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Neurobiology of Disease

GCH1 Deficiency Activates Brain Innate Immune Response
and Impairs Tyrosine Hydroxylase Homeostasis
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The Parkinson’s disease (PD) risk gene GTP cyclohydrolase 1 (GCH1) catalyzes the rate-limiting step in tetrahydrobiopterin (BH4)
synthesis, an essential cofactor in the synthesis of monoaminergic neurotransmitters. To investigate the mechanisms by which
GCHI deficiency may contribute to PD, we generated a loss of function zebrafish gchl mutant (gchI™"), using CRISPR/Cas tech-
nology. gch1™ zebrafish develop marked monoaminergic neurotransmitter deficiencies by 5 d postfertilization (dpf), movement
deficits by 8 dpf and lethality by 12 dpf. Tyrosine hydroxylase (Th) protein levels were markedly reduced without loss of ascend-
ing dopaminergic (DAergic) neurons. L-DOPA treatment of gchl™~ larvae improved survival without ameliorating the motor
phenotype. RNAseq of gchl™~ larval brain tissue identified highly upregulated transcripts involved in innate immune response.
Subsequent experiments provided morphologic and functional evidence of microglial activation in gch1™”". The results of our
study suggest that GCH1 deficiency may unmask early, subclinical parkinsonism and only indirectly contribute to neuronal cell
death via immune-mediated mechanisms. Our work highlights the importance of functional validation for genome-wide associa-
tion studies (GWAS) risk factors and further emphasizes the important role of inflammation in the pathogenesis of PD.
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Genome-wide association studies have now identified at least 90 genetic risk factors for sporadic Parkinson’s disease (PD).
Zebrafish are an ideal tool to determine the mechanistic role of genome-wide association studies (GWAS) risk genes in a ver-
tebrate animal model. The discovery of GTP cyclohydrolase 1 (GCHI) as a genetic risk factor for PD was counterintuitive,
GCHL is the rate-limiting enzyme in the synthesis of dopamine (DA), mutations had previously been described in the non-
neurodegenerative movement disorder dopa-responsive dystonia (DRD). Rather than causing DAergic cell death (as previ-
ously hypothesized by others), we now demonstrate that GCH1 impairs tyrosine hydroxylase (Th) homeostasis and activates
innate immune mechanisms in the brain and provide evidence of microglial activation and phagocytic activity. /
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Introduction

Parkinson’s disease (PD) is the second most common neurode-
generative disorder after Alzheimer’s disease with an estimated
age-adjusted prevalence of 168/100,000 (Schrag et al., 2000).
Monogenic, Mendelian inherited forms of PD are rare in the
United Kingdom and similar populations, but 90 independent
genome-wide significant risk signals have now been identified in
the much more common sporadic form of PD (Nalls et al,
2019). The GTP cyclohydrolase 1 (GCHI) rs11158026 variant
was first identified as a PD risk variant in 2014 (Nalls et al.,
2014). This association was robustly replicated in a further meta-
analysis of PD genome-wide association studies (GWAS; Nalls et
al., 2019). Whole-exome sequencing independently confirmed
an association of pathogenic GCHI coding variants with PD
(Mencacci et al., 2014). GCH1 catalyzes the conversion of GTP
to D-erythro-7,8-dihydroneopterin triphosphate, the first and
rate limiting step in the synthesis of tetrahydrobiopterin (BH4),
an essential cofactor for tyrosine hydroxylase (Th), which cata-
lyzes the conversion of tyrosine to L-DOPA.

Mendelian inherited GCHI mutations were first described in
dopa-responsive dystonia (DRD; Ichinose et al., 1994). The do-
pamine (DA) deficiency in DRD is therefore because of reduced
enzymatic synthesis of DA rather than because of cell death of
DAergic nigrostriatal neurons (Snow et al., 1993; Turjanski et al.,
1993; Rajput et al, 1994; Jeon et al, 1998). Thus, while the
genetic association between GCHI and PD is robust, the under-
lying mechanisms linking BH4 deficiency and DAergic neuronal
cell death remain unclear. Mencacci and colleagues speculated
that GCH1 deficiency could directly predispose to nigral cell
death but experimental evidence confirming this assumption is
lacking. Gchl knock-out mice are embryonically lethal by mid-
gestation at E13.5 and therefore cannot be used to study the links
between BH4 deficiency and nigral cell death (Douglas et al.,
2015).

Zebrafish (Danio rerio) are ideally suited to undertake mecha-
nistic validation of GWAS hits in a genetically tractable verte-
brate model of human disease (Liu et al., 2013; Dina et al., 2015;
Gorski et al., 2015). We and others previously demonstrated its
usefulness to study both Mendelian PD genes such as PINKI and
genetic risk factors for PD such as glucocerebrosidase 1 (GBAI;
Flinn et al., 2013; Keatinge et al.,, 2015). Their external develop-
ment makes zebrafish ideally suited to study the consequences of
enzymatic GCH1 deficiency through development. Their DAergic
nervous system is well characterized, and they are amenable to
pharmacological manipulation because of the ease of treatment by
simply adding substances to the media.

Here, we describe the generation and functional characteriza-
tion of gchl loss of function (gch1™") zebrafish, and explore the
mechanistic links between GCH1 deficiency and PD. Early devel-
opment was normal, but by 8 d postfertilization (dpf), gchl™" lar-
vae became hypoactive and die by 12 dpf. Th protein levels were
markedly depleted but, crucially, survival of DAergic ascending
neurons was unaffected. RNAseq-based transcriptomic pathway
analysis of gch1”" larval brain tissue highlighted marked activa-
tion of immune-modulatory pathways. Subsequent morphologic
and functional assays demonstrated clear microglial activation in
gch1™" as a novel, previously not implicated link between GCH1
deficiency and PD.

We conclude that rather than causing DAegic neuronal
loss directly, GCH1 deficiency may unmask subclinical par-
kinsonism because of its effect on TH stability and contrib-
ute to PD pathogenesis indirectly via neuroinflammatory
mechanisms.
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Materials and Methods

Zebrafish husbandry

All larval and adult zebrafish were housed at the University of Sheffield;
experimental procedures being in accordance United Kingdom Home
Office Animals (Scientific Procedures) Act 1986 (Project license PPL
70/8437, held by O.B.). Adult zebrafish were maintained at 28°C in a 14/
10 h light/dark cycle. AB strains of zebrafish were used as wild-type
(WT) subjects for this study.

Generation of zebrafish knock-out

A loss of function gchl zebrafish line was generated with CRISPR/Cas9,
as previously described (Hruscha et al., 2013). Two sgRNAs were gener-
ated to target regions 5'-AGAAGAGCGCACCCGGAGCCTGG-3" and
5'-GGGAGGATCCGCAGCGCCAGGGG-3/, respectively. sgRNAs were
coinjected with Cas9 protein (NEB) into one-cell stage zebrafish embryos.
Injected embryos were raised to adulthood. Founders were identified by
genotyping by PCR, and crossed to WT to generate the gch1™’~ working
colony. The line was genotyped using gchl genotyping primers listed in
the key resource Table 1.

Biological sample collection

Collection of RNA or protein was always performed on pooled samples
of larvae. For qPCR, RNAseq and Western blotting experiments, each
biological sample () represents 10-20 larvae obtained from an individ-
ual set of parents.

Reverse transcription polymerase chain reaction (RT-PCR)
expression analysis of gchl through development

RNA samples from whole WT larvae were collected from 1 to 5 dpf;
RNA was additionally extracted from WT brain samples at 3 mpf. Verso
cDNA synthesis kit (Thermo Scientific) was used to generate cDNA
from 1-pg RNA per sample, using the oligo dT primer. Transcript levels
of gchl were demonstrated by performing standard PCR using gchl
qPCR primers, and efla was used as a housekeeping gene. Primers are
listed in the key resource Table 1.

