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A B S T R A C T   

Locus coeruleus (LC) is among the first brain areas to degenerate in Alzheimer’s disease and Parkinson’s disease; 
however, the underlying causes for the vulnerability of LC neurons are not well defined. Here we report a novel 
mechanism of degeneration of LC neurons caused by loss of the mitochondrial enzyme glutamate pyruvate 
transaminase 2 (GPT2). GPT2 Deficiency is a newly-recognized childhood neurometabolic disorder. The GPT2 
enzyme regulates cell growth through replenishment of tricarboxylic acid (TCA) cycle intermediates and mod-
ulation of amino acid metabolism. In Gpt2-null mice, we observe an early loss of tyrosine hydroxylase (TH)- 
positive neurons in LC and reduced soma size at postnatal day 18. Gpt2-null LC shows selective positive Fluoro- 
Jade C staining. Neuron loss is accompanied by selective, prominent microgliosis and astrogliosis in LC. We 
observe reduced noradrenergic projections to and norepinephrine levels in hippocampus and spinal cord. Whole 
cell recordings in Gpt2-null LC slices show reduced soma size and abnormal action potentials with altered firing 
kinetics. Strikingly, we observe early decreases in phosphorylated S6 in Gpt2-null LC, preceding prominent p62 
aggregation, increased LC3B-II to LC3B-I ratio, and neuronal loss. These data are consistent with a possible 
mechanism involving deficiency in protein synthesis and cell growth, associated subsequently with abnormal 
autophagy and neurodegeneration. As compared to the few genetic animal models with LC degeneration, loss of 
LC neurons in Gpt2-null mice is developmentally the earliest. Early neuron loss in LC in a model of human 
neurometabolic disease provides important clues regarding the metabolic vulnerability of LC and may lead to 
new therapeutic targets.   

1. Introduction 

Locus coeruleus (LC) is a major source of norepinephrine for the 
central nervous system, serving a multitude of functions including 
modulation of arousal, sleep-wake states, motor function, inflammatory 
response, and metabolism (Amaral and Sinnamon, 1977; Chandler et al., 
2019; Dienel and Cruz, 2016; Fallon and Moore, 1978; Foote et al., 
1983; Nestler et al., 1999; O’Donnell et al., 2012; Zhang et al., 2014a). 
LC dysfunction has been noted in psychiatric disorders, including anx-
iety, depression, attention-deficit hyperactivity disorder and addiction 
(Aston-Jones et al., 1999; Grueschow et al., 2021; Guitart et al., 1992; 
Klimek et al., 1997; Morris et al., 2020; Nestler and Aghajanian, 1997; 
Yamamoto et al., 2014). LC is also a particularly vulnerable brain area 
implicated in neurodegenerative diseases, including Alzheimer’s disease 

(AD) and Parkinson’s disease (PD), wherein LC is among the first brain 
regions to degenerate (Braak and Del Tredici, 2011; Grudzien et al., 
2007; Oertel et al., 2019; Olivieri et al., 2019; Szot, 2012; Weinshenker, 
2018). In these degenerative diseases, the underlying causes for LC 
vulnerability are not clear and pinpointing these mechanisms may pave 
the way for therapeutic interventions. 

Genetic mutations offer a powerful and unbiased approach to iden-
tify disease mechanisms; however, there are very few known genetic 
mutations in animal models that lead to selective neurodegeneration in 
LC. Such mutations may reveal mechanisms of selective vulnerability of 
LC neurons. Previously reported mouse mutations with LC neuro-
degeneration include models of Parkinson’s disease: the Parkin-null 
(Von Coelln et al., 2004); the Pink1-null (Grant et al., 2015); and the 
Lrrk1/2 double knockout (Giaime et al., 2017). LC neuron loss is also 
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seen in transgenic mouse models of Alzheimer’s disease (Tg2576) 
(Guerin et al., 2009) and Down Syndrome (Ts65Dn) (Lockrow et al., 
2011). In all of these models, neuron loss generally occurs after six 
months of age. The only model reported to date that has early 
dysfunction of LC neurons, at two months of age, is the Mecp2-null 
mouse (Roux et al., 2010). 

Here we report a novel mechanism of degeneration, gliosis, and 
neuron loss in LC in an animal model of Glutamate Pyruvate Trans-
aminase 2 (GPT2) Deficiency. GPT2 is a metabolic enzyme in the 
mitochondria, catalyzing a reversible transfer of an amino group from 
glutamate to pyruvate producing alanine and alpha-ketoglutarate 
(Baytas et al., 2022; Ouyang et al., 2016). GPT2 is a major metabolic 
enzyme that links amino acid metabolism with the tricarboxylic acid 
(TCA) cycle. GPT2 supports cellular growth and energetics through 
replenishment of tricarboxylic acid (TCA) cycle intermediates (Hao 
et al., 2016; Kim et al., 2019; Schousboe et al., 2014). GPT2 also mod-
ulates levels of glutamate, the main excitatory neurotransmitter in the 
central nervous system (Hao et al., 2016; Kim et al., 2019; Schousboe 
et al., 2014). Importantly, human patients with recessive, loss-of- 
function mutations in GPT2 display postnatal microcephaly, intellec-
tual disability, and motor abnormalities including spasticity and weak-
ness in the lower limbs (spastic paraplegia) (Ouyang et al., 2019; 
Ouyang et al., 2016). Gpt2-null mice recapitulate the phenotype of 
postnatal microcephaly and motor dysfunction and prematurely die pre- 
weaning (Baytas et al., 2022; Ouyang et al., 2016); however, LC neu-
rodegeneration in the Gpt2-null mouse has not been previously 
described. The degeneration and neuron loss in LC may provide 
important new clues regarding the underlying pathophysiology of GPT2 
Deficiency. These findings may also pinpoint novel metabolic mecha-
nisms involved in neuronal vulnerability of LC in more common 
neurodegenerative diseases. 

2. Methods and materials 

2.1. Ethics statement 

All experiments involving mice were done in accordance with the 
National Institutes of Health Guide for the Care and Use of Laboratory 
Animals (Council, 2011) and approved by the Brown University Insti-
tutional Animal Care and Use Committee. 

2.2. Animals 

Gpt2-null animals were obtained from Knockout Mouse Project at 
University of California, Davis as described previously (Baytas et al., 
2022; Ouyang et al., 2016). The background of all mice was C57BL/6J 
(the original C57BL/6N line was backcrossed to C57BL/6J for ten gen-
erations or greater) and both sexes were included in the study. The mice 
were maintained under a 12-h light/dark cycle (lights on at 7 am/off at 
7 pm) throughout the year. Feed and water were given ad libitum. 

2.3. Immunofluorescence 

The brains and spinal cord from mice were dissected out after 
transcardial perfusion with 1× PBS then with 4% PFA. The tissues were 
cryoprotected by serially incubating in sucrose solutions of 10%, 20% 
and 30% overnight at 4 ◦C. The final solution was then changed to half 
by volume to sucrose/OCT (Optimal Cutting Temperature, Fish-
erScientific, 23-730-571) and gently shaken for 1 h at 4 ◦C. The tissues 
were frozen in dry ice/methanol bath and stored at -80 ◦C until day of 
sectioning at the cryostat. The sections were cut at 30 μm thickness. The 
immunofluorescence protocol was as follows, in order: 3-min fixing with 
4% PFA, 3 × 5-min 1× PBS washes, 2-h blocking in normal goat serum 
(NGS, Jackson ImmunoResearch, 005–000-121) with 1% (w/v) bovine 
serum albumin (FisherScientific, BP1600) and 0.4% TritonX-100 
(Sigma-Aldrich, T8787) (Note: if a mouse-raised antibody was used, a 

1-h incubation with 20 μg/mL AffiniPure Fab Fragment Goat Anti- 
Mouse IgG (H + L) (Jackson ImmunoResearch, 115–007-003) in 
blocking solution was performed), overnight incubation at 4 ◦C with 
primary antibody in blocking solution, 2 × 4-min washes with blocking 
solution, 3 × 4-min washes with 0.4% TritonX-100 in PBS, 2 h incuba-
tion with secondary antibody in blocking solution, 2 × 4-min washes 
with blocking solution, 3 × 4-min washes with 0.4% TritonX-100 in PBS, 
5-min incubation in DAPI (Invitrogen, D1306) and 3 × 5-min washes 
with PBS. Coverslips were then mounted onto slides with Fluoromount G 
(SouthernBiotech, 0100-01). Primary antibodies used in this study: 
rabbit anti-catalase (abcam, ab16731, 1:400), rat anti-CD68 (Abd 
Serotec (Bio-rad), MCA1957, 1:100), chicken anti-GFAP (Aves, Gfap, 
1:400), rabbit anti-IBA1 (Wako Chemicals, 019-19741, 1:500), rabbit 
anti-LC3B (Novus Biologicals, NB100-2220, 1:100), mouse anti-MTCO1 
(abcam, ab14705, 1:400), mouse anti-norepinephrine transporter (NET, 
abcam, ab211463, 1:400), mouse anti-p62 (Novus Biologicals-Abnova, 
H00008878-M01, 1:400), rabbit anti-p62 (Proteintech, 18420-1-AP, 
1:100), rabbit anti-pAMPKα (Thr172) (Cell Signaling, 2535, 1:200), 
rabbit anti-pS6 (Ser235/236) (Cell Signaling, 2211, 1:400), mouse anti- 
S6 (Santa Cruz, sc-74459, 1:200), rabbit tryptophan hydroxylase (TPH2) 
(Novus Biologicals, NB100-74555, 1:100), chicken anti-tyrosine hy-
droxylase (TH) (Aves, TH, 1:500), mouse anti-tyrosine hydroxylase (TH) 
(Millipore-Sigma, MAB318, 1:300), mouse anti-Ubiquitin (Santa Cruz, 
sc-8017, 1:50). 

