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Elongation of very long fatty acids-4 (ELOVL4) mediates biosynthesis of very long chain-fatty acids (VLC-FA; >28 carbons).
Various mutations in this enzyme result in spinocerebellar ataxia-34 (SCA34). We generated a rat model of human SCA34 by
knock-in of a naturally occurring ¢.736T>G, p.W246G mutation in the Elovl4 gene. Our previous analysis of homozygous W246G
mutant ELOVL4 rats (MUT) revealed early-onset gait disturbance and impaired synaptic transmission and plasticity at parallel
fiber-Purkinje cell (PF-PC) and climbing fiber-Purkinje cell (CF-PC) synapses. However, the underlying mechanisms that caused
these defects remained unknown. Here, we report detailed patch-clamp recordings from Purkinje cells that identify impaired synap-
tic mechanisms. Qur results show that miniature EPSC (mEPSC) frequency is reduced in MUT rats with no change in mEPSC am-
plitude, suggesting a presynaptic defect of excitatory synaptic transmission on Purkinje cells. We also find alterations in inhibitory
synaptic transmission as miniature IPSC (mIPSC) frequency and amplitude are increased in MUT Purkinje cells. Paired-pulse ratio
is reduced at PF-PC synapses but increased at CF-PC synapses in MUT rats, which along with results from high-frequency stimula-
tion suggest opposite changes in the release probability at these two synapses. In contrast, we identify exaggerated persistence of
EPSC amplitude at CF-PC and PF-PC synapses in MUT cerebellum, suggesting a larger readily releasable pool (RRP) at both synap-
ses. Furthermore, the dendritic spine density is reduced in MUT Purkinje cells. Thus, our results uncover novel mechanisms of
action of VLC-FA at cerebellar synapses, and elucidate the synaptic dysfunction underlying SCA34 pathology.
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Very long chain-fatty acids (VLC-FA) are an understudied class of fatty acids that are present in the brain. They are critical
for brain function as their deficiency caused by mutations in elongation of very long fatty acids-4 (ELOVL4), the enzyme that
mediates their biosynthesis, results in neurologic diseases including spinocerebellar ataxia-34 (SCA34), neuroichthyosis, and
Stargardt-like macular dystrophy. In this study, we investigated the synaptic defects present in a rat model of SCA34 and iden-
tified defects in presynaptic neurotransmitter release and dendritic spine density at synapses in the cerebellum, a brain region
involved in motor coordination. These results advance our understanding of the synaptic mechanisms regulated by VLC-FA
and describe the synaptic dysfunction that leads to motor incoordination in SCA34. j
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Introduction

Lipids are critical to the health of the central nervous system and
defects in neuronal lipid metabolism and function lead to a vari-
ety of neurologic diseases (Adibhatla and Hatcher, 2007; Di
Paolo and Kim, 2011; Hussain et al., 2019; Alessenko and Albi,
2020). Despite their importance, our understanding of the roles
of diverse classes of lipids (Fitzner et al., 2020) in regulating brain
structure and function remains sparse. In particular, little is
known about the function of very long chain-saturated and poly-
unsaturated fatty acids (VLC-SFA and VLC-PUFA), which have
chain lengths of 28 carbon atoms or more (Dedk et al,, 2019; Yeboah
et al, 2021). Elongation of very long fatty acids-4 (ELOVLA) is the
enzyme that is responsible for catalyzing the rate-limiting step in
the biosynthesis of both VLC-SFA and VLC-PUFA (Agbaga et
al.,, 2008). ELOVL4 has a restricted expression in the body, being
present only in the brain, retina, skin, Meibomian glands and
testes, where it generates a tissue-specific pattern of VLC-SFA
and VLC-PUFA (Sherry et al, 2017; Hopiavuori et al, 2019;
Yeboah et al., 2021).

The importance of ELOVL4 and its products is underscored by
the findings that three distinct groups of mutations in the ELOVL4
gene cause three distinct neurologic diseases. Homozygous inheri-
tance of recessive mutations that lead to truncation of the ELOVL4
protein cause a neuro-ichthyotic syndrome characterized by severe
seizures, intellectuality disability, and childhood death (Aldahmesh
etal, 2011; Mir et al., 2014). Heterozygous ELOVL4 mutations that
remove the ER retention signal in the enzyme cause autosomal
dominant Stargardt-like macular dystrophy (STGD3) resulting in
juvenile blindness (Bernstein et al, 2001; Edwards et al, 2001;
Zhang et al, 2001). Importantly, heterozygous inheritance of a
number of different ELOVL4 point mutations causes autosomal
dominant spinocerebellar ataxia-34 (SCA34), a neurodegenerative
disease of the cerebellum (Cadieux-Dion et al., 2014; Ozaki et al.,
2015, 2019; Bourque et al., 2018; Xiao et al., 2019; Beaudin et al.,
2020). This disease is characterized by age-related progressive gait
ataxia that may be accompanied by dysarthria and eye movement
abnormalities, with or without erythrokeratitis variabilis (EKV), a
disorder of the skin. SCA34 belongs to a large group of spinocere-
bellar ataxias whose mechanisms remain largely unknown and for
which no treatment is currently available (Dueas et al., 2006).

In order to understand the pathophysiology of SCA34 and to de-
cipher the function of ELOVL4 products in the cerebellum, we
recently generated a rodent model of human SCA34 using CRISPR-
Cas9 gene editing to introduce the SCA34-causing ¢.736T>G (p.
W246G) mutation in the Long Evans rat genome (Agbaga et
al., 2020; Nagaraja et al., 2021). The SCA34 rat recapitulated
multiple features of the human disease including motor
incoordination and EKV-like skin defects that were already
apparent at two months of age (Nagaraja et al., 2021). Field
potential recordings revealed robust impairments in basal
excitatory synaptic transmission and synaptic plasticity at
parallel fiber-Purkinje cell (PF-PC) and climbing fiber-Purkinje
cell (CF-PC) synapses (Nagaraja et al., 2021). Interestingly, the cer-
ebellum showed unaltered cytoarchitectural organization with no
evidence of degeneration by six months of age. These results sug-
gested that the primary impairment in SCA34 may be synaptic
dysfunction before neurodegeneration sets in at advanced age.
Although our initial analysis revealed basic defects at Purkinje cell
excitatory synapses, the physiological processes that are impaired
to cause these synaptic deficits remained unidentified. Here, we
have performed detailed patch-clamp recordings in acute cerebel-
lar slices and identified distinct presynaptic and postsynaptic
defects at PF-PC, CF-PC and inhibitory synapses. The results

