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Abstract

The locus coeruleus (LC), the major source of norepinephrine (NE) in the brain, is an early site of
pathology in both Alzheimer’s disease (AD) and Parkinson’s disease (PD), and it undergoes
catastrophic degeneration later in both disorders. Dysregulation of the LC is thought to contribute
to prodromal symptoms of AD and PD such as anxiety and sleep disturbances, while frank LC-NE
loss promotes cognitive decline. However, the mechanisms responsible for its selective
vulnerability are unknown. The LC is among the only structures in the brain that produces
appreciable amounts of neuromelanin (NM), a dark cytoplasmic pigment. It has been proposed
that NM initially plays a protective role by sequestering toxic catecholamine metabolites and heavy
metals, but may become harmful during aging as it overwhelms cellular machinery and is released
during neurodegeneration. Rodents do not naturally produce NM, limiting the study of causal
relationships between NM and LC pathology. Adapting a viral-mediated approach for expression
of human tyrosinase, the enzyme responsible for peripheral melanin production, we successfully
promoted pigmentation in mouse LC neurons that recapitulates key ultrastructural features of
endogenous NM found in primates. Pigment expression results in LC neuron hyperactivity,
reduced tissue NE levels, transcriptional changes, and novelty-induced anxiety phenotypes as early
as 1-week post-injection. By 6-10 weeks, NM accumulation is associated with severe LC neuron
neurodegeneration and microglial engulfment of the pigment granules, while the anxiety-like
behavior is abated. These phenotypes are reminiscent of LC dysfunction and cell death in AD and
PD, validating this model for studying the consequences of pigment accumulation in the LC as it

relates to neurodegenerative disease.
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Introduction

The neurodegenerative diseases Alzheimer’s disease (AD) and Parkinson’s disease (PD)
are among the most common causes of dementia and movement disorders, respectively. The
noradrenergic locus coeruleus (LC), the major source of central norepinephrine (NE) is one of the
earliest brain regions to accumulate tau pathology in AD and a-synuclein pathology in PD (Braak
etal., 2001; Del Tredici et al., 2002; Braak and Del Tredici, 2011a, b; Braak et al., 2011; Pletnikova
et al., 2018; Gilvesy et al., 2022; Bueicheku et al., 2024), and it undergoes catastrophic
degeneration later in both diseases (Mann et al., 1980; Bondareff et al., 1982; Iversen et al., 1983;
Mann and Yates, 1983b; German et al., 1992; Zarow et al., 2003; Theofilas et al., 2017). Both
clinical and animal model research has identified early LC-NE dysfunction as a trigger for
prodromal symptoms in AD and PD typified by sleep abnormalities and neuropsychiatric
symptoms such as anxiety, depression, and apathy (Remy et al., 2005; Prediger et al., 2012;
Ehrenberg et al., 2017; Ehrenberg et al., 2018; Sommerauer et al., 2018; Weinshenker, 2018;
Butkovich et al., 2020; Gilvesy et al., 2022; Kelberman et al., 2022; Ye et al., 2022; lannitelli et
al., 2023b; Falgas et al., 2024), while subsequent frank LC degeneration predicts and exacerbates
cognitive decline (Zweig et al., 1993; Heneka et al., 2006; Vazey and Aston-Jones, 2012;
Rorabaugh et al., 2017; Chalermpalanupap et al., 2018; Weinshenker, 2018; Ghosh et al., 2019;
Lietal., 2019; Jacobs et al., 2021; Prokopiou et al., 2022; Ye et al., 2022; Bueicheku et al., 2024).
experimental manipulations of the LC faithfully recapitulate non-motor symptoms in animal
models (Mavridis et al., 1991; Srinivasan and Schmidt, 2003; Song et al., 2019; lannitelli et al.,
2023h).

The specific factors that make LC neurons vulnerable to pathology, dysfunction, and death

in AD and PD are not fully understood, although several potential contributors have been identified
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(Weinshenker, 2018; Kang et al., 2020; Matchett et al., 2021; Kang et al., 2022; lannitelli et al.,
2023a; lannitelli and Weinshenker, 2023). The LC projects to virtually every other region of the
brain, resulting in long, highly branched, unmyelinated axons. LC neurons also have intrinsic
pacemaker activity, which leads to high levels of oxidative stress and risk for mitochondrial
dysfunction, factors which are well-studied in relation to neurodegenerative disease. Additionally,
these  noradrenergic  neurons harbor toxic NE  metabolites such as 3,4-
dihydroxyphenylglycoaldehyde (DOPEGAL) that can promote pathology. Perhaps the most
defining characteristic of these neurons, though, is their unique expression of a dark, cytoplasmic
pigment called neuromelanin (NM).

NM is found exclusively in catecholaminergic cells of the LC and substantia nigra (SN),
which is also vulnerable in PD (Zecca et al., 2004; Zecca et al., 2008b). NM is a byproduct of
catecholamine synthesis and metabolism, and studies suggest that the formation of NM granules
likely results from an overabundance of catecholamines that cannot be sequestered into vesicles
quickly enough in active neurons (Sulzer et al., 2000). In addition to catecholamine metabolites,
these granules contain melanins (Bush et al., 2006), lipid droplets, protein aggregates (Sulzer et
al., 2008), and heavy metals, most notably iron and copper (Zecca et al., 2008b). Thus, it has been
proposed that the primary function of NM is to bind and sequester these harmful compounds in
the cytoplasm so that they do not harm the neurons (Zecca et al., 2003). However, because LC-NE
neurons do not possess the machinery required to break down these granules, NM accumulates
over time, visibly darkening the pigmentation of these brain regions with age. Eventually, this
buildup of NM within catecholamine neurons may exacerbate neurodegeneration in AD and PD
either by interfering with and overwhelming cellular machinery and/or via release of previously

bound toxins as it breaks down during cell death. Indeed, LC neurons containing the highest
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amounts of NM are disproportionately lost during both normal aging and PD (Mann and Y ates,
1983a), and increased iron (Sasaki et al., 2006), zinc (Dexter et al., 1992), and copper (Pall et al.,
1987) are evident in brain and CSF samples from PD patients, suggesting dysregulation of heavy-
metal homeostasis.

Despite the clear link between NM and neurodegeneration in PD, establishing a causal
relationship has been difficult because NM is not produced endogenously in rodents (Barden and
Levine, 1983), which comprise the majority of animal models for studying AD and PD. It is not
clear why rats and mice do not produce NM. It could be due to fundamental neurobiological
differences between primate and rodent catecholamine LC neurons, or it may reflect their
comparatively short life span (~2 years). Indeed, one study did report trace amounts of NM in aged
rats (DeMattei et al., 1986), and even humans do not express detectable amounts of NM in LC
neurons until they are 3 years old (Mann and Yates, 1974). Thus, despite an ever-growing toolbox
of mouse genetic technology that makes them ideal for investigating the molecular mechanisms of
disease, in vivo studies on NM have been extremely limited. To date, only two rodent models of
NM has been reported. The first study in rodents relied on purification and intracranial injection
of human neuromelanin granules (Zecca et al., 2008a), but more recently, researchers were able to
drive pigmentation in the SN of mice and rats through viral-mediated expression of human
Tyrosinase (hTyr), the biosynthetic enzyme responsible for melanin production in the skin
(Carballo-Carbajal et al., 2019). In this model, NM expression in the SN resulted in
neurodegeneration and subsequent motor impairments similar to those seen in other mouse models
of PD. We have adapted this strategy to promote NM accumulation in the mouse LC to gain insight
into the molecular mechanisms of NM-mediated adaptations and neurotoxicity in a region of

selective early vulnerability in AD and PD.
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Materials and Methods