Secondary antibodies used in this study: Goat anti-chicken IgY (H +
L) AlexaFluor 488 (Invitrogen, A-11039), goat anti-rabbit IgG (H + L) 
AlexaFluor 488 (Invitrogen, A-11034, 1:1000), goat anti-rabbit IgG (H 
+ L) AlexaFluor 555 (Invitrogen, A-32732, 1:1000), goat anti-mouse IgG 
(H + L) AlexaFluor 594 (Invitrogen, A-11032, 1:1000), goat anti- 
chicken IgY (H + L) AlexaFluor 647 (Invitrogen, A-32933, 1:1000), 
goat anti-mouse IgG (H + L) AlexaFluor 647 (Invitrogen, A-21235, 
1:1000), goat anti-rat IgG (H + L) AlexaFluor 647 (Invitrogen, A-21247, 
1:1000). 

For confocal microscopy on tissues, Olympus FV3000 confocal laser 
scanning microscope and FluoView software were used. Images were 
processed and analyzed with ImageJ. For the quantification in norepi-
nephrine transporter staining, we measured the area covered by the 
fluorescence within the image via thresholding in ImageJ. 

2.4. Quantification of tyrosine hydroxylase-positive (TH+) neurons in 
noradrenergic nuclei 

2.4.1. Quantification of TH+ neurons in LC 
Every serial coronal section (30 μm) starting approximately from the 

section where cerebral aqueduct first appears were stained with tyrosine 
hydroxylase (TH) to prevent loss of sections containing LC. The sections 
with LC proper, identified by the canonical boomerang shaped cluster of 
TH+ neurons, were selected for counting, two sections 30 μm apart were 
blindly counted for each animal. 

2.4.2. Quantification of TH+ neurons in other noradrenergic nuclei 
Work from Bucci and co-workers (Bucci et al., 2017) was used as 

reference points for identifying noradrenergic nuclei. 

2.4.3. Medial Parabrachial nucleus (PB) 
TH+ soma were found lateral to catecholaminergic cells surrounding 

the periaqueductal gray. The nucleus caudally merges with dorsal sub-
coeruleus and the LC proper emerges. The cells were counted in every 
other 30 μm section until there was no visible separation of PB and the 
dorsal subcoeruleus. 

2.4.4. A7 
TH+ soma were found lateral and anterior to dorsal subcoeruleus, 

medial to the middle cerebellar peduncle. The nucleus disappears when 
the LC proper appears. TH+ soma were counted in every other 30 μm 
section until the nucleus disappeared. 
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2.4.5. Dorsal subcoeruleus (SubD) 
TH+ soma were found ventral to PB and have characteristically large 

TH+ puncta. The cells were counted until there was no visible separa-
tion of PB and the SubD. 

2.4.6. Ventral subcoeruleus (SubV) 
TH+ soma were found immediately ventral to SubD. The nucleus 

continues to appear ventral to LC proper. 

2.4.7. A5 
A5 appears on the same tissue sections as LC proper in the most 

ventral part of the coronal section, near the ventral spinocerebellar tract. 
TH+ soma were counted in every other 30 μm section until the nucleus 
disappeared. 

2.4.8. A2 
TH+ soma were found in the dorsal-most part of the coronal section, 

caudally after A5 disappears. The nucleus is lateral to Area postrema and 
spans almost the entire caudal medulla. The TH+ soma were counted in 
every other 30 μm section until the nucleus disappeared. 

2.4.9. A1 
A1 appears on the same sections as A2 in the ventrolateral-most part 

of the coronal section. The TH+ soma were counted in every other 30 μm 
section until the nucleus disappeared. 

2.5. Fluoro-Jade C staining 

The tissue cryostat sections were mounted on Superfrost Plus mi-
croscope slides (FisherScientific, 22-230-892) and dried at 50 ◦C for 30 
min. The slides were immersed in the following solutions at room 
temperature in order: 0.2% NaOH in 80% ethanol for 5 min, 70% 
ethanol for 2 min, distilled water for 2 min, 0.06% potassium perman-
ganate for 10 min, distilled water for 2 min, 0.0001% Fluoro-Jade C 
(Sigma-Aldrich, AG325) in 0.1% acetic acid for 10 min and 3 times 
distilled water for 1 min. The slides were dried at 50 ◦C for 10 min, 
immersed in xylene for 1 min and coverslipped with DPX Mounting 
medium (Millipore Sigma, 06522). 

For double labeling, regular Immunofluorescence protocol as 
described above was performed first, followed by the Fluoro-Jade 
staining protocol. 

2.6. Hematoxylin & Eosin (H&E) staining 

10 μm sections obtained from paraffin embedded tissue were pro-
cessed in the following steps in order: 2 × 10-min deparaffinization with 
xylene; 2 × 5-min rehydration in 100% ethanol; 2 min 95% ethanol and 
2 min with 70% ethanol; wash in distilled water; 8 min stain in Mayer 
hematoxylin solution (Sigma-Aldrich, MHS1); 10 min rinse in warm 
running tap water; wash in distilled water for 30 s; dip slides in 95% 
ethanol 10 times; stain in Eosin Y solution (Sigma-Aldrich, HT110116) 
for 30 s; 95% ethanol 5 min; 100% ethanol 5 min each 2 times; clear in 
xylene 5 min each 2 times; mount with DPX Mounting medium (Milli-
pore Sigma, 06522). 

2.7. Norepinephrine Enzyme-Linked Immunosorbent Assay (ELISA) 

Tissues were acutely dissected after cervical dislocation and weighed 
immediately before flash freezing in liquid nitrogen. The spinal cord and 
hippocampus tissues were homogenized in 300 μl ddH2O and cortex 
tissues in 500 μl ddH2O using a Kimble pestle and motor. The homog-
enate was spun at 5000 x g for 5 min and 200 μl was extracted from each 
sample. The norepinephrine in tissues was detected using Norepineph-
rine ELISA Kit (Abnova, KA1891) according to the manufacturer’s 
manual. 

2.8. Brain slice preparation 

Coronal slices (250 μm) were prepared from anesthetized mice. The 
brain was immediately extracted and placed in a vibratome (Leica, 
VT1000). Slices were cut in ice-cold oxygenated artificial cerebrospinal 
fluid (ACSF, in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl2.2H2O, 1.0 NaH2PO4. 
H2O, 1.3 MgSO4.7H2O, 26.0 NaHCO3, 11 glucose. Slices were recovered 
in the same oxygenated ACSF solution at room temperature for 1 h and 
then transferred to a recording chamber where they were continuously 
submerged in ACSF at 28 ◦C with a flow rate of 1–2 ml/min. 

2.9. Electrophysiological recordings 

Locus coeruleus was recognized by its proximity to the fourth 
ventricle bordering lateral pons and all LC neurons had a characteristic 
pacemaking activity. Whole cell recordings were performed at current- 
clamp mode using a MultiClamp 700B Amplifier (Molecular Devices). 
Signals were low-pass filtered at 3 kHz and digitized at 10 kHz through 
Digidata 1550 digitizer (Molecular Devices). Patch electrodes were 
fabricated from borosilicate glass capillaries (Sutter Instruments) using a 
P-97 micropipette puller (Sutter Instruments). Patch pipettes had a 
resistance of 3–8 MΩ filled with patch pipette internal solution con-
sisting of (in mM): 125.0 KCl, 2.8 NaCl, 10.0 HEPES, 2.0 MgCl2, 2.37 
ATP-Mg, 0.32 GTP-Na, 0.6 EGTA, (pH 7.23–7.28, 270–278 mOsm). 
Capacitance and membrane resistance were calculated from voltage 
response to an injection of − 100 pA. For constructing averaged action 
potential, action potentials within pacemaking activity in each cell were 
detected and averaged. All electrophysiological recordings were 
analyzed using Clampfit software. 

