relatively homogeneous in terms of the average axonic
output generated by the CS itself. However, note that most PCs exhibited a range of propagated
spikelets, so the individual CSs of a PC could still vary in their effect on DCN neurons as a

function of propagated spikelet number.
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No zebrin-related differences in average spikelet numbersin vivo.

Z+ PCs have been reported to have more spikelets/CS on average than Z- PCs under in
vitro conditions (Paukert et al., 2010). Such a difference would be potentially important for
cerebellar function. However, under in vivo conditions we found no significant difference in
average spikelet numbers between Z- and Z+ PCs. Several factors may underlie the differing
results.

One is the use of GABA-A receptor antagonists in the in vitro slice preparation, because
basket and stellate cell activity reduces CS duration (Eccles et al., 1966) and because activation
of these interneurons is reported to cause a greater inhibition of PCs in Z+ bands (Gao et al.,
2006). Thus, the lack of GABAergic activity in the slice preparation may have resulted in a
greater disinhibition of Z+ than Z- PCs, leading to a relatively greater increase in the duration of
CSs in Z+ PCs, and thus the observation of a differential in spikelet numbers (Z+ > Z-). It is also
possible that the use of ketamine anaesthesia in the present study may have prevented
observation of spikelet differences, because ketamine blocks PC NMDA receptors, whose
activity affects spikelet numbers (Piochon €t al., 2007; Piochon €t al., 2010). However, the
expression of NMDA receptors does not vary between Z- and Z+ regions (Hawkes, 2014).
Moreover, many other zebrin-related differences in PC firing patterns are similar in awake and
ketamine anesthetized animals (Xiao et al., 2014; Zhou et al., 2014).

Recording location is yet another possible explanation, as the in vitro study recorded
vermis lobule VIII PCs (Paukert €t al., 2010), whereas our zebrin-identified PCs were mainly
from crus IIA. However, our zonally-identified populations included PCs from several
additional lobules and, again, no difference in spikelet numbers was found. Thus, the failure to
find a zebrin-related spikelet difference in crus IIA and other lobules suggests, at the least, that a

zebrin-related difference in spikelet numbers is not a general pattern across the cerebellar cortex.

Zebrin-related differencesin the relationship between spikelet number and SSfiring rates.

As we reported previously, spikelet numbers seem to be correlated with some aspects of
the CS-associated modulation of SS activity (Burroughs et al., 2016). Here we showed that this
is true for individual CSs from single Z- PCs for the pre-CS and late inhibition phases of the
modulation. Z+ PCs showed similar trends but as a population no statistically significant

relationship was found. However, in all cases the correlations were relatively low, suggesting
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that there must be other factors that help determine the variations in SS activity at times
surrounding the CS.

In contrast, a significant difference was found between Z- and Z+ PCs for the relationship
between baseline SS rates and spikelets, with Z- PCs showing no correlation and Z+ PCs
showing a significant negative relationship for both all spikelets and likely non-propagated
spikelets. It is not clear what exactly drives this relationship, and a number of possibilities exist.
It may simply be that PCs whose CSs display greater numbers of spikelets undergo LTD to a
greater extent (Mathy et al., 2009) and thus receive weaker excitatory drive, leading to lower
firing rates. Alternatively, it could reflect a heterogeneity among Z+ PCs in membrane
properties that isn't found in Z- PCs. Regardless, this finding represents another difference in the
operational principles governing Z- and Z+ PCs whose functional consequences need to be

explored.
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Table 1. AFR/FR,,gin SS activity from baseline for periods surrounding CSs. Comparison of

AFR/FR,y,'s for different time periods. p-values listed to the right of each AFR/FR,,, are for

comparison between CS and random spike trains. p-values in rightmost column are for

comparison of Z- and Z+ values.

Z- Z+
Time period and AFR/FR,y, p value AFR/FRyy, p value p value
CS group Avg £ SD (%) Avg + SD (%) (Z-vs. Z+)
Pre-CS 20.5+ 8.4 2.7x107 255+9.0 52x10® 0.18
Rebound 274+ 174 2.0x107° 555+ 159 1.0x10® 2.0x10*
Late Inhib. -6.6+4.9 1.8 x10™ -10.3£9.1 1.0x107 0.22
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Table 2. Spatial distribution of the recorded cells. (A) The zebrin bands for all PCs were
histologically identified. Some of the cells were recorded at the PC layer (Somatic); others were
recorded at the mid-molecular layer (Dendritic). (B) The zonal locations of an additional sample
of PCs were physiologically determined. All cells were somatically recorded. A2 zone

comprises mainly Z+ bands while the C1 zone comprises mainly Z- bands.