Animals. Adult male and female mice were used for all behavioral and immunohistochemical
experiments. For immunohistochemistry, behavior, and HPLC, TH-Cre mice (B6.Cg-
7630403G23RikTg(Th-cre)1Tmd/J, The Jackson Laboratory, # 008601) were used for the specific
expression of Cre-dependent viral vectors in the LC. For translating ribosome affinity purification
(TRAP) RNA-sequencing experiments, we crossed TH-Cre mice with transgenic Slc6a2-
eGFP/Rpl10a mice (B6;FVB-Tg(Slc6a2-eGFP/Rpl10a)JD1538Htz/J, The Jackson Laboratory,
#031151), which incorporate an EGFP/Rpl10a ribosomal fusion protein into a bacterial artificial
chromosome under the Slc6a2 (NE transporter; NET) promoter to allow for the isolation of
polysomes and translating mRNAs specifically from noradrenergic neurons (Mulvey et al., 2018).
Mice were group housed with sex- and age-matched conspecifics (maximum of 5 animals per
cage) until one week prior to behavioral testing, and then individually housed for the subsequent
week of experimentation until sacrifice. Animals were maintained on a 12:12 light:dark cycle
(lights on at 0700), and food and water were available ad libitum, unless otherwise specified. All
experiments were conducted at Emory University in accordance with the National Institutes of
Health Guideline for the Care and Use of Laboratory Animals and approved by the Emory

Institutional Animal Care and Use Committee.

Viral vectors. To express hTyr in the LC, we developed an AAV5-EF1a-DIO-hTyr construct with
assistance from the Emory Custom Cloning and Viral Vector Cores. For some preliminary
experiments (immunohistochemistry for viral confirmation and gliosis, stereology), all mice were
injected with AAV5-DIO-hTyr, and TH-Cre+ animals were used as the experimental group while

TH-Cre- littermates served as the controls. For the remaining experiments, only TH-Cre+ mice


https://doi.org/10.1101/2023.03.07.530845
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.07.530845; this version posted August 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

were used, and mice were injected with either the AAV5-DIO-hTyr experimental virus or a

comparable AAV5-DIO-EYFP control virus (Addgene, plasmid #27056).

Stereotaxic injections. Stereotaxic infusions were be performed as previously described (Tillage
et al., 2020a), in a stereotaxic frame under 2.0% isoflurane anesthesia. Bilateral LC infusions were
made at a volume of 0.5 uL./hemisphere using a 5 uL. Hamilton glass syringe. The virus was infused
at a rate of 0.15 pL/min, and the needle was allowed to remain in place for 5 min following the
completion of each infusion. LC coordinates are AP: - 5.4mm, ML: +/- 1.2mm, and DV: -4.0mm

relative to Bregma.

High Performance Liquid Chromatography (HPLC). Mice were anesthetized with isoflurane
and euthanized by rapid decapitation. The pons, prefrontal cortex, and hippocampus were rapidly
dissected on ice and flash-frozen in isopentane (2-Methylbutane) on dry ice. The samples were
weighed and stored at -80°C until processing for HPLC by the Emory HPLC Bioanalytical Core.
As previously described (Lustberg et al., 2022), tissue was thawed on ice and sonicated in 0.1 N
perchloric acid (10 pl/mg tissue) for 12 s with 0.5 s pulses. Sonicated samples were centrifuged
(16,100 rcf) for 30 min at 4 °C, and the supernatant was then centrifuged through 0.45 pm filters
at 4000 rcf for 10 min at 4 °C. For HPLC, an ESA 5600A CoulArray detection system, equipped
with an ESA Model 584 pump and an ESA 542 refrigerated autosampler was used. Separations
were performed using an MD-150 x 3.2 mm C18, 3 um column (Thermo Scientific) at 30 °C. The
mobile phase consisted of 8% acetonitrile, 75 mM NaH2PO4, 1.7 mM 1-octanesulfonic acid
sodium and 0.025% trimethylamine at pH 2.9. A 20 pL of sample was injected. The samples were

eluted isocratically at 0.4 mL/min and detected using a 6210 electrochemical cell (ESA, Bedford,
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MA) equipped with 5020 guard cell. Guard cell potential was set at 475 mV, while analytical cell
potentials were —175, 100, 350 and 425 mV. The analytes were identified by the matching criteria
of retention time measures to known standards (Sigma Chemical Co., St. Louis MO). Compounds

were quantified by comparing peak areas to those of standards on the dominant sensor.

Immunohistochemistry. Mice were euthanized with an overdose of sodium pentobarbital (Fatal
Plus, 150 mg/kg, i.p.; Med-Vet International, Mettawa, IL) and were transcardially perfused with
cold 4% PFA in 0.01 M PBS for light microscopy and 4% PFA + 0.1% glutaraldehyde for electron
microscopy. After extraction, brains were post-fixed overnight in 4% PFA at 4°C and then
transferred to a 30% sucrose/PBS solution for 72 h at 4°C. Brains were embedded in OCT medium
(Tissue-Tek) and sectioned by cryostat into 40-um-thick coronal sections at the level of the LC,
anterior cingulate cortex (ACC), and hippocampus. Sections were blocked in 5% normal goat
serum (NGS) in 0.01 M PBS/0.1% Triton-X permeabilization buffer and then incubated for 24 h
at 4°C in NGS blocking buffer with primary antibodies listed in Table 1. Following washes in
0.01 M PBS, sections were incubated for 2 h in blocking buffer including secondary antibodies
listed in Table 1. After washing, sections were mounted onto Superfrost Plus slides and cover-

slipped with Fluoromount-G plus DAPI (Southern Biotech, Birmingham, AL).

Fluorescence Microscopy. For the catecholaminergic marker tyrosine hydroxylase (TH) and
hTyr, immunofluorescent micrographs were acquired on a Leica DM6000B epifluorescent upright
microscope at 20x magnification with uniform exposure parameters for each stain and region
imaged. Brightfield images of pigment granules were also obtained on the Leica DM6000B upright

microscope at 20x magnification. Following convention, these images are oriented with the dorsal
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direction up and the ventral direction down. For astrocyte marker glial fibrillary acidic protein
(GFAP) and LC terminal marker NE transporter (NET), listed in Table 1, immunofluorescent
images were acquired as z-stack images (10 z-stacks; pitch: 0.1 um) at 20x magnification and
compressed on a Keyence BZ-X700 microscope system. One representative atlas-matched section
was selected from each animal. Image processing for all images was conducted using the

F1JI/ImageJ software.

Electron microscopy. Electron microscopy experiments were conducted by the laboratory of Dr.
Yoland Smith at the Emory National Primate Research Center. All brains prepared for electron
microscopy were cut in 60 mm-thick coronal sections with a vibrating microtome. Sections that
included the locus coeruleus were rinsed in Phosphate buffer (PB; 0.1 M, pH 7.4) and then treated
with 0.5% osmium tetroxide (OsO4) for 10 min (RT) and returned to PB. Sections were then
dehydrated with increasing concentrations of ethanol; 1% uranyl acetate was added to the 70%
ethanol solution to increase EM contrast (10 min incubation at RT in the dark). Sections were next
placed in propylene oxide, followed by tissue embedding with an epoxy resin (Durcupan, Fluka)
for at least 12 hr. Resin-embedded sections were then baked at 60°C for at least 48-hr until fully
cured. Blocks containing the LC were removed before being cut into ultrathin 60 nm sections
(Leica Ultracut T2). These ultrathin sections were mounted onto pioloform-coated grids and
stained with lead citrate (5 min, RT) for added contrast. Grids were then examined with an electron
microscope (EM; Jeol; Model 1011) coupled with a CCD camera (Gatan; Model 785) controlled

with DigitalMicrograph software (Gatan; version 3.11.1).
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For ultrastructual comparisons of hTyr-induced NM in mice and naturally produced NM
in primates, three brainstem sections at the level of LC from a 16 year-old rhesus macaque were

processed according to the same procedure and examined in the electron microscope.

