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Key Points Summary

Cerebellar Purkinje cells (PCs) generate two types of action potentials, simple and complex spikes.
Although they are Benerated by distinct mechanisms, interactions between the two spike types exist.
Zebrin stainipggproduces alternating positive and negative stripes of PCs across most of the cerebellar
cortex. Thcompared simple spike-complex spike interactions both within and across
zebrin pgpulatlons.

Simple spil activity undergoes a complex modulation preceding and following a complex spike. The

amplitudes 0 re- and post-CS modulation phases were correlated across PCs. On average, the

as lagger for PCs in zebrin positive regions.

Correlations between aspects of the complex spike waveform and simple spike activity were found,
some of Wmd between zebrin positive and negative PCs.

The implicif:'fff fi the results are discussed with regard to hypotheses that complex spikes are
triggered by rises ifl simple spike activity for either motor learning or homeostatic functions.

Abstract

Purkinje calls (PCs) generate two types of action potentials, called simple and complex spikes (SSs
and CSs). We Tirst investigated the CS-associated modulation of SS activity and its relationship to the
zebrin statd§ o C. The modulation pattern consisted of a pre-CS rise in SS activity, and then,

following t pause, a rebound, and finally a late inhibition of SS activity for both zebrin

positiv and negative (Z-) cells, though the amplitudes of the phases were larger in Z+ cells.

Moreover, th itudes of the pre-CS rise with the late inhibitory phase of the modulation were
correlat s. In contrast, correlations between modulation phases across CSs of individual
PCs were generally weak. Next, the relationship between CS spikelets and SS activity was
investigates I he number of spikelets/CS correlated with the average SS firing rate only for Z+ cells.

In contrast, ations across CSs between spikelet numbers and the amplitudes of the SS

@ /

non-propaga

modulatio ere generally weak. Division of spikelets into likely axonally propagated and

ps (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 iow tEit 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 stand5l theories of cerebellar function.
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Abbreviations List

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

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

Knowleage of Purkinje cell (PC) spiking patterns is central to understanding cerebellar function,
because thg 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. Wraditiofially, the simple spikes (SSs) and complex spikes (CSs) that PCs generate have
yers of PC output, whereas CSs have been proposed to play a role in synaptic
nd not to affect significantly PC output at the time of their occurrence (e.g., Ito,
2001). However, stich 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
etal.,201A). For example, when synchronized across PCs, CSs cause significant inhibition of DCN

firing (Blenkinsop & Lang, 2011; Lang & Blenkinsop, 2011).

MS and CS activity is often correlated, and thus modulation of ongoing SS activity
- NE

is a second sm by which CSs can have immediate impact on PC output. Indeed, it is well-
known and CS activity have short-term interactions. Specifically, CSs are followed by a
pause in SSs is often followed by further modulation of SS activity (Granit & Phillips, 1956;
Bell & ; Murphy & Sabah, 1970; Bloedel & Roberts, 1971; Latham & Paul, 1971; Burg

& Rubia, 1972; Ebner & Bloedel, 1981a; Ebner & Bloedel, 1981¢; McDevitt et al., 1982; Bloedel et
al., 1983; I&ir et al., 1983; Mano et al., 1986; Sato et al., 1992). Pre-CS changes in SS activity
have also begmmeported (Miall et al., 1998; Burroughs et al., 2016).

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

Th@ﬁ interactions, and how they vary within and between Z+ and Z- cerebellar
regions, ar 1ally important aspects of cerebellar physiology. Here, we provide a detailed
quantitati acterization of CS-associated modulation of SS activity, investigate how this

modulatio elated 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.
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Methods

Ethical approval.

Expezaments were performed in accordance with the NIH’s Guide for the Care and Use of
Laborato @ and the UK Animals (Scientific Procedures) Act 1986. Experimental protocols
were apgroved b; the Institutional Animal Care and Use Committee of New York University School
of Medicin!and the University of Bristol Animal Welfare and Ethical Review Body.

Cerebellargxtracellular recordings.