Nagaraja etal. e Synaptic Defects in ELOVL4 Mutant Cerebellum

reveal that ELOVL4 and its very long chain-fatty acids (VLC-FA)
products regulate common and divergent mechanisms involving
vesicular release probability, readily releasable pool (RRP), and
spine density at synapses formed on Purkinje cells. These findings
identify for the first time the mechanistic processes that are
impaired to generate defects in synaptic transmission and plastic-
ity reported earlier in the cerebellum of ELOVL4 W246G rats.
These results also elucidate Purkinje cell synaptic dysfunction that
could produce ataxia in the absence of neurodegeneration in a
model of spinocerebellar ataxia.

Materials and Methods

Animals

A CRISPR/Cas9 gene editing approach was used to generate FO founder
Long-Evans rats with heterozygous knock-in of the ¢.736T>G, p.
W246G mutation in the Elovl4 gene that causes human SCA34 (Ozaki et
al., 2015). These founders were bred to wild-type (WT) Long-Evans rats
to establish a breeding colony (Agbaga et al,, 2020). All experiments
were performed using male and female WT and MUT rats, with geno-
type confirmed by PCR. Rats were maintained in a pathogen-free barrier
facility on a 12/12 h light/dark cycle (~25-40lux at cage level) with food
and water available at all times. All animal procedures were approved by
the Institutional Animal Care and Use Committee of the University of
Oklahoma Health Sciences Center and conformed to the National
Institutes of Health Guide for the Care and Use of Laboratory Animals,
United Stated Public Health Service guidelines, and the Association
for Research in Vision and Ophthalmology Resolution on the Use of
Animals in Research.

Electrophysiology

Sagittal slices of the cerebellar vermis were prepared from two- to five-
month-old Long-Evans rats. Animals were transcardially perfused (fol-
lowing anesthesia with ketamine and dexmedetomidine) with ice-cold
dissection buffer containing (in mm): 50 sucrose, 125 NaCl, 25 NaHCO;,
2.5 glucose, 2.5 KCl, 1.25 NaH,PO,, 49 MgCl,, and 0.1 CaCl,, as
described before (Troyano-Rodriguez et al., 2019a). The rats were then
decapitated and their brains rapidly removed. Acute cerebellar slices
(270 um thick) were cut on a vibratome (VT12008S, Leica Biosystems) in
the dissection buffer, and immediately transferred to an incubation
chamber which had artificial CSF (ACSF) containing (in mm): 119 NaCl,
26 NaHCO;, 11 glucose, 2.5 KCl, 1 NaH,PO,, 1.3 MgSO,, and 2.5 CaCl,
(Ahmad et al,, 2012; Troyano-Rodriguez et al., 2019a,b). The slices were
allowed to recover at 32°C for 30 min before incubation at room temper-
ature for a further 1 h. During recordings, the slices were placed in a re-
cording chamber constantly perfused with heated ACSF (29-30°C) and
gassed continuously with 95% O, and 5% CO,. The ACSF contained 50
pM picrotoxin during all recordings except when collecting miniature
IPSCs (mIPSCs). Tetrodotoxin (TTX; 0.5 um) was added to the ACSF
when recording miniature EPSC (mEPSC) and mIPSC. Whole-cell re-
cording pipettes (2-4 M{)) were filled with either CsCl or K-gluconate
based internal solution. For voltage-clamp recordings, we used an inter-
nal solution containing the following (in mm): 135 CsMeSOs3, 8 NaCl, 2
MgCl,, 10 HEPES, 0.25 EGTA, 2 Mg,ATP, 0.3 Na;GTP, 7 phosphocre-
atine, and 1 QX-314 chloride (pH 7.28-7.32 adjusted with CsOH; osmo-
lality 298-302 mOsm/kg). For current-clamp recordings, we used an
internal solution containing the following (in mwm): 135 K-gluconate, 10
HEPES, 10 NaCl, 1 MgCl, 0.1 BAPTA, 0.1 CaCl,, 2 ATP-Mg, and 10
phosphocreatine (pH 7.28-7.30 adjusted with KOH; osmolality 290-
292 mOsm/kg). Purkinje neurons were visualized using infrared differ-
ential interference contrast (DIC) on an upright microscope (Olympus
BX51WI, Olympus).

To record spontaneous synaptic events, Purkinje cells were held in
whole-cell voltage-clamp mode. mEPSCs were recorded while holding
the cells at =70 mV and mIPSCs were recorded while holding the cells at
0mV. To generate evoked EPSCs, a double-barreled glass pipette filled
with ACSF was used as a bipolar stimulation electrode. The CF input
was activated by placing the stimulation electrode in the granule cell
layer, and the PF input was activated in the molecular layer (ML). To
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evoke EPSCs, paired pulses (50-ms interpulse interval) were applied to
the PF or CF input. The duration of the stimulation pulse was set at
0.1ms. Whole-cell voltage-clamp recordings were obtained from
Purkinje cells, holding the cells at —65 or —70mV while recording PF-
PC EPSCs. CF responses were identified as large all-or-none EPSCs,
with paired-pulse depression when stimulated with two pulses 50 ms
apart at —65 or —70mV. Purkinje cells were then held at a holding
potential of —10mV for collecting data on CF-PC EPSCs. The junction
potentials were not adjusted. For whole-cell current-clamp recordings,
cells were opened in voltage-clamp mode and then switched to current-
clamp mode. Slow current injection was applied to keep the membrane
potential around —60 mV. For inducing action potentials and depolari-
zation sag, 0.5-s-long depolarizing (100-1000 pA) or 2-s-long hyperpola-
rizing (—50 to —250 pA) current steps were applied respectively. Data
were collected with MultiClamp 700B amplifier (Molecular Devices), fil-
tered with 2 kHz Bessel filter and digitized at 10 kHz with the A/D con-
verter ITC-18 (Instrutech Corporation). Data were acquired and
analyzed using a custom-made program written in Igor Pro software
(Wavemetrics). The miniature events were identified and analyzed in
the Mini Analysis program (SynaptoSoft).