Cell counts. Mice (n=3) were given a unilateral infusion of AAV5-DIO-hTyr virus targeting the
LC. The contralateral LC was infused with AAV5-DIO-EYFP. One week later, animals were
perfused as described above. Brains were sectioned at 40um on a cryostat, and sections were
processed for immunohistochemistry to stain for TH and NISSL. Images were taken at 4x and
20x on a Keyence BZ-X800 microscope. A z-stack (2um pitch, 20 images total) was acquired for
all 20x images and the full focus image was used for analysis. Brightfield images to capture NM
expression were transformed into fluorescence images using HALO v3.6 Deconvolution (Indica
Labs) and fused with fluorescence images of TH and NISSL. Cell counts were quantified using
HALO v3.6 FISH-IF v2.1.4 software. Cells were defined using either NISSL or TH and then
counted within the region of interest delineating the LC. LC borders were defined using TH and
NM. Me5 cells, which fluoresce brightly in all channels and are much larger and rounder than
LC cells, were excluded from the boundaries of analysis. Parameters used to define cells were set

for each animal and used consistently across all sections for that animal.

Translating Ribosome Affinity Purification (TRAP). To obtain adequate quantities of RNA for
sequencing, samples from two 6-8 month-old, same-sex and treatment TH-Cre+, Slc6a2-
eGFP/Rpl10a+ mice were pooled to form a biological replicate by dissecting out the hindbrain
posterior to the pontine/hypothalamic junction (cerebellum was discarded). Six biological
replicates were collected per treatment group. Each replicate was homogenized and TRAP was

performed as described (Mulvey et al., 2018; lannitelli et al., 2022), resulting in LC-enriched


https://doi.org/10.1101/2023.03.07.530845
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.07.530845; this version posted August 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

“TRAP” samples and whole-hindbrain “input” samples. RNA was extracted using Zymo RNA
Clean & Concentrator-5 kit, and subsequently sent for polyA-enriched library preparation and
Illumina sequencing by NovoGene to a minimum depth of 20 million fragments per sample.
Forward and reverse sequencing files from each replicate were aligned to the mouse genome
(mm10) using STAR alignment, and counts were obtained using FeatureCounts in R
Bioconductor. Two samples from saline-treated mice were removed from analysis because the
TRAP protocol failed to enrich Slc6a2 above a 10-fold change, a quality control threshold
observed in all other saline-treated samples. All subsequent analyses utilized R Bioconductor

packages. Sequencing data are available on NCBI GEO (GSE226827).

To further characterize the gene expression changes, we performed analyses to compare
gene expression patterns in our dataset with a repository of gene sets using Gene Set Enrichment
Analysis (GSEA 4.2.3) (Mootha et al., 2003; Subramanian et al., 2005). Gene set permutation was
used, as recommended by GSEA documentation for experiments with fewer than 7 samples per
group. Other parameters were set to default settings using 1000 gene set permutations and signal
to noise ranking metric. We downloaded KEGG Pathways from the Molecular Signatures
Database, which has 186 gene sets. After filtering for the recommended minimum (15) and
maximum (500) gene set size, the remaining 145 gene sets were compared to the expression data

from our dataset to calculate the GSEA enrichment score and to compute significant enrichment.

Electrophysiology. Mice were deeply anesthetized with isoflurane and decapitated. Brains were
rapidly removed and sectioned in ice-cold cutting solution containing (in mM): 110 choline
chloride, 2.5 KClI, 1.25 Naz2PO4, 0.5 CaClz, 10 MgSOs, 25 glucose, 11.6 Na-ascorbate, 3.1 Na-

pyruvate, 26 NaHCOs3, 12 N-acetyl-L-cysteine, and 2 kynurenic acid. Horizontal (220 pm) slices
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containing the LC at the level of the mesencephalic trigeminal tract neurons (ME5) were
collected and transferred to a holding chamber containing artificial cerebrospinal fluid (aCSF)
containing (in mM) 126 NacCl, 2.5 KCl, 1.2 MgClz, 2.4 CaClz, 1.2 NaH2POg4, 21.4 NaHCOs3, and
11.1 glucose plus 1 Na ascorbate, 1 Na pyruvate, 6 N-acetyl-L-cysteine and MK-801 to
minimize excitonic effects induced by sectioning. Slices recovered for 30 min at 32°C followed

by at least 30 min at room temperature prior to recording.

Slices were transferred to a recording chamber where they were perfused with warmed
aCSF (inline heater, 32-34°C, Warner Instruments) at a rate of approximately 2 mL/min via
gravity or a peristaltic pump (Warner Instruments). Slices were visualized under D6dt gradient
contrast (DGC) optics on an upright microscope (Nikon FN1 or Zeiss Examiner D1). Putative
LC-NE neurons were identified first by location (immediately medial to ME5 neurons, rostral to
the fourth ventricle) and large (>20 um) cell bodies, followed by visual presence of NM or EYFP
fluorescence (controls). Electrophysiological parameters for LC-NE neuron identification
included slow, irregular spontaneous action potential generation, presence of A-type potassium
currents and a rebound delay after a hyperpolarizing step (-100 pA) in current clamp and low
input resistance (approximately 100 MQ, -60 Vhoia) (Williams et al., 1984). Thin wall glass
(World Precision Instruments or Warner Instruments) was used for cell-attached and whole-cell
recordings, patch pipettes were pulled from thin-wall glass, and displayed resistances of 2.5-3
MQ when filled with an intracellular solution containing (in mM): 135 K gluconate, 10 HEPES,
5 KClI, 5 MgClz, 0.1 EGTA, 0.075 CaClz, 2 ATP, 0.4 GTP, pH 7.35, liquid junction potential
was calculated to be -17 mV, and was not corrected. Cell attached recordings were conducted
using a Na-HEPES based intracellular solution (plus 20 mM NaCl, 290 mOsm/L, pH 7.4)

(Branch and Beckstead, 2012). Frequency-current (F-1) relationships were calculated as spikes
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per second across the 2 second depolarization step. Gain was calculated as the slope of the steady
state F-1 curve, from 0-250pA. Cell-attached frequency was calculated as spikes per second

during a 30 second sweep.

Behavioral assays. Behavioral assays were performed in the following order, from least to most
stressful.

Sleep latency: Latency to sleep was measured as the duration of time it took for the mouse to fall
asleep following mild stimulation (gentle handling). A sleep bout was defined as 2 min of
uninterrupted sleep behavior, followed by 75% of the following 8 min (Hunsley and Palmiter,
2004). This assay has been previously validated using EEG recordings (Porter-Stransky et al.,
2019). Sleep testing began at 9:00 A.M., 2 h into the light cycle when mice typically engage in
sleep behavior naturally. Videos were recorded for each session and scored by an experienced
observer. Previous research by our group and other has revealed that increasing LC-NE
transmission decreases sleep latency, while NE depletion has the opposite effect (Porter-Stransky

etal., 2019).