Whole-mount in situ hybridization (WISH)

WISH was performed as previously described (Thisse and Thisse, 2008),
using digoxigenin-labeled riboprobes generated from a 696-bp region of
gchl cDNA, using riboprobe primers (see Extended Data Fig. 1-1).

Immunohistochemistry

For immunostaining on cryosections, slides were washed in PBSTw 3 x
5 min on benchtop, and subsequently blocked for 1 h at room tempera-
ture (RT) using 150-pl block (1% sheep serum, 5% BSA, 0.3% Triton X-
100, and 0.1% Tween 20 in PBS) and covered with a Parafilm coverslip.
Following blocking, slides were incubated with 100-pl primary antibody
in block, then covered with a Parafilm coverslip and maintained at 4°C
overnight. Primary antibodies were used at the following concentrations:
rabbit Gchl 1:100 (custom antibody, Eurogentec), mouse TH 1:1000
(Immunostar), chicken anti-GFP 1:200 (Abcam). The following day,
slides were washed in PBSTw 3 x 5 min, before adding 100-pl secondary
antibody (1:200) in block, and covered with Parafilm, and incubated at
37°C for 1.5 h. Slides were then washed in PBSTw 3 x 20 min, before
partially drying, adding fluoroshield with DAPI, and applying a glass
coverslip.

Whole-mount immunostaining with anti-4c4 was performed as pre-
viously described (Inoue and Wittbrodt, 2011), using a heating method
in 150 mm Tris-HCI, pH 9.0, followed by an acetone crack, before stand-
ard whole-mount fluorescent immunostaining. 4c4 antibody was used at
a concentration of 1:50.

qPCR

To validate loss of gchl mRNA stability, RNA was extracted from WT
and gch1™ sibs at 5 dpf. RNA concentration and quality were quantified
using the Nanodrop 1000 Spectrophotometer. cDNA was synthesized
from 1-pg RNA using Verso cDNA synthesis kit. Transcript levels of
gchl mRNA in WT versus gchl”~ samples were quantified by qPCR
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Table 1. Key resources table
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Reagent/resource Source

Identifier

Chemicals, Peptides, and Recombinant Proteins
4c4 antibody

Gift from Dr. Alex McGown

Antibody registry ID: AB_10013752

Mouse Th antibody Immunostar 22941
Rabbit gch1 antibody Eurogentech Not commercially available
Chicken anti-GFP antibody Abcam ab13970
Zymosan Gift from Dr. Julie Mazzolini and Dr. Dirk Sieger

L-DOPA SIGMA D9628
TRizol SIGMA T9424
(ritical commercial assays

Verso cDNA synthesis kit Thermo Scientific AB1453B
T7 RNA polymerase Promega P2075
SP6 RNA polymerase Promega P1085
Brilliant iii SYBR green Agilent 600882
KOD Hot-Start DNA polymerase Novagen 710865
InFusion Takara Bio 638909
pGEX-6p-3 GE Healthcare GE28-9546-51
XL1-blue E. coli Agilent 200236
BL21 Codon plus (DE3) E. Coli Stratagene 230280
Protease cocktail inhibitor Roche 5892970001
GSTrap column GE Healthcare 17528201
gchT PCR reverse Integrated DNA Technologies N/A
5'-TCTCCTGGTATCCCTTGGTG-3’

gchT qPCR forward Integrated DNA Technologies N/A
5'-CCACGATGAGATGGTGATTG-3"

gchT qPCR reverse Integrated DNA Technologies N/A
5'-CTGTTTGGTCAGACGCTCCT-3'

efla qP(R F Integrated DNA Technologies N/A

F 5'-TGGTACTTCTCAGGCTGACT-3"

efla qPR R Integrated DNA Technologies N/A
5'-TGACTCCAACGATCAGCTGT-3'

irg1l qPCR forward Integrated DNA Technologies N/A
5'-ACATCTGGGAATGCACTGGA-3'

irg1l qPCR reverse Integrated DNA Technologies N/A
5'-TTGGAGAGTGGCACCCTAAG-3'

th qPCR forward Integrated DNA Technologies N/A
5'-GACGGAAGATGATCGGAGACA-3'

th qPCR reverse Integrated DNA Technologies N/A
5'-CCGCCATGTTCCGATTTCT-3'

gch1 WISH riboprobe forward Integrated DNA Technologies N/A
5'-GAGCGATCAACGGACACTTT-3’

gchT WISH riboprobe reverse Integrated DNA Technologies N/A

5'- GGATCAGGGTCAGGAACTCA-3'

gch1 <DNA amplification forward Eurogentec N/A
5'-GGGGCCCCTGGGATCCATGGAGCGCTC CAAACAGAAAC-3'

gch1 <DNA amplification reverse Eurogentec N/A
5'-GGGAATTCGGGGATCTCAGCTCCGGAT CAGGGTC-3

Software and Algorithms

IMARIS 9.0 Oxford Instruments N/A
Zebralab movement tracking software Viewpoint N/A

using Brilliant iii SYBR-green on a Stratagene MxPro 3000P (Stratagene)
qPCR machine. gchl expression was quantified using gchl qpCR pri-
mers, and was normalized using efla as a housekeeping gene. Data were
analyzed using the §-8 Ct method.

qPCR for irgll and th expression was performed at multiple develop-
mental stages, using cDNA produced from RNA samples from larval
heads. th primer sequences were used as previously described (Chen et
al.,, 2009). efla was used as a reference gene when assessing irgll expres-
sion; rps29 was used as a reference gene for th expression. All primers
are listed in the key resource Table 1.

Patch clamping
Larval zebrafish were anaesthetized in MS-222 (0.02%) dissolved in
Evans physiological saline (134 mm NaCl, 2.9 mm KCl, 2.1 mm CaCl,,

1.2 mm MgCl,, and 10 mm HEPES, pH 7.8). Fish were pinned laterally to
a Sylgard-lined Petri dish using 25-um diameter tungsten pins through
the notochord and jaw. One eye was removed using a pair of fine forceps
to expose the underlying diencephalon. The preparation was transferred
to the patch clamp setup for loose patch recording in which the speci-
men were perfused with Evans physiological saline containing glucose
(10 mm) and p-tubocurarine (10 um). To study autonomous firing activ-
ity of DC2/4, kynurenic acid (I mm) and picrotoxin (100 um) were
added to the Evan’s physiological saline to abolish synaptic transmission.

Patch clamp electrodes (resistance=7-10 MQ) were generated in
house and pulled from filamented borosilicate glass (1.5-mm outer di-
ameter, 0.06-mm inner diameter; Harvard Apparatus) with a P-80
micropipette puller (Sutter Instrument). Electrodes were filled with
Evan’s physiological saline and used to obtain low-resistance (15—
30 MQ) seals to enable noninvasive loose patch recordings of
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extracellular spike discharges. Recordings were acquired using a RK-400
amplifier (Intracell) and A-D converter connected to a PC running
WinEDR (V3.1.3; Strathclyde Electrophysiology Software). Raw traces
were acquired at 10-20 kHz and filtered using a bandpass filter between
1 and 4 kHz. Analysis was conducted offline using Clampfit (Molecular
Devices).