Some aspects of the recordings used in the present paper have been reported in previous
Publicatiom details concerning the general surgical and recording procedures, histological

procedures of cells to specific zebrin bands or physiologically-defined zones, and the
specific locations g the recorded cells, can be found in those publications (Sugihara et al., 2007b;

Wise et al., ; 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 cell alized to specific zebrin bands) or adult male Wistar rats (experiments in which
cells were 10€a to physiologically-defined zones). Animals had free access to food and water

while h

in the vivarium. In all of the zebrin band experiments anaesthesia was induced by an
injection of k e (100 mg/kg) and xylazine (8 mg/kg) intraperitoneally. Supplemental anesthetic
was gi nuous 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 ug/kg/min) to
maintain aﬁitant depth of anesthesia, which was regularly assessed by paw pinch. SS recordings
were made hours after the start of the continuous iv infusion. In all of the physiologically-

defined zo @ ents anaesthesia was induced by an injection of ketamine (100 mg/kg) and

xylazine (5 intraperitoneally. Anesthetic depth was regularly assessed by paw pinch and
supplement@l doses of anesthetic were given as needed.
In ‘ost ofihe 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 th@predominant positive polarity of the CS. In these experiments histological

controls w to localize every PC to a specific zebrin band (Fig. 1A), as described in detail
previous et al., 2014). For one analysis (see Fig. 6C) multielectrode recordings of CS activity
were obta ith electrodes implanted to the middle depths (100 - 150 pm) of the molecular layer

where CS, but not SS, activity was observed (dendritic CSs). In these experiments localisation of PCs
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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 criterjia as inJihe zebrin experiments. The localisation criteria are described in (Wise et al.,

2010). The zghsin band recordings were made at New York University, USA, whereas the zonal
recordings @ ormed at University of Bristol, UK.

In all experiments rectal temperature was maintained at ~37°C. To gain access to the
[ | & P &

cerebellumf@animals were placed in a stereotaxic frame, and a craniotomy was performed to expose

the posterior Jo or the zebrin band experiments, at the conclusion of the recording session

animals welle immggliately perfused under ketamine/xylazine anaesthesia with phosphate buffered

ecorded cells. For the physiological zone experiments, at the conclusion of the
experimen als were humanely killed by an overdose of anaesthetic (pentobarbitone, 200

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

Statistical @nalyses.
To nvestigate SS-CS interactions in isolation of direct CS-CS interactions, CSs that were
preceded by a CS within 500 ms were excluded from analyses looking at SS-CS interactions,

because pri as shown CS-CS interactions may occur for at least several hundred

millise n particular, the waveform of the CS evoked by inferior olivary stimuli can be altered
by a precedin t ISIs up to ~150 ms (Campbell & Hesslow, 1986a). Moreover, climbing fibre

respons

ed 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 IS l&i around 100 - 200 ms, with intermediate ISIs being relatively rare, which suggests that
CSs separatgcg
synchroni @ ers between the two groups of CSs (Lang, 2001).

For in localized, somatically recorded PCs, both SSs and CSs were detected and
sorted ofﬂi!e in Igor Pro (Wavemetrics, OR). Cross-correlation between the firing times of SSs and
CSs was ujd to iﬁntify 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

ort and long ISIs represent distinct groups, particularly as the level of

from the individualjspikes, because the high signal-to-noise ratio of these recordings allowed clear

separation ets from noise fluctuations (Fig. 1C, E). To count spikelet numbers, all CS
wavefo igh-pass filtered at 300-400 Hz and automatically processed by a custom-written
procedure, 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
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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,
CambridgegUK).

Dendaigic CSs were also sorted offline. The lower signal-to-noise ratio of these CSs
precluded ¢ w of spikelets from the individual CS waveforms; thus, spikelet numbers were
determiaed from the average CS waveform of each PC as follows. All CS waveforms of PCs during
20 min of §ffontaneous activity were aligned to the time of the initial deflection and averaged. Each
negative dh

threshold

of the waveform that crossed a threshold was counted as a spikelet, where the

d as ten times the standard deviation of the average waveform over an

approximatel s period near its end.
Almions were tested for normality using the Kolmogorov-Smirnov goodness-of-fit

test. Forn -distributed populations, Student's t-test for populations with different variances

was used to assess Bignificance (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 ﬁted. In the figures * indicates statistical significance (p < 0.05) and t indicates a trend
toward signiticance (0.05 <p < 0.10).

Results

ain dataset consisted of PCs that were recorded at or near the PC layer and localized
histologicall ecific zebrin band in crus Ila (n =27 PCs total; 15 Z- and 12 Z+ cells; 8 animals).
Betwee 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).
SS firing rd w ation is associated with CS activity.