Intracellular dye injection and imaging for dendritic spine analysis
Sagittal slices (200 um thick) of the cerebellar vermis were prepared
from both WT and MUT rats as described above. To visualize dendritic
organization and spines on individual Purkinje cells, Purkinje cells were
filled with the fluorescent dye Alexa 568 hydrazide (0.5 mm) in whole-
cell patch-clamp pipette. The whole-cell access to Purkinje cells
was maintained for ~20 min to allow the dye to disperse into the
dendritic branches. The dye filling in the Purkinje cells was con-
firmed using a fluorescence illumination system before the slices
were fixed with 4% paraformaldehyde in PBS. Confocal image Z-
stacks (Z-stack thickness =0.05 um) were captured from across the
width of the molecular layer (ML) using a Nikon W1-CSU-SoRa
spinning disk confocal microscope and a 60x oil immersion objec-
tive (NA 1.40). Each Z-stack of images was compressed as maximum
intensity projection and saved as a single TIFF file; 15- to 20-pm-
long dendritic segments were selected from tertiary branches of the
Purkinje cell dendritic tree for spine counting. Nine dendritic seg-
ments per cell were analyzed from each dye injected cell. The num-
ber of spines in each segment were counted using Dendritic Spine
Counter plugin in Image]J. The spine density was calculated as the ra-
tio of the number of spines and the length of the dendritic segment.

Immunolabeling and imaging for dendritic spine analysis

Freshly isolated cerebella from WT and MUT rats between three and
four months of age were fixed using 4% paraformaldehyde in 0.1 m
PBS (pH 7.2) and embedded in 7% low melting point agarose.
Vibratome sections were prepared from the fixed cerebellar vermis
in the sagittal plane at 45-pum thickness. Nonspecific labeling was
blocked for 1-2 h at room temperature using “blocking solution”
(10% normal goat serum + 5% BSA + 0.1% Triton X-100 in PBS).
Blocking solution was removed and sections were incubated in mouse
monoclonal anti-calbindin (NeuroMab, University of California, Davis/
National Institutes of Health NeuroMab Facility, catalog #75-448; RRID:
AB_2686913, diluted 1:500 in blocking solution) at room temperature for
48 h in a humid chamber. Sections were rinsed in PBS at room tempera-
ture, then incubated in Goat anti-mouse Fab fragment secondary antise-
rum conjugated to AlexaFluor 647 (Jackson ImmunoResearch, catalog
#115-607-003; RRID:AB_2338931, diluted 1:100 in blocking solution) for 4
h at room temperature. Sections were rinsed in PBS at room temperature,
then mounted on a slide in Prolong Glass (Invitrogen, catalog #P36982).
Super-resolution confocal image Z-stacks (z-axis resolution = 0.02 um/
slice; 2.5-3.0 um in total thickness) of Calbindin labeling were captured
using a Nikon W1-CSU-SoRa spinning disk confocal microscope fitted
with a 100x oil immersion objective (NA 1.45) to visualize Purkinje cell
dendrites and dendritic spines from across the width of the molecular layer
(ML). To determine Purkinje cell dendritic spine density, the number of
spines on 10 um segments of Calbindin-positive dendrites were quantified.
Images of cerebellar cortex for analysis were acquired near the middle of
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lobule 8, which was selected for analysis because of its linear shape. For
each specimen, the average spine density (number of spines/10 um) was
calculated from 20-22 independent dendritic segments sampled from
across the depth of the ML. Because it was not possible to determine which
specific Purkinje cell gave rise to each dendritic segment, each dendritic
segment was treated as an independent sample for this analysis.

Statistical analyses

Statistical analysis of electrophysiology and cell filling data were done
using Student’s unpaired ¢ test or two-way ANOVA with Bonferroni’s
multiple comparison post hoc test. For immunohistochemical data, sta-
tistical significance was determined using Welch’s unpaired two-way t
test. All statistical analyses were performed in GraphPad Prism 7.
Statistical significance was set to p < 0.05. Data are displayed as mean *
SEM along with individual values.

Results

The W246G ELOVL4 mutation alters miniature excitatory
and inhibitory synaptic currents in Purkinje cells

We performed whole-cell patch-clamp recordings from Purkinje
cells in acute cerebellar slices from wild-type (WT) and homozy-
gous ELOVL4 W246G knock-in (MUT) rats. The cerebellar sli-
ces were obtained from two- to five-month-old animals as motor
impairments and synaptic dysfunction are already present in
MUT rats at two months of age (Nagaraja et al., 2021). In order
to understand whether the impairment of basal excitatory synap-
tic transmission onto Purkinje cells reported in our previous
study (Nagaraja et al., 2021) was because of presynaptic and/or
postsynaptic defects, we recorded miniature EPSCs (mEPSCs) in
Purkinje cells in the presence of TTX. We found that the fre-
quency of mEPSC was reduced in MUT Purkinje cells compared
with WT (WT 4.46 + 0.41 Hz, n=9 cells, 4 rats; MUT 2.46 +
0.32Hz, n=38 cells, 5 rats; p=0.002; Fig. 1A). However, the am-
plitude of mEPSC was not changed (WT 13.00 = 1.15pA, n=9
cells, 4 rats; MUT 12.65 = 0.89 pA, n=38 cells, 5 rats; p = 0.820;
Fig. 1A). This combination of findings suggests an impairment in
presynaptic vesicular glutamate release and/or reduced excitatory
synapse number, but no change in postsynaptic AMPA receptor
content at functional synapses. We then examined whether inhibi-
tory synaptic transmission onto Purkinje cells, mediated mostly by
molecular layer interneurons (MLI), was altered in MUT rats. The
frequency of miniature IPSCs (mIPSCs) was increased in MUT
Purkinje cells compared with WT (WT 2.37 £ 029Hz, n=11
cells, 3 rats; MUT 4.53 * 0.62Hz, n=13 cells, 5 rats; p= 0.007;
Fig. 1B). In addition, the amplitude of mIPSC was also increased
in MUT Purkinje cells (WT 14.59 = 0.79 pA, n=11 cells, 3 rats;
MUT 18.10 = 1.26 pA, n=13 cells, 5 rats; p= 0.034; Fig. 1B).
These results suggest a combination of presynaptic and postsy-
naptic alterations at inhibitory synapses. The above findings on
mEPSC and mIPSC further indicate that W246G ELOVL4 muta-
tion has opposite effects on net excitatory and inhibitory synaptic
drives on Purkinje cells.