2.10. Collection of locus coeruleus for western blotting using the NET-GFP 
mouse line 

The germline Gpt2-null mouse line (Knockout Mouse Project at 
University of California, Davis, KOMP CSD24977) was crossed with a 
transgenic strain containing EGFP fused to a ribosomal protein 
expressed under the control of Slc6a2 (norepinephrine transporter) 
promoter (Jackson Laboratory Strain no. 031151, NET-GFP) (Mulvey 
et al., 2018). The background of all mice were C57BL/6J. At postnatal 
day 18, the mice were euthanized via cervical dislocation. The brain was 
extracted, a vertical cut was made using a razor blade near the anterior 
tip of the brain. The tissue was put in 1.5 ml Eppendorf tube, flash frozen 
in liquid nitrogen and stored at -80 ◦C until sample collection. The brains 
were placed in the cryostat and 150 μm thick sections of the hindbrain 
were mounted on slides. Using an inverted microscope with a 488 nm 
excitation filter cube, soma with GFP in the locus coeruleus were iden-
tified. The outer perimeter of LC was cut with an insulin syringe needle 
and LC was collected with forceps. The tissue samples were put in RIPA 
buffer for western blotting. 

2.11. Western blotting 

Locus coeruleus tissue samples were collected in 30 μl RIPA buffer 
(50 mM Tris, 0.15 M NaCl, 1 mM EDTA, 1% TritonX-100, 0.5% (w/v) 
sodium deoxycholate, 0.1% SDS) with 1× PhosStop (Roche, 
04906845001) and 1× Protease Inhibitor Cocktail (PIC) (Roche, 
05892970001). Protein samples (3–5 μg) were incubated in 1× NuPage 
Sample buffer (Invitrogen, NP0007) and 1× NuPage reducing agent 
(Invitrogen, NP0004) at 70 ◦C for 10 min and immediately placed on ice. 
For hippocampus and cortex tissue samples, the collection volume of the 
RIPA buffer was 250 μl and the protein amount loaded in the gel was 20 
μg. The samples were run in NuPage 4–12% Bis-Tris gel (Invitrogen, 
NP0321) at 170 V until the dye front was at the end of the gel. The gel 
was transferred to a nitrocellulose membrane (Invitrogen, LC2000) in 
1× FisherScientific Pierce Western Blot Transfer Buffer (35040) with 
20% methanol at 30 V for 1 h. The blot was blocked with Li-Cor Blocking 
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Buffer (Li-Cor Biosciences, 927–50000) for 30 min and permeabilized 
for 5 min in TBST (FisherScientific, BP2411) with 0.05% Tween20 
(Sigma-Aldrich, P7949). The blot was incubated with primary anti-
bodies in Li-Cor Intercept Antibody Diluent (Li-cor Biosciences, 927- 
65001) at 4 ◦C overnight. The blot was washed 3 × 5 min with TBST, 
incubated with secondary antibodies diluted in TBST for 1 h, washed 
with TBST and finally placed in TBS. The blot was imaged using the Li- 
Cor Odyssey CLx Imaging System (resolution: 84 μm, background sub-
traction: median) and analyzed using Image Studio Lite software. Pro-
tein amount in each sample was determined using the bicinchoninic acid 
(BCA) assay (ThermoScientific Pierce, PI23227). 

Primary antibodies used in this study: mouse anti-Actin (Sigma, 
A3853, 1:2000, 42 kDa), rabbit anti-GFP (Cell Signaling, 2956, 1:1000, 
predicted molecular weight of the fused protein, EGFP-RPL10A: 52 
kDa), rabbit anti-LC3B [Novus Biologicals, NB100-2220, 1:1000, 17 kDa 
(LC3B-II), 19 kDa (LC3B-I)], rabbit anti-p62 (Proteintech, 18420-1-AP, 
1:1000, 62 kDa), rabbit anti-pAMPKα (Thr172) (Cell Signaling, 2535, 
1:1000, 62 kDa), rabbit anti-pS6 (Ser235/236) (Cell Signaling, 2211, 
1:1000, 32 kDa), mouse anti-S6 (Santa Cruz, sc-74459, 1:100, 32 kDa), 
mouse anti-tyrosine hydroxylase (TH) (Millipore-Sigma, MAB318, 
1:1000, 60 kDa). Secondary antibodies used in this study: goat anti- 
rabbit IRDye 680RD (Li-Cor Biosciences, 926-68071, 1:20,000), goat 
anti-rabbit IRDye 800CW (Li-Cor Biosciences, 925-32211, 1:20,000), 
goat anti-mouse IRDye 680RD (Li-Cor Biosciences, 925-68070, 
1:20,000), goat anti-mouse IRDye 800CW (Li-Cor Biosciences, 926- 
32210, 1:20,000). 

2.12. MitoSOX staining in LC slices 

Brain slices were collected at P18 and processed as described above 
in Brain slice preparation. After incubation of the slices in ACSF for 1 h, 
the slices were transferred to a solution of ACSF with 200 nM MitoSOX 
(Invitrogen, M36008) for 15 min. The slices were fixed in 4% PFA 
overnight at 4 ◦C and the next day embedded in 2% agarose and 
sectioned using a vibratome. 50 μm sections were stained for TH and p62 
as described above in Immunofluorescence. 

2.13. Statistical analysis 

All data presented in the Figures and the Results section are pre-
sented as average ± standard error of the mean, unless otherwise noted. 
The statistical test for comparisons of two groups was unpaired two- 
tailed Student t-test unless otherwise noted. All statistical analyses 
were compiled using GraphPad Prism software. Mixed model analysis 
was done using JMP Pro 14. 

3. Results 

3.1. Neurodegeneration and gliosis in Gpt2-null locus coeruleus 

We observed prominent microgliosis in the LC of Gpt2-null mice at 
postnatal day 18 (P18) (Fig. 1). Screening in sagittal sections of Gpt2- 
null mouse brains revealed selective microglial activation in a pontine 
region, later confirmed to be LC (Fig. 1, Fig. S1A). The microgliosis in 
Gpt2-null LC was already visible in images taken with a 2× objective, 
indicating the severity of microglial activation (Fig. 1B, left). The 
zoomed-in images of the LC showed clustered microglia with increased 
fluorescence intensity for Ionized calcium binding adaptor molecule 1 
(IBA1), a marker for microglia (Fig. 1B, right). The microglia appeared 
more amoeboid in shape and clustered particularly around the ventral 
LC. Microglia were evenly distributed without enhanced IBA1 signal 
throughout the rest of the sagittal section of Gpt2-null mouse brain 
indicating that there was a selective microgliosis in LC after loss of 
GPT2. The microglial response in the ventral LC was visible in the cor-
onal sections (Fig. 1C) and astrogliosis was also apparent (Fig. S2A). 
CD68, a lysosomal glycoprotein that is expressed at high levels in 

activated, phagocytic microglia (Neher et al., 2013), was also elevated in 
Gpt2-null LC, detected as enlarged immunofluorescent puncta (Fig. S3). 
Microgliosis and astrogliosis were absent with no cell loss in LC of Gpt2- 
null mice at P14 and P7 (Fig. S2B), suggesting that the damage in LC is 
apparent in postnatal development after P14 and by P18. 

There was significant degeneration and neuron loss in Gpt2-null LC. 
Given the strong microgliosis phenotype, we tested for loss of neurons in 
Gpt2-null LC (Fig. 2). We quantified the tyrosine hydroxylase (TH) + cell 
count in the LC proper and there was a significant loss in TH+ cells in 
Gpt2-null LC (Fig. 2B). The soma size of the remaining Gpt2-null TH+

cells in LC was also greatly reduced. Interestingly, while some of the 
Gpt2-null LC neurons showed very bright TH signal and others appeared 
dim, the overall TH relative fluorescence intensity was increased in the 
Gpt2-null LC. Consistent with microglial activation, average IBA1 rela-
tive fluorescence intensity in Gpt2-null LC was increased. 

To further investigate the pathology, we stained the LC with Fluoro- 
Jade C (FJC), a fluorescein derivative that is selectively taken up by 
degenerating neurons (Schmued et al., 1997). There were FJC+ cells in 
Gpt2-null LC, particularly on the ventral side (Fig. 3A). We also did 
hematoxylin and eosin (H&E) stains on Gpt2-null LC and observed 
hypereosinophilic and necrotic neurons, consistent with neuro-
degeneration (Fig. 3B). 