Tos eneral contour of CS-associated modulation of SS activity, the time surrounding
each CS wag divided into overlapping 50-ms windows (25 ms shift between successive windows).

The relativg changg in SS activity, AFR/FR,,,, in each window was then calculated for each PC as:

OF

(SS rate in Window-average SS firing rate)/average SS firing rate. The population averages of
AFR/F Ravg@'\ plotted for the windows surrounding the CS with the value in each window
plotted at i ¢ time (Fig. 2A).

age modulation of SS activity associated with CSs showed a similar time course for
the Z- an ulations (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
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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 lindred millisecond period.

there were es in the amplitude of these changes (Fig. 2A). For example, after peaking
approxiglatelz 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 ohp =0.017). Also, the magnitude of the post CS modulation of SS activity was
greater in thle Z+ p@sitive 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), indicafingthat the exact choice of ISI for CS classification was not critical.

To si the presentation of the results, three specific epochs were defined based on the SS

modulation observgd 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 gériod (200 to 400 ms) where SS activity is depressed (Fig. 2A). These times were chosen

I

because they showed the largest AFR/FR,,,'s for the two populations. Figure 2B plots the
AFR/FR,, §fo w epoch for each PC (circles) and the average of the population (filled bars).

Finally, the Pop#@ion averages of AFR/FR,,, from histograms using randomized CS data as the

trigger arc plotted (unfilled bars; see figure legend for details on the generation of the random

data). Com f the AFR/FR,,,'s obtained with CS activity and randomized spike trains shows

\l

that the 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,

E

the amplit as larger for Z+ PCs on average, with the difference being statistically significant for
the rebound gemied (Fig. 2B and Table 1, rightmost column). Raster displays and CS-triggered

histograms ndividual PCs show example Z- and Z+ PCs (Fig. 2C-F). It is worth noting that

-
./'\

although the Z- Z+ populations showed significant modulation in all three time periods (and

showed differences between themselves), the distributions of the two populations overlapped

N

considerably.

{

Pre- and post-CS Modulation of SS activity correlated for PCs, but not for individual CSs.

LU

To ¢ whether there is any relationship between the SS activity leading up to the CS
and that g it, the AFR/FR,,,'s for the pre-CS period were correlated with those of the rebound

and late 1n eriods (Fig. 3). Similarly directed relationships were found for both Z+ and Z-

A

populations. In particular, the changes in activity in the pre-CS and late inhibition periods were
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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
individuallg (Fig. 31\, C); however, the relationship was similarly directed in both populations, and
when they wesgseombined, the correlation was significant (r = 0.51, p = 0.007); the correlation
between p @ 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 infireases before a CS also tend to have a larger rebound response followed by a greater
decrease in

during the late inhibitory phase.
e & estigated whether the modulation of pre- and post-CS SS activity was correlated

one case (Fig. 4).
In sum, the average magnitudes of the pre-CS and the various post-CS modulation phases are
often correSted 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.

d

Bistability fiFin@@tterns cannot explain CS-associated SS modulation.

ain instances PCs show a pattern of activity referred to as bistability in which there is

an alternatio h SS firing rates (up state) with long pauses in SS activity (down state).
Moreo n reported that CSs can trigger jumps between these states (Loewenstein ef al.,

2005). Thus, we investigated whether bistability was present in the neurons we recorded and

E

contribute he SS modulation patterns we observed. The average duration of a pause in PCs
exhibiting bistababity is 1.5 s (Loewenstein et al., 2005). None of our neurons showed a single SS ISI

of that lengl ater. Figure 5A shows, in raster format, ~90 s of the spike trains from four PCs

Q

that were rec SSs are represented by the rows of vertical lines, and CSs by the dots above each

row. Recofids 1 and 3 are typical trains and records 2 and 4 are from the Z- and Z+ cells showing the

g

largest perintagei)f longer ISIs. In all records no ISI approaches 1.5 s. ISI 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, cellsfl and 3) and their rarity even in the PCs with the highest percentage of longer ISIs

Ul

(Fig. 5B, 2 ; note the change of scale for the y-axis between the main and inset plots for all ISI
plots).

tudy reported that PCs recorded from cool or damaged tissues have an increased

A

frequency of bistable firing patterns, as indicated by a larger percentage time spent in long SS ISIs,
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which were defined as ISIs > 500 ms (Zhou et 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 I'Is of yarticular 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+ oreover, the long pause percentages for ISIs > 500 ms in our population are far
lower th-an those rei)orted for PCs from damaged tissue, and in contrast, closely match the values
reported foffPCs recorded from healthy tissue (Zhou et al., 2015). Lastly, no significant difference

was found befwegn the Z- and Z+ populations at any of these pause lengths (p < 0.05, Wilcoxon-

Mann-Whifhey tesf). In sum, these results indicate that bistability was not a factor in explaining the

SS modulations ﬁ‘: the differences in these modulations between Z- and Z+ PCs that were observed.