A.  Zebrin bands Somatic Dendritic
Crus Ila 4- 1 3
Crus Ila 4b+ 1
Crus I1a 4b- 2 4
Crus Ila 5a+ 3
Crus Ila 5a- 2
Crus Ila 5+ 4 20
Crus I1a 5- 10 13
Crus Ila 6+ 4 15
Crus Ila 6- 8
Crus Ila 7+ 2
Sum 27 65

B.  Physiological zones Somatic
Crus IT A2 8
Crus I1b A2 1
Paramedian A2 4
Paramedian C1 2
Copula Pyramidis C1 4
Sum 19
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Figure Legends

Figure 1. Localization of PCs and recordings of Z+ and Z- PC activity. (A) Top, zebrin-stained
histological section through lobules crus Ib, Ila, and IIb. Numbers on section indicate zebrin
bands. Numbered arrows point to alcian blue injections that were made at three sites of PC
recordings. Bottom, schematic showing location of the three cells in zebrin bands 6+, 5-, and 4b-
. (B-D) Sample extracellular records from Z- (B, C) and Z+ (D, E) PCs. (B, D) Records chosen
to show the standard pattern of SS modulation observed in CS triggered histograms for Z- and
Z+ PCs (see Fig. 2). Records aligned to the onset of the CS (latency = 0 ms). (C, E) Sample
CSs from the Z- and Z+ PCs in B and D, respectively, displayed at a faster time scale to show the
spikelet content of the CS. The colour conventions used in this figure (Z-, blue and Z+, red) are

also used in all subsequent figures.

Figure 2. CS-associated changes in SS activity. (A) Per cent change in SS firing rate from
average firing rate (AFR/FR,,,) for 50-ms windows relative to CS onset (t = 0 ms). Data points
are the mean changes for the Z- (blue) and Z+ (red) populations at each time window, and are
plotted at the centre time of the corresponding window. The lighter shaded regions show the SD
about the means. The three main analysis periods (pre-CS, rebound and late inhibition) are
defined by horizontal lines in A. Note that the window from -25 to 25 ms was not plotted as it
would contain a mix of pre- and post-CS activity as well as the CS itself. (B) Plot of
AFR/FRyy,'s for Z+ and Z- cells for the three epochs defined in A. Circles show individual cell
values. Filled bars indicate the population average AFR/FR,,,'s for each epoch. Unfilled bars
show population averages obtained using randomized spike trains in place of CS data. For each
cell, a randomized spike train was generated with the same number of spikes as CSs for the cell.
These random spikes were used to generate the individual cell spike-triggered histograms of SS
activity from which the AFR/FR,,,'s were calculated. Error bars indicate 1 SD in this and all
subsequent figures. (C, D) CS-triggered rasters of SS activity for a Z- (C) and Z+ (D) PC.
Horizontal bars above the rasters define the three analysis periods. (E,F) CS-triggered

histograms of SS activity for the PCs whose rasters are shown in C and D.

29



Figure 3. Correlation of pre- and post-CS modulation of SS activity across PCs. Scatter plots of
the AFR/FR,,, for the pre-CS period versus the rebound (A, C) and the late inhibition (B, D)
periods show the correlation between changes in SS activity before and after the CS. Each point

plots the average AFR/FR,,,'s from a single PC. Regression lines are least squares fits.

Figure 4. Spike by spike correlation of pre- and post-CS modulation of SS activity. The
AFR/FRgy, 1n the pre- and post-CS periods were correlated across all CSs for individual PCs.
The individual PC r-values (open circles) and population averages (filled circles) are plotted.
(A) Correlation of AFR/FR,y,'s in the pre-CS and rebound periods. (B) Correlation of
AFR/FR,y,'s in the pre-CS and late inhibition periods.

