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1 | INTRODUCTION

This study was designed to explore the functional circuitry of the adult zebrafish
cerebellum, focusing on its Purkinje cells and using whole-cell patch recordings and
single cell labeling in slice preparations. Following physiological characterizations, the
recorded single cells were labeled for morphological identification. It was found that
the zebrafish Purkinje cells are surprisingly diverse. Based on their physiology and mor-
phology, they can be classified into at least three subtypes: Type |, a narrow spike cell,
which fires only narrow Na* spikes (<3 ms in duration), and has a single primary den-
drite with an arbor restricted to the distal molecular layer; Type |l, a broad spike cell,
which fires broad CaZ* spikes (5-7 ms in duration) and has a primary dendrite with
limited branching in the inner molecular layer and then further radiates throughout
the molecular layer; and Type Ill, a very broad spike cell, which fires very broad Ca%+
spikes (>10 ms in duration) and has a dense proximal dendritic arbor that is either
restricted to the inner molecular layer (Type llla), or radiates throughout the entire
molecular layer (Type IlIb). The graded paired-pulse facilitation of these Purkinje cells’
responses to parallel fiber activations and the all-or-none, paired-pulse depression of
climbing fiber activation are largely similar to those reported for mammals. The labeled
axon terminals of these Purkinje cells end locally, as reported for larval zebrafish.
The present study provides evidence that the corresponding functional circuitry and
information processing differ from what has been well-established in the mammalian

cerebellum.
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have been shown to extend over a wide range of applications, from
motor control and learning to cognition and emotion (Buckner, 2013;

The mammalian cerebellum is a unique system consisting of numerous
functional organizations or modules (Cerminara et al., 2015; Friedrich
et al., 2010; Kalueff et al., 2014; Voogd & Glickstein, 1998). Each of
these structures is believed to be similar, if not identical, in its local cir-
cuitry (Cerminara & Apps, 2011; Voogd & Glickstein, 1998). Thus, it is
the external connectivity, not the inner computation, which determines

each module’s functionality and purpose. These cerebellar functions

Schmahmann et al., 2019).

The neuron of central importance in these cerebellar modules is
the Purkinje cell. It is estimated that the human cerebellum contains
roughly 15 million such Purkinje cells (Nairn et al., 1989), all of which
share a similar morphology. A large soma emits a highly branched,
fan-shaped dendritic tree, which is oriented in the parasagittal plane
and is equipped with up to 180,000 dendritic spines, specialized
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FIGURE 1 Experimental design. (a) Photomicrograph of an adult
transgenic Tg(Ptf1a-GFP) zebrafish cerebellum in a parasagittal plane
near the midline, showing expression of the vesicular glutamate
transporter (green). Structures above the yellow line are the
cerebellum (from rostral to caudal): valvula (Val), central lobe (CelL),
and caudal lobe (CaL). The central lobe (between the thick dashed
lines) occupies much of the cerebellum, and consists of three layers:
the molecular layer (ML), ganglionic layer (GaL, between the thin
dashed lines), and granular layer (GrL). This study focuses on Purkinje
cells in the central lobe. Scale bar = 200 um. (b) Experimental
configuration. Whole-cell patch recordings (Rec) were carried out
from the Purkinje cell soma, with stimulus electrodes positioned in the
ML and Gal to activate PFs and a single CF, respectively.

postsynaptic structures that receive synaptic inputs (Ito, 1984). Purk-
inje cells receive two excitatory inputs, climbing fibers and parallel
fibers (CFs and PFs; Figure 1b), where the former originate in the con-
tralateral inferior olive and the latter are the axons of up to 50 billion
granule cells (Azevedo et al., 2009; Herculano-Houzel, 2009). A sin-
gle CF makes a few hundred synapses onto the soma and dendritic
arbor of the Purkinje cell to which it projects (Eccles, 1967; Meek &
Nieuwenhuys, 1991). The PFs run mediolaterally, perpendicular to the
fan-shaped arrays of Purkinje cell dendrites, and parallel to each other
(Meek & Nieuwenhuys, 1991). Hence, each PF makes synaptic con-
tact with numerous Purkinje cells, but only a single synaptic contact
with each one (Eccles, 1967). Purkinje cells then integrate these two
excitatory input signals along with inhibition from inhibitory interneu-
rons (Ito, 1984) and other Purkinje cells (Sugihara et al., 2009), and
convey all their output information via collateralized axons to inhibit

cells in the deep cerebellar nuclei (DCN) and vestibular nuclei (VN)

(Sugihara & Shinoda, 2007). These, in turn, project to numerous tar-
gets outside the cerebellum (Ito, 1984; Gilbert & Thach, 1977). This
modular circuitry has been established throughout vertebrates (Meek,
1998) and become the basic criterion for determining whether a cen-
tral structure is to be considered cerebellar-like or not (Cerminara
etal, 2015; Kalueff et al., 2014).

Over more than half a century, the mammalian cerebellum has been
extensively studied, from investigations of the molecular biology of
its cells (Ito, 2002) to clinical studies involving cerebellum-influenced
behavior (Dow & Moruzzi, 1958; Ito, 2008), and at variety of physiolog-
ical and network levels in between (Buckner, 2013; Schmahmann et al.,
2019). In one much-studied instance connecting neuron electrophysi-
ology to conditioned behavior, unconditional signals, such as air-puff to
the eye or a minor electric shock, have been found to conduct along the
CFs, whereas conditioning signals, such as a tone or flash of light, are
relayed to the cerebellar cortex by the mossy fiber/PF system. These
two types of input signals are integrated by Purkinje cells, which in
turn send motor behavior-related signals to the DCN and VN (Linden,
2003). Our understanding of Purkinje cells is crucial to understand how
the cerebellar cortex computes a variety of similarly relayed input sig-
nals and generates meaningful biological information (Cerminara et al,
2015; Lee et al., 2015). However, wider questions remain as to how the
relatively simple circuitry of the cerebellum accomplishes its complex
and varied functionality (Mitoma et al., 2021).

Asitis generally agreed that the core features of the cerebellar mod-
ule are well conserved across vertebrate phylogeny (Bell et al., 2008;
Finger, 1983; Meek, 1998), studies of simpler vertebrates may pro-
vide useful perspectives on cerebellar function. The zebrafish has been
steadily gaining importance as an experimental model, with behavioral
studies dating back to 1960s, the pioneering work on its genetics and
development by George Streisinger in the 1980s (Streisinger & Walker,
1983), and especially since 2000 when it has been increasingly used
across many disciplines of biology, from genetics to behavioral neuro-
science, particularly in investigations of motor function (Fetcho, 2012;
Hoxha et al., 2016; Okamoto, 2014). The larval zebrafish has proved
especially attractive here because of its much smaller brain size, opti-
cal transparency and ease of genetic manipulation. The number of
cerebellar Purkinje neurons is about 300 at the larval stage (Hamling
et al.,, 2015; Kalueff et al., 2014; Stewart et al., 2014), compared with
100,000 in adult mice (Herrup & Trenkner, 1987), the model for many
cerebellar studies (Ito, 1984; Thompson & Steinmetz, 2009). In larval
zebrafish, the activity of the whole cerebellum, or even the entire brain
can be monitored during behavioral tests (Ahrens et al., 2012, 2013;
Knogler et al., 2017; Lin et al., 2020; Marques et al., 2019; Portugues
et al,, 2014), while rapidly emerging technologies for mapping circuits
and manipulating genetically identified cell types have made target-
ing of specific cells for modulation and recording especially tractable
(Fetcho, 2012; Hoxha et al., 2016; Okamoto, 2014).

Several lines of evidence indicate that the zebrafish cerebellum is
functional at larval stages. Developmental studies have shown that
by 5 days postfertilization (dpf) the Purkinje cell and granule cell lay-
ers of the cerebellar cortex have formed and that the two major

input pathways to Purkinje cells—the mossy fiber-granule cell-PF
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pathway and the olivocerebellar CF pathway—are in place (Bae et al.,
2009; Takeuchi et al., 2015). Electrophysiological studies have demon-
strated that larval zebrafish Purkinje cells exhibit both simple spikes
and CF responses, with firing patterns that change relatively little
after 6 dpf (Hsieh et al., 2014; Sengupta & Thirumalai, 2015; Scalise
et al.,, 2016). Optogenetic activation or silencing of larval Purkinje cells
alters swimming movements during the optomotor response (Matsui
et al, 2014). It has been also reported that lesioning of the olivo-
cerebellar pathway prevents motor adaptation in a closed-loop, fictive
optomotor-response paradigm (Ahrens et al., 2012), and that lesioning
of the cerebellum impairs classical conditioning (Aizenberg & Schuman,
2011;Blank et al., 2009; Hinz et al., 2013).

It is unknown, however, to what degree the local circuitry in a lar-
val cerebellum (Bae et al., 2009; Kani et al., 2010) is comparable to
its counterpart in the adult fish. This is because cell numbers increase
exponentially during the early stages of development (Hibi et al., 2017),
and the cerebellum, as well as the whole brain mass, are enlarged sig-
nificantly (Hamling et al., 2015). Also, at the larval stage, the laminar
structure is hardly recognizable (Kaslin et al., 2013; Takeuchi et al.,
2015), suggesting that interactions between PF and CF activations, if
any, might be different from those found at adult level.

One of the differences found among mammalian Purkinje cells is
whether they express high levels of the metabolic enzyme aldolase-C
(zebrin 11). The immunological visualization of zebrin Il in PCs shows
their compartmentalization into stripes or bands perpendicular to the
lines of PFs across the lobules of the cerebellar cortex (Hawkes &
Herrup, 1995). Zebrin lI-positive and -negative Purkinje cells have been
shown to have distinguishing properties of interaction between their
simple and complex spikes (Tang et al., 2017). But Purkinje cells in
zebrafish are all zebrin Il-positive (Bae et al., 2009), suggesting that
they should all be basically the same.

Our investigations reported here and earlier (Han & Welsh, 2014) in
an in vitro slice preparation of the adult (>6 month) cerebellum com-
bined with whole-cell patch recording and morphological tracings of
labeled single cells show that the zebrafish cerebellum in many ways
resembles that of mammals. It remains a laminar structure, consisting
of molecular, ganglionic, and granular layers, and its Purkinje cells still
receive information from PF and CF inputs. However, its Purkinje cells,
rather than being all basically the same, were revealed as remarkably
diverse in their physiology and morphology.