Average mf:::f fi :pikelets/CS is the same for Z- and Z+ PCs in vivo.

Some, but fot all, previous studies have found a relationship between spikelet numbers and
the levels o and/or CS activity (e.g., compare Mano, 1970; Gilbert, 1976; Burroughs et al., 2016).
In additionﬁ spikelet numbers in Z- and Z+ PCs were reported to differ under in vitro
conditions (Paukert et al., 2010). Thus, we investigated whether the characteristics of spikelets

differed befve and Z+ PCs in vivo, whether SS activity correlated with any spikelet parameters,

and whethe orrelations varied between the zebrin populations.

ms ol basic spikelet parameters, the two populations were quite similar. PCs in both
populations s similarly wide ranges of spikelet numbers (Fig. 6A; average range of spikelets for
aPC,Z ,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 Csﬁith Bredominantly one or two spikelets (Fig. 6A, lower rows) and other cells having
CSs with myelmhigher numbers of spikelets (Fig. 6A, upper rows), on average.

In @ average number of spikelets per CS, no difference was found between the Z- and
7+ populatio:f : E:f 6B; Z-: 2.49 £ 0.65 Z+: 2.43 £ 0.95; p = 0.87), in contrast to what was reported
for in vitro\¢onditions (Paukert et al., 2010). Moreover, individual Z- and Z+ PCs showed similar
variability i spikelet numbers, as measured by the SD of each PC's spikelet distribution (Z-: 0.90 +
0.29; Z+H8; p = 0.30). Because our finding of no difference in average number of spikelets
per CS diffﬁthe previously reported in vitro findings, we compared spikelet numbers for two
further sets

additional set comprised crus Ila PCs recorded for a previous study using a
multielec roach 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 Z- and
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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
determinin! the ni'1ber of significant peaks in the average (see Methods for details). No statistically
significant diffgience in peak number between Z- and Z+ PC populations was found for any of the six
experimenll six cases) nor was one found when all PCs were grouped into single Z- and
7+ poplgations ‘Fl% 6C; Z-: median 2; Z+: median, 2; p =.16, Wilcoxon-Mann-Whitney).

Ne

, to expand the territory from which recordings were made, and thus verify that the

&

were obtained frogm PCs that were localized to the C1 (largely Z-) and A2 (largely Z+) physiological
e‘er’ as

failure to fi

crus IIa PA

erence in average spikelet numbers between Z- and Z+ PCs was not specific to

d data from experiments performed in a second laboratory in which recordings

zones of s itional lobules (n = 19 total; 13 A2 and 6 Cl1 cells; 12 animals, for specific break

down by loffrf: :gi Table 2). (For evidence supporting the validity of using the zonal identification
as a surrogate for Z8brin identity, see Xiao ef 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, medig, n = 13; p = 0.64, Wilcoxon-Mann-Whitney), consistent with there being no
difference 1n spikelet numbers for Z- and Z+ PCs.

Fimarea under the CS waveform was used as a more general parameter to investigate
S

difference aveform. This area was calculated from the onset of the CS (t,) to either the time

when t rding trace first returns to baseline (t;) or to 20 ms after ty (to20 ms) (Fig. 6F inset).
Using the lattegg al, a difference was found in vitro (Paukert et al., 2010); however, in vivo
neither wed a significant difference between Z- and Z+ PCs (p > 0.05; Fig. 6E, F).
Variations sigikelet numbers are primarily related to variations in presumed non-propagated
spikelet numd
O gspikelets are propagated as axonic action potentials (Ito & Simpson, 1971; Khaliq
& Raman, 2005; nsivais et al., 2005), raising the issues of whether variations in spikelet numbers
are relatedg a particular class (propagated versus non-propagated) of spikelet and of whether zebrin-
related diffgrencesgxist in this variation between PCs.

