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in ALS mice reveals the vulnerability
of dopaminergic and GABAergic neurons
In zona incerta
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Abstract

Weight loss and hypermetabolism are early and prognostically significant features of amyotrophic lateral sclerosis
(ALS) and are associated with hypothalamic atrophy and degeneration of melanin-concentrating hormone (MCH)
neurons that regulate energy balance. To investigate whether MCH vulnerability arises from upstream network
dysfunction, we performed whole-brain retrograde rabies tracing in SOD1°%* mice. We identified an early, selective
loss of monosynaptic inputs from the zona incerta (Z1), a dopaminergic (DA)/gamma-aminobutyric acid (GABA)
ergic nucleus that preceded MCH neuron degeneration. Neurochemical profiling confirmed the DA/GABAergic
identity of these ZI input neurons, and ZI/DAergic neurons later degenerated. ALS-related pathology emerged
early in the ZI, paralleling pathology in the motor cortex, while anterograde mapping revealed that motor cortical
projections preferentially targeted the ZI, linking vulnerable motor and metabolic networks. Loss of ZI/DAergic
neurons was observed in conjunction with weight loss in non-SOD1 ALS models. These findings identify the ZI as
an early-affected node within hypothalamic networks and suggest that disruption of DA/GABAergic inputs to MCH
neurons is associated with subsequent MCH and DA neuronal vulnerability, degeneration and metabolic imbalance
in ALS.
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Introduction subpopulations, 2) selectively map the upstream net-
Amyotrophic lateral sclerosis (ALS) is primarily char- works of the most vulnerable subpopulation using genetic
acterized by the degeneration of upper motor neuronstools and viral tracers, and 3) characterise the earliest
(UMN) in the motor cortex and lower motor neurons connectivity changes and their temporal progression
(LMN) in brainstem and spinal cord, leading to progres- across the disease stages along with mechanisms in ALS
sive paralysis with unfavourable outcomesd]. While  mouse models displaying distinct metabolic phenotypes.
ALS is traditionally considered as an isolated motor
neuron disorder, a growing body of evidence highlightsMaterials and methods
systemic metabolic dysfunction as a clinically relevantMouse breeding and housing
disease feature, often preceding motor symptoms. ALSAIl mouse experiments were performed in accordance
patients commonly present non-motor symptoms such with the relevant ethical regulations under e German
as weight lossZ9, 63, 81], hypermetabolism 9], and lipid  Animal Welfare Act for animal testing and researchers
disturbances 21, 50], which are independently recog- and approved by the ethical committee of the Regier-
nized as negative prognostic factors for the disea®e8p, ungsprasidium Tubingen (under the animal licence num-
55, 72). Several animal ALS models, in particular SOD1ber #1522).
transgenic mice, replicate metabolic phenotype prior to For retrograde tracing experiments, the double trans-
the development of motor de cit, further underscoring genic mice were generated by cross-breeding the B6SJL-
the link between metabolic alteration and the neurode- Tg(SOD1*G93A)1Gur/J mouse line8p] from the Jackson
generative processfl]. Laboratory (#002726) and®mch-Cre BAC transgenic
Metabolic dysfunction in ALS has been linked to mice [42] on C57BL/6 background (#014099), kindly pro-
hypothalamic pathology, as evidenced by the correlationvided by Prof. Dr Denis Burdakov. Heterozygous male
between lower body mass index (BMI) and hypothalamicmice SODT°*#Pmch-Creand their healthy littermates
atrophy in ALS patients and in asymptomatic gene-carri- WT;Pmch-Cre (F1 generation) received intrahypotha-
ers 28, 48, 53]. Furthermore, reduced hypothalamic vol- lamic injections.
ume has been associated with earlier disease onset andGenotyping of Pmch-Cre transgenic mice was per-
worse prognosis 14, 28]. e hypothalamus plays a cen- formed by PCR using a 3-primer strategPmch-Cre
tral role in energy balance through a complex network forward 5’GAA AAG ATA AGG CCT TCA AGT GCT,
of diverse neuropeptidergic neurondl]. In line with the  Pmch-Cre reverse 5’GAT CTT TCT GCA GTA TCT
hypothalamic atrophy, post-mortem studies in ALS have TCC TTC, and Cre-FR 5ATC GAC CGG TAA TGC
revealed TDP-43 pathology in the lateral hypothalamic AGG CAA. ese primers will generate two bands, a
area (LHA) L9 as well as the degeneration of several300 bp band for the endogenodmchgene and a 200 bp
subpopulations, including oxytocin, hypocretin/orexin, band for the transgene, as previously describd@][
and melanin-concentrating hormone (MCH) neurons7| For histology SODF%* and control WT mice were
25]. However, selective pharmacological manipulation of sacri ced at postnatal day P45 and at P110, accord-
hypothalamic subpopulations has yielded limited thera-ing to the previously determined onset of motor and
peutic bene ts [7, 22, 31], although nutritional interven- non-motor (weight loss) phenotypes6]. e colony of
tions have demonstrated the capacity to extend survivalFusN-S' * mice and theirWT littermates were sacri ced
in ALS patients #9]. ese ndings collectively suggest a at 12-months of age after the onset of motor symptoms
more extensive vulnerability of the hypothalamus in ALS, [68].
which remains to be thoroughly characterized in orderto Mice were group housed and routinely maintained
develop causal therapeutic strategies for metabolic dysin the animal facility under constant conditions (21 °C
function. In this context, initial evidence suggests that temperature; 60% humidity) and under a 12-h light/dark
the architecture of large-scale networks that provide cycle (lights on at 7:00 am) with ad libitum access to stan-
inputs to the metabolism-regulating LHA is a ected in dard laboratory mouse chow and water.
ALS patients and mouse modelS][ Nevertheless, which
hypothalamic subpopulations are the direct projection Tissue preparation
targets within the a ected network remains unknown. Male mice were anaesthetised with an intraperitoneal
We hypothesised that the ALS-related hypothalamusinjection of 100 mg/kg ketamine chlorhydrate (Ketamine
vulnerability may reside within a specic subnetwork 10%, WDT, Garbsen) and 5 mg/kg xylazine (Rompun
rather than across individual neuropeptidergic sub- 2%®, Bayer), and then transcardially perfused with 50 ml
population and that altered connectivity may contribute of ice-cold solution of 5 mM EDTA (PanReac AppliChem
to the downstream degeneration and to the metabolic#A4892) in 1 x phosphate bu ered saline (PBS, Gibto
phenotype of ALS. In this study, we aimed to 1) deter-#14,200,075), followed by 50 ml of 4% PFA (Sigma-
mine the full scope of ALS-susceptible hypothalamic Aldrich #441,244) solution in 1xPBS for the xation.
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After dissection, brains were post- xed in PFA (4%) for steps were performed by incubation with ampli ca-
24 h, rinsed in 1 x PBS, and cryoprotected in 30% sucrosgéon-1 reagent at 40 °C for 30 min, then ampli cation-2
until dehydrated. Brains were then cryo-embedded inreagent at 40 °C for 15 min and nally with ampli ca-
optimal cutting temperature compound (Tissue-Tek® tion-3 reagent for 30 min at 40 °C. Between each step the
O.C.T. Compound), frozen and stored at 80 °C until slides were washed twice for 5 min each. e nal ampli-
being sectioned (40 m thickness for injected brains and cation—detection step was performed by incubation in
20 m for ISH) on a cryotostat (Leica CM3050 S). Sec-ampli cation-4 reagent at 40 °C for 45 min, followed by
tions were stored in a cryoprotectant solution contain- two washing steps, each extended to 10 min.