The W246G ELOVL4 mutation impairs short-term synaptic
plasticity at the climbing fiber to Purkinje cell synapse
Purkinje cells receive two major excitatory inputs, those from
parallel fibers which are axons of cerebellar granule cells and
from climbing fibers that arise from the inferior olive. In order
to understand whether the deficiency of excitatory synaptic
transmission that we observed was present at both parallel fiber-
Purkinje cell (PF-PC) and climbing fiber-Purkinje cell (CF-PC)
synapses or was synapse specific, we recorded evoked EPSCs
from Purkinje cells following stimulation of either input. We
evaluated short-term synaptic plasticity at these synapses as
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disturbances in these measures reflect alterations in functional
properties of neurotransmitter release from the presynaptic ter-
minal as opposed to changes in synapse number (Zucker and
Regehr, 2002; Regehr, 2012). The pattern of changes in short-
term plasticity also allow identification of the underlying physio-
logical defect in neurotransmitter release (Schneggenburger et
al., 2002; Baldelli et al., 2007; Lou et al., 2012; Thanawala and
Regehr, 2016; Kaeser and Regehr, 2017).

CE-PC synapses undergo paired-pulse depression when two
stimuli are presented close together (Hashimoto and Kano,
1998). We tested paired-pulse ratio at CF-PC synapses in WT
and MUT slices by evoking EPSCs at interstimulus intervals
(ISIs) of 20, 50, 100, 200 and 500 ms. The paired-pulse ratio was
significantly increased in MUT cells at 20-, 50-, 100-, 200-, and
500-ms ISI (20ms WT: 0.51 =£0.03 vs MUT 0.61 £0.01 p=
0.007, 50ms WT: 0.66 = 0.02 vs MUT 0.76 = 0.01 p=0.0003,
100 ms WT: 0.72 = 0.02 vs MUT 0.83 = 0.02 p = 0.0008, 200 ms
WT: 0.77 £0.02 vs MUT 0.84 = 0.01 p=0.004, 500ms WT:
0.81 =0.02 vs MUT 0.88 = 0.01 p=0.011, n=12 cells, 6 rats
for WT; n =11 cells, 3 rats for MUT; Fig. 2A), indicating reduced
paired-pulse depression. As paired-pulse ratio is widely used as a
measure of release probability and is inversely proportional to it
(Dobrunz and Stevens, 1997; Regehr, 2012), our results suggest
that CE-PC synapses have reduced release probability in MUT
animals. To further dissect functional presynaptic defects, we

recorded responses from CF-PC synapses following high-fre-
quency climbing fiber stimulation at 20 and 50 Hz. In WT slices,
EPSCs underwent prominent depression in response to 20-Hz
stimulation and stabilized at a plateau later in the train (Fig. 2B).
In contrast, there was reduced depression in MUT slices at
EPSC? (in alignment with paired-pulse data), and also later in
the train with EPSCs stabilizing at a significantly higher ampli-
tude than WT (two-way ANOVA genotype X stimulation num-
ber interaction: Fz9.403) = 5.941, p < 0.0001; WT n =9 cells, 4 rats;
MUT n=10 cells, 3 rats; Fig. 2B). Importantly, the difference
between WT and MUT responses was larger at EPSC* than at
EPSC? (WT: 0.49 * 0.04 vs MUT 0.34 *+ 0.05 p=0018 WTn=9
cells, 4 rats; MUT n=10 cells, 3 rats; Fig. 2C), which suggests the
existence of a larger readily releasable pool of vesicles to sustain
synaptic transmission under high frequency at CF-PC synapses
in MUT slices (Regehr, 2012; Thanawala and Regehr, 2016). In
response to 50-Hz stimulation, EPSCs in WT slices underwent
robust depression nearing zero amplitude later in the train (Fig.
2D). The CF-PC synapses in MUT slices responded differently
with significantly reduced depression at EPSC” (in alignment
with paired-pulse data) and early parts of the train (two-way
ANOVA genotype x stimulation number interaction: F9 403y =
9.336, p < 0.0001; WT n =9 cells, 4 rats; MUT n = 10 cells, 3 rats;
Fig. 2D). However, the EPSCs were similarly reduced later in the
train in MUT slices as WT, suggesting that under extreme
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in MUT cerebellum. Graph shows the mean paired-pulse ratio of EPSC amplitudes (EPSC/EPSC') from paired stimulation at 20-, 50-, 100-, 200-, and 500-ms interstimulus intervals. Example
traces (WT, black; MUT, red) of averaged EPSCs from paired stimulation are shown above the graph. n = 11-12 cells per group. B, Reduced decrement of EPSC amplitude in response to 20-Hz
stimulation at CF-PC synapses in MUT cerebellum. Example traces (top; WT, black; MUT, red) and graph (bottom) showing peak EPSC amplitude at each stimulus in the 20-Hz train normalized
to the amplitude of EPSC'. n = 9-10 cells per group. €, Mean subtracted value of second and 30th EPSC (bottom, graph) and example traces (top) depicting impaired decrement of EPSC am-
plitude during the 20-Hz train at MUT CF-PC synapses. D, Reduced decrement of EPSC amplitude in early part of 50-Hz stimulation at CF-PC synapses in MUT cerebellum. Example traces (top;
WT, black; MUT, red) and graph (bottom) showing peak EPSC amplitude at each stimulus in the 50-Hz train normalized to the amplitude of EPSC'. n = 910 cells per group. Extended Data
Figure 2-1 shows the quantification of release probability (P,) and readily releasable pool size (RRP) obtained from the cumulative amplitude of CF-PC EPSC in response to depleting 50-Hz train.
E, Enhanced suppression of CF-PC EPSC by Kynurenic acid (KYN, 1 mu) in MUT cerebellum. Graph shows percentage inhibition of CF-PC EPSC by KYN. Example traces of EPSC from before (solid
line) and after exposure to 1 mm KYN (dotted line) are shown on the right side of the graph. n = 1011 cells per group. *p << 0.05, **p << 0.01, ***p << 0.001.