High-performance liquid chromatography (HPLC)

The samples for HPLC were homogenized by sonication in 150-pl ice-
cold 2% HCIO,, centrifuged (4°C, 30 min), and 25 or 30 pl supernatant
(for sex matched adult brains and larvae, respectively) were injected
onto the column. The HPLC system included a Waters 717plus auto-
sampler, a Gemini CI18 5-um 150 X 4.60 mm column (Phenomenex),
and a Waters Concorde electrochemical detector with an integrated col-
umn oven. The working potential of the electrochemical cell was set to
at +0.80 V. The mobile phase consisted of purified water with 8% meth-
anol, 50 mM citric acid, 1.5 mm 1-octanesulfonic acid, 0.05 mm EDTA,
and 50 mwm phosphoric acid, pH 2.71. The column temperature was set
at 35°C and the flow rate at 1 ml/min. The Waters Empower software
(Waters) was used for system control, data acquisition and analysis.
Standard curves for the substances analyzed were linear from 10 nm to
1 um. The procedure has been described previously in detail (Sallinen et
al., 2009). Three groups of larvae were analyzed for each genotype at
each age. For the adults, five brains were analyzed for each genotype and
were sexed matched. The protein pellets derived from the samples were
dissolved by sonication in 150-pl 5% sodium dodecyl sulfate solution,
and protein content was determined by the BCA assay (with the Pierce
BCA assay kit from Thermo Scientific) for normalization of the neuro-
transmitter levels.

th WISH + counts

WISH and counting of th neurons was performed as previously
described (Flinn et al, 2013). Populations DC2 and DC4/DC5, as
described previously (Rink and Wullimann, 2002), were counted in a
blinded fashion, using a Zeiss Axioplan microscope with a Plan-Neo
FLUAR 20x/0.5 objective (Zeiss). Counting was performed on samples
from at least three independent clutches of larvae.

Quantification of DAergic neurons in zebrafish larvae (Vmat2+
neuron counting)

An etVmat2-GFP transgenic line, labeling populations of monoa-
minergic neurons, was used for quantification of DAergic neurons
in gch1”~ and WT larvae at 8 dpf. Larvae were anaesthetized and
mounted in 1% low-melting point agarose, before imaging on the
Zeiss Airyscan confocal microscope with a 20x objective lens. A
stack of images was taken of the DC2 and DC4/5 neurons of the
ventral diencephalon, and larvae were genotyped following imag-
ing to confirm genotype. Images were blinded to genotype before
counting of the DC2 and DC4/5 neurons. Mean number of DC2
and DC4/5 neuron counts were observed over three independent
experiments.

Protein extract preparation

Protein samples for Western blotting were isolated from larval zebrafish
heads, using ~15 per sample, and tissue was homogenized in 25-pl
RIPA buffer. Samples were left on ice for between 10 and 30 min, then
centrifuged to recover protein at 13,000 rpm for 15 min at 4°C. 5l of
sample was retained for a BCA assay, then an equal volume of Laemmli
buffer was added to the larger aliquot of protein. BCA assay was used to
quantify protein concentration.

Generation of anti-Gch1 antibody

A cDNA clone encoding Gchl was obtained from Eurogentec. A Gchl
PCR fragment was cloned into the BamHI site of the expression vector
PGEX-6p-3. The GST-Gchl fusion protein was expressed in Codon Plus
(DE3) Escherichia coli and purified by standard methods. GST-Gchl
Fusion protein was injected into rabbits using a three-month immuniza-
tion protocol by Eurogentec.
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Western blotting

Equal amounts of protein per sample (prepared as described above)
were denatured for 3-5 min at 95°C in a heat block. Protein samples
were resolved by SDS-PAGE using Bio-Rad Mini-PROTEAN TGX
Precast acrylamide gels, and subsequently transferred to a PVDF mem-
brane by a wet transfer. Following transfer, samples were blocked in
TBST with 5% skimmed milk powder for 1 h at RT, before overnight
incubation with primary Th antibody (1:1000 dilution in TBST with 5%
milk) at 4°C. Membranes were subsequently incubated for 1 h with anti-
mouse secondary antibody in TBST. ECL chemiluminescence kit
(ThermoFisher) was used to develop the membrane, followed by detec-
tion using a Bio-Rad ChemiDoc imager. The membrane underwent
blocking and subsequent steps with a 3-actin primary antibody, to nor-
malize Th protein levels to 3 -actin.

Behavioral analysis, L-DOPA treatment, and survival analysis
Larvae from a gchl“ " incross were dechorionated at 1 dpf, and subse-
quently maintained in 1 mm L-DOPA + 0.01% DMSO in E3 media, or a
control solution of 0.01% DMSO. Larvae were maintained in treatment
in a light-protected box, until 8 dpf. At 8 dpf, larvae were transferred to a
48-well tissue culture plate, in fresh treatment, and then underwent be-
havioral analysis using the Viewpoint zebrabox system. Behavior was an-
alyzed as previously described (Cario et al., 2011). In brief, larvae were
habituated for 30min, at 10% light intensity; larvae were then tracked for
a 40-min period of alternating 5-min dark and light cycles (of 0% and
10% light intensity).

Survival analysis
Larvae were culled if showing obvious signs of illness, including lack of a
normal escape response to a touch of the tailfin.

L-DOPA treatment

Larvae were treated with 1 mm L-DOPA + 0.01% DMSO in E3 and were
maintained in the dark during the treatment course from 1 to 10 dpf.
Drug solution was pH corrected by addition of 0.5 M HCL. Control-
treated fish were treated with E3 + 0.01% DMSO. Media were refreshed
daily.

RNAseq

Larvae from a gch1™/ incross were genotyped at 3 dpf by PCR of tailfin
biopsy, then raised to 8 dpf. Twenty brains per genotype were dissected
from the larvae. A TRIzol-based protocol was used to extract RNA from
the tissue. Briefly, larval brains were homogenized in 250-ul TRI reagent
(Sigma) and incubated at RT before adding 50-pl chloroform (Thermo
Fisher Scientific). The samples were centrifuged at 13,300 X g and the
top aqueous phase was collected and transferred to a separate tube. RNA
was precipitated from the aqueous phase by mixing with equal volume
of isopropanol (Thermo Fisher Scientific) and centrifugation at
13,300 x g. Precipitated RNA was resuspended in DEPC-treated water
(Thermo Fisher Scientific) and its concentration and quality were quan-
tified using the Nanodrop 1000 Spectrophotometer; 750 ng of high-qual-
ity total RNA, with an RNA integrity number (RIN) of 9 or above, was
used in the preparation of sequencing libraries using the NEB Ultra II
Directional RNA Library Prep kit (NEB catalog #E7760), following the
poly A mRNA workflow. Libraries were individually indexed and pooled
for sequencing. Single-end 100-bp sequencing was performed on the
Ilumina HiSeq 2500 platform using Rapid Run mode with V2
chemistry.

Gene-level analysis

RNAseq samples were preprocessed with RNAseq pipeline bcbio
(https://github.com/bcbio/bebio-nextgen) using Salmon quantification
(Patro et al,, 2017). Outliers were identified with principal component
analysis (PCA). WT replicate 2 was identified as an outlier from the
other WT samples and was excluded from all further analysis. Salmon
counts were rounded to the nearest integer, and analyzed with the R
package DESeq2 (Love et al., 2014) to perform differential gene expres-
sion analysis. gchl”~ and gch1™/~ samples were compared against WT
controls. Transcripts were mapped to Entrez IDs using the R package
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biomaRt (Durinck et al., 2009). Differentially expressed (DE) genes were
defined as those meeting absolute log fold change (FC) > 1 and adjusted
p <0.05 thresholds. Unannotated genes were searched in Ensembl for
human orthologues; if a human orthologue was identified, the human
gene description was used in place of the original descriptor.
Unannotated genes with no human homology were excluded from the
list.