ing 30% ethylene glycol (ROTH #688.1,) and 20% glycerol In order to assess the neurochemical identity of neu-

(Fisher Chemical #EC 200-289-5) at 20 °C. rons projecting to MCH, the Sects. (40 m thick) of
WT;Pmch-Creand SOD1*°*#Pmch-Crecolony were pro-

Preparation of brain tissue fromMatr3585¢/S85&nock-in cessed using RNAscope Multiplex Fluorescent Reagent

mice Kit v2 in conjunction with TSA Vivid Dyes (ACD, New-

Brain samples were prepared in Dr. Jeehye Park labrk, CA) and in accordance to the manufacturer's proto-
and then shipped to Dr. Francesco Roselli lab for fur-col (UM 323100/Rev B, ACD), with slight optimisations.
ther processing. Homozygoudlatr3S85¢/S85Cand wild-  In summary, following air-drying and the two washes
type littermate Matr3*'* mice [39] at 5060 weeks of age in RNase-free 1 x PBS for 5 min each, the sections were
were deeply anaesthetized using gas iso urane and thempreheated in a HybEZ oven at 60 °C for 30 min. ere-
transcardially perfused in a same way as written aboveafter, the sections were post- xed with pre-chilled 4%
After dissection and post- xation brains were shipped in PFA in RNase-free PBS for 15 min at 4 °C. Subsequently,
1 x PBS containing 0.05% of sodium azide (Sigma-Aldrichthe slides were dehydrated using the increasing ethanol
#52002). solutions in RNase-free 1 x PBS of 50%, 70% and twice of
100% during 5 min each at room temperature. e sec-
RNAscope assay — single-molecule mMRNA uorescence tions were then treated with RNAscope Hydrogen Per-
multiplex in situ hybridisation oxide for 10 min at room temperature (RT) and rinsed
e single-molecule mRNA uorescence multiplex in three times in RNase-free JD. e target retrieval
situ hybridization was performed in accordance with the and the protease digestion steps were then carried out
manufacturer’s UM instructions (Advanced Cell Diag- as described above. e target probe for tdTomato-C2
nostics—ACD, Newark, CA) and as previously reportedwas mixed with either of the target probes for VGAT-
[77]. e selected brain coronal sections, containing C3 (Slc32a), VGIut2-C3 Slcl7a§ or -C3 (tyrosine
the hypothalamus region, were washed in RNase-frednydroxylase) and diluted in Probe diluent to 1:100 each.
1x PBS, mounted on Superfrost Plus slides and after aire hybridization step was shortened to 2 h, while the
drying were stored overnight at 80 °C. ampli cations steps 1, 2 and 3 remained the same as
For the assessment of the neuropeptidergic hypo-noted above. e nal detection step was modi ed and
thalamic population, the Sects. (20 m thick) oWWT repeated for each of the used probes separately. e sec-
and SODT®3 colony were processed using the RNA-tions were rst incubated in the oven with HRP-C3 for
scope® Fluorescent Multiplex Reagent Kit (containing allL5 min at 40 °C, followed by two washes for 5 min each.
reagents/bu ers, ACD, Newark, CA) and the method Subsequently, a TSA Vivid Dye-650 diluted in TSA buf-
reported by the manufacturer (protocol 320,293-USM fer (1:3000) was added to the sections, which were then
for xed frozen tissue sections, ACD) with minor adjust- incubated for 30 min at 40 °C. Following two washes of
ments. Briey, following air-drying and washing in 5 min, an HRP blocker was added to the sections and
RNase-free 1xPBS for 5 min, the target retrieval washey were incubated for 15 min at 40 °C, followed by two
performed by immersion in the boiling target retrieval washes for 5 min each. e procedure was repeated using
solution (95-98 °C) for 5 min and the reaction was HRP-C2, TSA Vivid Dye-520 (1:3000) and HRP blocker
stopped by dipping twice in RNase-free,B@ and once in and the nal washing step was extended to 10 min.
100% ethanol. e protease digestion step was then car- At the end of the procedure, the slides were mounted
ried out inside a preheated HybEZ oven at 40 °C usingusing ProLong Gold Antifade Mountant (Invitrogen
RNAscope Protease 1l for 20 min and the reaction was#P36930) and a glass coverslip was placed over the tissue
stopped by dipping twice in RNase-free,B. e hybrid- section.
ization using the corresponding target RNA probe was
performed at 40 °C for 4 h 30 min (the catalogue num-Viral vectors
bers of the used RNA probes are provided in the Supple-e following helper viruses were used for cell type-
mentary Tablel). Subsequently, the slides were washedspecic retrograde tracing: AAV1 expressing pAAV-
twice with washing bu er for 5 min and the ampli cation  syn-FLEX-splitTVA-EGFP-tTA, at titer 1.3 x 18 vg/ml
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(viral genomes per ml) (Addgene #100,798; Watertown,pre-washed with DPBS+/+. Concentration was per-
MA) [47] and AAV2 expressing pAAV-CAG-DIO-0G- formed using Vivaspin® 100 kDa PES lters (Sartorius),
WPRE, at a titer of 1x#8-1x10 vg/ml (the virus pre-treated with 0.01% Pluronic-F68 in DPBS+/+and
was produced by Vector Biosystems, Malvern-PA, USgquilibrated with formulation buer (200 mM NacCl,
using Addgene #74,292)4(Q], the plasmid was kindly 0.001% Pluronic-F68 in DPBS +/+). Final virus suspen-
donated by Edward M. Callaway. A pseudotyped rabiesions were aliquoted and stored at 80 °C. Flow-throughs
virus expressing mCherry in the place of the rabies gly-were retained as negative controls for titration. Viral
coprotein N2C RV G/EnvA-mCherry [2], at a titer of genome titers were determined by gPCR.
2x 16 vg/ml was a kind gift from Prof. Dr. Karl-Klaus
Conzelmann. Surgery and stereotaxic injection—Intrahypothalamic

For the anterograde tracing, the following custom- injection of AAV and modi ed rabies virus for retrograde
made AAV2/9 viruses were used encoding pAAV- tracing
AiP1010-mscRE4-minBGpromoter-iCre-WPRE-hGHpA, Intrahypothalamic injection of AAVs or modi ed rabies
at a titer of 1.4x 18 vg/ml, (Addgene #163,476)3f], virus was performed as previously described with slight
and pAAV-phSynl1(S)-FLEX-tdTomato-T2A-SypEGFP- modi cations [5]. Mice were pre-treated with a combina-
WPRE, at a titer of 5x 78 vg/mL (Addgene #51,509) tion of the analgesic buprenorphine (0.1 mg/kg) and the

[59]. anaesthetic meloxicam (1 mg/kg) 5 min before induction
of anaesthesia with 5% sevo urane/95%,.(Mice were
AAV production and titration mounted in a stereotaxic frame (David Kopf Instruments,