conditions of depletion, the larger pool size in MUT CF-PC
synapses is not sufficient to sustain synaptic transmission.
Since CF-PC synapses underwent similar depletion in the
later parts of the 50-Hz train in WT and MUT slices, we used
the data to calculate the quantal parameters. We plotted the
cumulative amplitude of EPSCs and fit the curves with a

linear regression extrapolating to the y-axis to quantify
release probability (P,) and size of the readily releasable pool
(RRP), in accordance with the Schneggenburger-Neher
method (Schneggenburger et al., 1999, 2002; Extended Data
Fig. 2-1A). The quantification shows that P, is significantly
reduced in MUT CF-PC synapses compared with WT, in
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agreement with our paired-pulse data (WT 0.40 = 0.04, n =19 cells,
4 rats; MUT 0.25 * 0.02, n=10 cells, 3 rats; p=0.001; Extended
Data Fig. 2-1B). In addition, RRP size is increased in MUT CF-PC
synapses, which could contribute to reduced depression under high-
frequency stimulation (WT 1639.04 * 11547 nA, n=9 cells, 4 rats;
MUT 2995.88 = 340.27 nA, n =10 cells, 3 rats; p = 0.002; Extended
Data Fig. 2-1C).

In order to further evaluate neurotransmitter release at
CF-PC synapses in MUT slices, we made use of kynurenic
acid, which is a competitive, low affinity inhibitor of iono-
tropic glutamate receptors. The percentage inhibition achieved
by kynurenic acid is inversely proportional to the amount of
glutamate released at synapses (Beeson et al., 2020). We found
that bath application of 1 mm kynurenic acid reduced EPSC
size significantly more in MUT cells compared with WT (WT
54.62 £ 2.68%, n =10 cells, 6 rats; MUT 64.50 == 2.92%, n =11
cells, 5 rats; p = 0.023; Fig. 2E). This suggests that less glutamate
is released per CF-PC synapse onto MUT Purkinje cells and
complements the findings above of reduced P, at this synapse
in MUT slices.

The W246G ELOVL4 mutation impairs short-term synaptic
plasticity at the parallel fiber to Purkinje cell synapse

We next investigated whether the short-term synaptic plasticity
is altered at PF-PC synapses in cerebellar slices from MUT rats.
PF-PC synapses undergo paired-pulse facilitation when two
stimuli are presented together (Atluri and Regehr, 1996). We
evaluated paired-pulse facilitation at PF-PC synapses in WT and
MUT slices by evoking EPSCs at interstimulus intervals (ISIs) of
20, 50, 100, 200, and 500 ms. The paired-pulse ratio was signif-
icantly reduced in MUT cells at 20-, 50-, and 100-ms ISI
(20ms WT: 1.96 = 0.08 vs MUT 1.63 = 0.06 p=10.003, 50 ms
WT: 1.80 = 0.11 vs MUT 1.48 £0.05 p=0.009, 100ms WT:
1.47 = 0.08 vs MUT 1.27 £0.03 p=0.021, n =14 cells, 8 rats
for WT; n=16 cells, 4 rats for MUT; Fig. 3A), suggesting
enhanced release probability at PF-PC synapses in MUT sli-
ces. We further examined presynaptic function by examining
synaptic responses to high-frequency parallel fiber stimulation
at 20 and 50 Hz (Fig. 3B,D). In WT slices, EPSCs first underwent
facilitation which came back to baseline at the end of the 30-
stimulus train. In contrast, the data from MUT slices showed
reduced facilitation at EPSC?, congruent with our paired-pulse
recordings, followed by persistence of EPSC size with little decre-
ment over the course of the train (two-way ANOVA genotype x
stimulation number interaction: F(y9555 = 12.63, p <<0.0001;
WT n=19 cells, 11 rats; MUT n=19 cells, 7 rats; Fig. 3B).
Importantly, the difference between WT and MUT responses
was larger at EPSC* than at EPSC2 (WT: 0.89 = 0.12 vs MUT
0.03=0.13 p<0.0001; WT n=19 cells, 11 rats; MUT n=19
cells, 7 rats; Fig. 3C), suggesting a larger pool of readily releasable
vesicles to sustain synaptic transmission under high frequency at
PF-PC synapses in MUT slices. In response to 50-Hz stimula-
tion, EPSCs in WT slices underwent initial facilitation followed
by plateauing to a level below the baseline (two-way ANOVA ge-
notype x stimulation number interaction: F(y9609) = 2.30, p=
0.0002; WT n =9 cells, 3 rats; MUT n =13 cells, 4 rats; Fig. 3D).
The facilitation in MUT slices was reduced at EPSC* compared
with WT, in alignment with the paired-pulse data. In the later
part of the train, the EPSC amplitudes in WT and MUT cells pla-
teaued at similar levels, substantially above zero amplitude. Since
the PF-PC EPSCs showed significant facilitation during the train
and decrement in EPSC sizes was incomplete, we could not apply
the linear regression method (which requires efficient depletion
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to be valid) to calculate the quantal parameters at this synapse
(Schneggenburger et al., 2002; Neher, 2015).

We further evaluated neurotransmitter release at PF-PC
synapses in WT and MUT slices by examining inhibition of
EPSC size following bath application of 1 mm kynurenic acid.
Kynurenic acid reduced EPSC size significantly less in MUT
cells compared with WT (WT 70.83 = 1.95%, n=9 cells,
4 rats; MUT 61.45 = 3.00%, n =7 cells, 3 rats; p=0.016; Fig.
3E). This suggests that more glutamate is released per PF-PC
synapse in MUT Purkinje cells, complementing the finding
of elevated P, from paired-pulse data at this synapse in MUT
slices.