A recent ex vivo study fully examined this diversity of Purkinje cells
in the corpus cerebelli (central lobe) of adult zebrafish (Chang et al.,
2020) and classified them into four subtypes based on their morphol-
ogy and the responses to current injection of patched cells. It showed
further that these Purkinje cells are actively involved in fictive loco-
motion by demonstrating correlations of Purkinje cell subtype activity
with different phases of the swim cycle. The authors also found a similar
diversity of Purkinje cell subtypes in the adjacent cerebellar region of
the valvula (Changetal., 2021). We have also found that adult zebrafish
Purkinje cells can be classified into at least three subtypes based on
both their physiology and morphology, and that these cell subtypes as
well as their synaptic inputs can be further characterized pharmaco-

logically. In contrast, eurydendroid cells, the functional equivalent of

mammalian DCN cells, which convey all cerebellar signals from Purk-
inje cells to other parts of the brain, are all similar in their physiology
and morphology. Hence, while motor control and motor learning are
basic functionality of the zebrafish cerebellum as they are for mam-
mals, the role of the local circuitry of these Purkinje cells subtypes and
consequentially its computations are likely to be far less stereotyped
and different from those of other known cerebellar models.

2 | MATERIALS AND METHODS
2.1 | General

All recordings were carried out in in vitro slice preparations from
the cerebellum of adult zebrafish (Danio rerio, >6 month old of either
sex). Wide-type (WT) and transgenic Tgfolig2:RFP] (obtained from Dr.
Cecilia Moens in the UW Biology Department) and Tg[Ptf1a-GFP] fish
lines were used as noted. The experiments were performed at two
sites: the Center for Integrative Brain Research of Seattle Children’s
Research Institute (SCRI) in Seattle and the Department of Pediatrics
and Neuroscience of Xijing Hospital in Xi’an, China. Fish were obtained
from local wholesale dealers, pet stores or the Xijing Hospital’'s Cen-
ter for Research Animals and were housed and handled according to
national and institutional guidelines. All experiments were approved
by the Institutional Animal Care and Use Committee of SCRI (IACUC
no. 09-0622) or by the Center for Experimental Animals of Xijing
Hospital. At SCRI, the zebrafish used in this study were kept in the
institutional aquatic facility, where room temperature is maintained at
27-28°C and lights are switched on and off on a 12/12 h cycle. They
were cared for by the vivarium staff and handled in accordance with
national and institutional guidelines. A total of 80 fish were used for
these experiments.

2.2 | Slice preparation

The fish were deeply anesthetized by immersion in tricaine methane
sulfonate (MS-222) at a concentration of 100 mg/L. The skin was
removed and the skull was opened with fine-tipped forceps. The
exposed brain was irrigated with ice-cold low-Na* artificial cere-
brospinal fluid (ACSF) with composition (in mM) KCI 2.0, KH,PO4 1.25,
NaHCOj 24, CaCl, 2.6, MgS0O4-7H, 0 1.6, glucose 20, sucrose 213. It
was then removed and placed in the cold normal ACSF, with the sucrose
replaced by equimolar NaCl (see below). In preparing slices, the whole
fish brain was glued onto a cutting plate and supported with a gelatin
blocker. The cutting chamber was filled with ice-cold low-Na* ACSF
oxygenated with a mixture of 95% O, and 5% CO,. A low-Na* ACSF
was used in order to reduce the excitotoxic shock caused by the slicing.

Two 200 pum parasagittal slices were typically obtained from each
brain. Each slice contained at least some of the central lobe, where
the cerebellum’s laminar structure can be easily delineated under a
microscope. (In a few cases, transverse slices were also prepared for

recordings.) Immediately after cutting, the slices were transferred to a
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holding bath, where they were kept submerged at 27 + 1°C. The ACSF
here was a 1:1 mixture of the low-Na* ACSF and normal ACSF, where
the composition of the latter was (in mM): NaCl 124, KCI 2.0, KH,PO4
1.25,NaHCO3; 24, CaCl, 2.6, MgS04-7H,0 1.6, glucose 20. The slices
were kept in the holding bath for ~30 min and then maintained in nor-
mal ACSF at room temperature (21-22°C) until use. Both the low-Na*
ACSF used in preparing slices and the normal ACSF used during record-
ing were bubbled with 95% O, and 5% CO, (pH 7.4 + 0.5, osmolarity
300 + 5).

2.3 | Recording and stimulation

Individual slices were transferred to a submerged recording chamber.
There, they were bathed in a continuous flow of oxygenated normal
ACSF preheated at 27 + 1°C. Single cells were selected randomly for
whole-cell patch recording from the ganglionic layer (Gal) of the cen-
tral lobe. The recording electrodes had resistances of 5-10 MQ after
being filled an internal solution, the composition of which was (in mM):
K*-gluconate 130, EGTA 5, HEPES 10, KCI 3, MgCl, 2, Na, ATP 4,
Na,-phosphocreatine 5, and Na,-GTP 0.4 (pH 7.4 + 0.5, osmolarity
280 + 10). In many cases, the internal solution also contained 0.3-0.5%
biocytin (Sigma-Aldrich, St. Louis; B4261) or neurobiotin (Vector Labo-
ratories, CA; SP-1120) to label the recorded cell for later morphological
verification.

Cellsinthe GalL (Figure 1a) were visualized under infrared Nomarski
optics using the 40x water-immersion objective of an upright micro-
scope (BX51WI, Olympus; or Axoskop |, Zeiss). Recording electrodes
were advanced by a micromanipulator (MP-285 or MP-225; Sutter
Instruments, CA), and at the cell membrane, a gigaohm seal was
established by a gentle suction. The membrane was then ruptured
by additional small negative pressure or zap pulses (0.1-0.5 ms).
Recordings were made in both voltage- and current-clamp modes. The
recording signals were amplified and digitized and stored in a computer
hard drive for offline analysis. A Multiclamp 700A amplifier and Digi-
data 1322A were used for the recordings, while P-clamp 10 software
was used for data acquisition and analysis (all from Molecular Devices,
San Jose, CA).

Pairs of stimulating electrodes were used to activate input fibers
to induce synaptic responses in patched cells (Figure 1b). To activate
PFs, pairs of tungsten electrodes were used, with the stimulating elec-
trode placed in the molecular layer (ML) and the reference electrode
in the bath. To activate a Purkinje cell’s single CF, theta tubing (tip
size <5 pm in diameter) was positioned in the GaL. Typically, the stim-
ulation electrode had to be repositioned multiple times in order to
induce an optimal response (particularly an all-or-none response) at
the corresponding CF-PC synapse, while the glass tubing significantly
reduced the risk of losing the patched PC during repositioning. Nega-
tive currents were triggered by TTL signals, typically 0.1 ms in duration
and delivered through a stimulus isolation unit. The intensities of the
current were adjusted to half of the maximum responses (30-100 pA).
Spike amplitudes are reported as resting-potential-to-peak values and

spike widths were measured at half the spike’s peak amplitude.

Neurobiotin or biocytin tracer was prepared in the internal solu-
tion (0.3-0.5%) and kept in the freezer until use. Patch electrodes tips
were back-filled with the tracer solution and the remaining portion
with normal internal solution. During electrophysiological recordings
and pharmacological manipulations, tracer in the patch pipettes was
typically diffused into the recorded cells for labeling. If the recording
sessions were shorter than 20 min, this process was facilitated by injec-
tion of positive current pulses (500 ms on, 500 ms off, 0.5 nA) through
the patch pipette for 10-15 min. Slices were fixed overnight in 4%
paraformaldehyde in 0.1 M phosphate buffer in final preparation for

routine histological procedures (Han et al., 2006).
2.4 | Pharmacology
The following pharmacological agents were used: the glutamate

(AMPA)

receptor antagonist 6-cyano-7-nitroquinoxline-2,3-dione (CNQX; 10

a-amino-3-hydroxyl-5methyl-4-isoxazolepropionic  acid

uM); the glutamate N-methyl-D-aspartate (NMDA) receptor antag-
onist D(-)—2-amino-5-phosphonopentanoic acid (AP5; 30 uM); the
GABA, receptor blocker bicuculline methiodide (30 uM); the Na*
channel blocker tetrodotoxin (TTX; 1 uM); and the nonspecific CaZ*
channel blocker CdCl, (50-100 uM). All compounds were purchased
from Sigm-Aldrich or Tocris unless otherwise noted. The drugs were
prepared in stock in DMSO (dimethyl sulfoxide) or distilled water and

kept in the freezer until use.

2.5 | Histology
2.5.1 | Single cell labeling

The slices containing cells injected with intracellular tracer were fully
rinsed with 0.1 M phosphate buffer plus 0.1-0.5% Triton-X 100, fol-
lowed by their incubation in 0.5-1.0% streptavidin-conjugated Alexa
fluor-594 (Vector Laboratories; A-2006-5) or fluorescein (Vector Lab-
oratories; SA-5488-1) for 2-4 h to visualize the labeled cells in red or
green, respectively. In some cases, a Nissl staining with NeuroTrace
green fluorescent Nissl stain (Molecular Probes, OR; D21480) was
also carried out to visualize the cerebellar laminar structure. After a
final rinse in phosphate buffer, the slices were mounted and covered
in Vectashield (Vector Laboratories; H1000) for observation under a

fluorescent microscope and for imaging under a confocal microscope.

2.5.2 | Drawing and tracing of labeled cells

For cell type identification, labeled cells were imaged on a confocal
microscope (Zeiss AxioPlan 2; LSM 510 Meta) at 10x or 20x mag-
nification (0.45 NA or 0.8NA, respectively). Z-stacks of images were
acquired at 1.0-1.5 pm z-resolution. For quantitative analysis, the
best-labeled cells of each subtype were selected and physiologically

identified; then, some of these were imaged on a confocal microscope
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with an oil immersion objective (Zeiss Axioplan 2, LSM 510 Meta) at
63x magnification (1.4 NA). Z-stacks of single cell image were acquired
at 0.5 pm z-resolution. Allimage acquisitions were performed with ZEN
software (Zeiss, Germany; RRID:SCR_013672). Selected photomicro-
graphs were converted into a 2D image in tiff-format for drawing with
a camera lucida. Some were also converted into a 2D 8-bit tiff-format
image for digital analysis of cell morphology parameters, including
the soma size, length of the primary dendrite and axon, and the total
length of the distal dendrites and axon arbors, using the “Simple Neu-
rite Tracer” FlJI software (modified from ImageJ) (Longair et al., 2011;
Schindelin et al., 2012).