Figure 5. Absence of bistability firing patterns in the recordings. (A) Raster display of spike
trains from four PCs. SSs plotted as vertical lines and CSs as small circles above the SS records.
Records 1 and 3 show typical Z- and Z+ trains and records 2 and 4 show trains from the Z- and
Z+ PCs showing the largest number of long ISIs. Note that even the longest ISIs are much
shorter than 1.5 s. (B) ISI histograms from cells 1-4 shown in A. Insets have an expanded y-axis
to show the counts of the longer ISIs. (C) The percentage of the total recording time accounted
for by ISIs of a specific duration or greater is plotted for ISIs of 50 ms or greater, as indicated on
x-axis. Pause time percentages were calculated by summing all ISIs of the specified duration or
longer and dividing by the recording time. Bars represent averages of the Z- (blue) and Z+(red)

populations.

Figure 6. Z- and Z+ PCs have similar total spikelet number distributions. (A) Distribution of
spikelets for each cell recorded at the PC layer and localized to a specific zebrin band. Each row
of circles represents the spikelet distribution for a single PC. Circle areas are proportional to the
percentage of CSs of a cell having a particular number of spikelets. The distributions are
arranged from bottom to top according to their mean spikelet number. (B) Mean number of
spikelets/CS for each PC (unfilled circles). Filled circles show population averages. (C)
Distribution of spikelet numbers for average CS waveforms of PCs recorded by electrodes
implanted to the mid molecular layer (dendritic CSs). (D) The mean number of spikelets/CS is
plotted for each C1 and A2 cell as a blue (Z-) or red (Z+) circle. Horizontal bar and box give
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population median and interquartile range. (E, F) Overall size of CS, as quantified using the area
under the CS waveform from its onset (to) until its termination defined either as when the
recording trace returned to baseline (t;) (E) or 20 ms after the onset of the CS (to+20ms) (F). Cells
are from the zebrin-localized PC layer recordings. Individual PC data (unfilled circles) and
population averages (filled circles) are plotted. Inset in E displays an averaged trace of CSs from

a PC to show the various parameters that were used to quantify the shape of the CS waveform.

Figure 7. The numbers of total (All), likely non-propagated (Non-prop), and likely propagated
(Prop) spikelets are similar for Z- and Z+ PCs. Unfilled circles indicate average number of

spikelets for individual PCs. Solid circles indicate population averages.

Figure 8. Variations in total spikelet numbers between PCs are correlated with variations in the
number of likely non-propagated spikelets. Scatterplots of the average total number of spikelets
of a PC versus the average number of likely non-propagated (A, C) and likely propagated (B, D)
spikelets.

Figure 9. Spike by spike variations in total spikelet numbers primarily are correlated with
variations in the number of likely non-propagated spikelets. Unfilled circles show r-values for
individual cells. Filled circles show population averages. Types of spikelets being correlated are

indicated on x-axis.

Figure 10. Spikelet numbers are negatively correlated with average SS firing rate for Z+ but not
Z- PCs. Scatter plots of average SS firing rate for Z+ (A) and Z- (B) PCs versus their average
number of total, likely propagated, and likely non-propagated spikelets.

Figure 11. CS-associated modulation of SS activity is sometimes correlated with spikelet
numbers. Plots of the CS by CS correlation of spikelet number with the AFR/FR,,, for the pre-
CS (-50 ms), rebound (50 ms) and late inhibition (300 ms) periods. Unfilled circles show

individual PC r-values. Filled circles are population averages.
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Figure 4

A Pre-CS vs rebound B. Pre-CS vs late inhibition
0.4 0.4 5
(@]
o
fe) O
02+ o Bl 024 o
O S (@]
ot © gt 8
(@]
e 004 --8F----- - 00— --gF-oF-
O
g ° o
©
-0.2 - -0.2 - ©
O
-0.4 -0.4