Microglial counting

Larvae from a gch1™/~ incross were raised to 8 dpf before fixation with 4%
PFA in PBSTw and subsequent immunostaining with 4c4 antibody, a
microglial marker. Immunostained larvae were decapitated for imaging,
with tails being used for genotyping of samples by PCR. Immunostained
heads were mounted in a clear bottomed-96-well plate (Greiner), and
imaged on the Perkin-Elmer Opera Phenix High Content Screening System
using the 20 objective. Images were exported and blinded before analysis
and microglial cells in the midbrain were counted. Image files were
unblinded for analysis.

Zymosan microinjection

Larvae were maintained in E3 with PTU until 5dpf, then anaesthetised
with 4.2% tricaine before being mounted in 2% low-melting point aga-
rose in a Petri dish, dorsal-side up. Once the agarose had set, the Petri
dish was filled with E3 and 4.2% tricaine until the larvae and agarose
were completely submerged. The agarose surrounding the head area was
removed, to allow a clear trajectory for injection. An injection mix was
prepared, composed of 1.66-pl pacific blue-labeled zymosan (2.5 x 10
zymosan/ul), 2 ul phenol red dye, and 6.33 pil of PBS. Injection mixture
was microinjected into the tectum using a gated (i.e., untimed) setting at
low pressure, until the tectum filled with the injection mix, but before
the mix filling the midbrain ventricle; this was ~1 nl, containing an esti-
mated 41 zymosan particles. Following injection, larvae were carefully
removed from the agarose and transferred to fresh E3 + PTU media,
and maintained at 28°C for a further 6 h, before perfusion fixation in 4%
PFA at 4°C overnight. Larvae were dehydrated in methanol at —20°C,
before immunostaining with the 4c4 antibody. Following immunostain-
ing, tails were transected from the samples for genotyping, and the heads
were imaged on the PerkinElmer Opera Phenix, using the 20x objective.

Phagocytic activity assay

To quantify phagocytic activity, the proportion of zymosan that had
been engulfed by microglia was calculated. To achieve this, Z-stacks of
4c4-immunostained, zymosan-injected larvae were imported into
IMARIS as two separate channels (channel 1=zymosan, channel
2 =microglia), and a “surface” was created to summarize the properties
of the zymosan in the image. On the Surpass Scene viewer in IMARIS, a
surface was rendered manually, specific to channel 1 using the Marching
Cubes tool. Only zymosan within the tectum was selected. Specific values
for the intensity sum of channel 1 were exported and saved; these values
correspond to the total intensity of the selected zymosan fluorescence
within the tectum. Returning to the surface rendering function, any
zymosan that had not been engulfed was deleted from the surface ren-
dering, leaving only the engulfed particles. Intensity sum of these
remaining zymosan particles was then exported, providing us with two
datasets: total zymosan intensity, and engulfed zymosan intensity. To
calculate phagocytic efficiency, the following equation was used:

engulfed zymosan fluorescent intensity 100

total zymosan fluorescent intensity

Experimental design and statistical analysis

Data were analyzed for statistical significance with using Prism 9 soft-
ware (GraphPad Software). Unpaired t tests were used to compare two
different groups, while each group was composed of data points from at
least three independent clutches. When three or more groups where to
be compared, one-way ANOVA was employed for these comparisons.
Each group is composed of data points from at least three independent
clutches of embryos. All data are presented as the mean = SEM. Specific
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Figure 1. CRISPR-induced deletion in gch7 results in predicted truncation of protein and
reduced mRNA stability. A, Human GCH1 (top) and zebrafish Gch1 protein sequence (middle)
have a high protein identity score (75%), and the WT zebrafish Gch1 protein sequence con-
tains a conserved GCH1 domain from residue 73 to 251. The predicted mutant protein
sequence (bottom) has a frameshift mutation (red), from residue 59 to 86, before a nonsense
mutation resulting in a premature stop codon (*) at residue 87. B, The large CRISPR-induced
94-bp deletion allows for genotyping by PCR. The upper band (300 bp) shows WT DNA, the
lower band (200 bp) is mutant DNA. C, Quantitative polymerase chain reaction of gch7 tran-
script levels in WT and gchl’/’; gchi’/’ expression is expressed as a percentage of WT
expression (p=0.0130, one-tailed Welch’s ¢ test, n=3, F(=0.213, F=50.59, DFn =2,
DFd = 2; see Extended Data Fig. 1-1).

samples sizes are indicated in the legends. All each n number repre-
sented a separate individual, unless embryos needed to be pooled to gen-
erate an appropriate amount of material to study. For example, groups
of 20 larvae would be pooled to generate enough RNA for a single gPCR
data point. For survival curves, Gehan-Breslow-Wilcoxon test was
employed in each case to test for significance between different groups.

Results

CRISPR-induced deletion in gchI results in predicted
protein truncation and reduced mRNA stability
There is high sequence identity at both the DNA (71%) and pro-
tein (75%) level between human GCHI (ENSG00000131979)
and zebrafish gchl (ENSDARG00000070453). Both the human
and zebrafish proteins have a single conserved domain, spanning
from residue 66 to 250 in human GCH1 and from residue 73 to
251 in zebrafish Gchl (Fig. 1A). The zebrafish paralogue gch2
(ENSDARG00000099101) also retains sequence homology with
human GCHI with 67% identity at DNA level and 69% at pro-
tein level. However, expression patterns of gch2 are spatiotem-
porally distinct from the constitutive neuronal expression of
gchl, with expression of gch2 localized to the melanophore and
xanthophore lineages during development, and expression
almost undetectable by 3 dpf (Pelletier et al., 2001). In contrast to
gch2, gchl retains conserved synteny with human GCHI
(Extended Data Fig. 1-1).

To generate a gchl mutant line, we used CRISPR/Cas9 to pro-
duce a large deletion detectable by standard PCR. We co-injected
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two sgRNAs targeting exon 1 of the gchl gene, inducing a 94-bp
deletion (Fig. 1B), which resulted in a frameshift mutation with a
predicted nonsense protein product from residue 59, and a trun-
cation at residue 87, removing the crucial GCH functional do-
main. gchl”™ larvae were assessed for gchl mRNA stability by
gPCR at 5 dpf. mRNA levels of gchl were reduced to 21.3% in
gchl™”™ compared with WT gchl expression levels (p=0.0130, one-
tailed Welch’s t test, n=3, F=50.59, DFn=2, DFd=2; Fig. 1C),
indicating nonsense-mediated decay of the transcript. However, the
loss of Gchl protein expression in gchl™~ was not able to be con-
firmed by western blot in whole larval homogenates from WT and
gch1™™ 8-dpflarvae (data not shown), likely because of cross reactiv-
ity of the custom antibody with the Gchl paralogue Gch2 (80%
homology at the amino acid level to Gchl).

Zebrafish Gchl is expressed in the ventral diencephalic
DAergic neurons

In order to identify temporal and spatial expression patterns of
gchl during zebrafish development, we performed RT-PCR and
WISH for gchl. RT-PCR for gchl revealed increasing expression
from 1 to 5 dpf, in addition to strong expression in adult brains
(3 mpf; Fig. 2A). gchl WISH patterns were consistent with previ-
ously described expression patterns in mice (Shimoji et al,
1999). The gchl mRNA WISH signal was highly localized within
the DAergic neurons of the posterior tuberculum of the ventral
diencephalon (Fig. 2B). This was validated by co-immunostain-
ing on coronal sections of the larval brain at 5 dpf, using the cus-
tom Gchl antibody in parallel with anti-Th as a DAergic cell
marker (Fig. 2C). Gchl protein expression was strongly detected
in combination with Th expression in the DC2 and DC4/5 popu-
lations of the posterior tuberculum. However there was large var-
iability in the Gchl protein signal between different populations
of Th neurons, which is in keeping with the heterogeneity of
Gchl expression previously documented in this cell type
(Kapatos, 2013).