2.6 | Statistics

Data analysis was carried out using the Clampfit function of P-Clamp
10 (Molecular Devices), along with Origin (OriginLab, Northampton,
MA), Prism (GraphPad, San Diego, CA), and CorelDraw (Corel 11,
Ottawa, Canada) software. Results are presented as mean + SEM. Sta-
tistical comparisons were made with the paired Student’s t-test, or
repeated-measures ANOVA, as noted. p Values at .05 and .01 were

considered significant and highly significant, respectively.

3 | RESULTS
3.1 | Brief review of zebrafish cerebellar anatomy

The cerebelli of teleosts share a basic functional circuitry (Finger, 1978;
Meek, 1998). In adult zebrafish, as shown for a typical parasagittal
plane near the midline (Figure 1a), it includes three major parts (from
rostral to caudal): the valvula (Val), the central lobe, (Cel), and the
caudal lobe (CaL). The Val and Cel have a trilaminar structure, while
the Cal appears unstructured, with unidentified cell types located
caudally.

It is generally assumed that zebrafish Purkinje cells receive spa-
tially separated PF and CF inputs, while their axons project locally
onto neighboring Purkinje cells and eurydendroid cells (Figure 1b).
The eurydendroid cells receive inputs from PFs and Purkinje cells, and
project outside the cerebellum (Bae et al., 2009; Kani et al., 2010, but
see Dohaku et al., 2019). In addition, a set of Purkinje cells project
to the VN, which are located in the brainstem (Knogler et al., 2019).
The present study focuses on the central lobe, which occupies most
of the adult zebrafish cerebellum and is where the vast majority of
its principal cells, including Purkinje cells and eurydendroid cells are

located.

3.2 | Physiology of adult zebrafish Purkinje cells

The preparations of sagittal slices from the cerebellum of wildtype
zebrafish remained healthy typically for multiple hours. The vast major-

ity of our whole-cell recordings were done in the central lobe Gal,

which is easily recognized in a sagittal slice due to the region’s laminar
structure (Figure 1a). The Purkinje cells and eurydendroid cells were
generally small (5-8 um in diameter) and could be visually selected for
recording. The small size of these cells required reducing the tip of the
patch pipette to have a 6-10 MQ input resistance after being filled with
aninternal solution. The physiological features of these cells turned out
to be much more complex than expected from the cerebellar literature
of mammals (Llinas & Sugimori, 1980a, 1980b) as well as that of the
mormyrid (Han & Bell, 2003; Zhang et al., 2011), although the latter is
a teleost species, like the zebrafish. We found an unexpected variabil-
ity in the action potentials, which ranged from ~1 ms to up to 20 ms
in duration (all spike widths measured at one-half spike amplitude) and
from ~15 to 40 mV in peak amplitude.

In order to better characterize these cells, we combined investiga-
tion of their physiology with single-cell morphology by routinely adding
the intracellular tracer biocytin or neurobiotin to the patch recording
electrodes. A total of over 250 cells were recorded, with more than
60 morphologically labeled, which allowed us to distinguish Purkinje
cells from eurydendroid cells (see next section). From this data, we
were able to establish criteria for cell identification and classification in
the adult zebrafish cerebellum. Accordingly, 161 cells were tentatively
classified as Purkinje cells. As shown in Figure 2a, these Purkinje cells
fell into three groups based on their spike durations. Mean spike width
values for each group were as follows (mean + SEM): Type |, n = 42,
1.27 £ 0.63 ms; Type Il, n = 71, 6.22 + 1.46 ms; and Type lll, n = 48,
13.44 + 5.6 ms. Statistically, the mean spike width for each group was
significantly different from that of the other two groups, with one-
way ANOVAs between each pair of groups showing clear separations
(p < .01; Figure 2b). These three groups of Purkinje cells may then be
characterized as follows:

3.2.1 | Type |, narrow spike cells

Under current-clamp conditions, these cells had a mean resting mem-
brane potential of —58.7 + 7.5 mV (mean + SEM, same as below)
and fired brief, narrow spikes, with mean spike durations less than
2 ms (Figure 2b). Recordings from one of these narrow-spike cells
are shown for current- (top) and voltage-clamp (bottom) conditions
(Figure 2c). Spike amplitudes were typically low, with mean spike ampli-
tude 13.5 + 2.7 mV and no observable overshoot (Figure 3a). The
mean input resistance of these cells was 445 + 134 MQ (Figure 3b).
Many were spontaneously active, while injection of a small current
(50-100 pA) through the recording electrode elicited similar narrow

spikes in all cells tested.

3.2.2 | Type Il, broad spike cells

These cells had a mean resting membrane potential of —61.1 + 9.5 mV
under current clamp and fired spikes with spike durations between
3 and 7 ms, significantly broader than those typically found in neu-

rons in other structures or species. They have hence been classified
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FIGURE 2 Statistical analysis of Purkinje cell physiology. (a) Distribution of Purkinje cell spike durations, with all spike widths measured at
one-half spike amplitude. While cells with spike durations <7.0 ms appear to fall into two groups, cells with spike widths >7.0 ms are randomly
distributed in a broad range, up to 17.0 ms. (b) Based on the spike durations shown in a, a total of 161 cells have been classified into three groups:
Type |, <3.0 ms (n=42); Type Il, 3.0-7.0 ms (n = 71); and Type I, 7.0-17.0 ms (n = 48), with the mean value of each group significantly different
from that of the other two (p <.01). (c-e) Physiology of representative Purkinje cell subtypes. Top, voltage responses to intracellular current pulses
for each Purkinje cell subtype under resting conditions; bottom, current responses to intracellular voltage steps. Current and voltage steps are
shown below each panel. Unless otherwise noted, here and in the following figures, voltage responses are recorded from the resting potential and
current responses at a holding potential of —60 mV. The inset in each panel on the second row is an example of the corresponding Purkinje cell
subtype’s typical spike, with widths as follows: (c) Narrow spike cell, spike duration <2 ms in this cell. (d) Broad spike cell, spike duration ~5 ms in
this cell. (e) Very broad spike cell, spike duration ~20 ms with two components in this cell.

as broad spike cells. Recordings from one of these cells are shown in
Figure 2d for current- (top) and voltage-clamp (bottom) conditions. The
mean amplitude of these broad spikes was also low, 14.2 + 4.7 mV

without observable overshoot (Figure 3a). Their mean input resis-

tance was 525 + 166 MQ (Figure 3b). Some of these cells were

spontaneously active. Injection of a moderate current (100-200 pA)

through the recording electrode elicited similar broad spikes in all cells

tested.
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FIGURE 3 Statistical analysis of Purkinje cell physiology. (a) Spike amplitudes in three groups of cells. The mean spike amplitude of Type I11
cells is significantly higher than that of Types | and Il (p <.05). (b) Input resistances in the three groups of cells. The mean input resistance of Type Ill
cells is significantly higher than that of Types | and Il (p < .01). (c) Relation between input resistance and spike duration. The r? of 0.1481 indicates
that the two parameters are not linearly related (p > .05). Note: Y-intercept is 321.5 + 72.24 when X=0

3.2.3 | Type lll, very broad spike cells

Under current-clamp condition these cells had a mean resting mem-
brane potential of —63.3 + 10.9 mV. They fired spikes of vari-
able duration, with spike widths between 6 and 16 ms (Figure 2a),
which were significantly broader than those measured for Type |
and Type Il cells. Hence, these have been named very broad spike cells
(Figure 2b). Recordings from one of them are shown in Figure 2e
for current- (top) and voltage-clamp (bottom) modes. The spikes
these cells fired were also variable in amplitude, with a mean
spike amplitude of 17.2 + 9.6 mV and no observable overshoot
(Figure 3a). Their mean input resistance was 1135 + 468 MQ
(Figure 3b). Some very broad spike cells were spontaneously active
under resting conditions, while injection of a small current (10-50 pA)
through the recording electrode elicited similar spikes in all cells
tested.

No difference in resting membrane potential was found between
any of these groups of cells (one-way ANOVA, p > .05). Spike ampli-
tudes were generally low, with no observable overshoots, as noted
above. But while the spike amplitudes were similar for Type | and
Type Il cells (p > .05), those for type Il cells were significantly larger
(Figure 3a; one-way ANOVA, p < .05). As shown in Figure 3b and may
also be observed by comparing the voltage-clamp recordings in the bot-
tom panel of Figures 2c and d, the input resistance of the very broad
spike cells was significantly higher than that of the narrow and broad
spike types. There was no difference in mean input resistance between
Type | and Il cells (p > .05), but values for both types were significantly
lower than for Type Ill cells (one-way ANOVA, p < .05) (Figure 3b). The
vast majority of the higher input resistance (>1000 MQ) cells were
also found in the Type Il group (Figure 2e, bottom). The potential lin-
ear relation between input resistance and spike duration is weak or
nonexistent (Figure 3c; r2 = 0.1481).

These results indicate that Purkinje cells in the adult zebrafish cere-
bellum, although very diverse in their electrical properties, can still
be classified into three subtypes based on their spike durations. This
is in clear contrast to what has been reported for the mammalian
(Eccles, 1967; Linas & Sugimori, 1980a, 1980b) and mormyrid (Han
& Bell, 2003; Zhang & Han, 2007) cerebellum, in which Purkinje cell

physiology is generally much more uniform.

3.3 | Morphology of adult zebrafish Purkinje cells

Our previous work strongly suggests that the combination of cellular
physiology and morphology provides useful insight into the func-
tionality of local circuitry in the central nervous system (Han et al.,
2006; Shi et al., 2008; Zhang et al., 2018). The diverse physiology of
zebrafish cerebellar Purkinje cells characterized above calls for such
analysis. Accordingly, the neural tracer biocytin or neurobiotin was
routinely added to the internal solution for patch recordings. As the
detailed morphology of cells in the adult zebrafish cerebellum has been
relatively unexplored, we have adapted morphological criteria for iden-
tification of zebrafish Purkinje cells from our previous investigations
of the well-characterized mormyrid fish cerebellum, where Purkinje
cell somas are located in the Gal, spiny dendritic arbors span the ML,
and all axon terminals terminate locally (Han et al., 2006; Shi et al.,
2008). Based on these criteria, a total of 59 cells were labeled and
identified as Purkinje cells in adult zebrafish cerebellar slices. We then
found that, as in the mormyrid cerebellum, the somas and most of the
axonal arbors of the labeled cells were located in the Gal. Differing
from the mormyrid, however, the dendritic arbors of zebrafish Purkinje
cells radiated extremely unevenly into the ML. We used this charac-
teristic patterning of the dendritic arbors to classify zebrafish Purkinje

cells into three subtypes.
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Type | cells, n = 11. These cells have a single primary dendrite that
does not branch until reaching the middle of the ML, thereby restrict-
ing their dendritic arbors to the outer ML. Typically, the secondary
and tertiary branches are initially smooth; then, with their contin-
ual branching, they transition into spiny arbors, which occupy the top
40-50% of the ML. One such cell is shown in Figure 4a. Its soma is
located in the Gal (Figure 4a4), and its axon terminals are largely in
the Gal, with a few axon branches extending deeper into the gran-
ular layer or oppositely into the ML (Figure 4a5,). Its distal dendritic
arbors are always spiny (Figure 4a3). Drawings of two of these type |
cells are shown in Figures 5a and b. Physiologically, all eight identified
cells were recorded firing narrow spikes, with three others displaying
indeterminate electrical activity.