Microgliosis and cell loss were relatively specific to Gpt2-null LC. 
Absence of microgliosis was observed in coronal sections of other areas 
of the Gpt2-null brain, including various regions of cortex, hippocampus, 
thalamus, hypothalamus, midbrain, cerebellum and medulla 
(Fig. S1B–E). In addition, we did not observe any Fluoro-Jade C positive 
signals in the rest of Gpt2-null brain (Fig. S4). To investigate whether 
other neuron groups that share the common noradrenergic phenotype 
with LC neurons show any similar signs of cell loss or gliosis, we counted 
TH+ neurons in other noradrenergic nuclei; medial parabrachial nu-
cleus (PB), A7, dorsal subcoeruleus (SubD), ventral subcoeruleus 
(SubV), A5, A2 and A1 (Figs. S5–10). We used a comprehensive study 
conducted by Bucci and co-workers (Bucci et al., 2017) as reference 
points for identifying noradrenergic nuclei. We did not find any TH+

neuron loss in noradrenergic nuclei except LC (quantified in Fig. S5A), 
however most of the nuclei had reduced soma size (Fig. S5B). Apart from 
LC, microgliosis and astrogliosis were present in SubD (Fig. S6&7) but 
absent in all other noradrenergic nuclei (Fig. S6–10). These results 
confirm selective vulnerability of LC with regard to cell loss, as deter-
mined by both cell counting and FJC staining. 

In order to define the degeneration of LC in Gpt2-null mice further, 
we quantified noradrenergic projections by staining coronal mouse 
brain sections for norepinephrine transporter (NET) (Fig. 4). Coronal 
sections that contained hippocampus proper and surrounding cortical 
and subcortical areas showed overall reductions of NET staining in Gpt2- 
null mice (Fig. 4A). We quantified the noradrenergic innervation in the 
hippocampus CA1 region and the retrosplenial cortex (RSC) (Fig. 4B & 
C). The RSC was chosen due to the easy identification of its anatomical 
location with respect to the hippocampus proper. NET staining was 
decreased in Gpt2-null brain in the RSC (Fig. 4B), but was most strongly 
and significantly reduced in the Gpt2-null hippocampus CA1 area 
(Fig. 4C). 

We found severe denervation of noradrenergic projections in Gpt2- 
null spinal cord. The degeneration of the ventral LC may be exacerbated 
due to its long-range projections to the spinal cord (Amaral and Sinna-
mon, 1977; Bruinstroop et al., 2012). We hypothesized that NET stain-
ing in the cervical and lumbar enlargements of Gpt2-null mice would be 
reduced. We examined the spinal cord in four anatomical areas for 
quantification: dorsolateral (DL), dorsomedial (DM), ventrolateral (VL) 
and ventromedial (VM) areas corresponding to approximately lateral 
spinal nucleus, laminae 3–4 of the dorsal horn, lamina 9 of the ventral 
horn and laminae 7–8 of the ventral horn, respectively (Fig. 4D). There 
were significant reductions of NET staining in both cervical and lumbar 
spinal cord of Gpt2-null mice (Fig. 4D–G). There were no significant 
differences of NET staining in the DL area of either cervical or lumbar 
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Fig. 1. GPT2 Deficiency leads to selective gliosis in locus coeruleus. 
Selective microgliosis in Gpt2-null LC in sagittal brain sections at P18. Images of tyrosine hydroxylase (TH, magenta), IBA1 (green) staining in wild-type (A) and Gpt2- 
null (B) sagittal sections. D: Dorsal V: Ventral. Low magnification images taken with a 2× objective are shown on the left, (scale bar: 500 μm), high magnification 
images taken with a 60× objective are on the right (scale bar: 100 μm). C. Selective microgliosis in Gpt2-null LC in coronal brain sections at P18. Images of tyrosine 
hydroxylase (TH, magenta), IBA1 (green) staining in wild-type and Gpt2-null coronal sections containing LC. D: Dorsal, V: Ventral, M: Medial, L: Lateral. Scale bar: 
200 μm. 
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enlargements albeit with trend toward a decrease in Gpt2-null mice 
(two-tailed Student’s t-test, cervical DL: P = 0.0754; lumbar DL: P =
0.0932). 

Norepinephrine levels were profoundly decreased in Gpt2-null mice. 
We tested for alterations of norepinephrine levels in acutely dissected 
cortex, hippocampus, cervical and lumbar spinal cord of Gpt2-null mice 
by an enzyme-linked immunosorbent assay (ELISA) (Fig. 5). Consistent 
with the NET staining results from above (Fig. 4), there was a significant 
reduction in norepinephrine levels of Gpt2-null hippocampus, cervical 
and lumbar spinal cord but not in the cortex (Fig. 5A). Decreased 
norepinephrine levels were also observed at P14 but not at P7 
(Fig. 5B&C), suggesting that the denervation occurs after P7 in postnatal 
development. Reduction in norepinephrine levels was particularly pro-
found in the spinal cord, consistent with the observation of prominent 
microgliosis in ventral LC, which preferentially projects to the spinal 
cord (Bruinstroop et al., 2012; Schwarz and Luo, 2015). Overall, these 
data suggest a dramatic decrease in noradrenergic inputs into various 
regions of the central nervous system of Gpt2-null mice. 

Given the LC neurodegeneration and decreased noradrenergic 
innervation in central nervous system, we hypothesized that performing 
whole-cell recordings in Gpt2-null LC neurons at P18 may capture al-
terations in electrophysiological properties associated with decreases in 
norepinephrine levels (Fig. 6). Gpt2-null LC neurons had lower capaci-
tance, consistent with a decreased soma size (Fig. 6B), which corrobo-
rates our findings of decreased cell area as quantified by 
immunohistochemistry (Fig. 2B). This finding also fits with a proposed 
function of GPT2 in cell growth (Baytas et al., 2022). We also observe an 
increased membrane resistance (Fig. 6C). Interestingly, there was a 
slightly increased pacemaking frequency in the Gpt2-null LC neurons 
(Fig. 6D), as apparent in the representative recordings (Fig. 6A). This 
may be due to decreased autoinhibition caused by reduced norepi-
nephrine levels and innervation (Fig. 5) (Hein et al., 1999). Averaged 
action potential was plotted to visualize abnormalities in the overall 
shape of the spikes (Fig. 6E). Several parameters were significantly 
changed. Peak amplitude of Gpt2-null LC neuron spikes was increased 
(Fig. 6F). Time to decay to half of the peak amplitude in Gpt2-null spikes 
was reduced, indicating faster action potential kinetics (Fig. 6G). Hy-
perpolarization peak amplitude of Gpt2-null LC neurons was also 
increased (Fig. 6H). Overall, the electrophysiological characterization of 

Gpt2-null LC neurons indicated intrinsic cell properties consistent with 
reduced neuron size and altered action potential parameters that may in 
part underlie the deficiencies in norepinephrine supply in Gpt2-null 
mice. 

3.2. Prominent p62 aggregation in Gpt2-null locus coeruleus neurons 

Following characterization of the neurodegeneration in Gpt2-null LC, 
we set out to investigate potential mechanisms underlying this vulner-
ability in LC. GPT2 is an equilibrium enzyme that modulates levels of its 
substrates such that the concentrations of the two sides are balanced 
(Krebs, 1953). Given the influence of GPT2 over alanine and glutamate 
levels as well as other metabolites involved in amino acid metabolism in 
the mouse brain (Baytas et al., 2022), we hypothesized that GPT2 loss 
may lead to dysregulation in protein homeostasis (proteostasis) such 
that protein degradative and synthetic pathways are altered. We first 
tested for aggregation of p62 (Sequestosome 1, SQSTM1), a well-studied 
receptor of autophagy (Bartlett et al., 2011; Deng et al., 2017; Komatsu 
et al., 2007; Seibenhener et al., 2004; Vadlamudi et al., 1996) that has 
been shown to aggregate in neurons of various models of neurodegen-
erative diseases including Alzheimer’s disease (Kuusisto et al., 2002; 
Zatloukal et al., 2002), Parkinson’s (Kuusisto et al., 2002; Nakaso et al., 
2004), Huntington’s disease (Bjorkoy et al., 2005; Nagaoka et al., 2004) 
and amyotrophic lateral sclerosis (ALS) (Gal et al., 2007). We observe 
prominent p62 aggregation in Gpt2-null LC at P18. Approximately 20% 
of TH+ neurons in a given section of LC had p62 aggregates (Fig. 7A & 
C). Both dorsal and ventral Gpt2-null LC are affected with p62 aggre-
gation (Fig. 7A&B) unlike the microgliosis and astrogliosis which 
appeared more pronounced in the ventral LC (Figs. 1, 2 & S2A). As noted 
above in Fig. 2, we again observed an unequal TH intensity within the 
same coronal section of neurons in Gpt2-null LC. Some neurons appeared 
comparatively very bright and some very dim for TH (Fig. 7A). Paired 
analysis of TH intensity obtained from TH+ soma revealed that Gpt2- 
null LC neurons with p62 aggregates had lower TH intensity (Fig. 7D). 
To characterize this increase in variability of intensities across neurons, 
we calculated a measure of variability named “coefficient of variation” 
of fluorescence intensity (σ / μ; standard deviation divided by the mean 
of fluorescence intensities). Increased coefficient of variation for a 
particular signal of protein may indicate that levels of that protein are 