Z- 7+ Z- 7+



A

k%)
3
N 1O OO OO 0O D000 0T OO AR TR L T 1 RN IR
[ HHHHIHHH\HIIH.IW\IHHHHMHHHIHHHH HH\HHHHHHHIﬂ I\IHHI\IMHHHHHHH\I\'\IﬁI\HH'I\ \HHHHHIHHH\I\‘I.I\I;IHH HHIHHHM\H.H.I I HHI\H.H\HIHHH I I\.HH.\ H\H.H\.I\ (1 HHH\.HHHHHHH\HHH.IHHH HI\IHHHH.III.HH.I\I.I\HHIH [ HHHHHI.\ ] HITI\H LR \MIHHHHH\HHI\HHHI\H\IHII\I\I.HH. HHHIHI.IHW IIHWHW HH\HHI\HH.IHH\
I\HHH\&\HHH.H\HHHI\\I\\.\I\ﬁI.HIH\ HHHHHITH T \I\HiH. il I\‘IIHI\HHHH \HII\‘IHHMHH\.\HHHH\HHHHHI\II\ III\HH.HIHHIH \HITI \IH.HHIHH\H \IH‘ HHI\IHIHIIH\MHIHIHIHHHIH HHIH\HI\HIHHHII\IIHHHHH\II\.HHIﬁIH\I\I\HHH\HIIHHHHHI \IIHHHHHmHH\IIIH\HI\HHIH\IHHHIHI.II‘IIHE\HHHHHHW\IIH\IIIIH‘ I\HII\IIIEIHHHH HM [ HH\I\.IIWHHHHII.HIHHHHIEH\I\HHJ \I\IHHH\H'
] \.\H HHHHHH\I.I\; [l Im H'I\]; I FI\.\HI [ HHHHHI.\IIiH I HHHH\II.\.HH .IH\I [l .\iHI.I\ A HI\HII.IHIHHHH il HI.\IHHHHHH\ \HHHH\.HHIH\HHH]\'HIHHHH HHHI\H\'\‘\H i HH.I
15s
0V 000 1000 OO 0 0O 0 1 0000 0 M 00O 1 00 00 O 10 0000 10 10000 0100 000000 D0 0 0 00O 0 0 O N 1 A0
;IIII-IIIII-IIII.- III-III; IIII-I -II-I II; IIII-IIII-I II; II-III- IIIII-I-.IIIIII-; III-I.IIIIII-IIII--I I;I I-IIII-I IIIII‘IIIlIIIIIIII-I--.-.-llll‘.‘llllll_‘l‘l_‘llill- -II-I-
III;III IIIII-.I III.III IIIIIII-“II I.III Illilllllll l-l-ll-l‘l -Il-_l-ll--l-;ll-l- II:III-I-I I---II.III.III-- II-IIIIII-II-II Il-lil--l-l-ll-lll--
g —“*"-Il-ll—--lllllll-ll-I-III--IIII-I IIII.I'III IIIIIIIIIIIIT-. II-II-IIIIIIiIIII-;lII-
[0}
o
N || 1] 0 RO OO COUUNSE 0| WOMCND O UNUON NN W MOMOND DD UNAD WO NSNT) WOMOD W0 WOUR U ONUUNNNT NS 0 WONUONN MU CONAUN W VN (NNCEMARNUAM O 00O ORN U RO WANY DT OO OO 1 A
(1] ] I-I- -III-II-IIII.-I-I lIlII.l I‘I I-; [| Y | IIIII-.I I-l. m I-IIIIIII- (- l-l IlIllI- ll-l -III- lll-l l.lllll I-II -.I I m l- [} IIII-IIII l;l IIIII-I-II-III
[l ] I-.IIIIIII.II-IIIII;lll‘ll;lll-llll-llllll- [} -Ill-llllli I:II [ [} -Illl;ll--.l III- [} ;I- (L1 I;IIIII- IIIIIIII; I-IIIIII.- Il:llll I.IIIIIIIII-I-I Wnw -IIIIIII.I [ ] I.IIIIII
I.II [ ] I-Ill- IIIII.-. - II-I-II-; I- LI T ] -III-- TIIIII- L} ;-I I-II-II
B
50 — (1) 50 - (3)
40 — 40
04 C
—~ 30— 202 —~ 30—
& e 100 —
20 — 00 20
IS )1000 0 00
ms —]
10 — 10 — 80
4 s
0 T T T T 0 —— T T T o 60 —
0 250 500 750 1000 0 250 500 750 1000 E
ISI (ms ISI (ms
(ms) (ms) 2 40—
>
50 ) 50 (4) g
40 - 40 - 20 1 T
— 30 — 30 — _ u a -
= & 0 T T T T T T
20 - 20 - o 50 100 200 500 1000 1500 2000
ISI (ms) Pause length (ms)
10 — 10 —
0 T T T T 0 @ T T T T
0 250 500 750 1000 0 250 500 750 1000

Figure 5

(1)

ISI (ms) ISI (ms)



Figure 6
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Figure 7
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Figure 9
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