We'could not directly measure the number of axonal spikes resulting from each CS; however,

the probability thatha spikelet leads to an axonal spike is a function of its interspikelet interval from

the precedi clet: longer interspikelet intervals are associated with increased probability of
propagati alig & Raman, 2005; Monsivais et al., 2005). Specifically, spikelets that occur at an
interspike al of > 2.4 ms have a > 50 % chance of being propagated (Monsivais et al., 2005).

Thus, the interspikelet interval of 2.4 ms was used to classify spikelets as likely propagated or not.
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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 propaga@d spikelets do not include the initial spike of the CS, which is always propagated

as well. Thusgiacluding the initial spike, on average, just over two axonic spikes are triggered by
each CS fo @ and Z+ PCs.

-Spikelet numbers vary between PCs (note the shift of the spikelet number distributions from
top to bott<s 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
propagatedfand/or flon-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)
population%h Z- and Z+ populations, a strong positive correlation was observed between total
and non-pr spikelet numbers. In contrast, a weaker negative correlation was seen between
total and propagatdd 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.
Nex
high cone“otal and non-propagated spikelet numbers was found for the CSs of individual

PCs for both*"Z-@#d Z+ PCs (Fig. 9, Non vs. All). In contrast, the average correlation between

, we Investigated whether similar correlations held across the CSs of individual PCs. A

propag otal spikelets was much weaker, although still significantly different than zero (Fig.

9, Prop vs. A te that the few PCs showing large correlations between total and propagated

spikele 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+

F

cells (p < 0803),

Z-, but not @ show a relationship between spikelet numbers and average SS firing rate.

Toa e relationship between spikelet number and SS firing rate, the average number of
spikelets/C8 was plotted as a function of SS rate for the Z+ and Z- populations. When considering all
spikelets, the Z+ pgpulation 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 correlatiofy was found for this relationship as well (Fig. 10A3; p < 0.05), whereas the number

of likely p d spikelets was not significantly correlated with SS rate (Fig. 10A2; p > 0.05). In

contrast opulation showed no significant correlation between SS rates and all, propagated, or
non-propa ikelet numbers (Fig. 10B).
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Relationship of spikelets to the CS-associated modulation of SS activity.

We next investigated whether spikelet numbers were related to changes in SS activity during
the pre-CSgrebound, and late inhibition periods. For each PC, the number of spikelets in each of its
CSs was corgelated with the AFR/FR,,, for each of the three time periods surrounding the
correspondin Fig. 11). When considering all spikelets, significant correlations were found for
the pre—gS and late inhibition periods for Z- but not Z+ cells (Fig. 11 Al, B1, data plotted at latencies
of -50 ms afid 300 ms). For the Z- cells, the correlation of total spikelet number and pre-CS activity
seemed to% variations in propagated spikelets, as these spikelets correlated with the pre-CS
AFR/FR,.fwherea§ 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,

US:

-50 ms) an

the late inhibition period (Fig. 11 B3, 300 ms).

ber of non-propagated spikelets was correlated with the decrease in SS levels in

Discussio

N

In this paper we describe several new aspects of the modulation of SS activity associated with

CSs. In paffic ¢ show that the SS rates during the pre- and post-CS phases of the modulation

:)

may be well*€orfélated with each other across a PC population, but are generally not correlated for the

CSs of ual PCs. We also identified several physiological parameters related to the interaction

of CS and SS , including the zebrin status of the PC and spikelet numbers. The implications of

\

these re ral hypotheses related to cerebellar physiology are discussed below.

1

Pre-CS as ted modulation of SS activity.
Whilesamumber of studies of post-CS modulation of SS activity exist, to our knowledge there

has been of >port of pre-CS modulation of SS activity (Miall ef al., 1998) prior to our recent

‘:r:

study (Burro 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

8.

important because it was "close to the estimated visuomotor feedback delay”, and thus would match

i

the timing fleeded for an error signal to allow adaptive plasticity. The data used in that paper were

from PCs that wer@mostly located in lobules of the anterior lobe (Keating & Thach, 1995), making it

U

likely that Z= ormed the majority of their population, based on the predominance of Z+ territory
in the an e. Thus, the transient pre-CS rise in SS activity observed in that study is generally

consisten at we observed for Z- PCs, whose SS activity is high at 150 to 100 ms preceding

A

the CS and then drops toward baseline in the 50 ms just prior to the CS.
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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 imp
feedback dela
with the 1dg

jes that the SS increase in Z+ PCs would not be specifically matched to the

ef an error signal generated during a motor task. Therefore, our data are inconsistent
cessive SS activity triggers a corrective CS at a precisely timed delay as a rule

governi% }alasticitz throughout the cerebellar cortex, though we cannot rule out the possibility for Z-

regions. s

Does the O8-assoclated modulation of SS activity reflect the workings of an homeostatic mechanism?