AAVs were produced in-house using the triple transfec- Tujunga, CA) and ophthalmic ointment was applied.
tion method as previously describe@®@]. HEK293T cells roughout the procedure, anaesthesia was maintained
were maintained in DMEM supplemented with 10% fetal continuously with 2% sevo urane/97% ©and body tem-
bovine serum (FBS) and 1% penicillin—streptomycin- perature was maintained at 37 °C with a heated pad and
glutamine at 37 °C in a humidi ed incubator with 5% monitored with a rectal probe. After scalp incision, cra-
CO,. For virus production, cells were expanded to thirty niotomy was performed manually with a microdrill and
15 cm dishes and transfected at 70-80% con uence with700 nl of a mixture containing viral suspension of helper
polyethyleneimine (PEI; Polysciences #23,966) in a 1:1xiruses: AAV1-syn-FLEX-splitTVA-EGFP-tTA (diluted
ratio of plasmids: an AAV2/9 capsid plasmid@§| (kindly ~ 1:10 in+ Ca/+Mg Dulbecco's PBS (ermo Scienti ¢V
provided by Prof. Dr. Oliver J. Miiller), a vector genome#14,080,048)) and AAV2-CAG-DIO-0G-WPRE (diluted
plasmid (either Addgene #163,476 or #51,509), and thd.:2) in 1% Fast Green dye, prepared in a 1:1:2 ratio, was
helper plasmid pAdDeltaF6 (Addgene #112,867). e injected with a pulled-glass capillary micropipette at
plasmid-PEI complexes were prepared in 0.3 M NaCl,the LHA coordinates (1.30 mm caudal to bregma; 0.85—
incubated for 15 min at room temperature, and added 0.9 mm lateral to midline; 5.3 mm, 5.0 mm and 4.7 mm
dropwise to the culture dishes. Cells were harvested 72 lventral to the pial surface of the brain). e viral suspen-
post-transfection, pelleted at 3000 x g for 5 min at 4 °C,sion was injected using a Picosprizer micro uidic pres-
and lysed in lysis bu er (1 x EDTA, 1 x protease inhibitor, sure injection pump for 18 min at a pressure of 40 psi,
pH 8.5). Supernatants were ltered through 0.22 ym PESa ow rate of 40 nl/min and a pulse duration of 10 ms.
lters, and viral particles were precipitated with ammo- After injection, the capillary remained in place for 10 min
nium sulphate (330 g/L) for 2 h at 4 °C. e resulting pel- preventing back ow, prior to retraction, after which the
let was combined with the cell lysate, subjected to fourincision was closed with 7/0 nylon suture thread (Ethi-
freeze—thaw cycles (liquid nitrogen/37 °C water bath), lon Nylon Suture, Ethicon Inc. Germany), and the mice
and treated with benzonase nuclease (50 U/mL, 45 minwere kept warm on a heating pad until complete recov-
37 °C; Sigma-Aldrich #E1014-25KU,). Lysates wereery. After 30 days, a second injection this time of N2C
cleared by centrifugation (3000 x g, 5 min, 4 °C), and theRV- G-EnvA-mCherry in 1% Fast Green dye, prepared
supernatant was stored at 4 °C. at a 1:1 ratio, was injected into the same LHA sec-
Virus puri cation was performed using iodixanol step tor over 12 min (500 nl), and the mice were sacri ced
gradient ultracentrifugation B1]. Gradients (15%, 25%, 8 days later. All injections were placed in the right hemi-
40%, and 60%) were prepared in Ultra-CI8&rtubes sphere. After each intrahypothalamic injection, mice
and centrifuged at 200,000xg for 2 h at 18 °C using avere administered with a daily dose of 1 mg/kg meloxi-
Beckman Ti 70 rotor. e 40% iodixanol fraction, con- cam and three daily doses of 0.1 mg/kg buprenorphine
taining the AAV particles, was collected by syringe,for the next 3 days. Two cohorts of early-symptomatic
avoiding the protein-rich and empty capsid layers. Formice (rst injection at P50) were injected with dier-
bu er exchange, the viral fractions were passed throughent doses of modi ed rabies virus: LT-low titer (RV G/
Zebd™ spin desalting columns ( ermo Fisher #A57766) EnvA-mCherry, diluted 1:10, 1 x 70vg/ml) and HT-high
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titer (undiluted, 1x 16 vg/ml), while late-symptomatic and signal intensity). However, given the limited accuracy
mice ( rst injection at P75) received only the low dose of of the detection lters, only neurons that were accurately

modi ed rabies. mapped to the regions under analysis were retained.
False positives (artefacts) were recognized upon visual
Intracortical AAV injection for anterograde tracing inspection of segmentation results and removed from

Intracortical injection of the AAV suspension was per- results tables, whereas the image coordinates of the false
formed in mice aged P70 in correspondence with thenegatives were retrieved ifiji and, after matchingFiji
stereotaxic coordinates of the motor cortex (0.7 mm and WholeBrain image coordinate systems, added to
caudal to bregma; 0.7 mm lateral to midline; 1.0 mmthe results tables with the correct anatomical annota-
and 0.7 mm ventral to the pial surface of the brain), astion. e process was then repeated until exhaustion of
previously described17]. An amount of 300 nl of a mix- the MCH brain-wide inputs. Finally, edited results tables
ture containing viral suspension of AAV2/9-AiP1010- were imported back in R to generate accurate 3D recon-
mscRE4-minBGpromoter-iCre-WPRE-hGHpA and structions of brain-wide connectivity withWholeBrain
AAV2/9-phSynl1(S)-FLEX-tdTomato-T2A-SypEGFP- in-built functions.

WPRE in 3% Fast Green dye, prepared at a 2:2:1 ratio,

was injected into motor cortex over 10 min. Pre- and Immuno uorescence free- oating immunolabelling on
post-treatment of the mice was carried out as describedmouse brain sections

above. e mice were sacri ced 30 days later. Immuno uorescence staining was performed on free-
oating brain coronal Sects. (40 m thick) ofWT and
Whole-brain connectome analysis SODI3A samples as previously described6]. Brie'y,

e xed brains were serially sectioned at 40 m thick- sections were washed in RNAse-free 1 xPBS, 3x30 min
ness and every second coronal brain Sect. (90 per animand subsequently incubated in blocking solution (3%
was mounted on the glass slide. Each section was indBSA, 0.3% Triton-100 X, 1 xPBS or 3% Donkey serum
vidually scanned using an epi uorescence microscope(Sigma-Aldrich #D9663), 0.3% Triton-100X, 1 x PBS) for
(Keyence, BZ-X800E series); to create a seamless whol2-h at RT. Afterwards the sections were incubated with
brain dataset, a custon®ython script was run to stitch primary antibodies (Supplementary Table?) diluted
individual tiles with the Grid/Collection stitching plugin in blocking solution O/N at 4 °C. e following day the
[64] and perform shading correction with the BaSic plu- sections were washed 3x30 min followed by incuba-
gin [62] in Fiji [69]. Brain section stencils were outlined tion with secondary antibodies (Supplementary Tab®
upon Li thresholding 4] and pasted into black canvas diluted in blocking solution for 2 h at RT. After the nal
images of de ned dimensions (16,000x 11,000 px) towashing (3% 30 min) the sections were mounted with a
account for minor discrepancies arising from stitch- Prolong antifade mounting medium.

ing calculations and to facilitate downstream analysis.