Type Il cells, n = 19. These cells also have a single primary dendrite
in the GalL. However, unlike a type | cell, the primary dendrite of a type
Il cell branches sparsely at a short distance (~20 pm) from the soma,
and then proliferates as a spiny dendritic arbor that spans much of the
ML. One of these type Il cells is shown in Figure 4b. As with the type |
cells, its axon arborization extends beyond the GaL to include terminals
in the molecular and granular layers (Figure 4b,). Another type Il cell is
shown in Figure 4c, with its sparse dendritic arbor extending across the
whole ML and axon terminals largely in the GaL. Drawings of two of
these type Il cells are shown in Figures 5c and d. Of these cells 10 were
recorded, with seven firing broad spikes, two firing narrow spikes, and
the remaining one unclassifiable.

Type Il cells, n = 25. These cells have one or up to four pri-
mary dendrites arising from the soma, which then branch immediately
and repeatedly into dense proximal dendritic arbors. These dendritic
arborizations, however, were found to have two very different pat-
terns: one largely restricted to the inner half (50-60%) of the ML, and
the other spanning the entire ML. We have named these Type Illa cells
(n = 8) and Type llIb cells (n = 17), respectively. Representative exam-
ples are shown in Figures 4d and e with two drawings of each subtype
in Figures 6a and b and 6c and d, respectively. Physiologically, Type llla
and b cells fired either broad (Type Illa, n = 2; Type Illb, n = 3) or very
broad spikes (Type Illa, n = 3; Type lllb, n = 6), with no narrow spikes
recorded.

To quantify the Purkinje cell morphology, physiologically identified
labeled cells were selected and traced using Image J/Fiji software
(Longair et al., 2011; Schindelin et al., 2012). As shown in Figure 7a,
the mean values of soma size are similar among the four morphological
subtypes (one-way ANOVA, p > .05). However, the length of primary
dendrites of Type | cells was significantly longer than that of the other
types (Figure 7b; one-way ANOVA, p < .01), while among the Purkinje
cells with shorter primary dendrites, Type Il had shorter total den-
dritic length than Types Illa and lllb (one-way ANOVA, p < .05). On
the other hand, the total length of the dendrites for Type IlIb is signifi-
cantly longer than that of all other three subtypes (Figure 7c; one-way
ANOVA, p < .05), but with no difference among the latter three sub-
types. The total lengths of the axon arbors in well-labeled cells range
from 456 to 1013 um (668 + 196 um, n = 7), significantly longer than
has been previously reported (Chang et al., 2020; Harmon et al., 2017).

In some cases, multiple cells were recorded and labeled in the same
slices. In Figure 8a, a Type llla cell and a Type Il cell are shown in
the same slice, while in Figure 8b, a Type Il cell and a Type IlIb cell were
labeled in an adjacent area. In another instance, two type llIb cells were
found in the same region (Figure 8c). Finally, two cells, likely Type Illa,
are shown in a transverse slice (Figure 8d), with limited expansion of
dendritic arbors in both cells reflecting the orientation of Purkinje cell
dendritic trees in the parasagittal plane, as in the mammalian (Ito, 1984;
Linas & Sugimori, 1980a, 1980b) and mormyrid cerebellum (Han et al.,
2006; Shi et al., 2008).

The approximate soma locations of well-labeled Purkinje cells were
plotted in a near-midsagittal plane and a more lateral sagittal plane
(Figure 9). It is clear that the Purkinje cell subtypes as morphologically
defined are not spatially separated, but instead are found intermingled
across the entire central lobe, which is consistent with the labeling of
multiple nearby cells of different types shown in Figure 8.

In summary, our results indicate that the morphology of adult
zebrafish Purkinje cells, although diverse, may also be categorized into
types that roughly correspond to the physiological categories demon-
strated previously: Type | cells fire narrow spikes, Type Il cells fire
broad spikes, and type Illa and IlIb cells fire either broad spikes or very
broad spikes. Our morphological classification is very similar to the one
shown in Figure 1k of Chang et al. (2020). Also consistent with their
results, we found that these diverse Purkinje cell subtypes were not

spatially separated in the central lobe.

3.4 | Responses of Purkinje cells to PF and CF
inputs

In the mammalian cerebellum, all excitation of Purkinje cells occurs by
way of PF and CF inputs, where the axon terminals of both span the
entire ML and each pathway generates a characteristic response that
can be duplicated by extracellular stimulation (Konnerth et al., 1990;
Perkel et al., 1990). Although recent studies indicate that the Purk-
inje cells of larvae zebrafish respond to PF and CF inputs (Sengupta &
Thirumalai, 2015; Harmon et al., 2017), the corresponding pathways
and the responses to their stimulation in Purkinje cells have not been
well characterized and have not been investigated at all in the adult
zebrafish. We hypothesize that, as in the mormyrid, PF and CF path-
ways are spatially separated and that the responses of Purkinje cells
to PF and CF stimulations are experimentally distinguishable, as has
been well-established for the mammalian (Ito, 1984; Linas & Sugimori,
1980a, 1980b) and the mormyrid cerebellum (Han & Bell, 2003; Han
et al., 2006; Shi et al., 2008). This hypothesis was tested in slice prepa-
rations of the central lobe using physiological and pharmacological

approaches.

3.4.1 | PF responses

We examined the responses of Purkinje cells to PF inputs by placing

a stimulus electrode in the ML above the patched cell and applying
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(as)

FIGURE 4 Morphology of representative Purkinje cell subtypes, all in sagittal slices. (a) Example of a Type | cell. Its dendritic arborization is
restricted to the top half of the ML (a1), while its axon terminals (shown in an expansion of the large boxed area) are found largely in the GaL, with
some in the ML and GrL (a5). As shown in an expansion of the small boxed area in a4, Purkinje cell distal dendritic arbors are always spiny (a3).

(b) Example of a Type Il cell. Its dendritic arbors radiate across the entire ML (bq), while its axon terminals are extensive, spreading in the GalL and
ML (b,). (c) Another example of Type Il cell, with similar features of dendritic arbors as in b, but with its axon terminals largely restricted to the GalL.
(d) Example of a Type llla cell. Its dense dendritic arbors are restricted to the lower half of the ML. Note that its soma was lost during retraction of
patch pipette and an asterisk indicates its location. (€) Example of a Type IlIb cell. Its dense dendritic arborization extends across the entire ML,
with axon terminals largely in the GaL (arrows). Note the abundance of proximal dendrites in the GaL and lower ML for Types Illa and IlIb, as well as
in one of the Type Il cell (c), but not in another Type Il cell (b) and Type | cell (a). Scale bar = 30 pminaq, 10 pmina, and 5 umin as; 30 pmin by and
10uminby; 50 uminc; 40 pmindand 20 pmine.
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FIGURE 5 Drawings of Types | and Il Purkinje cell subtypes in the central lobe from sagittal slices. (a and b) Examples of Type | cells. Note that
they lack dendritic branches in the lower third of the ML. (c and d) Examples of Type |l cells. Axon arborizations are shown in red. Note that some
dendritic arbors are in the GalL and basal ML. Scale bar = 30 uminaand b; 50 umincand 40 umind.

brief current pulses (Figure 1b). Repositioning of the stimulus elec-
trode was often required to elicit and optimize the responses. As
shown in Figures 10a and b, these responses were graded and showed
paired-pulse facilitation (PPF) under both voltage- and current-clamp
conditions, as has been also shown to occur in the mammalian
(Konnerth et al., 1990; Perkel et al., 1990) and mormyrid (Han &
Bell, 2003) cerebellum. Similar results were obtained in 6 cells tested.
Pharmacological tests were then performed in either current- or
voltage-clamp mode for further characterization of the synapse. Here,
it was found that the responses were not affected by bath applica-
tion of the NMDA receptor antagonist AP5 (30 uM) (3.3 + 0.44 vs.
3.4 +0.66 mV,n =5, p>.05), but disappeared in the presence of the
AMPA receptor antagonist CNQX (20 uM) (3.4 +0.44 vs.0.3+0.16 mV,
n =5, p <.05), as is shown in Figure 10c. In another two cells, CNQX
(20 puM) abolished the response to PF stimulation without additional
AP5 (not shown).

These results indicate that in the zebrafish cerebellum, PFs release

glutamate, which excites Purkinje cells via AMPA-, but not NMDA-type

receptors, as has been reported for the mammalian (Konnerth et al.,
1990; Perkel et al., 1990) and mormyrid (Han & Bell, 2003; Zhang &
Han, 2007) cerebellum.

3.4.2 | CF responses

Responses of Purkinje cells to CF inputs were expected in the adult
zebrafish cerebellum, as they have been shown to occur in zebrafish
larvae (Sengupta & Thirumalai, 2015; Harmon et al., 2017). Indeed,
high-amplitude spikes similar to those seen at the larval stage (Harmon
et al., 2017) were also seen in some adult Purkinje cells under resting
conditions (Figure 11a).