C

The question of whether the SS modulation phases are related to, or are independent of, each

Ss bears on the question of whether CS activity is a homeostatic mechanism that
activity at a specific baseline rate (Mauk & Donegan, 1997; Miall et al., 1998;
Cerminara & Rawsen, 2004; Bengtsson & Hesslow, 2006; Zhou et 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 ificreased inhibition of the GABAergic nucleo-olivary neurons, which would result in an

fl

increase in CS activity, that in turn would act to reduce SS levels. Consistent with this idea
manipulati@ns activity do produce correlated changes in CS activity (Marshall & Lang, 2009;

Chaumont

a

13), and manipulations of inferior olivary activity produce inverse changes in SS

levels ( 1980; Rawson & Tilokskulchai, 1981; Montarolo et al., 1982; Demer et al., 1985;

Savio & Tem, 85; Cerminara & Rawson, 2004). However, in these studies the SS levels of large

Wy i
IS

populat boring 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

physiologi onditions remains to be demonstrated.

E

Motg if the homeostasis idea is correct on a single cell level, there should be a strong

relationshif eén the SS activity before and after each CS of individual PCs. However, we

observed on , generally not significant correlations between the amplitudes of the pre- and

post-CS m@dulation phases of individual CSs. Furthermore, in most PCs, following a CS, SS activity

i

generally went thraugh a period during which it undershot its baseline level (late inhibition period)

|

rather than Teturning to it, as would be predicted by the homeostasis hypothesis. Thus, the CS-

associated modulafjons in SS activity seem unlikely to reflect the workings of a homeostatic

u

mechanisnt.
I we suggest that CS-associated SS modulation is an important aspect of the

communi tween PCs and their targets, principally the DCN. Consistent with this suggestion,

A

is the fact that although CS activity appears to cause a short-latency inhibition of cerebellar nuclear
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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,
Blenkinsops Suh amél Lang, unpublished data). Finally, even if the homeostasis hypothesis is not
correct, it mayasiill be the case that SS activity is in some way regulated by the feedback loop through
the inferioh for reasons other than maintaining a specific SS baseline firing rate.
Variati()‘as in non—gropagated spikelet numbers are the main determinant of spikelet number.

Th@CS has often been viewed as an all-or-none event. The variation in CS waveform we

describe here 1s at odds with this conception. Indeed, the variability of the CS waveform has been
studies (Mano, 1970; Gilbert, 1976; Campbell & Hesslow, 1986a, 1986b;

7; Piochon et al., 2010; Lang et al., 2014; Burroughs et al., 2016), and the limits of

noted in a
Piochon et al.
viewing th@lC$¥as Simply an all-or-none event are being increasingly recognized (Najafi & Medina,
2013; Lan 017), which raises the issue of the function of this variability.

Some eviswce suggests that spikelet number may be a parameter of synaptic plasticity
(Mathy et al., 9; Rasmussen et al., 2013; Yang & Lisberger, 2014). If these studies are correct,
our result, ﬁost 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 offSpil % This would potentially allow dissociation of the CS's role in modulating

plasticity fro Ole in directly altering PC output. Moreover, the present finding that CSs of both

zebrin 10ns have similar numbers of spikelets, on average, would indicate that while individual
PCs may differgsghificantly in the plasticity their inputs are undergoing, on a population level the
in Z- and Z+ PCs is similar (at least to the extent that spikelet number determines
the degree and type of plasticity).

In &irast to the variation in their non-propagated spikelet numbers, PCs all had, on average,

g likely propagated spikelet per CS (i.e., two axonic spikes if the initial spike of the

e relative constancy of the number of propagated spikelets across PCs within each
lation, and the lack of difference between the Z- and Z+ populations, suggests that
PCs are rel@tively homogeneous in terms of the average axonic output generated by the CS itself.
However, note thatgnost PCs exhibited a range of propagated spikelets, so the individual CSs of a PC
could stHintheir effect on DCN neurons as a function of propagated spikelet number.