Finally, brain sections were registered to the CCFv3 AllenEpi uorescence and confocal image acquisition and image
Brain Mouse reference atlas usingholeBrain R package analysis

[24] (http://wholebrainsoftware)oFirst, we determine Images were acquired using an epi uorescence micro-
d the coordinates along the anterior—posterior axis using scope (Keyence BZ-X800E) with a 20 x (NA 0.75) objec-
the Openbrainmap websiteZ4] (http://openbrainmap.or tive in an 8-bit format of 1024 x 1024-pixel, except noted
g) for sections with recognizable anatomical landmarks;otherwise. A tile scan of images to cover the whole hypo-
all sections in between were automatically mapped inthalamus with 1.0 optical zoom and the same number of
such a way that they were equidistant from each otherstacks (optical sections) per genotype with a z-step size
and the closest landmarks, ensuring spatial consistencyof 1 um, was stitched and collapsed into maximal inten-
Next, following the standardVholeBrain work ow, ana-  sity projection (MIP) images by the Bioanalyzer software
tomical landmarks were manually annotated to all sec-(BZ-X800 analyser). Image analysis was performed using
tions to enable spline-based registration of the atlas plate=iji [69].

of choice onto the brain section, generating a warping Neuropeptidergic populations were counted manually
eld; visual inspection of the superimposed plate out- after thein-situ hybridization, using overview images of
lines con rmed satisfactory anatomical annotation. Since the entire hypothalamus and only neurons with DAPI
the sectioning plane or disease-driven atrophy or selecthuclear staining in the same plane were included. For
brain areas could make sections deviate from the refereach animal neuropeptidergic populations were counted
ence plates, hemispheres and individual regions weren the three-brain slice, matched between genotypes and
annotated in dierent rounds of registration. Initially, separated by 100 um in the rostro-caudal direction. e
neurons were segmented using the inbuilt tunable set-cumulative number of three slices was considered for
tings of theWholeBrain software (feature size, sphericity analysis.
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(See gure on previous page.)

Fig. 1 Prominent loss of hypothalamic MCH neurons in late-symptos@fi#®**mice A-D, F-IRepresentative images showing the characteristic

spatial distribution of the major hypothalamic neuropeptidergic subpopulations in the LHA, as detected by a RNAScopéTdspagrirpanels)

and SOD$%*A(lower panels) mice at 45 days of age (P45), prior to the weightysmd at 110 days of age (P110) after the weigHE4d$or each
neuropeptidergic subpopulation, the left panels present a coronal section of the hypothalamus (overview) while the right panels show enlarged insets
(white dashed line rectangle) of the region of interest (neurons). The neurons express mRNA that encodes the corresponding eurdreptfde:
melanin-concentrating hormone (MCH) (in mage®a§;.Hcrtfor orexin/hypocretin (in red}, H.Cartfor cocaine- and amphetamine-regulated tran-

script (in grey) anD, |.Galfor galanin (in greer}, JThe graphs present the cumulative number of neurons counted on three seciiéhine) and
SOD%%*A(red) mice at P45and at P110. Pmchp = 0.003)Cart(p=0.01) an@al({p=0.009) expressing neurons are signi cantly reduc8®mDE**

mice at P110-late-symptomatic disease stage. N =4 animals per genotype (except N =3 animals per getootgpd idr0). (f)-value <0.05, (**)

p-value <0.01, Multiple unpaired t-test per neuronal population. Data are displayed as the mean + standard error of the mean (SEM), with each data point
representing a single animal. Scale bars: 1000 m (for lower magni cation images) and 200 m (for higher magni cation images)

To assess the neurochemical identity of ZI inputs to the corresponding channel and the P62 +area was quanti-
MCH, overview images of the ipsilateral hypothalamus ed on the same image in ZI and LHA, on one side of the
(the injection side) were taken rst, followed by a single hypothalamus in the selected ROI. e rectangular area
neuron acquisition with a 100 x (NA 1.45) oil immersion of the ROI was adjusted according to the area of the ZI or
objective and 25 stacks with a z-step size of 0,5 um. e to the area of the LHA, then the same ROI was used for
neurochemical identity was identi ed as the co-expres- WT and SODF3* animals. e ROl images were thres-
sion of tdTomato mMRNA with Slc32almRNA, Slcl7a6 holded to the same values for all images (55-255 for ZI,
mRNA, and MRNA, respectively within the same and 50-255 for LHA) and the total surface area above the
neuron. threshold was calculated. e absolute values of the area

e DDC+and TH+neurons were manually counted occupied with P62 + signal was normalized to the average
in the ZI area on both sides and only neurons with DAPI value of WT animals for the ZI and LHA and expressed
nuclear staining in the same plane were considered. Foms a percentage.
each animal neurons were counted on the six-brain sec- For the quanti cation of GFAP +and IBAL +area, two
tions matched between genotypes and separated bypverview images of the entire hypothalamus per ani-
80 um in rostro-caudal direction. e cumulative num- mal were analysed for P45, and three images were anal-
ber of six sections was considered for analysis. e sameysed per animal for P110. Images were analysed without

was done for TH+neurons’ quanti cation inFusN-S'*  the background subtraction. e area of the ROl was
mice on three brain slices separated by 120 pm. adjusted according to the whole hypothalamus (HY) or to
e +neurons were quantied after the in-situ the area of the ZI, then the same ROIs was usedW6F

hybridization, using overview images of the entire hypo-andSODT****animals. e ROl images were thresholded
thalamus and on three brain slices separated by 120 umo the same values for all images (121-255 for GFAP,
e same was done for +neurons’ quanti cation in and 135-255 for IBA1) and the total surface area above
Matr3 S85¢/S85Cnice, the threshold was computed. e absolute values of the
To quantify the B8H10 (hSOD1) + area, one overviewarea occupied by GFAP +or IBA1 + signals were rst cal-
image of the entire hypothalamus per animal was ana-<culated as a percentage of the corresponding ROIs’ area
lyzed. For each image, the background was subtracted bgf HY or ZI and then normalized to the average value of
the rolling-ball method (50 pixels diameter) in the green WT animals for the HY and ZI and reported as a percent-
channel and the B8H10 (hSOD1)+area was quanti edage. e same was done for GFAP + area quanti cation in
on the same image in three structures: thalamus (TH),FusN'S'* mice.
zona incerta (ZI) on both sides and hypothalamus (HY) To assess the starter cells each hypothalamic hemi-
on both sides in the selected regions of interest (ROI)section, separated by 80 um (used in the tracing study
e rectangular area of the ROI was adjusted according and with natively expressed reporter proteins—no stain-
to the area of the ZI and then the same ROI was usedng) was individually scanned, tiles were then stitched
for TH and HY. e ROI images were thresholded to the together and resized using a custom macro Hiji [69].
same values for all images (57-255 for P45, and 46—-25GFP + neurons (expressing TVA) and double positive
for P110) and the total surface area above the thresholdsFP +/mCherry + (starter cells) were counted manu-
was computed. e absolute values of the area occupied ally on those sections where both reporters were visible
by the B8H10 (hSOD1) +signal were normalized to the(approximately 20-25 sections per animal).
mean value of thalamus and reported as a percentage. Confocal imaging was performed using a laser scan-
For the quantication of P62+area, one overview ning confocal microscope (Leica DMi8) in order to assess
image of the entire hypothalamus per animal was anasynaptic contacts between cortical L5PN inputs to MCH
lyzed. For each image the background was subtracte@nd to TH neurons as well as to evaluate synaptic con-
by the rolling-ball method (100 pixels diameter) in the tacts between TH and MCH neurons. In confocal images,
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Fig. 2 Whole-brain and HY inputs to MCH neurons in early-sympt@®@iiE***Pmch-Crenice A-B Representativé/holeBrai3D reconstructions of