While detailed information is lacking for adult zebrafish Purk-
inje cells as to the distribution of CF terminals, we repositioned
the stimulus electrodes from the ML used to stimulate PFs to the
adjacent ganglionic or granular layer. It then became clear that CF

responses similar to those in Figure 11a could only be elicited
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FIGURE 6 Drawings of Types Illa and Illb Purkinje cell subtypes in the central lobe from sagittal slices. (a) Example of a Type llla cell, with its
axon arborization shown in red. (b) Another Type Illa cell. Its axon was truncated, as indicated by an arrow. (c and d) Example of Type IlIb cells. Note
that some dendritic arbors are in the basal ML for Type Illa cells (a and b), while Type IlIb cells have extensive dendritic arbors in both the GalL and
basal ML (c and d). Scale bar = 50 pminaand b; 30 pmincand d.
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FIGURE 7 Statistical analysis of Purkinje cell subtype morphology. Confocal images of labeled cells were selected and traced with an aide of
Fiji/Image J. (a) Soma size. While the soma diameters are variable, there is no significant difference between cell types (p > .05 between each pair).
(b) Length of primary dendrites. There is no difference between Type Illa and IlIb (p > .05), but Type | and Type Il are significantly different from
other subtypes (p > .05 between each pair). (c) Total length of dendritic arbors. Type Illb dendritic trees are significantly longer than those of the
other cell types (p < .05), for which there is no significant difference (p > .05).
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FIGURE 8 Morphology of representative Purkinje cell subtypes found near each other in central lobe sagittal slices (except for d, which is from
atransverse slice). Multiple cells in the same region were recorded and labeled in the same slices. (a) A Type llla cell (left) and a type Il cell (right).
(b) A Type Il cell (left) and a Type IlIb cell (right). (c) Two Type IlIb cells, with somas nearby each other. (d) Two Type llla cells in a transverse slice.
Soma locations are indicated by asterisks in a and c. Dashed lines show the approximate boundary of each cell’s dendritic tree in a and b. Scale

bar=20puminaandb, 30 umincand 25 umind.

when the stimulus electrode was positioned very close to the patched
cell soma in the Gal, but not in the laminae on either side. To opti-
mize responses, repositioning of the stimulus electrode was typically
required and stimulus intensities were carefully adjusted to activate
the single CF.

Interestingly, Purkinje cell responses to this targeted CF stimula-
tion took two forms of spiking in whole-cell patch recording. Under
current clamp, the first type of spike had a waveform consisting of a
brief large phase and a long-lasting smaller one. Spiking of this type
was all-or-none and showed pair-pulse depression (Figure 11b, top), as
has been reported for the CF response in the mammalian (Konnerth
et al.,, 1990; Perkel et al., 1990) and the mormyrid (Han & Bell, 2003;
Shi et al., 2008) cerebellum. In voltage-clamp mode, the response to
CF stimulation was similar to its counterpart in mammals (Konnerth
et al., 1990; Perkel et al., 1990), and was abolished by bath applica-
tion of CNQX (20 puM). Similar results were obtained from six cells
(630 + 50 vs. 25 + 15 pA, p < .05), an example of which is shown in
Figure 11b (bottom). In addition, all but one of these cells fired the

broad spikes characterized earlier (Figure 2d). In the subsequent mor-

phological analysis, three of these six cells were successfully recovered
and, as their labeling revealed them to have dendritic arbors across the
ML, classified as Type Il cells (Figures 5c and d).

The second type of spike generated by CF stimulation consisted
of complex-like spikelets under current-clamp conditions (Figure 11c,
top). Like the Type Il cells above, these responses were also all-or-none
and paired-pulse depressed. They were also unaffected by the pres-
ence of AP5 (30 uM) (840 + 120 vs. 890 + 86 pA, n = 5, p > .05),
but disappeared when CNQX (20 uM) was subsequently applied to
the bath (Figure 11c, bottom). Similar pharmacological results were
obtained in the five cells tested (910 + 104 vs. 35 + 46 pA, n = 5,
p < .05). In another three cells, direct application of CNQX (20 pM)
completely abolished the all-or-none responses without additional
AP5 (not shown). Out of seven cells tested, six fired very broad spikes
while another fired broad spikes. In addition, among the six cells
recovered for morphological analysis, all had dense proximal dendritic
arbors. However, the dendritic arbors of two were restricted to the
inner ML (Type llla; Figures 6a and b), while those of the other four
spanned the entire ML (Type Illb; Figures 6c and d). None of these cells

AsULOIT suowwo)) dANear) a[qearjdde ayy £q pauraAod are safanIE YO asn Jo sa[nI 10j AIeIqI] AUIUQ AJ[IA\ UO (SUONIPUOI-PUB-SULIA)/ WO A[IM" ATRIqI[auI[uo//:sd)y) SUONIPUO) pue SWLAT, Ay 23S *[£702/90/67] U0 Areiqry auruQ L[ ‘uoiBurysepy JO Kisioatun £q §eHSzaud/Z001 01/10p/wod Kajim Areiqrjaurjuoy/:sdny woij papeoumo( ‘¢ ‘€70T ‘19869601



MAGNUS ET AL.

RESEARCH IN
SYSTEMS NEUROSCIENCE 473
THE JOURNAL OF COMPARATIVE NEUROLOGY W l I I Y

(a)

Rostral

l Val I CelL Il

CaL | | Val CelL

(b)

|LCay

Approx. middle line

O Typel A Typell

~200 pm lateral

O Typellla * Typelllb

FIGURE 9 Schematicillustration of Purkinje cell soma distribution in the parasagittal planes of the central lobe. Two representative planes are
shown, one at the approximate midline (top) and another about 250 pm lateral (bottom). Only cells that were physiologically and morphologically
identified (see text) are shown, with the majority located in the central lobe and a few in the valvular ridges (Val). These Purkinje cell subtypes
exhibited no consistent distribution pattern. CaL, caudal lobe; CeL, central lobe; Gal, ganglionic layer; GrL, granular layer; ML, molecular layer; Val,

valvular ridge.

having the all-or-none responses characteristic of CF activation could
be morphologically identified as type | cells (Figures 5a and b).

In summary, the responses of zebrafish Purkinje cells to CF acti-
vation can be easily identified in whole-cell patch recording. These
responses are typically larger than somatic action potentials, are all-
or-none and paired-pulse depressed, and are mediated via glutamate
AMPA-type receptors, as in mammals (Konnerth et al., 1990; Perkel
et al., 1990) and the mormyrid (Shi et al., 2008; Zhang & Han, 2007).
Despite repeated attempts, an all-or-none response to CF stimula-
tion could not be induced in some of Purkinje cells tested. This,
in addition to variations in the waveforms of CF responses and in
the dendritic morphology of Purkinje cells described above, suggests
that CF responses of zebrafish Purkinje cells are not uniform, as has
been recently hypothesized for Purkinje cells in mammals (Zang &
De Schutter, 2019).

3.5 | Pharmacology of Purkinje cell spikes

We next examined the ionic basis of the Purkinje cell spikes using phar-
macological tools. First, it was found that narrow spikes could occur
spontaneously or be evoked by small inward current steps (20-50 pA,;
Figure 12a4) and were not affected by bath application of the nonse-
lective CaZ* channel blocker CdCl, (100 uM; Figure 12a,). The narrow
spikes, however, did disappear after a subsequent addition of the Na*+
channel blocker TTX (1 uM; Figure 12a3). Similar tests were performed

in four cells with consistent results. In another two cells, TTX (1 uM)

was bath applied without the CdCl,, and the spikes were also blocked
(not shown). These results indicate that the narrow spikes fired by Type
| Purkinje cells are Na* spikes, similar to those found in all central
neurons.

We then tested broad spike cells using similar procedures. As shown
in Figure 12b, broad spikes, like narrow spikes, occurred either spon-
taneously or in response to the injection of inward current steps
(Figure 12b4, inset). After bath application of TTX (1 uM), broad spikes
could still be evoked by injection of a higher intensity of inward cur-
rent (~200 pA), but their waveform was clearly changed, with the rising
phase becoming significantly longer, from ~1 ms to above ~10 ms
(Figure 12b,). With the further addition of CdCl, to the bath (100 pM),
the altered broad spikes were completely blocked (Figure 12b3). Sim-
ilar tests were carried out in 6 cells with consistent results, indicating
that the broad spikes characteristic of zebrafish Purkinje cells include
both Na* and Ca2* components.

Finally, similar tests were carried out in very broad spike cells. Exam-
ples of their responses to drug application are shown in Figure 12c,
for which dual-cell recordings were performed on two adjacent cells.
Under resting conditions, both cells spontaneously fired very broad
spikes, although with slightly different waveforms (Figure 12c4). Bath
application of CdCl, (100 pM) completely blocked the spikes of cell B,
while revealing components of the ones fired by cell A that resemble
narrow spikes (Figure 12c,). The latter were then abolished by addi-
tion of TTX (1 pM) (Figure 12c3). These results indicate that very broad
spikes are a type of Ca2*t spike that may, in some cases, also include a

Na* component.
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FIGURE 10 Responses of Purkinje cells to PF stimulation.
Stimulation electrodes were positioned in the ML to activate PFs.
Arrows indicate stimulus artifacts. (a) Paired-pulse responses of a
Purkinje cell in voltage-clamp mode, showing graded responses and
paired-pulse facilitation. (b) In current-clamp mode, similar stimuli
elicit paired-pulse facilitation. (c) Pharmacology of PF responses. PF
responses were unaffected by NMDA receptor antagonist AP5

(30 uM), but abolished by further addition of AMPA receptor blocker
CNQX (20 uM).

In summary, zebrafish Purkinje cells spontaneously fire at least two
types of spikes, a narrow Na* spike and a broad Nat and Ca2* spike,
where variations in the form of the latter are likely correlated with
differences in Purkinje cell morphology.

3.6 | Eurydendroid cell physiology

In the mammalian cerebellum, GABAergic Purkinje cells project to
DCN cells and the VN, which in turn convey cerebellar information
to premotor structures and other brain regions. In teleosts, including
zebrafish, Purkinje cells are intermingled with their target euryden-
droid cells (Finger, 1978; Han et al., 2006; lkenaga et al., 2005; Meek,
1998). Reflecting the presence of these projection cells, the Purkinje
cell layer has been renamed the Gal in teleosts (Meek, 1998). Eury-
dendroid cells have been examined in detail in mormyrid cerebellum
(Han & Bell, 2003; Shi et al., 2008; Zhang & Han, 2007), but little is
known about them in zebrafish, particularly at the adult stage. There-
fore, we examined the physiological and morphological features of

eurydendroid cells in slice preparations of wildtype and olig2 zebrafish
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FIGURE 11 Responses of Purkinje cells to CF stimulation.
Stimulation electrodes were positioned near the recorded cell in the
Gal and then repositioned to find a large, all-or-none response to
stimuli at minimal intensity. Solid arrows indicate stimulus artifacts.
(a) Spontaneous activity of a broad spike cell, presumably all-or-none
in response to CF input at the resting membrane potential =71 mV.
(b) Voltage (top) and current (bottom) responses evoked in a broad
spike cell in current- and voltage-clamp modes, respectively. The
stimulus electrode was placed only inin the GaL. The all-or-none
responses are similar to those shown in A. They also demonstrate a

(Continues)
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FIGURE 11 (Continued)

paired-pulse depression and are sensitive to the AMPA receptor
blocker CNQX (20 uM). (c) Very broad spike cell responses, generated
by stimulation similar to that in B, but consisting of multiple
components or complex-like spikelets. These responses are also
all-or-none, paired-pulse depressed (top), and are insensitive to
NMDA receptor antagonist AP5 (30 uM), but abolished by AMPA
receptor blocker CNQX (20 uM) (bottom).

lines, using experimental procedures similar to those described above
for Purkinje cells.