No zebrin-related 8ifferences in average spikelet numbers in vivo.

7+ ve been reported to have more spikelets/CS on average than Z- PCs under in vitro
conditio ert et al., 2010). Such a difference would be potentially important for cerebellar
function. r, 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.
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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 ef al., 1966) and because activation of
these inteaurons '; reported to cause a greater inhibition of PCs in Z+ bands (Gao et al., 2006).
Thus, the lackes@fEGABAergic activity in the slice preparation may have resulted in a greater
disinhibitiog han Z- PCs, leading to a relatively greater increase in the duration of CSs in Z+
PCs, an% thus the observation of a differential in spikelet numbers (Z+ > Z-). It is also possible that

the use of i@tamine anaesthesia in the present study may have prevented observation of spikelet

vary between d Z+ regions (Hawkes, 2014). Moreover, many other zebrin-related differences in
PC firing Me similar in awake and ketamine anesthetized animals (Xiao et al., 2014; Zhou et

al., 2014).

Recordingflocation is yet another possible explanation, as the in vitro study recorded vermis

lobule VIII PCs (Paukert et al., 2010), whereas our zebrin-identified PCs were mainly from crus IIA.
However, @ur zonally-identified populations included PCs from several additional lobules and, again,

no differenc

¢ 1n spikelet numbers was found. Thus, the failure to find a zebrin-related spikelet
difference m and other lobules suggests, at the least, that a zebrin-related difference in
e

spikelet nu

not a general pattern across the cerebellar cortex.
Zebrin- ifferences in the relationship between spikelet number and SS firing rates.

As w

ed previously, spikelet numbers seem to be correlated with some aspects of the
CS-ass lation 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 showesi'milar trends but as a population no statistically significant relationship was found.
However, ingaliseases the correlations were relatively low, suggesting that there must be other factors

that help dé @ he variations in SS activity at times surrounding the CS.

Inc a significant difference was found between Z- and Z+ PCs for the relationship
between ba§eline SS rates and spikelets, with Z- PCs showing no correlation and Z+ PCs showing a
significant gegativgrelationship for both all spikelets and likely non-propagated spikelets. It is not
clear wh#ctly;lrives this relationship, and a number of possibilities exist. It may simply be that
PCs Whose@Iay greater numbers of spikelets undergo LTD to a greater extent (Mathy et al.,
2009) and cive weaker excitatory drive, leading to lower firing rates. Alternatively, it could
reflect a eneity among Z+ PCs in membrane properties that isn't found in Z- PCs. Regardless,

this findin ents 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,,,in SS activity from baseline for periods surrounding CSs. Comparison of
AFR/FR,,'s for different time periods. p-values listed to the right of each AFR/FR,,, are for
comparisoqbetwe'] CS and random spike trains. p-values in rightmost column are for comparison of
Z-and Z+ v

Z- 7+
Time p-eriod and AFR/FR e p value AFR/FR e p value p value
Avg £ SD (%) Avg £ SD (%) (Z- vs. Z+)
20.5 + 8.4 2.7x107 25.5+9.0 52x10° 0.18
27.4+174 2.0x10° 55.5+15.9 1.0x10® 20x10*
Late Inhib. 6.6+4.9 1.8x10™ -103+9.1 1.0x10° 0.22

Table 2. S tribution of the recorded cells. (A) The zebrin bands for all PCs were

U

histologic tified. Some of the cells were recorded at the PC layer (Somatic); others

were recofled at the mid-molecular layer (Dendritic). (B) The zonal locations of an

n

additional of PCs were physiologically determined. All cells were somatically
recorded. comprises mainly Z+ bands while the C1 zone comprises mainly Z-
bands.

M

bands Somatic Dendritic
3
SCrus I1a 4- 1
@a b+ 1
4
a Sa+ 3
ﬁa Sa- 2
20
Ja 5+ 4
13
@Ia 5- 10
15
Crus Ila 6+ 4
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Crus Ila 6-
2
“a T+
65
a2 -
N
B. L Somatic

hygiological zones

G

A2

IS
>
§)

4
Paramiedian A2
2
dian Cl1
4
Pyramidis C1
19

Author Manu

This article is protected by copyright. All rights reserved.



Figure Legends
Figure 1
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Figure ﬁ[ion 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.