neurons projecting to the MCHWT;Pmch-CendSOD$°**Pmch-Cranice upon receiving a land H1B of rabies virus. Inputs are colour-coded ac-
cording to their location within large-scale brain regions (red for HY, light blue for CNU, green for CTX and pu|&fotafiBym of monosynaptic

inputs (neurons) from all brain regions to the MOWThPmch-C¢blue) andSOD$°**Pmch-Créred) injected with an ITor HTE of rabies virus. No

di erence between genotypes was observed for either of viralQit€The distribution of inputs across the large-scale brain regions. The di erence be-
tween genotypes was not signi cant for any of the brain regions or viral tittegr HITF. G-H3D reconstructions and quanti cation of LHA inputs were
comparable between genotypds] 3D reconstructions of ZI inputs and the distribution of inputs across the selected meso-scale hypothalamic areas. A
signi cant decrease in projections from the ZI was detect8@®in***Pmch-Crmice p=0.02, for LT rabiesndp < 0.0001, for HT rabikss indicated

by the black dashed arrow on the 3D braiak.Representative images of the hypothalamus (at Bregma 1.3) showing the location of input neurons
expressing the mCherry reporter (white) coupled with the rabies virus. The enlarged insets (white dashed line rectangle) depict ZI inputs, and a loss of
mCherry + neurons BOD°**Pmch-Cmice (left panels) in both Knd HTL virus conditions. N = 4 animals per genotype for LT and N = 3 for HT virus
concentration (*p-value <0.05, (**p}value <0.0001, Two-tailed unpaired Student’s t-t€tkn GndH for comparison between two genotypes and

2-way ANOVA i, F, landJ followed by multiple comparisons tests. Data are displayed as the mean + SEM of neuron percentages found per region/
area, except for absolute vali@andE, with each data point representing a single animal. Anatomical abbreviations are based on the Allen Brain Atlas
(ABA), and are fully de ned in Supplementary Tal8eale bars: 1000 m (for lower magni cation images) and 500 m (for higher magni cation images)

the laser power was set in the range of 5-15%. imagegrior to weight loss and prior to muscle denervation;
were acquired with a 63 x (NA 1.3) oil immersion objec- P45) and late-symptomatic mice (displaying on average
tive in 12-bit format 1024 x 1024 pixels, as a z-stack of 4B0% weight loss; P110). Two anatomical regions of the
optical sections spanning 14 m (step size of 0.35 m) hypothalamus were considered for neuronal quanti ca-
and with an optical zoom of 1.5. e area occupied by tion: the lateral hypothalamic area (LHA) and the arcuate
GFP + puncta was quanti ed on 8-bit format MIP images nucleus (ARH), both of which are known to be involved
(4-5 images per animal), after thresholding to the samein energy homeostasisl[ 10]. We selected two sets of
values for all images (80-255 for GFP). e total surface subpopulations: 1) neurons stimulating food intake and
area above the threshold was computed and the absolutpromoting weight gain (such as MCH7], cocaine- and
values of the area occupied by GFP + signal were normabmphetamine-regulated transcript (CART) in the LHA
ized to the mean value VT animals and represented as [43], agouti-related peptide (AgRP)7p], neuropeptide

a percentage. e synaptic contacts, colocalization were Y (NpY), Galanin (GAL) 6] and somatostatin (SST)

inspected visually using orthogonal view images. [71]); and 2) neurons suppressing appetite and increasing
energy expenditure (such as orexin/hypocretin (HCRT)
Statistics [27], CART in the ARH B3] and pro-opiomelanocortin

GraphPad Prism 9 (GraphPad, CA), and RStudio (ver{POMC) [76]), (for a review, se€elf]).

sion 4.2.2, littp://www.R-project.org)) were used to pe At pre-symptomatic disease stage (P45), we detected
rform data analyses. Statistical analysis was performedo signi cant change in the number of any of the con-
using animals as a biological unit; whenever appropriatesidered subpopulations in th&0OD%3* mice compared
single datapoints and averages per animal are depictetb WT littermates (Fig.1A-E; Fig.S2A-G). On the other
in the graphs. Statistical tests and descriptive statisticshand, late-symptomaticSODT%3 mice (P110) displayed
were performed as speci ed in the gure legends and ina signi cant decrease irPmch+ (approximately 33%),
the text. An unpaired t-test was used for comparing two Cart + (approximately 31%) andsal + neurons (approx-
groups and grouped analysis was performed using 2-wajmately 20%) in the LHA (Fig.1F, H, I, J). Furthermore,
ANOVA followed by Bon eroni’s multiple comparisons the SODT*%** mice also showed a decline Pomc+ neu-
test. e data were shown as the mean = standard error rons (approximately 10%) and irCart + (approximately
of the mean (SEM) and p values smaller than 0.05 were20%) in the ARH (Fig.S2J, K, N). All other subpopula-

considered signi cant. tions were preserved at P110 (FitG; Fig.SH, I, L, M).

us, the spectrum of hypothalamic subpopulations
Results vulnerable to degeneration in theSODXALS mouse
Loss of hypothalamic MCH, CART, POMC and galanin model is broader than previously reported and also
neurons occurs upon weight loss in late-symptomatic includes CART, GAL and POMC neurons.
SODF%*Amice

Since spatially-distinct neuronal subpopulation with Retrograde modi ed rabies tracing to selectively target

a similar neurochemical identity may display di eren- monosynaptic inputs to MCH neurons

tial vulnerability to disease, we elected to determine theSince multiple neuronal subpopulations are vulnerable in
size of multiple peptidergic subpopulations in the hypo- the SOD1 hypothalamus, we hypothesised that the vul-
thalamus of maleSODT%3* ALS mice using multiplexed nerability may reside in a speci ¢ subnetwork rather than
in-situ hybridization. We considered two time points in any neurochemically-identi ed neuronal subpopula-
in the disease progressior6(]: pre-symptomatic mice tion. To address this hypothesis, we set out to de ne the
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Fig. 3 CNU and MB to MCH neurons in early-symptor8&ia$°**Pmch-Creice.A-B The distribution of selected meso-scale inputs from the CNU
subregions in the LA'and H1B cohorts. A signi cant genotype e ect (F1,32 = 1368).0008) by 2-way ANOVA and a signi cant increase in the ratio of
inputs from the L$ € 0.003) in pairwise comparison were detect&OBF**APmch-Crmice injected with an HT rabies viBug-D3D reconstructions

of inputs from the LS (upper panels) and Sl (lower panels) inGlamdHTD cohorts E-FRepresentative images of the rostral coronal brain sections
(at Bregma + 0.8 mm) illustrating the location of mCherry + input neurons (white) in the LS in both c&ertsHIF. Note the increased density of
mCherry + neurons in animals injected with the HT rabiedhdndin the LS (white arrow)3®D$%**Pmch-Cr, right panel)G-H3D reconstructions

and quanti cation of MB inputs in the Gland HTH cohorts. A signi cant e ect of thEODZXransgene on lowering the ratio of inputs from the entire
MB (black arrows) and from the selected MB subregions (the quanti cation graph) was observed in both cohorts: LT (F153060P55and HT
(F1,20=4.64,=0.04H). N =4 animals per genotype for LT and N =3 for HT virus concentration. 2-way ANOVA followed by Bon eroni’s multiple com-
parisons test, (#}value <0.05, (#gvalue <0.01, (##pvalue <0.001 for genotype e ect and (*Yyalue <0.01 for pairwise comparison. Anatomical
abbreviations are based on the ABA, and are fully de ned in Supplementafy Daltéeare displayed as the mean + SEM of the percentages of neurons
found per region/area, with each data point representing a single animal. Scale bars: 1000 m and 500 m for insets

network of neurons providing input to the MCH neurons Whole-brain and inputs from large-scale brain regions
(being these the most vulnerable). to MCH neurons are preserved in early-symptomatic