Zebrafish gchT is expressed in the ventral diencephalic DAergic neurons. A, gchT is expressed from 1 to 5 dpf in
WT larvae, as demonstrated by RT-PCR. ef7 v was used as a loading control. B, Whole-mount ISH for gch7 in 2-dpf WT larvae
reveals expression consistent with the DAergic neurons of the diencephalon, and the serotonergic neurons of the raphe
nuclei. ¢, Immunostaining for GCH1 in coronal sections of 5-dpf WT larvae confirms colocalization with Th (white arrows) in
the DAergic neurons of the ventral diencephalon.
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gch1™'~ mutants have significantly
reduced levels of monoaminergic
neurotransmitters, but normal DAergic
neuronal activity, and show lethality by
12 dpf

gchl™”™ larvae develop normally until 5
dpf, at which point they fail to inflate their
swim bladder (Fig. 3A). By 8 dpf, larvae
are visibly emaciated, have reduced spon-
taneous swim movement, and begin to de-
velop a curved spine. After 8 dpf, gchl™”"
larvae show further decline, and fail to sur-
vive beyond 12 dpf (Gehan-Breslow—
Wilcoxon test, WT n=21, gchl™’~ n=31,
gchl™”™ n=28, p<0.0001; Fig. 3B). To
determine the functional consequences of
the CRISPR-induced gchl deletion on
Gchl enzymatic activity and its conse-
quences for neurotransmitter synthesis, we
quantified levels of monoaminergic neuro-
transmitters and their metabolites. By 5
dpf, DA, serotonin and noradrenaline lev-
els were significantly depleted in gchl™ in
comparison to WT [two-way ANOVA,
Dunnett’s multiple comparison test,
F(s24)=12.13, serotonin (p < 0.0001) and
noradrenaline (p < 0.0001); Fig. 3C]. By 8
dpf, adrenaline was also significantly
reduced (p=0.0226, two-way ANOVA,
Dunnett’s multiple comparison test, F(s 4= 16.32; Fig. 3D). At 8
dpf, gch1”~ also showed additional large reductions in levels of
3-MT and 5-HIAA (Extended Data Fig. 3-1). There were no
changes in neurotransmitter levels in gchl™’" larvae at 8 dpf
(data not shown). DA and serotonin levels were also normal in
gch1™~ adult brains, but there was a modest reduction in nor-
adrenaline levels (p = 0.0015, two-way ANOVA, Dunnett’s multi-
ple comparison test, F(7 64y = 1.814; Extended Data Fig. 3-2).

To further determine the functional consequences of the
observed neurotransmitter deficiency on neuronal activity,
patch-clamp recordings of DAergic neurons were undertaken at
4 dpf. To this end, DC2/4 neurons were recorded with the loose
patch clamp method. Cells were bathed in synaptic blockers
kynurenic acid (1 mm) and picrotoxin (100 um) to abolish gluta-
matergic and GABAergic synaptic transmission, respectively,
thereby allowing us to monitor autonomous spike activity gener-
ated by DAergic neurons (Jay et al., 2015) in WT, gchl ™"~ and
gch1™™ fish (Fig. 3E). Subsequent analysis revealed no changes in
instantaneous firing frequency (WT =0.53 = 0.33 Hz, ngy, = 11,
gchl™™ = 037 £ 0.16 Hz, ngq, = 11, gchl”™ = 0.39 + 0.21 Hz,
ngsh = 10, p=0.2502, ordinary one-way ANOVA, F; ) =1.434;
Fig. 3F) or the coefficient of variation for instantaneous firing
frequency (WT =0.43 = 0.17, ngg, = 11, gchl“’ = 0.43 *+0.18,
Ngsn = 11, gchl_/' = 0.51 £0.22, ngy, = 10, p=0.5436, ordinary
one-way ANOVA, F(,,9,=0.6816; Fig. 3G). Together, this sug-
gests Gchl deficiency does not affect endogenous firing activity
of DAergic neurons at 4 dpf.

gch1™' larvae do not develop DAergic neuronal cell loss

The posterior tuberculum contains different populations of
DAergic neurons, termed DC1-DC?7, from anterior to posterior.
Retrograde tracing experiments have demonstrated that popula-
tions DC2 and DC4/DC5 project to the subpallium (equivalent
to the human striatum), and are thus considered to be
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Figure 3. gchT”~ mutants have significantly reduced levels of monoaminergic neurotransmitters and die by 12 dpf. 4, gch7™~ develop normally until 5 dpf, at which point they do not
show swim bladder inflation. By 8 dpf, gch7™" larvae are visibly emaciated. B, Survival analysis demonstrated increased mortality of gch7™~ larvae with 100% mortality by 12 dpf (Gehan—
Breslow—Wilcoxon test, WT n=21, gch1™~ n=31, gch1”~ n=128, p < 0.0001). , HPLC-based analysis of monoaminergic neurotransmitters at 5 dpf revealed significantly reduced levels of
DA (p <<0.0001), serotonin (p << 0.0001), and noradrenaline (p << 0.0001, two-way ANOVA, Dunnett’s multiple comparison test, Fs4) = 12.13). D, At 8 dpf, adrenaline was also significantly
depleted (p=0.0226, two-way ANOVA, Dunnett's multiple comparison test, Fg 54 = 16.32; see Extended Data Figs. 3-1, 3-2). E, Loose patch clamp recordings of autonomous spike activity
generated by DAergic neurons in WT, gch1™/~, and gch1™" fish at 4 dpf. F, Instantaneous firing frequency was similar in WT, gch7™/~, and gch7™~ (p=0.2547, ordinary one-way ANOVA,
Fia20)=1.434, 1 =10-11). G, There were also no differences in coefficient of variance of the instantaneous firing frequency between WT, gch7+/ ~,and gch ™ (p=0.5137, ordinary one-way

ANOVA, Fy 56 = 06816, n =10-11).

comparable to the ascending DAergic neurons of the substantia
nigra pars compacta in humans (Rink and Wullimann, 2002).
The identification of GCHI as a risk gene for PD suggests an
effect of GCHI1 deficiency on survival of DAergic neurons. To
test this hypothesis, we quantified the number of DAergic neu-
rons in the DC2 and DC4/5 populations in gch1”~ and WT con-
trols at both 5 and 8 dpf, using WISH for th on a gch1™ incross
(Fig. 4A). We had previously used the same method to describe
early loss of DAergic neurons in pink1™~ zebrafish (Flinn et al.,
2013). However, quantification of DAergic neurons in these

populations did not reveal a difference in cell count between
WT and gchl™" larvae (p=0.7629, Welch’s ¢ test, F=3.050,
DFn =27, Dfd = 20; Fig. 4B); furthermore, the spatiotemporal
distribution and staining intensity of the neurons appeared nor-
mal in gch1™" (Fig. 4A), suggesting Gchl is neither required for
the specification, nor for survival of DAergic neurons in the
zebrafish midbrain.