RREE

Numbered !Eows point to alcian blue injections that were made at three sites of PC recordings.
Bottom, sc
extracellul@ from Z- (B, C) and Z+ (D, E) PCs. (B, D) Records chosen to show the standard

pattern of

Recordmhe onset of the CS (latency = 0 ms). (C, E) Sample CSs from the Z- and Z+ PCs

in B an

colour Wsed in this figure (Z-, blue and Z+, red) are also used in all subsequent figures.

-

howing location of the three cells in zebrin bands 6+, 5-, and 4b-. (B-D) Sample

ation observed in CS triggered histograms for Z- and Z+ PCs (see Fig. 2).

ively, displayed at a faster time scale to show the spikelet content of the CS. The
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Figure 2
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Figure 2. CS-assogiated changes in SS activity. (A) Per cent change in SS firing rate from average
firing r FR,,) for 50-ms windows relative to CS onset (t = 0 ms). Data points are the mean
changes fo 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
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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 e CS itself. (B) Plot of AFR/FR,,'s for Z+ and Z- cells for the three epochs

les show individual cell values. Filled bars indicate the population average

epoch. Unfilled bars show population averages obtained using randomized
spike tra-ins in Hlace of CS data. For each cell, a randomized spike train was generated with the same
pikes as CSs for the cell. These random spikes were used to generate the individual cell
spike-triggered ograms of SS activity from which the AFR/FR,,,'s were calculated. Error bars

$ and all subsequent figures. (C, D) CS-triggered rasters of SS activity for a Z- (C)
. _Horizontal bars above the rasters define the three analysis periods. (E,F) CS-

5 of SS activity for the PCs whose rasters are shown in C and D.
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Figure 3. orrela n 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 bet?een changes in SS activity before and after the CS. Each point plots the average

AFR/FR,ys single PC. Regression lines are least squares fits.
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B. Pre-CS vs late mhibition
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Figure spike correlation of pre- and post-CS modulation of SS activity. The AFR/FR,,
in the pre- and CS periods were correlated across all CSs for individual PCs. The individual PC

r-value s) and population averages (filled circles) are plotted. (A) Correlation of

AFR/FR,,'s in the pre-CS and rebound periods. (B) Correlation of AFR/FR,,,'s in the pre-CS and late
inhibition ‘Sriods.
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Figure &f 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
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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
histogramspfrom c@lls 1-4 shown in A. Insets have an expanded y-axis to show the counts of the
longer ISIs. e percentage of the total recording time accounted for by ISIs of a specific
duration ootted for ISIs of 50 ms or greater, as indicated on x-axis. Pause time
percenteges were calculated by summing all ISIs of the specified duration or longer and dividing by

the recordigime. Bars represent averages of the Z- (blue) and Z+(red) populations.
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Figure 6. Z- an& Z+ PCs have similar total spikelet number distributions. (A) Distribution of
spikelets fof each cell recorded at the PC layer and localized to a specific zebrin band. Each row of

circles represents

e spikelet distribution for a single PC. Circle areas are proportional to the
percentage s of a cell having a particular number of spikelets. The distributions are arranged
from bottom to toSccording to their mean spikelet number. (B) Mean number of spikelets/CS for

each PC (u ircles). Filled circles show population averages. (C) Distribution of spikelet

numbers f ge CS waveforms of PCs recorded by electrodes implanted to the mid molecular

layer (de Ss). (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 population median and interquartile range.
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(E, F) Overall size of CS, as quantified using the area under the CS waveform from its onset (t) until
its termination defined either as when the recording trace returned to baseline (t;) (E) or 20 ms after

the onset O'the Cgtom ms) (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 t @ s from a PC to show the various parameters that were used to quantify the shape

of the CS waveform.
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Figure 8. m in total spikelet numbers between PCs are correlated with variations in the

number of like -propagated spikelets. Scatterplots of the average total number of spikelets of a

PC Vﬂ@ge number of likely non-propagated (A, C) and likely propagated (B, D) spikelets.
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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 circlﬁ show)opulation averages. Types of spikelets being correlated are indicated on x-axis.
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Figure ﬁeet 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, likelypropagated, and likely non-propagated spikelets.
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Figure ll.wciated modulation of SS activity is sometimes correlated with spikelet numbers.
Plots of th
rebound (5
Filled ¢

S correlation of spikelet number with the AFR/FR,,, for the pre-CS (-50 ms),

d

late inhibition (300 ms) periods. Unfilled circles show individual PC r-values.

ulation averages.
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