In the wildtype fish, a total of 13 cells were classified as eury-
dendroid cells based on their physiological properties; three of these
were well labeled and all were all identified morphologically (see
below). Typically, their spikes were narrow (<2 ms) and had high
amplitude peaks that sometimes overshot (>50 mV), followed by a
brief after-hyperpolarization potential (AHP). Rebound discharges—
bursts of spikes following an inward current step—were often present,
although variable in duration. These zebrafish eurydendroid cell spikes
are similar to those of their counterparts in mammalian DCN (Han
et al., 2014; Sarnaik & Raman, 2018) and in the mormyrid (Han & Bell,
2003; Shi et al., 2008) cerebellum. Recordings from one such cell are
shown in Figure 13a.

Our earlier experiments indicated that the probability of record-
ing from wildtype zebrafish eurydendroid cells was less than 10%.
Fortunately, both larval and adult zebrafish express the transcription
factor olig2, which gives rise to oligodendrocytes and specific types of
neurons (McFarland et al., 2008; Bae et al., 2009). The latter include
eurydendroid cells, which can then be physiologically identified (Heap
etal.,, 2013; Harmon et al, 2020). In zebrafish from the Tg[olig2:RFP] line,
a set of eurydendroid cells were genetically labeled with fluorescent
indicator and could then be easily selected for recording. Figure 13b
shows recordings from one of 35 such cells we identified in the GaL.
It is clear that its physiological properties are different from those of
any of the Purkinje cell subtypes described above (Figure 2), and are
instead very similar to those of the wildtype eurydendroid cell shown
in Figure 13a.

Responses of eurydendroid cells from the wildtype (Figure 13a) and
olig2 (Figure 13b) zebrafish lines to the activation of PFs were very
similar and are described together here. Using PF stimulation proce-
dures similar to those used for Purkinje cells, EPSPs or EPSCs could be
easily induced, which were graded and showed PPF (Figure 13c, top).
The responses to PF stimulation were clearly reduced by bath appli-
cation of the NMDA receptor blocker AP5 (30 uM) (10.3 + 0.24 vs.
7.2 + 0.78 mV, n = 6, p < .05) and completely abolished by further
addition of the AMPA receptor blocker CNQX (20 uM) (7.3 + 0.41 vs.
0.48 + 0.16 mV, n = 4, p < .05). These results (Figure 13c) are simi-
lar to those seen in the DCN cells of mammals (Han et al., 2014) and
the eurydendroid cells of the mormyrid (Shi et al., 2008). In addition,
the spikes of these cells disappeared following bath application of TTX
(1 uM, n = 5), as shown in Figure 13d. In three additional cells, the
narrow spikes remain unchanged when the nonselective Ca2* chan-

nel blocker Cd2* was applied, but abolished in the additional presence

of TTX (1 pM) (not shown). Furthermore, when stimulus electrodes
were carefully positioned in the Gal near the patched cells, no all-or-
none responses were obtained in all 10 cells tested, consistent with
their absence of CF input. These data indicate that similar to mormyrid,
at least one set of cells in the GalL of the zebrafish cerebellum is
physiologically and pharmacologically distinguishable from Purkinje
cells.

3.7 | Eurydendroid cell morphology

Following procedures similar to those previously discussed for Purkinje
cells, three cells in a wildtype zebrafish preparation were successfully
labeled after their physiological characterization as eurydendroid cells.
One of these is shown in Figure 14a. Its dendritic tree was largely ori-
ented in the parasagittal plane and its dendrites were entirely spineless
(not shown), while its axon was traced up to 60 um through the Gal to
the granular layer without branching or local terminals. These morpho-
logical features are similar to those of the eurydendroid cells we have
previously characterized in the mormyrid fish cerebellum (Han et al.,
2006).

While fluorescent cells could be easily selected for recording in
the Tg[olig2:RFP] fish slices, their labeling was, in general, incomplete.
Therefore, biocytin or neurobiotin was used as with the wildtype
fish to label these cells for morphological characterization. Of the
cells we recorded, 15 were found well-labeled; examples are shown
in Figures 14b-e. To further verify them as eurydendroid cells, we
followed the approach used previously for the morphological identifi-
cation of Purkinje cells. As with the eurydendroid cells from wildtype
zebrafish, those from the olig2 line typically have somas located in the
GalL. Their dendritic trees crossed the entire ML and are largely ori-
ented in the parasagittal plane. All dendritic arbors, if visible, were
smooth, as shown in Figure 14e; ,,q 3. Their axons were usually thick
(likely myelinated) and could be traced up to 170 um along the Gal or
into the granular layer (Figures 14b, c, and e). It is interesting that in
several cases the dendritic arbors were found to radiate crossing the
ML and then reach the top surface of the tissue before returning to the
ML. An example of such morphology is shown in Figure 14b. In addi-
tion, six of labeled olig2 cells were traced similarly as described above
for Purkinje cells. Interestingly, their mean soma size (11.1 + 1.6 umin
diameter) is statistically larger than that of Purkinje cells (7.4 + 3.6 um
indiameter, n = 22; t-test, p <.05) and the total length of their dendritic
trees ranges from 3.043to0 12.161 mm (5.439 + 3.454 mm, mean =+ SD).

Taken together, these results indicate that the eurydendroid cells
of the zebrafish cerebellum are physiologically and morphologically
distinguishable from adjacent Purkinje cells by their uniformly over-
shooting spikes and by their rebound discharges in response to
hyperpolarization, as well as by their having smooth dendritic arbors
and axons that do not project locally. In addition, these cells receive
PF input, while CF input is unlikely. These properties are similar to
those found in other teleosts, including the mormyrid (Finger, 1978;
Han & Bell, 2003; lkenaga et al., 2005; Meek, 1998), and to those of
mammalian DCN cells (Han et al., 2014).
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FIGURE 12 Pharmacology of Purkinje cell spikes. (a) Example of a narrow spike cell. (a1) Inward current injection evokes narrow spikes only,
even at higher current steps, 200 pA (not shown). (a5) The spikes are not affected by the CaZ* channel blocker CdCl, (100 uM). (ag) The spikes are
abolished following bath application of the Na* channel blocker TTX (1.0 uM). (b) Example of a broad spike cell. (b4) The cell fires broad spikes
spontaneously or evoked by current injections in a voltage-dependent fashion. Note the variation in spike waveform between the spontaneous and
evoked responses (inset). (b,) The broad spike waveform is altered in the presence of TTX (1.0 uM). (b3) The remaining broad spikes disappear
following addition of CdCl, (100 pM) to the bath. (c) Example of a dual cell recording from very broad spike cells. (c4) Both cells fire very broad
spikes spontaneously at resting conditions. (cp) Very broad spikes disappear in both cells after bath application of CdCl, (100 uM), but the narrow
spikes in cell A remain. (c3) The remaining narrow spikes in cell A disappear following addition of TTX (1.0 uM) to the bath.

4 | DISCUSSION
4.1 | Major findings

In the adult zebrafish, cerebellar Purkinje cells are remarkably diverse
in their physiology and morphology and can be classified into at least
three subtypes accordingly. The Type | or narrow spike cell fires narrow
(<3 ms) Na* spikes. Its single primary dendrite arises from the soma
and branches only in the distal half of the ML. The Type Il or broad
spike cell fires broad (~5 ms) spikes, each of which include a Na* and
a CaZ* component. The primary dendrite of the broad spike cell arises
from the soma and branches at a short distance, with the secondary
dendrites and their arbors extending throughout the ML. The Type IlI
or very broad spike cell fires very broad (>10 ms) spikes, which, like
the Type Il cell, includes Na+ and Ca2* components. Single or multiple
primary dendrites arise from soma and then branch immediately and
repeatedly. This group of cells can be further classified into two sub-

types based on their dendritic morphology. The dense dendritic arbors

of Type lllacells are restricted to the inner half of the ML, while those of
Type llIb cells extend across the entire ML. These two subtypes of Type
11l cells, however, are indistinguishable physiologically. The rich diver-
sity of adult zebrafish Purkinje cells discovered here is unexpected and
in clear contrast to what has been described for the cerebellum of
mammals or other examined vertebrates, where all Purkinje cells have
been found similar in their physiology and morphology.

Our morphological classification is consistent with the recent report
by Chang et al. (2020), in which four subtypes of Purkinje cells were
also identified (Chang et al.’s Figure 1k). Neither study found any
topographical segregation of these subtypes (our Figure 9; Chang
et al’s Figure 11 and 10). While similar experimental procedures were
used for cell labeling in both investigations, our results provide sig-
nificantly more morphological detail of Purkinje cells, particularly of
their dendritic arbors and axon terminals. The extreme morpholog-
ical variation of zebrafish Purkinje cell dendrites is likely to be a
main determinant of how these cells receive PF inputs selectively
(Figure 15).
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FIGURE 13 Physiology of eurydendroid cells. (a) Example of a eurydendroid cell, which was “blind” patched and classified based on its
physiology and morphology. Its spikes, spontaneous or evoked, differ from those of the Purkinje cell subtypes shown in Figure 12 in terms of their
uniform shape (top) and rebound discharges (bottom), both were reported in the deep cerebellar nuclear (DCN) cells of mammals. (b) Example of a
fluorescently labeled olig2 cell, showing responses to injected current steps similar to those of the eurydendroid cell in A. (c) Example of an efferent
cell responding to PF stimulation. Under either voltage- (top) or current-clamp (bottom) conditions, PF activation induces paired-pulse facilitation,
which was reduced by AP5 (30 uM) and abolished by additional CNQX (20 uM), as reported for mammalian DCN cells. (d) Example of efferent cell

spikes, which are abolished by bath application of TTX (1.0 uM).