Intrinsic excitability of Purkinje cells is unchanged in MUT
cerebellum

The functional output of neurons depends not only on their syn-
aptic inputs but also on their intrinsic excitability. Defects in
voltage-gated ion channels and intrinsic excitability of Purkinje
cells have been reported in animal models of ataxia (Hoxha et al.,
2018). In order to investigate whether the intrinsic electrical
properties of Purkinje cells are altered in MUT cerebellum, we
first recorded action potentials in these cells in response to cur-
rent injections. These whole-cell current-clamp recordings were
done in the presence of the GABA, receptor antagonist picro-
toxin to remove any confounding effect of inhibitory synaptic
transmission in limiting spike output. We found that MUT
Purkinje cells responded with a similar number and pattern
of action potentials as WT cells (Fig. 4A). The number of
action potentials in WT and MUT Purkinje cells at different
levels of current injections ranging from 100 to 1000 pA
were: 100pA WT: 7.73£1.03 vs MUT 890*1.63 p=
0.882, 200pA WT: 14.60*+1.61 vs MUT 15.83*+222 p=
0.635, 300 pA WT: 20.60 = 2.09 vs MUT 22.07 * 2.60 p =0.512,
400pA WT: 25.80*+2.48 vs MUT 27.60 =3.12 p=0.434,
500pA WT: 3047 =288 vs MUT 3220*359 p=0.381,
600pA WT: 3440*3.19 vs MUT 3627*387 p=
0.347, 700 pA WT: 37.67 = 3.46 vs MUT 39.57 * 4.31 p=0.285,
800 pA WT: 41.67 = 4.59 vs MUT 42.40 = 5.23 p= 0.381, 900 pA
WT: 44.33 £4.92 vs MUT 45.17 * 6.32 p = 0.569, 1000 pA WT:
46.50 = 5.20 vs MUT 47.75 * 6.68 p=0.476, n=>5 cells, 2 rats
for WT; n=6 cells, 2 rats for MUT (Fig. 4A). This result sug-
gests that the intrinsic ability of action potential generation is
not altered in MUT Purkinje cells. In order to further evaluate
intrinsic active properties of Purkinje cells, we examined I,
currents, which are important determinants of neuronal excit-
ability (He et al., 2014). To this end, we injected hyperpolar-
ization currents (ranging from —50 to —250 pA) in whole-cell
current-clamp recordings, and measured the amplitude of
depolarization sag that is generated by I, currents. We found
that the amplitude of depolarization sag was similar in WT and
MUT Purkinje cells (=50pA WT: 221 = 034mV vs MUT
242+ 0.67mV p=0.802, —100 pA WT: 4.29 = 0.54 mV vs MUT
502 *1.16mV p=0.605 —150pA WT: 6.34 =0.88mV vs
MUT 7.21 £ 1.68mV p=0.670, —200pA WT: 8.19 £ 0.75mV
vs MUT 9.21 = 1.98 mV p =0.659, —250 pA WT: 9.62 = 1.14mV
vs MUT 11.03 = 2.27mV p= 0.611, n=6 cells, 2 rats for WT;
n=7 cells, 2 rats for MUT; Fig. 4B). We then directly measured
I, currents in whole-cell voltage-clamp mode and observed
that Ij, current was unchanged in MUT Purkinje cells (—70 mV
WT: 75.11 % 545pA vs MUT 75.97 =7.70pA p=0.931,
—80mV WT: 186.97 = 12.79pA vs MUT 163.36 £ 9.80 pA
p=0.165 —90mV WT: 29849 = 21.43pA vs MUT 253.10 =
13.83 pA p=0.094, —100mV WT: 378.68 £ 23.96 pA vs MUT
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324.08 £ 25.69pA p=0.153, —110 mV WT: 474.75 £ 65.69 pA
vs MUT 364.04 = 32.34pA p=0.141, —120mV WT: 514.55 *
74.89pA vs MUT 449.51 = 60.44pA p=0.508, n=6 cells,
2 rats for WT; n=7 cells, 2 rats for MUT; Fig. 4C). Finally, we
calculated the input resistance of Purkinje cells and found simi-
lar levels in WT and MUT slices (WT 52.55 + 2.38 MQ, n =14
cells, 4 rats; MUT 55.98 * 2.38 MQ, n =14 cells, 4 rats; p=0.317;

Fig. 4D). Overall, these results show that intrinsic excitability and
electrical membrane properties are unaltered in the Purkinje cells
of MUT cerebellum.

The density of dendritic spines is reduced in MUT Purkinje cells
We complemented our analysis of synaptic function in WT and
MUT Purkinje cells with structural investigation of dendritic
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WT and MUT cerebellum. The graph shows the number of spikes that were induced in Purkinje cells in current-clamp mode, in response to 0.5-s-long current steps from 100—1000 pA in 100-
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rents, is unchanged in MUT Purkinje cells. The graph shows the mean depolarization sag in response to 2-s-long negative current steps from —50 to —250 pA in —50-pA increments. The
example traces (WT, black; MUT, red) are shown above the graph. n = 6-7 cells/group. €, The I, currents (recorded in voltage-clamp mode) are similar in WT and MUT Purkinje cells. The graph
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mode with a K™ -hased pipette solution. n = 14 cells/group.

spines. The parallel and climbing fibers form excitatory synapses
onto spines, thus a change in their number could alter the excita-
tory drive on Purkinje cells. Because we observed a decrease in
the excitatory drive in the form of reduced mEPSC frequency in
MUT Purkinje cells, we investigated whether there is a change
in the density of spines that might contribute to this decrease.
We filled Purkinje cells with the fluorescent dye Alexa 568 hydra-
zide (0.5 mM) in whole-cell patch-clamp pipette, which effec-
tively labeled the dendritic shafts and spines (Fig. 5A). The
images from filled cells obtained on a spinning-disk confocal
microscope revealed a reduction in the density of dendritic
spines in MUT Purkinje cells compared with the WT. This was
true both when individual segments isolated from cells were
compared in WT and MUT slices (WT 1.95 % 0.01 spines/pm,
n=90 segments, 10 cells, 2 rats; MUT 1.88 = 0.01 spines/pm,
n=90 segments, 10 cells, 2 rats; p = 0.004; Fig. 54), and when val-
ues from dendritic segments were averaged to obtain a single value
for each cell (WT 1.95 + 0.02 spines/pm, n =10 cells, 2 rats;
MUT 1.88 = 0.01 spines/pm, n=10 cells, 2 rats; p=0.006;