Fig. 2. Smaller TH+ neurons and loss of TH+ neurons in Gpt2-null LC at P18. 
A. High magnification images of microgliosis in Gpt2-null ventral LC at P18. Tyrosine hydroxylase (TH, magenta) and IBA1 (green) staining in wild-type and Gpt2- 
null LC. Scale bar: 50 μm. 
B. Quantification of TH+ cell count, TH+ soma area, TH average relative fluorescence intensity and IBA1 average relative fluorescence intensity. Each dot represents 
the average of staining in 3 sections per animal (wild-type: black, n = 5; Gpt2-null: red, n = 5 mice). The statistical test for comparisons of two groups was unpaired 
two-tailed Student t-test. **0.001 < P < 0.01. 
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affected differentially across cells; thereby pinpointing a dysregulation 
of level of the protein of interest. We observed increased coefficient of 
variation for TH and p62 intensities in Gpt2-null LC compared to their 
wild-type controls (Fig. S11A & B), mathematically identifying the 
variability observed in the staining. p62 aggregation did not occur in 
Gpt2-null LC at P14 (Fig. S11C), suggesting that both gliosis (Fig. 1 & 
S2B) and p62 aggregates appear later in postnatal development. In 
addition, Gpt2-null LC neurons with p62 aggregates showed positive 
Fluoro-Jade C signal (Fig. S12), indicating that p62 aggregation may 
occur simultaneously with neurodegeneration. 

We next tested for changes in levels of LC3B, a microtubule associ-
ated protein that helps formation of autophagosome and phagophores 
and one of the key mediators of autophagy (Johansen and Lamark, 2011; 
Kabeya et al., 2000). Gpt2-null LC at P18 did not show any overt change 
in the LC3B intensity (Fig. S13A), however there was a slight reduction 
in LC3B intensity in Gpt2-null LC neurons with p62 aggregates 
(Fig. S13B) as well as an increased coefficient of variation in Gpt2-null 
LC sections (Fig. S13C). In addition, we tested for increases in ubiq-
uitination of proteins or co-localization of ubiquitin with p62 aggregates 

in Gpt2-null LC at P18, however we could not find any visible differences 
between wild-type and Gpt2-null LC (Fig. S14A & B). 

p62 aggregation is not specific to Gpt2-null LC neurons and occurs in 
serotonergic neurons of raphe nuclei and other select neurons in the 
Gpt2-null midbrain. We assessed the specificity of p62 aggregation in LC 
by examining p62 levels in the rest of the Gpt2-null brain at P18. Among 
the noradrenergic nuclei, both medial parabrachial nucleus (PB) and 
dorsal subcoeruleus (SubD) had p62 aggregates (Fig. S15B & C). p62 
levels were normal in Gpt2-null ventral subcoeruleus (SubV), A7, A5, A2 
and A1 (Fig. S15D–F & S16). We screened the rest of Gpt2-null brain for 
any p62 aggregates by examining every 10th 30 μm section. p62 ag-
gregates appeared in dorsal and central raphe (Fig. S17), that co- 
localized with tryptophan hydroxylase (TPH2) (Fig. S18). There was 
no overt prominent gliosis in the raphe nuclei, however we did observe 
some amoeboid-shape microglia around Gpt2-null serotonergic neurons 
with p62 aggregates (Fig. S17B). Brain areas likely to be the red nucleus 
and midbrain reticular nucleus also showed p62 aggregates (Fig. S19) 
but no gliosis. We could not find any p62 aggregates in the rest of the 
forebrain areas including primary motor area, primary somatosensory 
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Fig. 3. Degeneration of neurons in Gpt2-null LC. 
A. Fluoro-Jade C staining in wildtype and Gpt2-null LC at P18. Arrows point to degenerating cells and arrowheads point to normal cells. The asterisk denotes the 4th 
ventricle. Quantification of Fluoro-Jade C+ cells is given on the right. Each dot represents the average of counts in 2–3 sections per animal (wild-type: black, n = 5; 
Gpt2-null: red, n = 5 mice). *0.01 < P < 0.05. Scale bar: 100 μm. 
B. Eosinophilic and necrotic neurons are present in Gpt2-null LC at P18. Images of hematoxylin and eosin (H&E) staining in wild-type and Gpt2-null LC (Scale bar: 
100 μm). The top arrow points to a necrotic neuron and the bottom arrow points to a hypereosinophilic neuron in Gpt2-null LC, both visualized with higher 
magnification on the right (Scale bar: 5 μm). The arrowhead points to a healthy neuron of the motor nucleus of the trigeminal nerve bordering the LC laterally. The 
asterisk denotes the LC. 
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Fig. 4. Noradrenergic innervation in hippocampus and spinal cord is reduced in Gpt2-null mice. 
A. Noradrenergic innervation in hippocampus of Gpt2-null mice at P18 is reduced. Images of norepinephrine transporter (NET, green) staining in coronal sections 
containing hippocampus of wild-type and Gpt2-null mice (scale bar: 500 μm). The white boxes indicate example areas of CA1 of hippocampus and retrospenial cortex 
(RSC) where the staining was quantified. 
B. Representative images of higher magnification for RSC and quantification of NET staining as a fraction of the total field of view. Each dot represents the average of 
staining in 2–3 sections per animal (wild-type: black, n = 6; Gpt2-null: red, n = 6 mice). Decrease in RSC demonstrates a statistical trend (two-tailed Student’s t-test, 
P = 0.0553). The statistical test for comparisons of two groups was unpaired two-tailed Student t-test. Scale bar: 100 μm. 
C. Representative images of higher magnification for CA1 hippocampus and quantification of NET staining as a fraction of the total field of view. Each dot represents 
the average of staining in 2–3 sections per animal (wild-type: black, n = 6; Gpt2-null: red, n = 6 mice). SR: stratum radiatum, SP: stratum pyramidale, SO: stratum 
oriens. Scale bar: 100 μm. The statistical test for comparisons of two groups was unpaired two-tailed Student t-test. **0.001 < P < 0.01. 
D. Images of norepinephrine transporter (NET, green) staining in coronal sections of cervical spinal cord of wild-type and Gpt2-null mice at P18. Each dot represents 
the average of staining in 3 sections per animal (wild-type: black, n = 7; Gpt2-null: red, n = 6 mice). The white boxes indicate example areas where the staining was 
quantified for cervical spinal cord and lumbar spinal cord (DL: dorsolateral, DM: dorsomedial, VL: ventrolateral, VM: ventromedial). Scale bar: 200 μm. 
E. Images of NET (green) staining in coronal sections of lumbar spinal cord of wild-type and Gpt2-null mice at P18. Scale bar: 200 μm. 
F. Quantification of NET staining in cervical spinal cord as a fraction of the total field of view. Each dot represents the average of staining in 3 sections per animal 
(wild-type: black, n = 7; Gpt2-null: red, n = 6 mice). The statistical test for comparisons of two groups was unpaired two-tailed Student t-test. Two-way ANOVA was 
performed to determine statistical effects of region and genotype (interaction: F (3,43) = 27.67, P < 0.0001; region factor: F (3,43) = 149.6, P < 0.0001; genotype 
factor: F (3,43) = 124.1, P < 0.0001). *0.01 < P < 0.05; ***P < 0.001. 
G. Quantification of NET staining in lumbar spinal cord as a fraction of the total field of view. Each dot represents the average of staining in 3 sections per animal 
(wild-type: black, n = 7; Gpt2-null: red, n = 6 mice). The statistical test for comparisons of two groups was unpaired two-tailed Student t-test. Two-way ANOVA was 
performed to determine statistical effects of region and genotype (interaction: F (3,45) = 4.8, P = 0.0056; region factor: F (3,45) = 18.4, P < 0.0001; genotype factor: 
F (1,45) = 31.8, P < 0.0001). *0.01 < P < 0.05; **0.001 < P < 0.01; ***P < 0.001. 
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area, caudoputamen, hippocampus, thalamus, amygdala and hypothal-
amus (Fig. S20). As norepinephrine belongs to catecholamines, we 
specifically assessed gliosis and p62 aggregation in dopaminergic neu-
rons of the substantia nigra (SN) and ventral tegmental area (VTA). 
Gpt2-null dopaminergic neurons in SN and VTA were free of gliosis and 
p62 aggregation (Fig. S21). These data indicate that p62 aggregation 
occurs not only in LC neurons but also in select neurons of the midbrain, 
however prominent microgliosis and astrogliosis as well as neuronal 
Fluoro-Jade C signal are specific to Gpt2-null LC at the stages examined. 