Novelty-suppressed feeding: Chow was removed from individual home cages 24 h prior to
behavioral testing. Mice were moved to the test room under red light and allowed to habituate for
2 h prior to the start of the test. Individual mice were placed in a novel arena (10” x 18” x 10”)
with asingle pellet of standard mouse chow located in the center. The latency to feed, operationally
defined as grasping and biting the food pellet, was recorded using a stopwatch. Mice that did not
feed within the 15-min period were assigned a latency score of 900 s (Tillage et al., 2020b). We

have shown that increasing NE promotes anxiety-like behavior in this task reflected by longer
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latencies to eat in the novel environment, while decreasing attenuates anxiety and reduces latency
to eat (Lustberg et al., 2020).

Fear conditioning and context testing: Fear-conditioning training and subsequent contextual fear

testing is a widely used assessment of associative memory, particularly for an environment in
which an aversive stimulus (footshock) was previously administered. This method has been
described previously by our group and others and is sensitive to changes in NE (Murchison et al.,
2004; Chalermpalanupap et al., 2018; Butkovich et al., 2020). Mice were placed in a fear-
conditioning apparatus (7 in. X 7 in. x 12 in.; Coulbourn Instruments) with a metal shock grid floor.
Following 3 min of habituation, three conditioned stimulus (CS)-unconditioned stimulus (US)
pairings were presented with a 1-minute intertrial interval. The CS was a 20-second, 85 dB tone
which co-terminated with the US, a 2-s, 0.5 mA footshock (Precision Animal Shocker, Colbour
Instruments). The following day, the context test was conducted by placing animals back into the
fear conditioning chamber without the administration of CS-US pairings. Freezing behavior was

measured as a readout of memory for the fear-associated context.

Statistical analyses. Cell counting and HPLC measurements of catechol concentrations were
compared between hTyr-injected and control groups using a student’s t-test in GraphPad Prism.
Similarly, behavioral assessment relied on t-test comparison between groups for latency to feed in
the novelty-suppressed feeding task and average percent freezing in the contextual fear assay. R
Bioconductor packages were utilized for statistical analyses of RNA sequencing data, including

differential gene expression (DGE).

Results
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Viral infusion of hTyr induces NM-like pigmentation in the LC of mice. To recapitulate NM
found endogenously in the human LC, we adapted a viral vector-mediated approach to drive
neuronal pigmentation in rodents. TH-Cre mice were stereotaxically infused with AAV5-DIO-
hTyr in the LC to drive viral expression of hTyr (Fig. 1a), which is known to produce pigment
when introduced in rodent SN DA neurons (Carballo-Carbajal et al., 2019). We found that hTyr
expression likewise drove pigmentation of the LC in Cre+ (Fig. 1b) but not in Cre- mice (Fig.
1c,d) as early as 1 week post-infusion. This pigmentation was visible by gross anatomical
inspection (Fig. 1e) and brightfield microscopy (Fig. 1b). Additionally, we confirmed the presence
of melanin in this pigment using Fontana-Masson staining (Fig. 1f). We then utilized electron
microscopy to compare the pigment granules in our rodent model (Fig. 1g) with endogenous NM
granules from 16-year-old Rhesus macaque tissue (Fig. 1h). Ultrastructural inspection revealed
that many of the components known to reside in endogenous NM, including pheomelanin and
eumelanin pigments, lipid droplets, and a double membrane, were also present in granules from
our rodent model. Together, these results validate the use of hTyr expression to induce NM-like

pigmentation in the mouse LC.

Pigmentation results in loss of LC fibers but not cell bodies at 1-week. We next sought to
determine if rapid accumulation of NM was toxic to LC neurons. To determine whether
pigmentation impacted cell body integrity at 1 week post-injection, we performed a count of TH+
and Nissl+ cells in the LC and found no difference between mice that received hTyr or EYFP virus
(Fig. 2a, b). Given that LC fiber/terminal degeneration precedes cell body loss in AD and PD
(Doppler et al., 2021a; Gilvesy et al., 2022), we also assessed NET immunoreactivity, a marker of

LC dendrite, axon, and terminal integrity. Consistent with clinical data (Gilvesy et al., 2022) and
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other rodent models of LC neurodegeneration (Chalermpalanupap et al., 2018; Butkovich et al.,
2020), NET immunoreactivity was visibly reduced in the LC (Fig. 2c), as well as in the LC
projections to the anterior cingulate cortex (ACC) (Fig. 2d) and dentate gyrus (DG) (Fig. 2e) of

hTyr-injected mice compared to EYFP-injected controls.

Pigmentation reduces NE levels throughout the LC network and dysregulates NE turnover
in the projection fields at 1 week. Given the loss of LC axons/terminals, we assessed the impact
of hTyr-driven pigmentation on tissue levels of catecholamines and their metabolites (Fig. 3) to
determine if there was a loss of NE tone in target regions. NE was dramatically reduced in the
pons, where LC cell bodies reside (tao)= 10.14, p < 0.0001), as well as in the prefrontal cortex
(PFC; tao) = 7.607, p < 0.0001) and hippocampus (t¢z0) = 9.735, p < 0.0001), two of the primary
projection regions of the LC. Additionally, levels of the primary NE metabolite MHPG were also
reduced in the pons (t@o) = 7.532, p < 0.0001), PFC (t@0) = 5.152, p = 0.0004) and hippocampus
(tao) = 3.666, p = 0.0043) (Fig. 3). Despite the reduction of total NE and MHPG, the MHPG:NE
ratio, which provides an estimate of NE turnover, was significantly increased in the PFC (t@o) =
2.905, p = 0.0157) and hippocampus (tao) = 4.392, p = 0.0014) compared to controls, suggesting
adaptations in the LC-NE system (Fig. 3). Levels of other amine neuromodulators, including DA,
5-HT, and their respective metabolites, were unchanged with the exception of an increase in DA
turnover (metabolite DOPAC:DA) in both the pons (t0) = 3.288, p = 0.0082) and PFC (tqo) =
2.905, p = 0.0157), suggesting that dysfunction resulting from pigmentation of the LC was largely

confined to the noradrenergic system at 1 week post-injection (Table 2).
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NM-positive LC neurons are hyperactive at 1 week. Given the increase in NE turnover, we
speculated that at 1 week post-viral infusion, LC neurons burdened with NM were hyperactive.
Using ex vivo slice electrophysiology, we found that both spontaneous pacemaker (Fig. 4a) and
current-evoked (Fig. 4b) firing were significantly elevated in LC neurons that contained NM from
mice that received hTyr virus compared to those from mice that received EYFP virus or other
controls (those that received hTyr virus but did not display visible pigment, no virus). For
spontaneous firing, one-way ANOVA showed a significant difference between groups (F2,149 =
24.02, p < 0.0001), and post hoc analysis revealed that the NM-containing LC neurons were
hyperactive compared to EYFP controls (q = 8.81, p< 0.0001) and other controls (g = 9.26, p <
0.0001). For evoked firing, two-way ANOVA showed a main effect of treatment (F1,90 = 25.35, p
< 0.0001), current injection (Fi41386 = 236.20, p < 0.0001), and a treatment x current injection
interaction (Fis,1386 = 5.49, p < 0.0001). Post hoc analysis revealed that the NM-containing LC
neurons were hyperactive compared to EYFP controls at 50 pA (t = 3.40, p < 0.01), 100 pA (t =
4.19, p < 0.001), 140 pA (t = 4.74, p < 0.0001), 180 pA (t = 5.46, p < 0.0001), 220 pA (t = 5.27, p
< 0.0001), 260 pA (t = 5.69, p < 0.0001), 300 pA (t = 4.86, p < 0.0001), 340 pA (t = 4.59, p <

0.0001), 380 pA (t = 3.82, p < 0.01), and 500 pA (t = 2.69, p < 0.05).