Fig. 5A). In parallel, we analyzed Purkinje cell spine density
in the molecular layer of cerebellum using immunohisto-
chemical staining for Calbindin, a marker of Purkinje cell
dendrites (Ishikawa et al., 1995). Similar to our findings from
cell filling, spine density was reduced in the molecular layer of cer-
ebellum in MUT rats compared with WT animals (WT
17.26 = 0.19 spines/10 um, n =112 dendritic segments, 6 rats;
MUT 15.62 = 0.27 spines/10 um, n =106 dendritic segments, 5
rats; p=0.0001; Fig. 5B). The observed decrease in spine density,
though modest, would contribute to the reduction in excitatory
synaptic drive on MUT Purkinje cells (Fig. 1A) and aligns with
other reports of altered spine density in animal models and
patients with ataxia (Shintaku and Kaneda, 2009; Gao et al., 2011;
Sugawara et al., 2013).

Discussion
The findings reported here elucidate the physiological mecha-
nisms that are impaired at Purkinje cell synapses to generate
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Dendritic spine density is reduced in MUT Purkinje cells. A, The density of spines in Purkinje cells filled with Alexa 568 hydrazide is reduced in MUT cerebellum. Top graph shows

the mean spine density, quantified from individual dendritic segments. Bottom graph shows the mean spine density obtained from averaged values for each cell. The example images from WT
and MUT Purkinje cells filled with Alexa 568 hydrazide are shown on the left of the graphs at low and high magnification. n =90 dendritic segments, 10 cells per group. B,
Immunohistochemical staining of calbindin shows reduced spine density in the molecular layer of MUT cerebellum. Graphs shows the mean spine density (left) and the distribution of spine
density (right) in dendritic segments. The example images of sections labeled with calbindin antibody are shown on the left of the graphs. n =106-112 dendritic segments per group.

%4 < 0,01, **%p < 0.0001.

defects in synaptic transmission and plasticity in a rat model
of SCA34 that harbors the ELOVL4 W246G mutation. Im-
portantly, we find that these impairments are input-specific
at excitatory and inhibitory synapses on MUT Purkinje
cells.

We observed a distinct combination of changes in presynaptic
physiology at the CF-PC and PF-PC synapses in MUT cerebel-
lum, which included both divergent and similar alterations at
these two sets of excitatory synapses. The MUT CF-PC synapses
showed reduced paired-pulse depression during paired-pulse
and high-frequency stimulation. Since the paired-pulse ratio
is inversely proportional to P, (Dobrunz and Stevens, 1997;
Regehr, 2012), these results suggest that P, is reduced at the CF-
PC synapse in MUT cerebellum. This conclusion is comple-
mented by the finding of stronger inhibition of CE-PC EPSCs by
kynurenic acid in MUT slices that reflects reduced glutamate
release per synapse. We further confirmed and quantified this
decrease in P, by using the linear regression method on the cu-
mulative distribution of EPSC amplitudes from 50-Hz train. In
contrast to these results, we found that P, appears to be elevated
at PF-PC synapses in MUT cerebellum. The MUT slices showed
reduced paired-pulse facilitation at these synapses during paired-
pulse and high-frequency stimulation, which suggests an increase
in P,. This was accompanied by a lower percentage inhibition of

EPSC amplitude by kynurenic acid, further confirming
enhanced glutamate release per PF-PC synapse in MUT
cerebellum.

The results from high-frequency stimulation experiments
revealed additional changes in presynaptic physiology apart from
P,. At MUT CF-PC synapses, there was reduced depression of
EPSC size during 20-Hz stimulation such that the EPSCs pla-
teaued at a much higher level than WT. This result could, in
principle, be explained by a reduced basal P,; however, the
difference between WT and MUT EPSC sizes was much
larger at the end of the 30-stimulus train than at EPSC?,
suggesting additional changes such as more efficient vesicle
recycling and/or elevated RRP. Interestingly, the EPSCs at
PE-PC synapses showed a similar pattern, with EPSCs persisting
at higher amplitude during 20-Hz train in MUT Purkinje cells.
This further strengthens the conclusion that reduced depletion
in both CF-PC and PF-PC synapses in MUT cerebellum reflects
alterations in vesicle dynamics in addition to alterations in P,. In
fact, the quantification of quantal parameters in robustly deplet-
ing CF-PC synapses using the linear regression method identi-
fied a larger RRP in MUT slices. Overall, these findings reveal
that the ELOVL4 W246G mutation has opposite effects on P, at
CE-PC and PF-PC synapses, while effects on RRP are similar at
these two sets of synapses.
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Our analysis of mIPSCs in Purkinje cells uncovered for the first
time the effect of an ELOVL4 mutation on inhibitory synaptic
transmission. The results point toward a combination of presyn-
aptic and postsynaptic defects at inhibitory synapses as we
observed an increase in the frequency of mIPSCs along with ele-
vated mIPSC amplitude in MUT Purkinje cells. The increase in
mIPSC frequency likely reflects an elevated P, at inhibitory synap-
ses, which along with results from CF-PC and PF-PC synapses,
suggests that alteration in P, is a common theme across all synapse
types on MUT Purkinje cells. The increase in mIPSC amplitude is
likely because of changes in postsynaptic GABA, receptor con-
tent. Importantly, our studies identified a decrease in Purkinje cell
spine density in MUT cerebellum, which together with mIPSC
amplitude alteration suggests that synaptic defects in MUT are not
restricted to presynaptic terminals but also extend to postsynaptic
structures in Purkinje cells. In contrast to the change in mIPSC
amplitude, the mEPSC amplitude is not changed, suggesting that
the postsynaptic AMPA receptor content at remaining spines is
likely not altered in MUT Purkinje cells. However, it should
be noted that recent evidence indicates that even small-
scale mislocalization of AMPA receptors within synaptic
nanocolumns can impair synaptic transmission without altering
mEPSC amplitude (Ramsey et al., 2021). Thus, more sophisti-
cated super-resolution imaging will be needed in the future to
dissect the postsynaptic AMPA receptor positioning in the MUT
cerebellum. Interestingly, we did not observe any alterations in
the intrinsic excitability of MUT Purkinje cells as the current
injection-induced action potentials, input resistance, and I, cur-
rents all were unchanged. This indicates that the predominant
defect in the MUT cerebellum is synaptic dysfunction.