p62 has been proposed to have redox sensitivity that reacts to 
oxidative stress leading to pathological degradation of proteins in cells 
(Carroll et al., 2018). Glutamate, one enzymatic substrate of GPT2, is a 
precursor of glutathione, a major anti-oxidant in cells, and glutathione 
levels in Gpt2-null whole brain and hippocampus were previously found 
to be decreased (Baytas et al., 2022; Ouyang et al., 2016). We hypoth-
esized that if oxidative stress is elevated in Gpt2-null LC neurons, 
oxidized p62 may undergo a conformational change and lead to ag-
gregation. We sought to test this by labeling mitochondria-specific su-
peroxide anion in acutely dissected mouse brain slices that contain LC 
via MitoSOX incubation (Johnson-Cadwell et al., 2007; Santini et al., 
2015). Mitochondrial localization of MitoSOX was verified in cortex and 
locus coeruleus (Fig. S22). We did not see any overt changes of MitoSOX 
intensity in either Gpt2-null LC (Fig. S23A-C) or CA1 of the hippocampus 
(Fig. S23D,E). Furthermore, protein levels of catalase, an enzyme that 
decomposes hydrogen peroxide, has been shown to elevate as a result of 
metabolic perturbation in LC neurons (Zhang et al., 2014a), however, 
we did not find any changes in catalase levels via immunohistochemistry 
in Gpt2-null LC (Fig. S24. We were unable to find remarkable features in 
the tests we applied to assess oxidative stress in Gpt2-null LC neurons 
with p62 aggregates. 

Since GPT2 is an enzyme that feeds metabolites into the TCA cycle, 
we tested the possibility of the involvement of AMPK signaling pathway 
as an upstream energy sensor mechanism in Gpt2-null LC. Phosphorated 
AMPKα indicates high AMP to ATP ratio thereby activates cellular 

degradative processes and inhibits anabolic processes (Mihaylova and 
Shaw, 2011). We did not observe any differences of pAMPKα levels 
between wild-type, Gpt2-null LC neurons with or without p62 aggre-
gates via immunohistochemistry (Fig. S25). While pAMPKα levels were 
unchanged, we did find slight decreases in intensity of MTCO1 (Mito-
chondrially Encoded Cytochrome C Oxidase I), a marker for mitochon-
dria, in Gpt2-null LC neurons with p62 aggregates (Fig. S26). There was 
no visible difference in mitochondrial footprint in these neurons and the 
slight decreases in intensity may reflect overall cellular degradation. 

3.3. Reductions in phosphorylated ribosomal protein 6 (pS6) levels 
precede indicators of abnormal autophagy and neurodegeneration in Gpt2- 
null locus coeruleus 

We then assessed for perturbations in an anabolic process of pro-
teostasis, mRNA translation in Gpt2-null LC. If the metabolic building 
blocks provided by GPT2 (glutamate and alanine, amino acids that are 
frequently found in the primary structure proteins) are of high demand, 
protein synthesis may be altered and the cells may not be able to grow or 
function. In our prior metabolomics studies of Gpt2-null brain, metab-
olite set enrichment analysis identified protein biosynthesis as a top 
pathway that was abnormal (Ouyang et al., 2016). Phosphorylation of 
the ribosomal protein 6 (pS6) has been linked to many synthetic path-
ways including protein synthesis, glucose homeostasis, cell size, as well 
as neuronal activity (Biever et al., 2015; Bohlen et al., 2021; Puigh-
ermanal et al., 2017; Ruvinsky et al., 2005). We find major reductions in 
pS6 levels in Gpt2-null LC neurons at P18 by immunohistochemistry. 
Within the representative image of Gpt2-null LC, most neurons had 
reduced pS6 intensity as determined by immunohistochemistry 
(Fig. 8A). Overall pS6 intensity was reduced in Gpt2-null LC neurons and 
further reduced in neurons with p62 aggregates compared to wild-type 
LC neurons (Fig. 8A & C). There were very few Gpt2-null LC neurons 
with a bright pS6 signal and the neighboring neurons of the motor nu-
cleus of the trigeminal nerve showed wild-type-like staining (Fig. 8A). 
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Fig. 5. Norepinephrine levels in hippocampus and spinal cord of Gpt2-null mice are reduced at P18 and P14 but unchanged at P7. 
A. Quantification of norepinephrine levels per wet weight of tissue (pmol/g) in cortex, hippocampus, cervical and lumbar spinal cord of wild-type and Gpt2-null mice 
at P18 as detected by enzyme-linked immunosorbent assay (ELISA). Each dot represents the average of duplicates of a tissue sample from one animal (wild-type: 
black, n = 5; Gpt2-null: red, n = 5 mice). The statistical test for comparisons of two groups was unpaired two-tailed Student t-test. Two-way ANOVA was performed to 
determine statistical effects of region and genotype (interaction: F (3,30) = 10.50, P < 0.0001; region factor: F (3,30) = 20.98, P < 0.0001; genotype factor: F (1,30) 
= 42.24, P < 0.0001). *0.01 < P < 0.05; **0.001 < P < 0.01. 
B. Quantification of norepinephrine levels per wet weight of tissue (pmol/g) in cortex, hippocampus, cervical and lumbar spinal cord of wild-type and Gpt2-null mice 
at P14. Each dot represents the average of duplicates of a tissue sample from one animal (wild-type: black, n = 5; Gpt2-null: red, n = 5 mice). The statistical test for 
comparisons of two groups was unpaired two-tailed Student t-test. Two-way ANOVA was performed to determine statistical effects of region and genotype (inter-
action: F (3,32) = 11.13, P < 0.0001; region factor: F (3,32) = 36.52, P < 0.0001; genotype factor: F (1,32) = 38.05, P < 0.0001). *0.01 < P < 0.05; **0.001 < P <
0.01. 
C. Quantification of norepinephrine levels per wet weight of tissue (pmol/g) in cortex, hippocampus, cervical and lumbar spinal cord of wild-type and Gpt2-null mice 
at P7. Each dot represents the average of duplicates of a tissue sample from one animal (wild-type: black, n = 5; Gpt2-null: red, n = 5 mice). The statistical test for 
comparisons of two groups was unpaired two-tailed Student t-test. Two-way ANOVA was performed to determine statistical effects of region and genotype (inter-
action: F (3,32) = 0.22, P = 0.88; region factor: F (3,32) = 37.91, P < 0.0001; genotype factor: F (1,32) = 0.01, P = 0.90). *0.01 < P < 0.05; **0.001 < P < 0.01. 
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High magnification images of the Gpt2-null LC showed that neurons with 
p62 aggregates had little to no pS6 signal (Fig. 8B). This change in pS6 
intensity was also reflected in an increase of coefficient of variation of 
pS6 intensity across Gpt2-null LC neurons compared to their wild-type 
controls (Fig. 8D). The stark reductions in pS6 were not accompanied 
by overall reductions in S6 (Fig. S27), suggesting that ribosomal protein 
6 is present in normal levels in Gpt2-null LC but the phosphorylation of 
S6 is reduced. We did observe decreases in S6 intensity in Gpt2-null LC 
neurons with p62 aggregates compared to Gpt2-null neurons without 
aggregates and wild-type controls at P18 (Fig. S27), likely reflecting 
overall cellular degradation. 

Importantly, reductions in pS6 levels in Gpt2-null LC neurons 
appeared early at P14 (Fig. S28A), and therefore, represents one of the 
first cellular abnormalities observed in LC neurons. This overall change 
in pS6 intensity was also reflected in an increase in coefficient of vari-
ation (Fig. S28A). At P7, we did not observe any change in pS6 intensity 
(Fig. S28B) and there was no change in S6 intensity in Gpt2-null LC 
neurons (Fig. S29). These results also aligned well with the observation 
that norepinephrine levels in brain and spinal cord of Gpt2-null mice 
started to decline at P14 but not at P7 (Fig. 5). At this time point in 
postnatal development (P14), there were no gliosis (Fig. S2) or p62 
aggregates (Fig. S11), suggesting that reductions in pS6 at P14 precede 
the pathology seen at P18 in Gpt2-null LC. 

To corroborate our microscopy findings by assessing the levels of 

proteins of interest in LC more quantitatively, we devised a method by 
which we isolated locus coeruleus for protein lysate collection. We 
crossed the germline Gpt2-null mouse line with a mouse line expressing 
EGFP fused to a ribosomal protein RPL10A that is expressed under the 
promoter of norepinephrine transporter, Slc6a2 (NET-GFP) (Mulvey 
et al., 2018). This allowed us to visualize the LC under an inverted 
epifluorescent microscope and dissect it out specifically (Fig. 9A). We 
validated the use of the method by showing enrichment of the EGFP 
protein in the LC protein samples obtained from the mice with the 
transgene NET-GFP (Fig. 9B). 