The presence of LC pigment drives novelty-induced anxiety behavior at 1 week. Several
prodromal symptoms of PD are regulated by the LC-NE system, and thus are sensitive to the early
LC dysfunction which precedes neurodegeneration (Weinshenker, 2018). In particular, we have
shown that LC hyperactivity and/or NE signaling is associated with increased anxiety-like
behavior in rodent models of AD and PD (Butkovich et al., 2020; Kelberman et al., 2022; lannitelli

et al., 2023b; Kelberman et al., 2023). We assessed the impact of hTyr-induced pigmentation on
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LC-associated behaviors, including novelty-induced anxiety, arousal, and cognition, at 1 week
post-viral infusion. Consistent with the LC hyperactivity phenotype, we found that hTyr-injected
mice were significantly more reactive in the novelty-suppressed feeding task, a novelty-induced
stress paradigm commonly used to model anxiety that is sensitive to changes in LC-NE
transmission . hTyr-expressing mice took significantly longer than EY FP controls to consume food
in the novelty-suppressed feeding task (t(4) = 2.359, p < 0.05) (Fig. 5a). Five hTyr-injected mice
(approximately one third) timed out of the task at 15-min, while only one EYFP control mouse
timed out of the task, further illustrating an increase in novelty-induced anxiety-like behavior
resulting from LC pigmentation. Importantly, hTyr- and EYFP-injected mice displayed no
differences in latency to eat in the home cage (data not shown), indicating the experimental group’s
increased latency to eat during the task resulted from novelty stress behavior rather than changes
in satiety state. There were no differences in arousal, as measured by latency to fall asleep
following gentle handling (Fig. 5b) or associative memory, as measured by freezing in a

footshock-associated context (Fig. 5c).

hTyr-induced pigmentation alters the LC transcriptome at 1 week. To determine how the LC
responded to NM accumulation and identify potential factors contributing to its hyperactivity and
fiber degeneration, we assessed the LC-NE transcriptome using TRAP. Following confirmation of
LC-mRNA enrichment with TRAP (Fig. 6a), we performed a gene set enrichment analysis
(GSEA) to compare the gene expression patterns of our data with repositories of known gene sets.
A volcano plot of differentially expressed genes is shown in Fig. 6b. We identified 10 KEGG
pathways that were significantly enriched in the LC of hTyr-expressing animals, including

Tyrosine metabolism (enrichment score (ES) = 0.622, p = 0.008), Tryptophan metabolism (ES =
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0.596, p = 0.014), P53 stress signaling (ES = 0.513, p =0.018), and lysosome activity (ES = 0.348,
p =0.042) (Fig. 6¢).

Comparing our gene set to the Human Phenotype Ontology pathways, we found that hTyr
samples displayed significant upregulation in the gene sets titled “Parkinsonism with favorable
response to dopaminergic medication” (ES = 0.538, p = 0.039), “startle response” (ES = 0.558, p
= 0.047), “speech articulation” (ES = 0.581, p = 0.04), and “sleep apnea” (ES = 0.591, p = 0.021)
(Fig. 6).

The most significant transcriptional differences were seen when comparing our dataset to
the Gene Ontology Biological Process gene sets. We found a staggering 140 gene sets significantly
enriched in our hTyr group compared to EYFP controls. These pathways fell into four notable
categories: apoptotic pathways, immune regulation, endoplasmic reticulum functioning, and heavy
metal ion metabolism. Of these many upregulated pathways, we identified several that we predict
are key regulators of NM-induced damage. Of particular interest were the gene sets titled “antigen
processing and presentation via MHC class I (ES = 0.74, p < 0.000), “response to iron ion” (ES
=0.61, p=0.018), “positive regulation of macroautophagy” (ES =0.47, p=0.011), and “pigment
metabolic process” (ES = 0.46, p = 0.024) (Fig. 6¢).

Finally, a comparison with the Gene Ontology Cell Component database showed 9 gene
sets significantly enriched in the hTyr group compared to controls. The most notable was “pigment
granule” (ES = 0.434, p < 0.000), with our rodent model displaying 45 core enriched genes of the

88 total present in the gene set (Fig. 6c).

Persistent pigment accumulation results in neurodegeneration and neuroinflammation in the

LC.
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To assess the consequences of prolonged pigment burden in the LC, we allowed mice to age for
several weeks following viral infusion. By 6-10 weeks, we observed a catastrophic loss of LC cell
bodies and dendrites, as measured by TH immunoreactivity (Fig. 7). The most densely pigmented
sub-regions of the LC displayed the most profound cell loss, recapitulating the pattern of
neurodegeneration reported in PD (Mann and Yates, 1983a). This neurodegeneration was
accompanied by a profound increase in GFAP immunoreactivity, indicating that astrocytes were
reacting to and infiltrating the space vacated by dying NE neurons. Although only a few LC
neurons remain at these time points, pigmented granules persisted in the LC region and were also
visible beyond its typical confines. Taken together, these data suggest that pigmented granules
persist following the death of their host neurons, and in fact may spread to adjacent tissue.

To more fully characterize the ultrastructural composition and distribution of NM in this
model over time, we performed electron microscopy on LC tissue. As previously reported for
natural human NM, the hTyr-induced NM aggregates were characterized as clusters made up of
irregularly shaped granules of various electron density and sizes and lipid droplets. Overall, the
clusters of NM were found in neuronal cell bodies (Fig. 8a,c), large membrane-delimited
neuropil aggregates (Fig. 8b,d,f), and glial cells (Fig. 8e,g). To determine the phenotype of the
neuronal profiles that contained NM, some sections were immunostained for TH to mark LC-NE
neurons, while others were labeled for either the astrocytic marker GFAP or the microglia
marker IBA-1. As shown in Fig. 8c, some TH-positive cell bodies and dendritic profiles were
enriched in NM, confirming that NM is found within noradrenergic neurons in the LC.

Regarding glial expression, our observations revealed clear examples of NM aggregates within
IBA-1-positive microglia cell bodies (Fig. 8e,q), but not in GFAP-positive astrocytes (Fig. 8f).

However, in some instances, GFAP-positive processes were closely apposed to NM-containing
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profiles (Fig.8f). We speculated that the persistence of NM in the LC region after many of the
NE neurons were lost could be explained by glial engulfment. To test this idea, we counted the
total number of neuronal and glial profiles that contained NM in the tissue and calculated the
ratio of glia:neuron profile labeling. As shown in Fig. 8h, this ratio increased with the length of
the post-viral infusion period, from ~5% at 1 week to ~25% at 10 weeks. These data suggest that
NM initially accumulates in LC-NE neurons, but gradually invades the LC neuropil following
release upon neuronal death, where it is engulfed by microglia. NM was absent in controls (i.e.
mice that received EYFP virus or no virus; Fig. 8h and data not shown). One limitation of our
analysis is that because much of the NM was associated with degenerating neuronal elements
(e.g. dendrites) at later time points, it was difficult to discern “intracellular” vs “extracellular”
localization with confidence. Given that most of the LC-NE neurons were dead by 6-10 weeks,
we assume that much of it was no longer associated with intact cells and was accessible to

invading glial at these time points.

Loss of pigment-bearing noradrenergic neurons depletes catecholamine levels in the LC and
projection regions and dysregulates NE turnover.