We next determined whether Gch1 deficiency may only result in
loss of DAergic neurons at a later stage where the larvae have devel-
oped a clear, overt phenotype (Fig. 3A), using a complementary
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(p=0.7629, n =28 and 21, respectively, Welch’s t test, F=3.050, DFn =27, Dfd = 20) C, Representative image of a dorsal view of the etVmat2-labeled DAergic neurons of the diencephalic
cluster (anterior-posterior, left-to-right). D, Neuron counts of the DC2 and DC4 DAergic populations at 8 dpf, performed on etVmat2-GFP transgenic larvae, show no change between WT and
g(hl’/’ larvae (p = 0.0652, n =31, Welch’s t test, F=1.182, DFn =30, Dfd = 30; see also Extended Data Fig. 4-1). E, Diencephalic DAergic neurons of a WT zebrafish are positively immunola-
belled by vmat2, Gch1, and Th antibodies, the arrows depict strong colocalization of Vmat2, Gch1, and Th in the DC2 neurons. gch7™" larvae are positively stained by vmat2, however lack
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approach. gchl™'~ heterozygote fish were crossed to the ETvmat2:
GFP transgenic reporter line which labels monoaminergic cell popu-
lations (Fig. 4C). Quantification of DAergic neurons in the DC2 and
DC4/5 neurons of gchl™3ETvmat2:GEP and WT;ETvmat2:GEP lar-
vae again demonstrated a similar cell count for DAergic neurons at 8
dpf (p=0.0652, Welch’s ¢ test, F = 1.182, DFn = 30, Dfd = 30; Fig. 4D)
despite the markedly abnormal neurotransmitter analysis at 8 dpf
(see Fig. 3D).

GCH1 deficiency does not interact with mitochondrial
complex I inhibition to exacerbate DAergic neuronal cell
death

Genetic risk factors for sporadic PD may interact with exogenous
toxins. Mitochondrial dysfunction is a key disease mechanism in
both sporadic and familial PD. We hypothesized that a combined
effect of complex I inhibition because of exposure to the classical
PD neurotoxin and complex I inhibitor 1-methyl-4-phenylpyri-
dinium (MPP+), and Gchl deficiency may result in a more
marked DAergic neuron loss after MPP+ exposure in gchl™”
than in WT siblings. WT and gchl™™ were treated at 2 dpf with
MPP+ ata dose of 3 mm for 24 h. DC2 and DC4/5 DAergic neu-
rons were then quantified at 3 dpf using th WISH as described
above. MPP+ exposure had a significant effect on the number of
DAergic neurons, reducing them by 25% (p < 0.0001, two-way
ANOVA, n =15 per group, F, 56 = 0.6355), however, neither ge-
notype nor genotype-treatment interaction had any -effect
(p=0.7863; Extended Data Fig. 4-1).

Th protein is depleted in gch1~’~ DAergic neurons

It has previously been demonstrated in vitro that deficiency of
DA via inhibition of GCH1 or inhibition of aromatic l-amino
acid decarboxylase (AADC), the enzyme responsible for conver-
sion of L-DOPA to DA, results in phosphorylation of TH at
Ser40 and subsequent degradation via the ubiquitin proteasome
system (Kawahata et al., 2015). To address whether TH degrada-
tion also occurs in cases of Gchl deficiency in vivo, we per-
formed immunostaining on cryosections using a combination of
anti-Gchl, anti-TH, and anti-GFP on 5-dpf larvae from a
gch1*"~; ETvmat2:GFP incross (Fig. 4E). As predicted, we
found that the DAergic neurons in gchl™™ larvae (Fig. 4E)
showed reduced staining for TH protein, in addition to the
anticipated loss of Gchl staining. Staining for the Vmat2-GFP
transgene, however, was normal in gchl™" larvae. To validate
this reduction in TH, we next investigated Th expression at
the mRNA and protein levels. qPCR for th mRNA at 8 dpf
only revealed a mild, nonsignificant change in mRNA levels
between WT and gchl™™ (p=0.2165, WT n=5, gchl”™ n=4,
unpaired ¢ test, F=5.011; Fig. 4F). In contrast, Western blot-
ting revealed a 56% reduction in protein levels of TH in gchl™/
~ versus WT samples (p=0.0004, n=>5 per group, unpaired ¢
test, F = 8.080; Fig. 4G). These results indicate that TH is being
depleted at the protein level in gch1™", consistent with previ-
ous observations in vitro (Kawahata et al., 2015).

«—

immunostaining for Gch1 and show reduced immunofluorescence for Th at 5 dpf; arows
indicate DC2 cells with colocalization of Vmat2 and Th. F, qPCR for th at 8 dpf reveals no sig-
nificant change in transcript levels between WT and gch7™”~ (p=0.1722, WT n=5, gch1”~
n=4, Welch's t test, F=5.011, DFn =4, Dfd = 3). G, Wester blotting against Th shows a
55% decrease in Th immunoreactivity in 8 dpf gch7~" larvae (p=0.0004, n=5 per group,
unpaired t test, F = 8.080, Dfn = 4, Dfd = 4).
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Treatment with L-DOPA fails to rescue reduced motility in
gch1™'" larvae

DA deficiency leads to slowness of movement in both DRD and
PD with excellent response to L-DOPA in DRD and typically also
in the early stages of PD. As expected, there was a striking decrease
in spontaneous motor activity in gchl1”" larvae compared with WT
at 8 dpf (Fig. 5A,B). To determine to which extent L-DOPA could
rescue movement deficits in gchl”~ and improve survival, larvae
were treated with 1 mm L-DOPA from 1 to 8 dpf. The prolonged L-
DOPA treatment failed to improve spontaneous swimming activity
of gchl - (Fig. 5A,B). We additionally assessed whether treatment
with L-DOPA prolongs survival of gchl™" larvae. Treatment with
L-DOPA prolonged the survival of gch1™~ larvae, with median sur-
vival increasing from 8 to 10 dpf (Fig. 5C). At 10 dpf, only 2 out of
48 (4.2%) untreated gch1” larvae were remaining, whereas, in the
L-DOPA-treated group, 15 of 53 (28.3%) gchl”" larvae were still
alive at 10 dpf, indicating that treatment with L-DOPA is sufficient
to alleviate the phenotype but only provides a partial rescue eftect.

Gene expression analysis in gch1 ™'~ brains reveals
upregulated innate immune response

We next undertook RNAseq based transcriptome analysis to
obtain further insight into the mechanistic links between GCH1
and PD. We performed RNA extraction on pooled brain samples
from four biological replicates per genotype (gchl™, gchl™”",
and WT) at 8 dpf, and undertook whole-transcriptome analysis
of these samples. PCA of the data were conducted to assess var-
iance between the three different genotypes (Extended Data Fig.
6-1). At this stage, WT replicate 2 was identified as an outlier
from the other WT samples and was excluded from all further
analysis. The variance between WT and heterozygous gchl™’~
samples was low, with similar clustering of the groups; con-
versely, gch1”~ showed distinct separation from WT and hetero-
zygous samples on the first and second principal component.

Consistent with the PCA, only five annotated genes of all
23,457 identified transcripts were DE in gchl™/~ versus WT (adj.
p <0.05, [log,FC|>1; Extended Data Fig. 6-1), all of which were
upregulated. In gch1™", 395 annotated genes of 23,457 identified
transcripts were differentially expressed (DE), 294 of which were
upregulated and 101 were downregulated (Fig. 6A; see Extended
Data Fig. 6-2). gchl was identified in the group of significantly
downregulated genes (log,FC = —1.27; FC = 0.41, adj. p < 0.0001),
consistent with our qPCR validation of reduced gene expression
(FC=0.21, p=0.0130; Fig. 1C). Of the five annotated DE genes
in the gch1™’~ dataset, two were also upregulated in gchl™™:
aftiphilin b (ENSDARGO00000071347) and retinol binding
protein 1 (ENSDARG00000038742).