Most strikingly, there was an elevation of LC3B-II to LC3B-I ratio in 
Gpt2-null LC at P18 (Fig. 9C). Conversion of LC3B-I to LC3B-II has been 
shown to be necessary for autophagy (Ichimura et al., 2000; Kabeya 
et al., 2004; Rubinsztein et al., 2009). This suggests that autophagy may 
play a role as a mechanism in the degeneration of Gpt2-null LC neurons. 
Complimentary to our immunohistochemistry experiments (Figs. 7, 8), 
we reaffirmed the increases in p62, decreases in TH and pS6 protein 
levels in Gpt2-null LC at P18 (Fig. 9C). We also find decreases in S6, 
however this was not as visibly striking as the decreases in pS6. There 
was no change in pAMPKα levels in Gpt2-null LC (Fig. 9C) confirming 
the results obtained from immunohistochemistry (Fig. S25). We did not 
observe any changes in levels of proteins tested in Gpt2-null cortex or 
hippocampus at P18 (Fig. S30), suggesting that the changes in levels of 
autophagy-related proteins are specific to LC. Overall, our results 
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Fig. 6. Electrophysiological characterization of LC in Gpt2-null mice reveals changes in intrinsic cell properties and action potential parameters. 
A. Representative image of LC with a patch pipette (left) and representative traces of recordings in LC neurons of wild-type (black) and Gpt2-null (red) mice at P18. 
B. Capacitance of Gpt2-null LC neurons at P18 is reduced. Each dot represents a different cell (wild-type: black, n = 11 cells, n = 4 mice; Gpt2-null: red, n = 10 cells, n 
= 4 mice). The statistical test for comparisons of two groups was unpaired two-tailed Student t-test. *0.01 < P < 0.05. 
C. Membrane resistance of Gpt2-null LC neurons at P18 is increased. Each dot represents a different cell (wild-type: black, n = 11 cells, n = 4 mice; Gpt2-null: red, n =
10 cells, n = 4 mice). The statistical test for comparisons of two groups was unpaired two-tailed Student t-test. ***0.001 < P < 0.01. 
D. Pacemaking frequency of Gpt2-null LC neurons at P18 is slightly increased. Each dot represents a different cell (wild-type: black, n = 11 cells, n = 4 mice; Gpt2- 
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E. Shape of the averaged action potential from the pacemaking activity of wild-type (black, n = 11 cells, n = 4 mice) and Gpt2-null (red, n = 11 cells, n = 4 mice) LC 
neurons at P18. 
F. Peak amplitude of Gpt2-null LC neuron action potential at P18 is increased. Each dot represents a different cell (wild-type: black, n = 11 cells, n = 4 mice; Gpt2- 
null: red, n = 10 cells, n = 4 mice). The statistical test for comparisons of two groups was unpaired two-tailed Student t-test. *0.01 < P < 0.05. 
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= 4 mice; Gpt2-null: red, n = 11 cells, n = 4 mice). The statistical test for comparisons of two groups was unpaired two-tailed Student t-test. *0.01 < P < 0.05. 
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Fig. 7. p62 aggregates in Gpt2-null LC. 
A. Representative images of TH (magenta) 
and p62 (cyan) staining in wild-type and 
Gpt2-null LC at P18. Scale bar: 100 μm. 
B. Higher magnification images of tissue 
sections provided in (A) showing TH 
(magenta) and p62 (cyan) staining in 
wild-type and Gpt2-null LC at P18. Note 
that the TH intensity is lower in Gpt2-null 
LC neurons with p62 aggregates and the 
remaining Gpt2-null LC neurons without 
p62 aggregates may have increased TH 
intensity. Scale bar: 50 μm. 
C. Approximately 20% of TH+ neurons 
have p62 aggregates in Gpt2-null LC. Each 
dot represents a different coronal section 
of LC (wild-type: black, n = 18 sections, n 
= 7 mice; Gpt2-null: red, n = 16 sections, 
n = 7 mice). The statistical test for com-
parisons of two groups was unpaired two- 
tailed Student t-test. ***P < 0.0001. 
D. TH intensity is reduced in Gpt2-null LC 
neurons with p62 aggregates. Each dot 
represents a different coronal section of 
LC (n = 16 sections, n = 7 mice). The 
statistical test for comparisons of two 
groups was paired Student t-test.   
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Fig. 8. Reduced levels of phosphorylated ribosomal protein S6 (pS6) in Gpt2-null LC. 
A. Representative images of TH (magenta), pS6 (yellow) and p62 (cyan) in wild-type and Gpt2-null LC at P18. Note the very dim pS6 intensity across the Gpt2-null LC 
(asterisk) and normal pS6 intensity in motor nucleus of the trigeminal nerve (double arrowheads). 
B. Higher magnification images of tissue sections provided in (A) showing TH (magenta), pS6 (yellow) and p62 (cyan) staining in wild-type and Gpt2-null LC at P18. 
Note that the Gpt2-null LC neurons with p62 aggregates have little to no pS6 signal. 
C. Overall pS6 intensity is reduced in Gpt2-null LC neurons and further reduced in neurons with p62 aggregates. Each dot represents a different coronal section of LC 
(wild-type: black, n = 8 sections, n = 4 mice; Gpt2-null: red, n = 8 sections, n = 4 mice). The statistical test for comparisons of two groups was unpaired two-tailed 
Student t-test. ***P < 0.001. 
D. pS6 intensity is differentially affected across TH+ neurons in Gpt2-null LC at P18 as quantified by coefficient of variation of intensities. Each dot represents a 
different coronal section of LC (wild-type: black, n = 8 sections, n = 4 mice; Gpt2-null: red, n = 8 sections, n = 4 mice). The statistical test for comparisons of two 
groups was unpaired two-tailed Student t-test. ***P < 0.001. 
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Fig. 9. Increased ratio of LC3B-II to LC3B-I protein levels in Gpt2-null LC. 
A. Validation of the use of NET-GFP (EGFP fused to the ribosomal protein RPL10A that is expressed under the promoter of norepinephrine transporter, Slc6a2). A 
representative image of neurons with EGFP in LC at P18, taken using an inverted epifluorescent microscope. Scale bar: 200 μm. 
B. TH and EGFP in LC tissue samples of NET-GFP+ mice as determined by western blotting, indicating that the GFP marker assists with efforts to enrich for TH+ LC 
cells relative to the dissection without GFP (GFP-). Each lane represents a protein lysate sample obtained from a different mouse. Note that the EGFP / RPL10A 
protein is absent in the hippocampus (HPC) of NET-GFP+ mice as well as in LC and HPC samples of an animal without the NET-GFP transgene (GFP-). Tubulin was 
used as loading control. There is a relative enrichment of TH+ tissue in the GFP+ as compared to GFP- dissections. 
C. Increased LC3B-II to LC3B-I ratio, increased p62 and decreased pS6 protein levels in Gpt2-null LC at P18. Each lane represents a protein lysate sample obtained 
from a different mouse and each protein level was normalized either to tubulin or actin (wild-type: black, n = 5 mice; Gpt2-null: red, n = 5 mice). The statistical test 
for comparisons of two groups was unpaired two-tailed Student t-test. *0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001. 
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demonstrate early neurodegeneration and gliosis in Gpt2-null LC with 
specific vulnerabilities for altered proteostasis involving protein aggre-
gation, degradative pathways and probable primary deficiencies in 
protein synthesis. 

4. Discussion 

LC has been shown to be one of the first brain areas that degenerate 
in AD and PD (Braak and Del Tredici, 2011; German et al., 1992; 
Grudzien et al., 2007; Oertel et al., 2019; Zarow et al., 2003). The un-
derlying causes for the vulnerability of LC have not been clearly defined. 
One intriguing possibility is that LC neurons have a distinct metabolic 
enzyme and metabolome profile that confers a selective neuronal 
vulnerability. To our knowledge, this mouse model of GPT2 Deficiency 
demonstrates the only example of early LC neurodegeneration. The fact 
that GPT2 Deficiency represents a neurometabolic disease suggests that 
this genetic disease may provide important clues regarding metabolic 
mechanisms of neuronal vulnerability in the LC. While the exact causes 
of this phenotype are unclear, we observe earliest indicators of altered 
protein synthesis, followed by indicators of abnormal autophagy in 
Gpt2-null LC. In our study of Gpt2-null mouse, we observe small 
neuronal soma size across several brain regions; however, early 
neuronal loss (as measured by cell counting and Fluoro-Jade C) and 
microgliosis are relatively selective for LC. Our study identifies a novel 
mechanism of degeneration of LC neurons caused by loss of GPT2 and 
provides a new outlook on metabolic arsenal and vulnerabilities of LC. 