Physiologically, the four subtypes of cells were identified by Chang
et al. (2020) based on the adaptation of their spikes to sustained depo-
larizing current. The decreasing number of induced spikes seen across
the first three panels of Chang et al.’s Figure 1c is particularly strik-
ing when compared with our analogous Figures 2c-e in which we have
characterized three types of Purkinje cells in terms of the response of

their electrical activity to current steps. In both classification schemes,

spike adaptation is highest for Type | and decreases for Type II, with
Type lll being basically nonadapting. Unlike the approach of Changet al.
(2020), which uses principle component analysis of a large number of
morphological and physiological parameters to establish a quantitative
categorization corresponding to these broad differences in spike adap-
tation (Chang et al.’s Figure 11), our physiological classification is based

mainly on spike width (our Figures 2a and b): the duration of the spikes
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FIGURE 14 Morphology of eurydendroid cells in sagittal slices. Their soma are all located in the Gal, while their dendritic trees radiate
extensively across the entire ML (a-e). (a) Example of a eurydendroid cell from a wildtype fish. Its axon projects deeply into the GrL where it was
cut (arrows). (b-e) Examples of eurydendroid cells from the olig2 line. Their somas are located in the GaL, while, if labeled, their dendritic arbors
radiate through the ML and their axons project along the GaL (arrows) (b, ¢, and e). All dendritic arbors are smooth, as shown in e2 and e3. Note
that in some cases, they reach the top surface of the tissue; then turn back and branch further (d). Also note that although e2 and e3 are expensions
of el, they are 1 um optical slices taken from the 50 um stack of images in e1. Scale bar = 50 umina,b and ¢c; 40 umind, 50 uminel, 15 ymine2
and 10 pymine3.
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FIGURE 15 Simplified summary of our results characterizing the local circuitry of the adult zebrafish cerebellum. Schematic illustration of
Purkinje cell subtypes and a single eurydendroid cell emphasizing their selective access to CF and PF stimulation. CF, climbing fiber; EC,
eurydendroid cell; Gal, ganglionic layer; GC, granule cell; GrL, granular layer; ML, molecular layer; PF, parallel fiber.

these cells fire spontaneously or in response to current injection under
current-clamp conditions.

It is generally agreed that axonic spikes are initiated at the axon ini-
tial segment by depolarizing Na™ current and are responsible for trans-
mitter release at the axon terminals (Katz, 1971; Stuart & Hausser,
1994; Zhang et al., 2012). Dendritic spikes, however, are mediated
by Ca?* or a mixture of both CaZ* and Nat, as specifically shown
here for zebrafish Purkinje cells. Unlike axonic spikes, dendritic spikes
backpropagate and are a source of additional Ca2* affecting a variety
of cellular functions, including synaptic plasticity (Eliers et al., 1996;
Kitamura & Hausser, 2011; Zhang et al., 2012). An elegant study
(Mathy et al., 2009) has shown that the duration, not the amplitude of
the somatic spike is conveyed through the axon, leading to a presynap-
tic spike-duration-dependent release of neurotransmitter (see below
for further discussion). These results suggest that our physiological
subtypes may correlate with a varying impact of these subtypes on
their targets (Yang & Lisberger, 2014).

4.2 | Proximity of Purkinje cells and their target
eurydendroid cells

Morphological studies have shown that the adult zebrafish cerebel-
lum consists mainly of a large, centrally positioned central lobe and a
pair of small valvular ridges, all of which have a laminar structure (Bae
et al., 2009; Kani, et al., 2010; Kaslin et al., 2013), similar to what has
been observed for the lobules of the mammalian cerebellum (Ito, 1984).
However, one of the significant anatomical variations for the cerebel-
lum of zebrafish and other teleosts is the absence of DCN (Finger, 1978;
Heap et al., 2013; Ikenaga et al., 2005), a major target of Purkinje cells
axons in mammals (Ito, 1984; Meek, 1998). Instead, zebrafish euryden-

droid cells (otherwise known as efferent cells or projection neurons)

are intermingled with Purkinje cells in the GaL. Thus, zebrafish Purk-
inje cell axons project locally onto these eurydendroid cells as well as
nearby Purkinje cells. This has been confirmed in the mormyrid (Zhang
et al,, 2012) and zebrafish (Chang et al., 2020) cerebellum. The prox-
imity of Purkinje cells and their target cells is useful for experimentally
examining how Purkinje cells influence their target cells (Matsui et al.,
2014), which is nearly impossible in mammals (McDevitt, et al., 1987;
but see use of dynamic clamping in Person and Raman (2011) and, to
this day, leaves a significant gap in our knowledge about the cerebellar
functional circuitry.

Zebrafish Purkinje cells and eurydendroid cells similarly receive PF
inputs across their dendritic arbors. Eurydendroid cell responses to
these PF inputs are graded, show PPF, and are sensitive to both AMPA
and NMDA glutamate receptor blockers (Figure 13c), as has been
shown for the analogous DCN cells in mammals (Anchisi et al., 2001)
and for eurydendroid cells in the mormyrid cerebellum (Shi et al., 2008;
Zhang et al., 2011). As with eurydendroid cells, responses of Purk-
inje cells to PF input are graded and paired-pulse facilitated, but they
differ in being sensitive only to AMPA receptor blocker (Figure 10c),
similar to what has been shown for Purkinje cells in both mammals
(Konnerth et al., 1990; Perkel et al., 1990) and the mormyrid (Han &
Bell, 2003; Zhang et al., 2011). The responses of Purkinje cells to their
single CF input are all-or-none, show paired-pulse depression, and
are sensitive only to AMPA glutamate receptor blocker. Although this
CF response, too, is similar to that found in mammals, the waveform
reported here for zebrafish is not typically complex-like, but instead
may contain variable components (Figures 11b and c). Despite per-
sistent efforts, we never recorded any all-or-none responses in the
zebrafish eurydendroid cells, suggesting that they lack any CF input.

The intermingling of Purkinje cells and eurydendroid cells in
zebrafish and other teleosts (Ikenaga et al., 2006) is unlikely to be the

cerebellar architecture from which the spatial separation of Purkinje
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cells from their DCN targets found in mammals evolved. Rather, DCN
are characteristic of the lobe-finned fish, the other phylogenetic branch
of the bony fish with descendants that include amniotes and amphibia.
Since, so far as it is known, DCN are absent from ray-finned fish, it is
likely that the arrangement of Purkinje cells and eurydendroid cells
intermingled in the Gal evolved separately within this lineage. Also
favoring these two cerebellar architectures evolving in separate clades
is the presence of DCN in cartilagenous fish such as the elasmobranchii
(sharks and rays); jawed vertebrates that developed separately from
both lobe-finned and ray-finned fish (Pose-Méndez et al., 2017).

It is intriguing that two nonteleostean ray-finned fish have been
found to have cerebellar efferent systems intermediate in structure
between those of the DCN-lacking teleosts and species with DCN
that have descended from lobe-finned and cartilaginous fish. Polypterus
senegalus, a basal ray-finned fish, lacks DCN but has efferent cells local-
ized in the granular layer rather than intermingled with the Purkinje
cells that synapse on them in the GaL. These efferent cells do not have
dendrites projecting to the ML and hence may not receive PF input
(Ikenaga et al., 2021). The chondrostean Acipenser baeri (closely related
to the sturgeons and paddlefishes) also has efferent cells in the

granular layer that lack ascending dendrites (Huesa et al., 2003).

4.3 | The CF does not climb

Another difference between the zebrafish and mammalian cerebellum
lies in the terminal pattern of their CFs. In mammals, the single CF
branches repeatedly, climbing along the major dendrites and distal den-
dritic arbors throughout the entire ML, hence its name, and forming
perhaps the strongest synaptic connection between a single axon and
its target cell (Eccles, 1967; Ito, 1984), rivalled only by the calyx of Held
in the auditory brainstem (Rodriguez-Contreras et al., 2008). The pow-
erful CF inputs drive adaptive modification of motor gain and timing by
instructing synaptic plasticity at the PF synapses (Ohtsuki et al., 2009;
Welsh et al.,, 1995; Zang & De Schutter, 2019). It has been suggested
that in zebrafish, however, the CF does not climb. Instead, its termi-
nals are largely restricted to the GaL (Takeuchi et al., 2015), similar to
what has been shown in the mormyrid cerebellum (Han et al., 2006).
Using electron microscopy, Meek & Nieuwenhuyse (1991) found that a
single CF can make up to 130 synapses on the soma and proximal den-
drite of one mormyrid Purkinje cell (Meek & Nieuwenhuys, 1991). In
frogs, which have a similar morphology of CF projections, the number
of such synapses onto Purkinje cells is up to 300 (Llinas et al., 1969).
This number is unknown for the zebrafish as well as for mammals
where it is expected to be significantly higher due to their Purkinje cells’
stereotyped climbing pattern of CFs. Although lacking this widespread
presence of excitatory CF synapses throughout their dendritic arbors,
at least some zebrafish Purkinje cells respond nonetheless to CF stimu-
lation in an all-or-none and complex-like fashion at the adult (Figure 11)
and larval stages (Harmon et al., 2017). This limited “climb” of CFs is
another core feature of the zebrafish cerebellar module, indicating a
variation in signal integration by its Purkinje cells (Zang & De Schutter,
2019).

4.4 | Functional integration of PF and CF inputs

In mammalian Purkinje cells, the narrow Na* spike is initiated at the
axon initial segment, and then propagates along the axon to trigger
neurotransmitter release at the axon terminals (Foust et al., 2010). The
typically broad Ca2* spike is, on the other hand, initiated throughout
the dendritic arborization, reflecting the widespread proliferation of
synapses of the vine-like CF. The CaZ* influx generated by this spike
is a major source of Ca2t-dependent activity in postsynaptic dendritic
spines, interacting globally with the local and more transient effects
of Ca2* fluxes induced by stimulated PF synapses (Eilers et al., 1996;
Ohtsuki et al., 2009; Zang & De Shutter, 2019). The spatial separation
of the CF and PF synapses in the mormyrid and zebrafish cerebellum,
however, suggests that interactions between these two inputs may not
be as robust as in mammals.

In the mammalian cerebellum, the CaZ* spike is typically recorded
from Purkinje cell dendrites (Llinas & Sugimori, 1980a, 1980b). In
zebrafish and the mormyrid, however, as reported here and in our
previous work (Han & Bell, 2003), broad and very broad spikes
are mediated by both Nat and Ca?*, but recorded from the soma.
Although, in the cerebellum of teleost fish, the regions occupied by
CF and PF synapses are spatially separated, we hypothesize that
since CF input can still reach the soma and proximal dendrites of its
Purkinje cell, it can there recruit “somatic” broad and/or very broad
Ca2* spikes. These spikes would then backpropagate throughout the
dendritic arbor and interact with activity at multiple, concurrently
stimulated PF synapses. Thus, the somatic Ca* spike would then act
as a mediator, bridging the two types of input signals through a func-
tional interaction (Ohtsuki et al., 2009; Stuart & Spruston, 2015). In
other words, the neuroanatomical “disadvantage” of the spatial separa-
tion of CF and PF terminals in the zebrafish and mormyrid cerebellum
could be overcome by the physiological “advantage” of backpropagated
somatic Ca?* spikes. This would create the similar combination of a
large increase in the intracellular Ca2t concentration with the local ini-
tiation of second-messenger cascades at stimulated PF synapses that
is associated with PF-Purkinje cell plasticity in mammals, a hypothesis
supported by our previous work demonstrating that pairing PFs and CF
inputs can indeed induce PF-LTP and -LTD in mormyrid Purkinje cells
(Zhang et al., 2018). It would be interesting to determine if the same is
also true for the zebrafish cerebellum.