To identify neurons that establish direct presynaptic SODF**#mice
connections to MCH neurons we employed monosynap- We exploited the aforementioned rabies system to quan-
tic retrograde tracing based on modi ed rabies virud(, titatively map the inputs to MCH neurons at the two
82). e starter population of MCH neurons was geneti- timepoints, before and simultaneously with the appear-
cally targeted by an intersectional genetic strategy andance of MCH loss. Retrogradely-labelled neurons were
crossingSOD %A with Pmch-CreBAC transgenic mice mapped to a large-scale brain reference atlas using the
(Fig.S2n). WholeBrain software 4] (see the Methods section).

We delivered two helper adeno-associated virus (AAV) Since retrograde e ciency is a function of the rabies
vectors (coding for the TVA and oG proteins under the viral load [37, 74 we mapped neurons projecting to
DIO) in the LHA of mice either at P50, before the weight MCH under two rabies load conditions: low titer (LT,
loss, (in order to investigate the early-symptomatic stagel x 10 vg/ml) and high titer (HT, 1x18 vg/ml). We
at P88) or at P75 (in order to investigate the late-symp-started our connectivity analysis at the early-symptom-
tomatic stage at P113, which coincides with MCH loss)atic stage (P50-AAV inj.; P80-RV G inj.; P88-sacri ce,
(Fig. S2A). e RV G/ENV- mCherry, pseudo-typed under the hypothesis that alterations of network archi-
and modi ed rabies virus, was then injected 30 days aftertecture may appear before the actual degeneration of
the AAV, and the animals were sacri ced 8 days after thevulnerable MCH neurons. In LT and HT groups, the vast
rabies injection (FigS2A). AAV-infected MCH +neurons  majority of input neurons resided on the hemisphere
expressed the GFP tag, whereas the rabies-infected neupsilateral to the rabies injection, in agreement with pre-
rons expressed the mCherry tag; therefore, starter neuvious reports P€] (Fig.2A, B).
rons were GFP +/mCherry +while retrogradely labelled e number of labelled neurons in the entire brain
neurons (projections to MCH +neurons) were only hemisphere did not di er between genotypes, with the
mCherry + (Fig.S2B-D). As previously reported, only a HT cohort exhibiting a greater number (Fig2C, E). A
fraction of neurons transduced with helper viruses wasfurther examination of monosynaptic inputs was con-
co-infected with rabies §3]. ducted, with allocations to four large-scale brain regions

We conrmed the e ciency of the AAV/rabies co- and their subregions. To facilitate comparison between
infection in a late-symptomatic group of mice receiv- cohorts and to account for inter-animal variability, the
ing AAV co-injection at P75. e AAV infected neurons number of input neurons in each region was normalized.
(GFP +) and starter neurons (GFP +/mCherry+) wereln both cohorts, the hypothalamus (HY) constituted the
localized in the LHA, as predicted by the expression ofprimary source of inputs to MCH neurons. A substantial
MCH, and were comparable in number (150-300 per proportion of inputs originated from the deep cerebral
mouse, approx. 45% of the GFP +)\WT and SODF*#  nuclei (CNU), with smaller contributions from the cor-
mice (Fig.S3A-E). Furthermore, the presence of single- tex (CTX) and midbrain (MB) (Fig2D, F). ere were no
positive mCherry + neurons was con rmed either within evident di erences in MCH neuron large-scale connec-
the hypothalamus or in distant extra-hypothalamic tivity between SODF°*#Pmch-Creand WT;Pmch-Cre
regions con rming the short-range and long-range prop- mice at the early-symptomatic stage of disease.
agation of the rabies tag expression (F&yA). It is noteworthy that a higher titre of rabies resulted