The GPT2 enzyme, the mitochondrial GPT, regulates several critical 
metabolic pathways including the TCA cycle and amino acid meta-
bolism. In our prior work, we demonstrate via metabolite set enrichment 
analysis that protein biosynthesis was among the most significantly 
altered defective pathways in Gpt2-null mouse brain (Baytas et al., 2022; 
Ouyang et al., 2016). We demonstrated that one of the earliest metabolic 
defects is low alanine, and that neuronal alanine synthesis is profoundly 
diminished in Gpt2-null neurons (Baytas et al., 2022). Thereby one po-
tential mechanistic sequence leading to LC neuron death in Gpt2-null 
brains may be: 1) diminished protein synthesis and cell growth, as re-
flected by early reduced pS6 levels; and 2) subsequently abnormal 
autophagy and cellular degradation, as reflected by increased p62 and 
elevation of LC3B-II to LC3B-I ratio. While the exact causes for this 
phenotype are unclear, they point toward a relatively enhanced 
vulnerability of LC neurons to the metabolic pathways governed by 
GPT2. It is imperative that links between the observed phenotype and 
proposed alterations in protein synthesis and degradation are drawn 
carefully. For example, the functional consequence and necessity of pS6 
in global protein synthesis are still debated and unclear particularly in 
the context of neuronal activity (Biever et al., 2015; Bohlen et al., 2021). 
Furthermore, pS6 function may have regional differences (Puigherma-
nal et al., 2017). However, the observation that decreased pS6 preceded 
both gliosis and p62 aggregates suggest that this pathway is implicated 
in the phenotype of GPT2 Deficiency in LC. Another noteworthy caution 
is the absence of ubiquitin co-localization with p62 aggregates. While 
ubiquitin-independent mechanisms have been described both in 
neurodegenerative disease (Gal et al., 2009) and normal conditions 
(Jariel-Encontre et al., 2008), it is also possible that ubiquitination may 
follow p62 aggregation later (Nakaso et al., 2004). 

Notably, there are aspects of the studied phenotype that are rela-
tively selective to the LC. Loss of noradrenergic neurons seems specific 
to LC, and also FJC staining appears isolated to the LC at the develop-
mental stages examined. Microgliosis and astrogliosis were found in the 
LC and also present in SubD, but absent in all other noradrenergic nuclei. 
It is possible that cell death and gliosis may extend beyond LC if Gpt2- 
null animals were examined at older ages; however, we were confined to 
the first three weeks of age in our studies as the Gpt2-null mice die 
around weaning age (P21). Both premature death and the phenotype 
seen in the LC did not appear to vary with sex but it is also possible that 
after development, sex differences may surface. It is very intriguing that 

p62 aggregation is also observed in serotonergic neurons in the 
midbrain, suggesting that over time, neurons of other nuclei may show 
signs of altered proteostasis, possibly accompanied by gliosis as well. 
Future studies delving into the mechanisms of this selective phenotype 
in LC may identify why this locus is implicated in many neurodegen-
erative diseases and provide potential therapeutics. 

Among other diseases with LC degeneration or dysfunction, the 
neurodevelopmental disorder Rett Syndrome has clinical features that 
are the most similar to GPT2 Deficiency. In Rett Syndrome, females with 
MECP2 mutations display cognitive and motor abnormalities, including 
intellectual disability, loss of speech, spasticity, ataxia as well as post-
natal microcephaly and seizures (Chahrour and Zoghbi, 2007; Hagberg 
et al., 1983). The Rett Syndrome mouse model (Mecp2-null) displays 
reduced LC neuron size, similar to our data in Gpt2-null mice (Fig. 6) as 
well as decreased norepinephrine levels in the pons and cingulate cortex 
(Taneja et al., 2009; Zhang et al., 2010). While the Mecp2-null mouse has 
early dysfunction of LC neurons, no clear evidence of neurodegeneration 
or gliosis has been demonstrated in the Mecp2-null LC. Rett Syndrome 
and GPT2 Deficiency may have commonalities regarding the role of LC 
dysfunction in their pathophysiology. 

Human patients with GPT2 Deficiency display cognitive as well as 
motor abnormalities including spastic paraplegia (Ouyang et al., 2016). 
LC projects to virtually the entire central nervous system and descending 
noradrenergic tracts have been shown to influence motor function 
(Amaral and Sinnamon, 1977; Foote et al., 1983; Harro et al., 2008; 
Kwasniewska et al., 2020; Loughlin et al., 1986; Rekling et al., 2000). LC 
neurons that project to the cortex are spread out along the dorsal-ventral 
axis of LC and those that project to the hippocampus remain dorsally 
whereas the spinal cord-projecting LC neurons reside at the ventral most 
region of LC (Loughlin et al., 1986; Mason and Fibiger, 1979; O’Donnell 
et al., 2012; Schwarz and Luo, 2015). Given the strong gliosis phenotype 
seen in the ventral LC and greatest reduction of norepinephrine levels in 
the spinal cord, it is possible that the LC neurons projecting to the spinal 
cord are particularly affected in Gpt2-null mice. An intriguing connec-
tion between GPT2 Deficiency in human patients and LC metabolism has 
recently emerged, where Ruaud and co-workers found reduced amount 
of pterins and homovanilic acid in the cerebrospinal fluid of patients 
with GPT2 Deficiency (Ruaud et al., 2021). A decreased level of 
homovanilic acid, a metabolite of tyrosine metabolism in dopaminergic 
and noradrenergic neurons, may reflect a secondary consequence of LC 
dysfunction in human patients with GPT2 Deficiency. Future experi-
ments in patients with GPT2 Deficiency will be required to examine 
phenotypes relevant to LC deficiency in order to translate findings in this 
mouse model to humans. 

In addition to measures of proteostasis, we examined oxidative stress 
via MitoSOX intensity and catalase expression in Gpt2-null LC as a 
possible mechanism of cell death, especially given the fact that one of 
the precursors for glutathione is glutamate, a substrate of GPT2. How-
ever, there was another reason to look at oxidative stress concerning the 
possibility of increased activity in remaining Gpt2-null LC neurons. 
Decreases in norepinephrine levels seen in Gpt2-null mouse brain 
(Fig. 5) may lead to increased TH expression that manifests as unevenly 
bright TH intensity in some LC neurons (Fig. 2). Increased TH enzyme 
activity has been observed after degeneration of brain catecholamin-
ergic nerve terminals induced by 6-hydroxydopamine (Acheson and 
Zigmond, 1981). Increased pacemaking activity (Fig. 6) may be corre-
lated with the unevenly increased TH intensity and may lead to increases 
in Ca2+ levels resulting in more oxidative stress and possibly apoptosis 
(Sanchez-Padilla et al., 2014). While we have not found any positive 
indicators of oxidative stress either by MitoSOX or catalase, it is worth 
noting that oxidative stress remains a possible mechanism of neuro-
degeneration in Gpt2-null LC and warrants further study. 

Two isoforms of glutamate pyruvate transaminase exist, a cytosolic, 
GPT1, and a mitochondrial isoform, GPT2 (Glinghammar et al., 2009; 
Yang et al., 2009). In a recent study of transcriptomic profiling by 
translating ribosome affinity purification (TRAP) in LC neurons (Mulvey 
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et al., 2018), GPT2 expression turned out to be almost 4 times the 
expression of GPT1, suggesting GPT2 is the primary glutamate pyruvate 
transaminase in LC neurons. Other cells including astrocytes also express 
GPT2 (Zhang et al., 2014b). However, whether the degeneration of LC in 
Gpt2-null mice occur cell or non-cell autonomously needs to be clarified 
by future experiments. 

In summary, our results identify a novel metabolic mechanism of 
neurodegeneration in LC mediated by the mitochondrial enzyme GPT2. 
The neuronal death in LC is caused by loss of GPT2, an enzyme that 
replenishes the TCA cycle and modulates amino acid metabolism. These 
processes are critical for cell growth and protein synthesis, and LC 
degeneration in Gpt2-null mice may be a consequence of defects in these 
pathways. Studies of GPT2-mediated metabolism in LC may allow us to 
deepen our understanding of metabolic mechanisms involved in 
vulnerability in LC. This Gpt2-null mouse demonstrates the earliest 
example of LC neurodegeneration, and the fact that this occurs in a 
model of neurometabolic disease may have pinpointed a specific 
pathway underlying metabolic vulnerabilities in LC. This knowledge 
may lead to new therapeutic targets with benefit to a wide range of 
neurological and psychiatric diseases. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nbd.2022.105831. 
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