At the individual gene level, we noted that the most upregu-
lated annotated transcript, the immunoresponsive gene-like 1
(irgll) showed a striking increase in expression of 5.88 log,FC
(~59.05 FC, adj. p < 0.0001). irgll's homolog, IRG1, has recently
been described to show si‘%niﬁcant induction of expression in
BCG infected mouse GehP"'Tie2Cre macrophage cells in com-
parison to WT control, and with only minimal expression pres-
ent in uninfected cells (Bailey et al., 2019). Additionally, irgl/ has
been described to be upregulated in response to wounding and
bacterial infection in zebrafish (van Soest et al., 2011; Hall et al.,
2014; Shan et al., 2015). To validate upregulation of irgll, and to
assess expression over time, we performed qPCR at 3, 5, and 8
dpf, from RNA extracted from larval heads (Fig. 6B). At 3 dpf no
difference was observed between WT and gch1™~, but by 5 dpf,
there was a 3.2-fold increase in expression normalized to WT
(p=0.034, Welch’s two-tailed ¢ test, 5dpf: F=5.049, DFn=4,
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(3.1-fold), il11a (6.3-fold), and mstI (2.1-fold).
To our knowledge, previous reports of elevated
irgll expression have been exclusively in models
of infection or inflammation. Our observation of
markedly upregulated irgll expression in brain
tissue of gch1™~ larvae therefore indicates innate
immune activation in the brain in the absence of
infection or wounding.

Microglia demonstrate morphologic and
functional features of activation
Given the role of irgll in macrophage recruit-
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ment and its marked upregulation in gchl™",
we hypothesized that gchl™™ larvae would
show evidence of microglial activation. In a
quiescent state, microglia typically have long,
fine ramified processes, but when activated,
microglial cells may proliferate and undergo

changes in cell morphology, retracting proc-
esses inwards and taking on an amoeboid cell
shape with increased transcription of cytokines
and other proinflammatory mediators to
respond to stress.

In order to investigate microglia for signs of

gcht*

activation, we performed immunostaining with
anti-4c4, a microglial marker, and quantified
microglial number and morphology in the
midbrain of WT, gch1™/~ and gch1™ larvae at

— gch1”

—=- gcht” (1mM L-DOPA)

8 dpf. Counting of the microglia did not reveal
differences in the number of microglial cells in
the gch1”~ midbrain compared with WT (Fig.
7A,B). However, gchl™ larvae had an increased
number of amoeboid-shaped, activated micro-
glial cells (Fig. 7A,B). In addition to assessing
morphologic signs of activation, we sought to
characterize the microglial cells for functional
signs of activation. Zymosan is commonly
used to induce sterile inflammation in experi-
mental models, including modeling traumatic
brain injury in zebrafish (Kyritsis et al., 2012).
Zymosan is a glycan complex derived from
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10 dpf, in treated larvae.

Dfd=4). By 8 dpf, expression was 55.9-fold higher than WT
expression (p=0.0002, Welch’s two-tailed ¢ test, F=643.4,
DFn =3, Dfd = 3), consistent with the 59.1-fold increase detected
by RNAseq. In addition to elevated irgll expression, we also
detected significant increases in mmp9 (6.6-fold), mmp13a (14.1-
fold) and its regulator E74-like factor 3 (6.0-fold), and mmp14b
(2.5-fold) in the RNAseq analysis. Furthermore, we detected
increases in numerous chemokines and inflammation linked
transcripts such as cxcl18b (5.0-fold), ggt5a (3.5-fold), draml

The effect of L-DOPA on spontaneous motor activity in gch7™~ or WT larvae. 4, Larvae from a gch1*/~
incross were treated with 1 mm L-DOPA from 1 to 8 dpf. Movement analysis over alternating dark and light cycles
revealed a significant decrease in distance traveled by gch7™~ versus WT when untreated (p < 0.0001). Treatment
with L-DOPA failed to improve spontaneous motor activity; two-way ANOVA with eight repeated measures, WT
n=35, g(hi'/ ~ n=38, L-DOPA WT n =32, L-DOPA gch 7 n=37, F1.966)=3:479). B, Tracking plots from the first
5-min period of tracking show a marked difference in the distance covered by gch7™ larvae. €, Treatment of gch7™~
larvae with 1 mm L-DOPA resulted in prolonged survival versus untreated (p = 0.0008, Gehan—Breslow—Wilcoxon test,
untreated g(hi'/ ~ n=48, L-DOPA g(hl'/ ~ n=53). Median survival time increased from 8 dpf in untreated larvae, to

yeast cell wall, which directly activates micro-
glia/macrophages to stimulate an innate
immune response (Novak and Vetvicka,
2008). Additionally, the use of zymosan is estab-
lished in techniques for measuring phagocytic ac-
tivity of macrophages (Suzuki et al., 1988). We
performed microinjection of zymosan into the
tectum of larvae at 5 dpf (Fig. 7C), and quantified
the phagocytic activity of the microglia by calcu-
lating the proportion of zymosan that had been
engulfed after a 6-h period. gchl”~ microglia
showed increased phagocytic activity at 5 dpf
compared with WT controls (Fig. 7D,E).
Phagocytic efficiency was 71.1% in WT, com-
pared with 86.8% in gchl”~ (p=0.0096), suggesting that gchl defi-
ciency confers heightened innate immune response in the brain.

Discussion

An association between rare GCHI variants and PD has now
been reported by some but not replicated by others (see
Rudakou et al, 2019). Mencacci and colleagues had already
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Figure 6. RNAseq in gchi’/’ larval brain samples. A, Volcano plot showing DE genes
(red) from 8 dpf gch7™" larval brain samples (Jlog2foldchange| > 1, FDR p << 0.05). For
gene lists, see Extended Data Figures 6-2, 6-3. B, qPCR validation of irg7/ expression in
gch?’/ ~at 3,5, and 8 dpf. At least four biological replicates were used per genotype at each
time point (Welch's two-tailed ¢ test, 5 dpf: p=0.034, F=5.049, DFn =4, Dfd =4, 8 dpf:
p=0.0002, F=643.4, DFn =3, Dfd = 3). Extended Data Figure 6-1 supports this figure.

reported an unusually young age at onset (43.2 * 13.4years) in
their initial report (Mencacci et al., 2014). The PD-associated
GCH1 SNP variant rs11158026 may lead to an earlier age of
onset by fiveyears in those presenting with the illness before
50years (Webb and Willette, 2017), but was not a recognized
risk factor for earlier age of onset for PD at a later and thus more
typical age in a GWAS study focused on the identification of fac-
tors contributing to the age of onset in PD (Blauwendraat et al.,
2019). The absence of an apparent association between GCH1
coding/splice site variants or the GCHI risk SNP and PD in
some studies may therefore be because of the older age of PD
patients included in these negative studies. For example, the
mean age of the PD patients in an Australian study reporting
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“lack of reproducibility” between GCHI polymorphisms and PD
was 71 * 10years (Newman et al., 2014). The assumption of a
selective effect of GCHI variants in patients with earlier onset or
familial, but not late onset PD is supported by the results of a
recent large two-cohort case control study which applied whole
genome sequencing for extensive GCHI variant analysis (Pan et
al., 2020).