Following pigment-mediated LC degeneration at 6 weeks post-infusion, we re-assessed tissue
catecholamine levels. In line with the 1-week data, we found an even greater decrease in NE in the
pons (te) = 10.23, p < 0.0001;), PFC (t9) = 9.745, p < 0.0001), and hippocampus (te) = 12.83, <
0.0001) of hTyr-injected mice as compared to EYFP controls (Fig. 9). Similarly, we found a
decrease in MHPG in the pons (t@) = 9.489, p < 0.0001), PFC (t = 7.659, p < 0.0001), and
hippocampus (te) = 8.207, p < 0.0001) (Fig. 9). While NE turnover (MHPG:NE) was decreased in

the pons (t) = 4.427, p = 0.0017), the increased NE turnover seen in projection regions at 1 week
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persisted in the PFC (t@) = 3.11, p = 0.0125) and hippocampus (t@) = 2.697, p = 0.0245) at 6 weeks
(Fig. 9). Furthermore, DA turnover was increased in the hippocampus of hTyr-injected animals
(to) = 2.623, p = 0.0277), likely driven by an increase of the metabolite DOPAC (t9) = 3.079, p =
0.0132). No changes in 5-HT, metabolite 5-HIAA, or turnover was found in any region at 6 weeks

(Table 2).

Pigment-mediated neurodegeneration has no behavioral effects at 6-10 weeks. Despite the
catastrophic loss of LC neurons and decrease in neurotransmitter levels at 6-10 weeks in mice with
NM accumulation, we did not observe any significant differences in behavior compared to mice
that received EYFP virus. Notably, novelty-induced anxiety, which was increased in hTyr mice at
1-week, did not differ statistically between groups at 6- or 10-weeks (Fig. 10a,d). Pigment-
expressing mice also displayed no differences in sleep latency (Fig. 10b,e) or contextual fear

conditioning (Fig. 10c,f).

Discussion

The present study characterized the impact of hTyr-induced pigment in the LC of mice, allowing
the determineation of causal relationships between NM accumulation in noradrenergic neurons,
LC-NE integrity, and the development of non-motor symptoms reminiscent of prodromal AD and
PD in humans. The expression of pigmentation driven by viral delivery of hTyr is consistent with
prior work focused on the SN (Carballo-Carbajal et al., 2019). In our model, neuronal dysfunction
is evident as early as 1-week post-infusion. Even at this early time point, we found no difference
in the number of noradrenergic or total LC cell bodies, as but dramatically decreased NET

immunoreactivity in the pons, PFC, and hippocampus of hTyr mice compared to controls,
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suggesting loss of fiber/terminal integrity. These findings are consistent with other reports of early
LC axon loss in neurodegenerative diseases (Weinshenker, 2018; Doppler et al., 2021b; Gilvesy
et al., 2022). Concurrent with fiber loss was a depletion of NE and its primary metabolite MHPG
in the hippocampus and PFC. We also found elevated MHPG:NE ratio, a well validated measure
of NE turnover, in projection regions, suggesting increased release from surviving LC fibers. This
feature has been described in other rodent models of LC neurodegeneration (Hallman and Jonsson,
1984; lannitelli et al., 2022) and is also consistent with LC neurodegeneration in humans (Francis
et al., 1985; Raskind et al., 1999; Jacobs et al., 2021). Using a slice electrophysiology approach,
we further found that LC-NE neurons containing NM were hyperactive at the cell body, including
increases in both spontaneous and evoked firing. Excessive NE transmission is a common feature
of compromised LC neurons, and can occur at the cell body, terminal, and/or postsynaptic receptor
level, depending on the nature of the insult (Butkovich et al., 2020; Kelly et al., 2021; lannitelli et
al., 2023b; Kelberman et al., 2023). We speculate that this hyperactivity is not a direct result of
pathology per se, but rather a compensatory response to damage in an effort to maintain normal
NE transmission, reminiscent of compensatory LC hyperactivity following chronic inhibition by
opioids (Maldonado, 1997; Mazei-Robison and Nestler, 2012). Whether the underlying
compensatory mechanisms are similar (for opioids it involves upregulation of the intracellular
cAMP pathway and increased excitatory drive onto LC-NE neurons) remains to be determined.
A NE hyperactivity phenotype is congruent with the LC dysfunction seen in prodromal AD
and PD (Weinshenker, 2018). NM-expressing mice displayed elevated novelty-induced anxiety-
like behavior at 1 week, indicating that the compensatory LC-NE hyperactivity has behavioral
consequences (Lustberg et al., 2020; Kelberman et al., 2022; lannitelli et al., 2023b). The

disappearance of the anxiety phenotype at later time points when the LC was completely
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degenerated is consistent with this interpretation. It was somewhat surprising that there was no
effect on this hyperactivity on sleep latency, as NE transmission promotes arousal (Carter et al.,
2010; Porter-Stransky et al., 2019; Poe et al., 2020). Sleep is a complex process controlled by many
brain regions and neurotransmitters, and it is possible that other circuits are compensating in
response to the LC hyperactivity in this case.

On a molecular level, we found that hTyr expression led to the upregulation of several
important pathways. Isolation of LC-mRNA with TRAP vyielded several hundred genes
dysregulated between hTyr and EYFP controls. While many of these genes were significantly —
but not robustly on a fold-change level — dysregulated on an individual level, pathway analyses
revealed these subtle changes may have a concomitant impact on cellular health and functioning.
Unsurprisingly, metabolism of the amino acids tyrosine and tryptophan, in addition to the
metabolism of DA itself, were highly enriched in pigmented LC neurons. Similar increases were
seen in macroautophagy and lysosome activity, indicating a cellular attempt to clear granules from
the cytosol. Importantly, lysosomal dysfunction has been closely linked to PD (Nguyen et al.,
2019). The upregulation of several additional pathways was directly linked to the production of
pigment granules. These include increases in peroxisome activity (involved in oxidation), the
response to heavy metal ions iron and manganese, and in the pigment metabolic process and
pigment granule formation.

Perhaps the most intriguing results from our pathway analyses were the upregulation of
specific stress response systems, immune reactions, and subsequent apoptosis in pigmented
neurons. Reliable increases in P53 signaling pathways were found throughout each of our analyses,
indicating severe cellular stress. Endoplasmic reticulum stress was also a consistent finding in the

gene ontology biological processes analysis, revealing that cellular pigment has a severe impact
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on the crucial function that the endoplasmic reticulum plays in calcium storage, protein synthesis
and lipid metabolism. Antigen presentation via MHC-I was the most enriched pathway in all of
our analyses, providing a clue about how LC neurons respond to pigment burden. The primary
function of MHC-I is to present endogenous particles to signal cytotoxic T-cells, an intervention
which leads to cellular destruction. Remarkably, catecholamine neurons are the only neurons
known to express MHC-I (Cebrian et al., 2014), providing a tantalizing link between the unique
possession of NM and a mechanism for dealing with this burden once it becomes harmful to the
cell. In line with this theory, several apoptotic and cell-death-related pathways were also
upregulated in our analyses. While these preliminary transcriptomic analyses are informative,
further investigation into the specific genes driving these pathway changes is warranted. However,
these findings provide preliminary evidence of potential links between our rodent model LC
pigmentation and real PD-related symptoms seen in human patients.