in the redistribution of inputs to MCH neurons, leading
to a reduction in the ratio of HY inputs (approximately
64%WT and 65%SODT%* of all labelled neurons in
LT and 40%WT and 45%SODF** in HT cohort), and
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to an increase in the proportion of CNU (12%/T; 13% than in control mice (3% vs 8%, respectively) (Fg, L),
SODPFAin LT vs 23%WNT; 25%SODL%3Ain HT), CTX  thus con rming ndings in the LT cohort. Furthermore,
(7%WT; 6%SODE%A in LT vs 15%NT; 12%SODT*”  the inputs from the LPO, MPO, PH and PVH were also
in HT) and MB (10%WT; 6%SODE%* in LT; 13%WT; unchanged by HT virus (Fig2J; Fig S6A).
10% SODF% in HT) (Fig. 2D, F). is indicates that In conclusion, the ne-grained mapping of the MCH
weaker or less dense connections may be labelled in thepstream, hypothalamic network revealed the remark-
HT cohort. e targeting of the same regions by dier- able disruption of ZI-to-MCH connections associated
ent rabies concentrations con rmed the selectivity of the with SOD1 transgene expression in ALS mice. Its pres-
tracing, while dose-dependent redistribution indicated ence early in the pathogenesis of ALS, before an overt
stronger, functionally signi cant and more sensitive con- metabolic phenotype and MCH loss, implies an impor-
nections within the hypothalamic circuit than in other tant role of these inputs in MCH dysfunction and degen-
circuits. eration and related metabolic imbalance.
erefore, MCH neurons are integrated within a
broader, brain-wide network, whereas the core circuitry Extra-hypothalamic meso-scale connectivity of MCH is
and the most rabies-sensitive projections to MCH are altered in early-symptomatic SOD£** mice
within the hypothalamus. At early-symptomatic disease Next, we investigated the patterns of distant connections
stages, the overall architecture of MCH large-scale confrom CNU, CTX and MB to MCH neurons in healthy
nectivity is maintained, resistant to mutant SOD1 e ects. and ALS mice. Among the 19 CNU subregions contain-
ing input neurons, most inputs came from the following
Disruption of meso-scale hypothalamic inputs from zona subregions in a rank order: lateral septum (LS), the bed
incerta (ZI) to MCH neurons in early-symptomatiSODF***  nucleus of the stria terminalis (BST), substantia innomi-
mice nata (Sl), and nucleus accumbens (ACB), irrespective
We hypothesized that despite the general preservationto genotype or titer of virus (Fig3A-F; Fig. S3B; Fig.
of MCH networks, disease may impact more function- S@8). No signi cant di erence was detected for projec-
ally relevant inputs from specic subregions. We set to tions from any of the subregions between genotypes in
further characterise the integrity of monosynaptic inputs the LT cohort (Fig.3A, C, E). Tracing with HT rabies
to MCH neurons from brain subregions at a higher, enhanced the ratio of inputs from the same structures
meso-scale resolution. e distribution of inputs within  detected with LT and 2-way ANOVA revealed a signi -
most of these subregions was found to be highly non-cant e ect of SOD1transgene expression (F1,32=13.68,
uniform (Fig. S5and S6). In a LT cohort (which favours p=0.0008) (Fig3B, D). Interestingly, the fraction of con-
stronger connections than HT), among 36 hypotha- nections from LS-to-MCH neurons was augmented in
lamic subregions where input neurons were found, the SODT°*#Pmch-Cre compared to WT;Pmch-Cre mice
majority of inputs originated from the LHA itself, and (7% vs 5%, respectively), as represented by increased
were preserved irSODT®APmch-Cre(22%WT vs 20% density of retrogradely labelled, mCherry +neurons
SODTF%A in LT) (Fig. 2G). We detected other hypotha- in LS nuclei (Fig.3B, D, F). is enhancement was not
lamic areas rich in mCherry + neurons—hotspots of observed in other CNU subregions projecting to MCH,
MCH inputs, including the zona incerta (ZI), ventro- highlighting a selective increase in LS-to-MCH connec-
medial hypothalamic nucleus (VMH), tuberal nucleus tivity. However, this was detected only in the HT cohort.
(TU) and dorsomedial nucleus of hypothalamus (DMH) Among 23 MB areas containing input neurons, most
(Fig. 2, K; Fig.S5A). e quanti cation revealed a sig- inputs came from midbrain reticular nucleus (MRN),
ni cantly reduced proportion of ZI-to-MCH inputs in  periaqueductal gray (PAG), motor related superior col-
SODF3APmch-Crecompared to control mice (4% vs liculus (SCm), ventral tegmental area (VTA) and sub-
7%, respectively). e inputs from all other hypotha- stantia nigra (SNr) and this pattern was similar in both
lamic nuclei were unchanged inSODT%APmch-Cre rabies titre cohorts (Fig3G, H; Fig.S™D; Fig.S). e
vs WT;Pmch-Cre mice(Fig. 2I, K; Fig.S5A). Given the fractions of inputs from most subregions were lower in
observed dose-dependent e ect of the rabies virus on theSODT*%*#Pmch-Crecompared to control mice and a sig-
hypothalamic MCH network we investigated the impact ni cant e ect of SOD1mutation was detected by 2-way-
of HT rabies on meso-scale connectivity. As anticipated,ANOVA in both rabies titer cohorts (LT: F1,30=11.52,
the ratio of hotspot inputs from the LHA, VMH, DMH  p=0.002; HT: F1,20=4.68=0.04) (Fig3G, H).
and TU and other nuclei to MCH decreased in compari- Among 30 CTX areas containing input neurons, the
son to the LT cohort, and to the similar extent in both largest number were found in the ventral subiculum
genotypes (Fig2H, J; Fig.S6A). Conversely, the frac- (SUBv), motor cortex (MO), orbital area (ORB), ante-
tion of ZI-to-MCH inputs remained the same as in the rior cingulate area (ACA) and infralimbic area (ILA).
LT cohort and signi cantly lower inSODT%APmch-Cre is pattern was consistent with our previous report
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(See gure on previous page.)

Fig. 4 CTX inputs to MCH neurons in early-symptors@ip£°**Pmch-Creice.A The connectivity pattern of selected meso-scale inputs across the
CTX subregions in the LT cohort. A trend for genotype e ect (F1,1200=3008) towards decreased CTX inputs was identi ed by 2-way ANOVA in
SOD%%**Pmch-Crmice.B-C3D reconstructions of inputs from the entire ®EXd from the MOs and the SUBD Connectivity pattern of the CTX
subregions in the HT cohort. A trend for genotype e ect (F1,80 $£3.83)7) towards decreased cortical inputs by 2-way ANOVA and a signi cant de-
crease in the ratio of inputs from the M@s @.006) in pairwise comparison were identi eB@D%***Pmch-Crmice E-F3D reconstructions of inputs

from the whole CTEand from MOs and SUBWote the reduction of inputs from the MOs (black dashed aB®&epresentative images of the cortex
demonstrating a reduction in the density of mCherry + input neurons (white dashed arrows) located in the motor cortex in the HT cohort. N =4 animals
per genotype for LT and N = 3 for HT virus concentration. 2-way ANOVA followed by Bon eroni’s multiple comparisqrsaiest ©p1 for pairwise
comparison. Anatomical abbreviations are based on the ABA, and are fully de ned in Supplemengarpatabéee displayed as the mean + SEM of
neuron percentages found per region/area, with each data point representing a single animal. Scale bars: 200 m

[5], and was similar in both titre cohorts (FigtA-F; Fig. reduction in VMH-originating inputs to MCH neurons
S5C; Fig.SEC). A signi cantly decreased ratio of inputs in SODF%* mice, as revealed by analysis at meso-scale
from secondary motor cortex (MOs) was detected resolution (4% vs 8%-ZI; 6% vs 11%-VMH, respectively)
SODF%APmch-Cre compared to WT;Pmch-Cre mice  (Fig. 5D, E, F; FigS7A). While inputs from other HY
only in HT group (0.7% vs 2%, respectively) (M@, F, nuclei remain unaltered, a genotype e ect was identi ed
G). While the inputs from other cortical subregions by 2-way ANOVA (F1,72=4.99=0.03) (FighD). us,
remain unchanged between genotypes a strong trend fodisruption of MCH network expands during the late-
the e ect of mutant SOD1was noticed by 2-way ANOVA symptomatic stage, correlating with systemic metabolic
in both rabies titer cohorts (LT: F1,120=3.0p,=0.08; imbalances and MCH degeneration.
HT: F1,80=3.43p=0.07) (Fig4A, D). A quantitative meso-scale analysis of extra-hypotha-
Overall, these results indicate that early in diseasdamic projections showed a signi cant e ect of th&OD1
structural integrity of upstream, extra-hypothalamic mutation on the distribution of labelled inputs from dis-
MCH network is a ected by SOD1 transgene although tinct CNU subregions (Fig5H; Fig.S7™, 2-way ANOVA
to a much lesser extent than hypothalamic network and(F1,64=31.57, p<0.0001)), including a signicant
only emerges when the long, distant and likely the leasincrease in the proportion of inputs from LS-to-MCH
sensitive projections to retrograde tracing are targetedneurons (Fig.5G, H), accompanied by increased inputs
by increased rabies titer. Notably, projections from MOs- from the Sl at late-symptomatiSODT*%*A mice in com-
to-MCH are signi cantly reduced while projections from parison to age-matched controls (3.2% vs 1.6%-LS; 2.9%
LS-to-MCH are increased, suggesting subtle connecws 1.2%-SI, respectively) (FisH, J).
tivity alterations detectable only under high-coverage e projections from the MB and CTX subregions to
conditions. MCH neurons remain unchanged between the genotypes
(Fig. STC, D). Of note, the lower total number of input
Hypothalamic connectivity of MCH neurons declines with  neurons in late-symptomatic mice in comparison to the
disease progression in late-symptomaticSODF***mice numbers in early-symptomatic mice suggests a decline in
Next, we investigated the impact of ALS disease progresretrograde tracing e ciency in aged mice, regardless of
sion on MCH network. To this end, we conducted an genotype.
analysis of the MCH connectome in late-symptomatic Overall, mutantSOD1leads to a decrease in upstream
mice that had been injected with LT rabies virus (P75-large-scale HY-to-MCH connectivity and a dynamic
AAV inj.; P105-RV G inj.; P113-sacri ce). is approach  reorganization of the CNU-to-MCH network. e
was selected due to the fact that LT targeted the cordmpairment of the meso-scale network architecture, loss
circuitry in a more speci c manner, despite the inherent of ZI-to-MCH connections, persists in the late disease
risk of under-representing broader connectivity. e total stage and it is accompanied by an additional loss of VMH
number of input neurons from the whole-brain was com- inputs, indicating a progressive disintegration of the HY
parable between genotypes (Figd). However, the analy- network and a particular vulnerability of the ZI. In par-
sis of the distribution of inputs among large-scale regionsallel, early increased projections from the LS followed
revealed a signi cant decline in the ratio of the inputs by projections from the SI may re ect adaptive remod-
from HY and a signi cant increase in the ratio of inputs elling of the CNU network. MO connections appear to
from CNU in SODT%A mice compared toWT;Pmch- be aected only at high rabies titers, suggesting early
Cre mice (64% vs 72%-HY; 14% vs 7%-CNU, respebut subtle disconnection. ese region-speci ¢ changes
tively) (Fig.5B). e decline in hypothalamic connectivity =~ suggest a potential shift in MCH regulation from HY to
observed at the large-scale was not attributable to the los€NU circuits.
of the major input fraction from the LHA (Fig5C). is
occurred as a consequence of a signi cantly lower frac-
tion of inputs from ZI and newly detected a signi cant
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Fig. 5 Upstream MCH network in late-symptom&@D%°**Pmch-Crenice A RepresentativévholeBraiD reconstructions illustrate the location of
neurons, projecting to the MCH, within large-scale brain regith$;Pmch-Cend SOD$°*APmch-Crmice. The quanti cation graph shows the total