ELOVL4 catalyzes the biosynthesis of VLC-PUFA and VLC-
SFA in a tissue-specific manner. While ELOVL4 primarily gener-
ates VLC-SFA in the brain and skin, the VLC-PUFA are the
principal products in the retina and sperm (Hopiavuori et al,,
2019; Yeboah et al, 2021). We have recently shown that the
W246G mutation in ELOVL4 impairs biosynthesis of 28:0-36:0
VLC-SFA from 24:0 precursor supplementation in vitro, while
having minimal effect on VLC-PUFA biosynthesis (Gyening et
al., 2023). Accordingly, W246G MUT rats have reduced levels of
28:0 and 30:0 in the skin but normal VLC-PUFA levels in retina
(Agbaga et al., 2020; Yeboah et al., 2021). The selective deficiency
of VLC-SFA in MUT rats suggests that the synaptic disturbances
we report here are likely because of the deficiency of VLC-SFA.
This is further supported by our previous work with mice carry-
ing a homozygous 5-bp STGD3 deletion in Elovl4. Primary neu-
ronal cultures derived from these animals demonstrated altered
kinetics of neurotransmitter release that was rescued by
supplementation with VLC-SFA (28:0 + 30:0) in the culture
medium (Hopiavuori et al.,, 2018). In addition, lipidomic
analysis on baboon hippocampus identified VLC-SFA enriched in
synaptic vesicles with little detection of VLC-PUFA (Hopiavuori
et al,, 2018). Future work involving rescue with dietary or intra-
brain administration of 28:0 and 30:0 will clarify the dependence
of cerebellar synaptic defects on VLC-SFA deficiency in MUT
rats.

How does VLC-SFA deficiency arising from W246G and
other mutations in ELOVL4 may lead to the observed synaptic
defects? Our findings of altered P, at both CF-PC and PF-PC
synapses, and likely at MLI-PC synapses (reflected in reduced
mIPSC frequency) suggest an important role of VLC-SFA in reg-
ulating synaptic vesicle fusion at the active zone. The fusion of
synaptic vesicles with the presynaptic plasma membrane is a
complex multistep process that requires initial contact (docking),
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formation of a hemi-fused state, and completion of full fusion
followed by retrieval of the membrane by endocytosis (Sudhof,
2004; Kaeser and Regehr, 2014). The VLC-SFA are enriched in
synaptic vesicles as previously identified in the baboon hippo-
campus (Hopiavuori et al., 2018) and could potentially affect any
of these steps in the synaptic vesicle cycle which are critically de-
pendent on the lipid composition of the membranes (Rohrbough
and Broadie, 2005). The long length of VLC-SFA could allow
their acyl chains to traverse both leaflets of the vesicle lipid
bilayer, thus affecting the van der Waals interactions of the lipids
in the apposing membranes during vesicle fusion (Dedk et al,,
2019). Interestingly, the P, is altered in opposite ways in CF-PC
and PFE-PC synapses, and we observed additional changes in
presynaptic physiology that reflect alterations in RRP size.
This suggests that the VLC-SFA are not solely and simply
acting as barriers in synaptic vesicle fusion but function as
critical regulators in multiple steps of vesicle cycle that could
differ among different types of synapses. These functions
may arise from actions of VLC-SFA in regulating the func-
tion of proteins involved in synaptic vesicle cycle through
covalent/noncovalent interactions, organization of lipid rafts
or modulation of signaling pathways. It is important to note
here that in addition to presynaptic deficits, we also observed
reduced density of dendritic spines in Purkinje cells in MUT
rats. This suggests that VLC-SFA deficiency also leads to
postsynaptic defects, underscoring pleiotropic roles of VLC-
SFA at synapses.

How do the synaptic disturbances that we identified at
Purkinje cell synapses lead to ataxia that is observed in MUT
rats? Our results show a net decrease in basal excitatory drive
on MUT Purkinje cells along with an increase in inhibitory
transmission. These changes are likely to suppress Purkinje
cell output and thus impair their ability to provide instruc-
tive signals to deep cerebellar nuclei during motor activity.
Interestingly, increased frequency and amplitude of sponta-
neous IPSC were reported in a mouse model of episodic
ataxia 1 (Herson et al., 2003), which together with our find-
ings advance the possibility that altered inhibitory synaptic
transmission on Purkinje cells may be a common but under-
appreciated defect among many hereditary ataxias. Increased
inhibition could also impair the induction of long-term
depression (LTD) and long-term potentiation (LTP) at CF-
PC and PF-PC synapses, which are critical for motor learn-
ing, and are impaired in MUT rats (Nagaraja et al., 2021).
Apart from LTP and LTD, the short-term synaptic plasticity
mediated by presynaptic changes in neurotransmitter release is
also critical for information processing at synapses (Zucker and
Regehr, 2002; Le Guen and De Zeeuw, 2010; Regehr, 2012). This
is highly relevant to the function of Purkinje cells as precise
interplay of PF-PC and CF-PC synaptic responses determines
their output during motor activity and learning (De Zeeuw et al.,
2021). Accordingly, disturbances in cerebellar short-term synap-
tic plasticity in knock-out mice lacking Munc13-3 (Augustin et
al., 2001) or mGluR4 (Pekhletski et al., 1996) are associated with
ataxia, even in the absence of detectable changes in long-term
synaptic plasticity. Our finding of major alterations in short-
term synaptic plasticity in MUT cerebellum uncovers a pre-
viously unrecognized substrate for dysfunction of Purkinje
cell activity and ataxia in an SCA34 model. Future work
involving in vivo recordings combined with optogenetic
manipulations would address the causal contribution of the
synaptic impairments reported here to the motor incoordi-
nation displayed by MUT rats.
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