Substantial cell death and neuroinflammation in the LC were evident by 6-10 weeks post-
viral infusion, reminiscent of the consequences of hTyr overexpression in the rat substantia nigra
(Carballo-Carbajal et al., 2019). Dense NM persisted in the region even when the LC was almost
completely degenerated, suggesting that it had been released by dying neurons and was either
extracellular or had been taken up by other cells. At the gross immunofluorescent level, the
astrocyte response was dominant, but while electron microscopic analysis showed many astrocyte
processes closely apposed to NM granules, only microglia appeared competent to engulf the NM.
Extracellular NM-induced activation of microglia has been reported in human postmortem tissue,
animal models, and cell culture (Zecca et al., 2003; Zecca et al., 2008a; Zhang et al., 2011).
Neuroinflammation is a well-appreciated aspect of AD and PD that is influenced by the LC-NE

system (Chalermpalanupap et al., 2013; Feinstein et al., 2016; Giorgi et al., 2020; Mercan and
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Heneka, 2022; Tansey et al., 2022). Our data suggest that the release of pigmentation from
degenerating LC neurons contributes to the neuroimmune response.

Due to the catastrophic loss of NE cell bodies and deteriorating state of the ones that
persisted, we were unable to directly assess LC activity at the 6-10 week time points. Using HPLC
as a proxy, we found increased NE turnover in LC terminal regions at 6 weeks suggestive of
compensatory NE release from surviving terminals, similar to the 1 week data. However, this did
not correspond with increases in anxiety-like behavior, presumably because NE, which is required
for novelty-suppressed feeding (Lustberg et al., 2020), was barely above the limit of detection.
There were no differences between groups in sleep latency, novelty-induced anxiety, or contextual
fear memory. The loss of an anxiety-like phenotype at 6-weeks may be explained by a near-total
loss of LC-NE, which is required for this behavior (Lustberg et al., 2020). While contextual fear
memory should also require LC innervation of the hippocampus (McGaugh, 2013), recent studies
have also implicated DA in hippocampal function and fear memory (Likhtik and Johansen, 2019;
Stubbendorff and Stevenson, 2021). Thus, the increase in DA turnover in the hippocampus at 6-
weeks may account for the lack of behavioral differences observed in the contextual fear task.

The present study provides novel insights into the consequences of NM accumulation in
rodent LC-NE neurons. We found that pigment expression dysregulates LC neurons on a cellular
and molecular level at 1 week, triggering an anxiety-like phenotype reminiscent of prodromal AD
and PD. As the pigment accumulates, immune response and neurodegeneration ensue. By 6-10
weeks post-infusion, the LC has nearly entirely degenerated and most of the NM is contained in
deteriorating neuronal elements, the extracellular neuropil, and microglia. An important aspect of
our study is that hTyr overexpression drives extremely rapid NM accumulation (weeks) compared

to natural NM accumulation in humans (decades), which likely dramatically accelerates its ability
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to overwhelm cellular machinery and lead to cell death. In this respect, our approach shares the
same limitation as all rodent models of neurodegenerative disease. Nevertheless, there is ample
evidence that the same processes contribute to LC neuron dysregulation and demise in AD and
PD. For example, LC neurons with the highest NM content are disproportionally lost in PD (Mann
and Yates, 1983a). It was previously reported that hTyr-expressing SN-DA neurons took many
months to degenerate (Carballo-Carbajal et al., 2019). It is not clear whether this reflects
differences with our model in the virus itself (AAV2 vs Cre-dependent AAV5), species (rat vs
mouse), or a true greater vulnerability of LC neurons. Thus, direct comparisons will be needed to
answer this question. Ultimately, this model of pigment induction in rodent catecholamine neurons
may be critical for uncovering the role NM plays in the early vulnerability of LC neurons in AD

and PD.
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Fig. 1. hTyr induces pigmentation in the LC reminiscent of endogenous NM at 1 week. Mice
received stereotaxic injection of AAV5-DIO-hTyr into the LC, driving expression of human
tyrosinase in TH-Cre+ experimental animals (a) but not in TH-Cre- controls (c). Although rodents
(TH-Cre- image shown here) do not display endogenous NM (d), the expression of hTyr resulted
in LC pigmentation visible by brightfield microscopy (b) and gross anatomical inspection (arrow)
(e). This hTyr-derived pigment stained positive for melanin components with Fontana-Masson (f),
and electron microscopic analysis of these granules (g) showed they contain several features
characteristic of endogenous NM from aged rhesus macaques (h), including pigment of various
shades (P, red), lipid droplets (L, orange), and enclosure in a membrane (M, purple). Scale bar =

5 uM. Immunofluorescent and brightfield images (A-D, F) were acquired at 20x magnification.
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Fig. 2. The presence of NM-like pigmentation results in loss of LC fibers but not cell bodies
at 1-week. TH-Cre mice received LC infusion of AAV5-DIO-hTyr or EYFP control and were
assessed for LC neuron damage 1 week later. hTyr-induced NM expression did not alter LC neuron
number (TH+ or Nissl+ cells). Representative immunofluorescent HALO images are shown in (a),
quantification (mean + SEM) shown in (b). NM accumulation resulted in substantial loss of axon
terminals as measured by NE transporter (NET, red; DAPI, blue) immunoreactivity in the anterior

cingulate cortex (ACC) (c) and dentate gyrus (DG) (d). Images acquired at 20X.
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Fig. 3. hTyr-induced pigmentation decreases tissue NE and metabolite levels and increases
turnover at 1 week. TH-Cre mice received stereotaxic infusion of AAV-DIO-hTyr or EYFP
control into the LC, and tissue monoamine and metabolite levels were measured 1 week later by
HPLC in the pons, prefrontal cortex (PFC), and hippocampus. hTyr significantly decreased NE
and its primary metabolite MHPG in the pons (al-2), PFC (b1-2), and hippocampus (c1-2). NE
turnover, defined as the MHPG:NE ratio, was increased in PFC (b3) and hippocampus (c3). Data

shown as mean + SEM. N=6 per group. *p<0.05, **p<0.01, ****p<0.0001.
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Fig. 4. hTyr-induced NM accumulation causes LC hyperactivity at 1 week. TH-Cre mice
received stereotaxic infusion of AAV-DIO-hTyr or EYFP control into the LC, and LC neuron
activity was assessed 1 week later by slice electrophysiology. (a) NM-containing LC neurons
(N=26) had increased spontaneous firing compared to eYFP (N=55) or other controls (N=71; e.g.
neighboring LC neurons in the hTyr group that were not expressing NM). (b) NM-containing LC
neurons (N=24) fired more action potentials following current injection compared to EYFP LC

neurons (N=77). ****p<0.0001.
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Fig. 5. hTyr-induced pigmentation increases anxiety-like behavior but not arousal or
contextual fear memory at 1 week. TH-Cre mice received stereotaxic infusion of AAV-DIO-
hTyr or EYFP control into the LC, and behavior was assessed 1 week later. hTyr-expressing mice
displayed increased latency to bite the food pellet in the novelty-suppressed feeding test but no
difference in latency to sleep in their home cage following gentle handling (b) or freezing behavior

in the contextual conditioning fear assay (c). (N=12-14 per group). *p<0.05.
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Fig. 6. hTyr-driven pigmentation triggers changes in the LC transcriptome. TH-Cre; Slc6a2-
eGFP/Rpl10a mice received viral infusion of AAV5-DIO-hTyr or EYFP control in the LC, and
gene expression was assessed 1 week later. We confirmed LC-mRNA enrichment in TRAP
samples over hindbrain input, and found elevated levels of noradrenergic genes in the
immunoprecipitated TRAP samples (a). Volcano plot of all filtered, normalized genes (~11,500)
displaying spread of up- and down-regulated genes (b). Table highlighting significantly enriched
KEGG, Human Phenotype Ontology (HPO), Gene Ontology Biological Process (GO:BP) and