As discussed above, the signature responses of mammalian Purkinje
cells to CF inputs is an all-or-none complex spike, which is usu-
ally attributed to the special pattern of synaptic contacts between a
single CF and its postsynaptic Purkinje cell (Meek & Nieuwenhuys,
1991; Ohtsuki et al., 2009; Sugihara et al., 2009). Surprisingly, mech-
anisms underlying this unique physiological response have not been
fully identified experimentally. CFs are axons of neurons in nuclei of
the contralateral inferior olive. In mammals (Turecek et al., 2014) and
in nonhuman primates (Welsh et al., 2011), clusters of these inferior
olive neurons interconnected by gap junctions typically show a syn-
chronous ~10 mV oscillation in their membrane potentials and, under
resting conditions, fire corresponding broad (~10 ms) CaZ* spikes at
the peaks of this oscillation. But precisely how these broad spikes of
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inferior olive neurons contribute to Purkinje cell complex spikes
remains unclear.

Using dual whole-cell patch recordings in a mouse slice prepara-
tion, Mathy et al. (2009) found that the broad spikes recorded in the
soma of an inferior olive neuron are conveyed to the axon as groups
of action potentials or as bursting, where the number of these axonal
spikes per somatic action potential varies with the phase of the cell’s
subthreshold oscillations. It is these groups of axonal spikes that con-
stitute the input conveyed to a Purkinje cell by its CF. Hence, the width
of the somatic broad spike, not its amplitude, in inferior olive cells
determines the number of axonal spikes transmitted by the CF, where
their overall duration modulates the width of the Purkinje cell com-
plex spike. These results indicate that the intrinsic properties of inferior
olive cells do affect neurotransmitter release at their axon terminals
and consequently affect the response of target Purkinje cells to CF
input.

Questions remain as to the relationship between pre- and postsy-
naptic factors at CF-Purkinje cell synapses, since the intrinsic prop-
erties of inferior olive cells and the abundant synaptic contacts made
by a single CF both appear to contribute to the unique all-or-none
complex spike. This is especially critical in adult zebrafish cerebellum
because of the diverse morphology and physiology of its Purkinje cells.
For instance, a Type | Purkinje cells has only one primary dendrite
that extends past the GalL into the lower part of the ML. Conse-
quently, its chance of receiving CF input is the lowest of these Purkinje
cell types. In addition, these cells fire only narrow spikes. Thus, for
Type | cells, interactions between PF and CF inputs are minimal or
nonexistent, as supported by our never having recorded all-or-none
CF responses, spontaneous or stimulated, from this cell type. Types
Il cells have multiple dendritic arbors proliferating throughout the
Gal where their CFs terminate. These cells fire broad and very broad
Ca?* spikes. Their all-or-none CF responses can also be easily identi-
fied, suggesting strong interactions of their PF and CF inputs. Similarly,
Type Il cells have one or multiple dendritic arbors located in the
lower molecular/ganglionic region. These cells fire a broad Ca2* spike,
while all-or-none CF responses have been identified in multiple cases,
suggesting a significant interaction of their PF and CF inputs.

4.5 | Eurydendroid cells

Zebrafish Purkinje cells not projecting to the VN have axons that ter-
minate locally on eurydendroid cells that are the functional equivalent
of mammalian DCN cells, significantly so in that both transmit cere-
bellar output to many other regions of the brain (Heap et al., 2013).
As an integral part of the cerebellar module, this cell type has been
extensively investigated in the mammalian cerebellum (Anchisi et al.,
2001; Han et al., 2014; Ohyama et al., 2006; Uusisaari & De Schutter,
2011), but less so in zebrafish larvae and minimally in the adult fish.
Using the “blind-patch” procedure in wildtype fish, we have shown that
zebrafish eurydendroid cells can be easily distinguished from Purk-
inje cells based on their morphology, pharmacology and physiology; in

particular, we recorded narrow overshoot Na* spikes only from eury-

dendroid cells. However, recording from eurydendroid cells in wildtype
fish was challenging to us because of a low probability for accessing
them by patching cells at random (<10%).

To compensate for this, we also used a preparation of a transgenetic
zebrafish line for which the transcription factor olig2 is expressed in
a set of glutamatergic eurydendroid cells (Bae et al, 2009; McFarland
et al, 2008; Kani et al., 2010, Matsui et al., 2014). Fluorescent-labeled
olig2 cells were easily identified and selected for patch recording and
demonstrated physiological and pharmacological properties that were
similar to those of our blind-patched eurydendroid cells. Larval-stage
olig2 cells integrate both inhibitory and excitatory inputs and have been
shown to be involved in fictive swimming (Harmon et al., 2020). In the
line with these investigations, our recordings also show that both glu-
tamatergic olig2 and the non-olig2 eurydendroid cells are present in
the adult zebrafish cerebellum, and are characterized by physiological
and pharmacological properties similar to those reported for mam-
malian DCN cells (Anchisi et al., 2001; Han et al., 2014) and mormyrid
eurydendroid cells (Han & Bell, 2003; Shi et al., 2008; Zhang et al.,
2011). Interestingly, the IPSC size in eurydendroid cells depends on
the presynaptic spike duration rather than on its amplitude (Harmon
et al., 2020), suggesting that the broad and very broad spikes fired
by zebrafish Purkinje cells may affect their target cells differently,
particularly in terms of inhibitory strength.

Morphologically, eurydendroid cells are located in the GalL or
directly beneath it. Their dendritic arbors are smooth and oriented in
the sagittal plane and extend across the entire ML. They appear flat-
tened, although to a much less extent than the corresponding cells of
the mormyrid (Han et al., 2006; Nieuwenhuys & Nicholson, 1969). As
we have also seen in the mormyrid, zebrafish eurydendroid cell axons,
if not cut in the slice preparation, can be traced for more than 100 ym
in some cases, without collaterals or terminals.

4.6 | Comparing zebrafish cerebellum with those
of the mormyrid and mammals

Despite decades of research and the establishment of a stereo-
typed modular organization among the cerebellum of vertebrates
(Cerminara, et al., 2015; Kalueff et al., 2014; Friedrich et al., 2010;
Ruigrok, 2011; Voogd & Glickstein, 1998), numerous remaining chal-
lenges have led to particular interest in smaller cerebellum and their
roles in nervous systems that are more accessible for investigation.
While zebrafish larvae have gathered much attention in the past
decade as a focus for the study of cerebellar function (Fetcho, 2012;
Okamoto, 2014), the mormyrid cerebellum also remains a useful alter-
native as a model system because of it characteristic morphological
features (Nieuwenhuys & Nicholson, 1969; Bell & Szabo, 1986) and its
involvement in fish’s electrosensory system (Bell et al., 1992; Russell &
Bell, 1978; Alvifia & Sawtell, 2014).

As discussed earlier, the cerebellum of zebrafish and other teleost
fish share many core features with those of mammals. However,
there are two significant differences. One is the proximity of Purk-

inje cells and their target cells, for example, the eurydendroid cells and
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neighboring Purkinje cells in teleosts. In mammals, Purkinje cells also
inhibit neighboring Purkinje cells and ML interneurons via axon col-
laterals (Oldfield et al., 2010; Orduz & Liano, 2007; Sugihara et al.,
2009; Witter et al., 2016), but the major projections of their axons
travel long distance to reach target cells in the DCN or VN in
the brainstem (Sugihara & Shinoda, 2007). It is feasible to assume
that these two pathways serve different functions in mammals. As
teleosts lack DCN, their functionally homologous eurydendroid cells
are intermingled with the Purkinje cells that project to them (Finger,
1978; Meek, 1998). Although this provides a unique opportunity
for characterizing how a single Purkinje cell controls its target
cells (Zhang et al., 2012; Chang et al., 2020), the functional signif-
icance of these two anatomically similar projections remains to be
investigated.

Another major difference from mammals found in the teleost cere-
bellum is the spatial separation of territories for PF and CF synapses
in Purkinje cells. For mammals, the intermingling of the two inputs
throughout the dendritic arbor (Sugihara et al., 2009), and the result-
ing interaction of their signals is the basis of a fundamental mechanism
for motor learning (Johansson et al., 2014; Schmolesky et al., 2002;
Thompson & Steinmetz, 2009). In teleosts (or at least in so far as
has been investigated in zebrafish and the mormyrid), PF and CF
terminals are spatially separated. For the mormyrid, experimental
evidence indicates that the different inputs from these sources can
interact, and that the PF-Purkinje cell plasticity believed to underlie
many conditioning mechanisms also occurs (Bell et al., 2008; Zhang
et al.,, 2018). The question remains as to how these neuronal signals
from a Purkinje cell's PFs and single CF interact with one another
in zebrafish. As discussed earlier, the answer appears to be that the
broad Ca2* spikes, which can be recorded in the Purkinje cell soma
in zebrafish and the mormyrid, but not in mammals, are likely to have
been recruited by CF input. Nevertheless, the hypothesis of interac-
tion of PF and CF signals in zebrafish Purkinje cells remain to be tested,
especially considering of diversity of Purkinje cell physiology, mor-
phology, and consequentially their potential selectivity of PF and CF
inputs.

5 | CONCLUSIONS

The larval zebrafish cerebellum is an attractive candidate for study
due to its small size and accessibility to population imaging, visualized
electrophysiological recordings, and cell-type specific genetic manipu-
lations of its neural activity. Much has been gained from this model in
terms of our knowledge of how simplified systems coordinate sensory
input with behavior through cerebellum-dependent transformations.
In line with the results of another recent investigation (Chang et al.,
2020), our study in adult zebrafish shows, however, that the modular
organization of its cerebellum cannot be assumed to be uniform. The
diversified dendritic arbors of its Purkinje cells allow them to receive
PF and CF inputs selectively, and the variable intrinsic properties of its
PC subtypes suggest that the corresponding integration of PF and CF

signals is likely to be cell-type specific. Thus, the functional circuitry

of the adult zebrafish cerebellum is remarkably different from that
established in mammals, and the neural computations or learning rules
established in larval fish remain to be updated for a full understanding
of the adult fish cerebellum.
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