The uncertainty about the pathogenicity of at least some of
the GCH1 variants reported to be associated with PD (for review,
see Rudakou et al., 2019) further emphasizes the need for func-
tional studies elucidating the mechanistic links between GCH1
deficiency and nigral cell death, ideally in a suitable vertebrate
animal model. Our observation of a lack of an effect of Gchl
deficiency on the number of ascending DAergic neurons is of in-
terest for a PD susceptibility gene. We acknowledge the ongoing
discussions about the precise projection of the different DAergic
neuronal subpopulations in zebrafish larval brains (Tay et al.,
2011). However, we had previously observed loss of DAergic
neurons in the DC2, DC4/5 DAergic neuronal populations in
pinkl stable mutant zebrafish larvae and parkin morpholino
knock-down larvae as well as after MPP+ exposure or MG132
exposure in djl morpholino knock-down larvae (Bretaud et al.,
2007; Flinn et al., 2009, 2013). While we were unable to demon-
strate loss of function of our gchl™~ mutant line through western
blot, we could confirm the mutation results in loss of function
through alternative means. RNA seq and qPCR both showed a
large reduction in gch1 transcript levels in our gchI™~ indicating
the mutation activates nonsense-mediated decay. Our IHC dem-
onstrated a complete absence of Gchl protein in our gchl™””
mutants and also included a large reduction in neurotrans-
mitters. We also acknowledge that the th probe used in our
experiments only detects thl, not th2. th2 has been described as a
homolog of thi, but others have suggested that the zebrafish th2
gene actually encodes a tryptophan hydroxylase and should be
used as a marker of serotoninergic neurons (Chen et al., 2009;
Ren et al,, 2013). In any case, the lack of DAergic neuronal cell
loss in the gchl™”ETvmat2:GFP line at 8 dpf confirmed, inde-
pendently of the thil versus th2 controversy, that Gch1 deficiency
does not have a deleterious effect on DAergic neuronal survival.

It has previously been hypothesized that GCH1 deficiency
and the resulting DA deficiency could directly predispose to nig-
ral cell death (Mencacci et al., 2014); however, the results of our
study do not support this hypothesis. A recent clinical study also
failed to provide evidence of a neuroprotective effect of DA
replacement in PD (Verschuur et al., 2019). Neuropathological
studies in genetically confirmed cases of DRD typically report
normal DA neuronal cell count in the SN and absence of Lewy
bodies (LB). However, LB pathology with marked loss of DA
neurons has been reported in a single GCHI mutation carrier
who presented with juvenile-onset DRD and parkinsonism and
died at 39 years of age (Schneider and Alcalay, 2017). A further
popular hypothesis is the assumption that PD GWAS risk factors
may increase susceptibility to exogenous risk factors. However,
gchI™™ embryos were no more susceptible to the traditional PD
neurotoxin MPTP than WT controls.

Previous findings in Drosophila Punch (GCH1) mutants have
demonstrated that GCH1 and TH are directly interacting bind-
ing partners, and their interaction regulates TH activity via phos-
phorylation (Bowling et al., 2008). Western blotting in Punch
mutants has revealed no consistent evidence of depletion of TH
(Krishnakumar et al., 2000). However, more recent research in
PCI12D cells demonstrated that inhibition of GCHI or inhibition
of AADC, the enzyme responsible for the conversion of L-
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(arrows). Scale bar: 50 um.

DOPA to DA, both result in phosphorylation of TH at Ser40 and
subsequent degradation via the ubiquitin proteasome system
(Kawahata et al.,, 2015). TH protein levels were also markedly
reduced (<3%) in the putamen of two autopsied patients with
DRD (Furukawa et al, 1999). The modest effect of L-DOPA
treatment on survival remains consistent with observations in
the GCHI knock-out mouse model (Douglas et al, 2015),

indicating that, while supplementation with L-DOPA pro-
longs survival, it is not sufficient to rescue the lethality or
the movement phenotype. This suggested that there may be
additional pathologic mechanisms leading to premature
lethality other than deficiency of monoaminergic transmit-
ters within neurons. For example, GCHI has been reported
to be expressed in additional cell types such as microglia
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(Jia et al., 2021). These non-neuronal cell types could be
modulating survival in response to L-DOPA.

To identify additional pathomechanisms, we undertook
unbiased RN Aseq analysis of larval gch1”~ brains and WT con-
trols at 8 dpf. The second most highly upregulated annotated
transcript in gchl”” larval brains was irgll. irgll is relatively
uncharacterized in zebrafish, but has been identified to be upreg-
ulated in response to wounding and bacterial infection. Of note,
irgl is also markedly upregulated in a-synuclein mediated micro-
glial activation (Sarkar et al., 2020). irgll stimulates fatty acid uptake
into the mitochondria, and increases oxidation of fatty acids to
stimulate mitochondrial ROS production, resulting in increased
transcription of mmp9, which contributes to enhanced leukocyte
recruitment (Hall et al, 2014). We also detected significantly
increased expression of mmp9, mmp13a, and mmpI4b, and numer-
ous inflammatory cytokines, chemokines and inflammation-linked
transcripts in gch1”~ larval brains. Elevated phagocytic efficiency in
gch1™ larvae may therefore be attributed to increased mmp9 activ-
ity, contributing to more rapid recruitment of microglia to the site
of inflammation, as observed by Hall et al. (2014).

Induction of matrix metalloproteases had been previously
observed in other PD model systems, primarily through neuroin-
flammatory mechanisms. In an MPTP-induced Parkinson’s
mouse model, Mmp9 expression from neurons and microglia
was upregulated within 3 h of MPTP injection into the striatum
(Lorenzl et al., 2004); treatment of mice with an MMP inhibitor
attenuated DAergic cell death and DA depletion in the substantia
nigra of MPTP-treated mice, indicating that MMP9 activity
is strongly linked to neurodegeneration. Furthermore, MMP9
expression has been shown to promote glial activation and neu-
roinflammation, and continued inflammation and upregulation
of MMP9 has been linked to exacerbated DAergic neuronal
death in macaques (Annese et al., 2015).

Microglia play a key role in the resolution of inflammation
and phagocytosis of damaged or misfolded proteins such as
a-synuclein in PD, however, it is unclear whether microglial acti-
vation is a cause or a consequence of DAergic cell death.
Postmortem histology of PD brains and PET imaging studies
have revealed microglial activation both within the substantia
nigra (Langston et al., 1999; Doorn et al., 2014; Stokholm et al.,
2017) and widespread microglial activation throughout the brain
(Gerhard et al., 2006). Neuroinflammation and activation of
microglia has also been reported in different animal models of
PD (Kurkowska-Jastrzebska et al., 1999; Wu et al., 2002; Barcia
et al., 2004; Su et al., 2008).

We propose the mechanism for neuroinflammation and micro-
glial activation in gchl-deficient larvae is likely mediated via
decreased NO-signaling because of limited BH4 availability. A NO-
dependent mechanism would be consistent with recent findings of
increased microglial activation in an iNOS—/— mouse model; pro-
liferation of microglia in the iINOS—/— mouse was repressed by
application of a NO-donor, whereas inhibition of iNOS had the op-
posite effect (Maksoud et al., 2020). Basal NO signaling is sufficient
to prevent microglial activation by preventing cell-cycle progression
via a protein kinase G (PKG)-dependent mechanism. While
iNOS—/— mice showed increased microglial proliferation, the total
number of microglia in the cortex of WT and iNOS—/— mice was
not significantly different, possibly because of higher levels of apo-
ptosis. We likewise observed no difference in microglial number in
the WT versus gchl”~ zebrafish, although we have not assessed
markers of proliferation.

NO also influences the (EGFR)/RAS/MAPK signaling cas-
cade, which modulates cell proliferation (Napoli et al., 2013) in
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addition to microglial motility and expression of proinflamma-
tory cytokines IL-18 and TNFa (Qu et al,, 2012). High levels of
phosphorylated EGFR are associated with enhanced microglial
motility and increased levels of IL-13 and TNFa«, and blockade
of EGFR is sufficient to attenuate microglial activation following
spinal cord injury (Qu et al, 2012). Multiple potential mecha-
nisms exist for microglial activation via a NO-mediated pathway,
and further research on gchl™~ could focus on whether lack of NO
signaling is responsible for microglial activation, and whether sup-
plementation of NO is capable of attenuating neuroinflammation.
Our observation of microglial activation, in the absence of neuronal
loss, suggests that GCHI1 deficiency contributes to chronic neuroin-
flammation and production of proinflammatory mediators which
might lead to increased susceptibility to DAergic denervation over
time.
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