Gene Ontology Cellular Component (GO:CC) pathways of interest in our LC data (c).
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6 weeks

10 weeks

Fig. 7. Prolonged pigment expression results in granule accumulation and LC degeneration.
TH-Cre+ and TH-Cre- mice received stereotaxic infusion of AAV-DIO-hTyr into the LC and aged
for 6-10 weeks. Shown are representative images of NM (brightfield), the neuron marker
Neurotrace Nissl (blue), the LC marker TH (red), and the astrocyte marker GFAP. Red ovals depict

pigment outside the typical confines of the LC. Images were acquired at 20X magnification.
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Fig. 8. Ultrastructual analysis of NM granules in the mouse LC. (A) Cluster of NM in the

cell body of a LC neuron (arrow), (B-C) LC tissue immunostained for TH showing NM
expression in TH-positive dendritic profiles (blue arrows in B) and a neuronal cell body (N1 in
C). In B, the black arrows indicate NM-containing TH-negative dendrites, while in C, they
point at intracellular NM granules. Note in C, a TH-positive LC neuronal perikaryon (N2) that
does not contain NM. (D) Large neuropil structures heavily packed with NM granules. (E,G)
Examples of IBA-1-positive microglia cell bodies enriched in NM aggregates. (F) GFAP-
positive astrocytic profiles (AS) in the close vicinity of a NM-containing neuropil element.
Note the lack of NM in AS cell bodies, and the close apposition between an AS process and
the NM-containing element (arrow in F). (H) The ratio of NM-containing glia:neuron profiles
in the LC of control (no hTyr; N=3) and experimental (hTyr 1 week, N=3; 4 weeks, N=2; 6

weeks N=4; 10 weeks N=1) mice. Scale bar value: A: 5 mm; B,C,F: 2 mm; D,E,G: 3 mm.


https://doi.org/10.1101/2023.03.07.530845
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.07.530845; this version posted August 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

al NE a2 MHPG a3 NE Turnover
sHokskok *k
80 6 kkx 0.08- l_|
.
A sl T . g R
) S 60 > -~ S 0064 °
c £ £ a4 ° £
(©] s s s
= A = o - . T
o g 40 £ E 0.04 e
] =P s 24 ]
g 204 " g g 0.02
o e o - o
o o = o
-— o-— 0.00 —7—7—
EYFP hTyr EYFP hTyr EYFP hTyr
b1 NE b2 MHPG b3 NE Turnover
5 *
'g 07 ek 47 ek 0.8
£ £ g
Ol § 5 34 ° 5 o6
T £ £ £
=| 5 § 5l % 5
o| B B . E %
= € € €
[} 8 8 2 8
S8 s ' § *
o o o — ) otesgs
O UL s ra— 0.0-—T—
| EYFP  hTyr EYFP  hTyr EYFP  hTyr
cl NE c2 MHPG c3 NE Turnover
KooKk
2 407 okokxk 1.0 :
[oX = = = .
o s E. c t 06+
(o) 2 204 * 8 2
ol £ I g =
ol £ £ £ 044
T g 40 g g .
o ) o 0.2 .
(] (&) (8] . "
vy
0- T 0.0 e 0.0 +——7——"7—
EYFP  hTyr EYFP  hTyr EYFP hTyr

Fig. 9. hTyr-induced pigmentation depletes tissue NE and metabolite levels and dysregulates
turnover at 6 weeks. TH-Cre mice received stereotaxic infusion of AAV5-DIO-hTyr or EYFP
control into the LC, and tissue monoamine and metabolite levels were measured 6 weeks later by
HPLC in the pons, prefrontal cortex (PFC), and hippocampus. hTyr significantly and robustly
decreased NE and metabolite MHPG in the pons (al-2), PFC (b1-2), and hippocampus (c1-2). NE
turnover (MHPG:NE ratio) was decreased in the pons (a3), but decreased in the PFC (b3) and
hippocampus (c3). Data shown as mean + SEM. N=8 per group. *p<0.05, **p<0.01,

****p<0.0001.
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Fig. 10. Pigment accumulation and subsequent neurodegeneration has no effect on behavior.

TH-Cre mice received stereotaxic infusion of AAV5-DIO-hTyr or EYFP control into the LC, and

behavior was assessed 6 (a-c) or 10 weeks (d-f) later. hTyr-expressing mice displayed no

difference in latency to eat in the novelty-suppressed feeding test (a,d), sleep latency (b,e), or

freezing in response to shock-associated context (c,f) at either time point. (N=8-13 per group).
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Table 1. IHC antibodies

Antibodies Host Manufacturer Catalog # Dilution
Tyrosine hydroxylase Chicken Abcam ab76442 | 1:1000
Norepinephrine transporter Mouse Mab Technologies NETO05-2 |1:1000
Human tyrosinase Mouse | Thermo Fisher Scientific [MS-800-B1| 1:500
GFAP G‘;iigea Synaptic Systems 173004 |1:1000

NeuroTrace 435/455 Blue

Fluorescent Niss| Stain NA Thermo Fisher Scientific | N21479 1:500

Alexa Fluor 488 Anti-Rabbit Goat | Thermo Fisher Scientific | A-11008 | 1:500

Alexa Fluor 488 Anti-Guinea Pig Goat | Thermo Fisher Scientific | A-11073 | 1:500

Alexa Fluor 568 Anti-Chicken Goat | Thermo Fisher Scientific | A-11041 | 1:500



https://doi.org/10.1101/2023.03.07.530845
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.07.530845; this version posted August 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Table 2. Monoamine levels measured by HPLC. Data shown as mean + SEM. N=5-6 per

group.

A) 1-week post-infusion

Pons PFC Hippocampus
EYFP hTyr EYFP hTyr EYFP hTyr

DA 11.37+0.69 10.39+0091|20.14+832 454+038 | 353+129 233+0.28

DOPAC 6.98+049 753+0.72 | 3.08+0.61 240+0.20 | 252+0.26 2.47+0.45

DOPAC:DA 0.62+0.03 0.72+0.02 | 0.30+0.08 053+0.02 | 1.04+0.20 1.11+0.19

S-HT 1709 +3.38 162.5+4.33 | 40.66 +3.34 45.30+2.94 | 69.17 +3.43 63.04 +3.73

S-HIAA 58.31+3.09 6195+4.11| 7.72+0.22 859+045 | 7.72+0.22 859+0.45

5-HIAA:5-HT 0.34+0.02 0.38+0.20 | 0.20+0.02 0.19+0.01 | 0.36+0.03 0.38+0.01

B) 6-weeks post-infusion
Pons PFC Hippocampus
EYFP hTyr EYFP hTyr EYFP hTyr

DA 9.14+090 7.33+1.06 |43.34+2250 30.36+16.71 | 2.54+0.61 1.99 +0.37
DOPAC 6.34+049 539+0.70 | 6.33+1.99 5.22+1.31 1.75+0.18 2.74+0.28
DOPAC:DA 0.71+0.05 0.75+0.08 | 0.30+0.06 0.28 + 0.07 0.84 +0.16 1.53+0.22
5-HT 162.6 +6.20 146.7+4.90 | 62.40+5.61 57.03+3.27 | 71.83+3.84 71.54 + 3.64
S-HIAA 71.80+558 5041+1.68 | 13.65+2.19 10.02+0.27 | 31.89+2.02 23.78+0.78
5-HIAA:5-HT 044+0.02 0.35+0.02 | 0.21+0.01 0.18 + 0.01 0.45 +0.02 0.34 +0.03
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