sum of monosynaptic inputs from the whole brain to the MONTrPmch-C(blue) andSOD$°**Pmch-Cré&ed) mice. No signi cant di erence was
observed between the two genotypdsThe quanti cation graph presents the distribution pattern of inputs across the large-scale brain regions. The
ratio of HY inputs was signi cantly reducpe 0.005) and the ratio of CNU inputs was signi cantly enhapee@i@1) irsOD%°**Pmch-Creompared

to control miceC 3D reconstructions and quanti cation of LHA inputs were comparable between the two genbBtyiesibution of inputs across

the selected meso-scale HY areas. A signi cant genotype e ect (F1,72=0%9R) towards reduced inputs across areas, and a signi cant reduction

of the ratio of projections from the fF(0.03) and from the VMpi=0.006) were detected 8OD%°**Pmch-Cranice.E Representative images of the
hypothalamus (at Bregma 1.3) showing the location of mCherry +input neurons (white). The insets depict a loss of mCherry +input neurons in the
Z1 inSOD%°**Pmch-Crenice(right panel) 3D reconstructions represent inputs from the entire ZI (upper panels) and VMH (lower panels), which are
reduced inSOD%***Pmch-Cranice (black dashed arrow@)Representative images of the rostral coronal brain section (at Bregma + 0.8) illustrating the
location of mCherry +input neurons (white) in theH_Bistribution of selected meso-scale inputs across the CNU subregions. A signi cant genotype
e ect (F1,64=31.5p,<0.0001) and a signi cant increase in the ratio of inputs from thpe=I080005) and from the $(0.0002) were detected in
SOD%E%**Pmch-Crmice.J 3D reconstructions depict inputs from the entire LS (left panels) and SI (right panels), which are iR@2&EdRmch-Cre

(black arrows). N =5 animals per genotype. Two-tailed unpaired Studenfs Efescomparison between two genotypes and 2-way ANOVA followed

by Bon eroni's multiple comparisons t&tD, F (#)p-value <0.05, (####yalue <0.0001 for genotype e ect andfg®)alue < 0.05, (*pyvalue <0.01,

(***) p-value <0.001 for pairwise comparison. Data are mean + SEM of neuron percentages found per region/area, except for absdjutétivalues (
each data point representing a single animal. Scale bars: 1000 m (for lower magni cation images) and 500 m (for higher magni cation images)

ZI-to-MCH projections are DAergic and GABAergic and loss with MCH + cell bodies or dendrites in bothWT and

of DAergic neurons contributes to the network disruption ~ SODT%*A mice at P100 (late-symptomatic mice) (Fig.
e disruption of the ZI-to-MCH network was con- S8—-C). As well, ZI/DAergic neurons received projec-
sistently replicated in ALS mice in our tracing study, tions from MCH neurons (Fig.S®, E), demonstrating
thereby suggesting the important role of this network in bidirectional connections.

triggering MCH vulnerability. We reasoned that disease- As early synaptic damage often precedes neuronal
related de cient synaptic signalling may be the lead- death in ALS and other neurodegenerative diseases, we
ing mechanism. Indeed, it has been demonstrated thainvestigated whether impaired ZI-to-MCH connectiv-
MCH could respond to a wide variety of presynaptic ity is caused solely by synaptic loss or whether it also
signalling molecules, encompassing transmitters, modu-involves the degeneration of ZI/DAergic neurons. To this
lators and peptides 33]. To ascertain the neurochemi- aim DAergic population was assessed in independent
cal identity of neurons projecting from ZI-to-MCH we cohorts of mice at P45 (pre-symptomatic) and P110 (late-
again exploited the multiplexed RNAScope assay. is symptomatic) by immunolabelling against the enzymes
was conducted in the early-symptomatic HT cohort critical in DA synthesis TH and DOPA-decarboxylase
(P88-sacri ce), given to the highest density of retro- (DDC). Whereas the quanti ed TH+and DDC + neurons
gradely traced neurons. Rabies-infected neurons weravere comparable betweeW T andSODF%A mice at P45
visualized by a strong expression of mRNA encoding(Fig.7A, C, D), at P11GODT*** mice displayed a signif-
tdTomato (similar to mCherry reporter). A substantial icant decline of DAergic neurons within the ZI (Fig/iB,
portion of ZI tdTomato+neurons in both WT;Pmch- C, D). To eliminate the possibility that the observed DAe-
Cre and SODT**#Pmch-Cremice co-expresse®Ic32al rgic loss could be attributed to a de ciency in protein
MRNA encoding the gamma-aminobutyric acid (GABA) synthesis, in situ hybridization for was performed on
vesicular transporter (VGAT), and revealed their GAB- an independent set of samples at P110 and the quanti -
Aergic signalling (FigbA). In contrast, the population of cation con rmed a signi cant reduction in  +neurons
tdTomato+ neurons in the ZI rarely expresse8icl7a6 (Fig. 7E, F, G), indicating late-onset DAergic degenera-
MRNA, which guides the synthesis of vesicular glutamatetion. Additionally, we observed more expressing neu-
transporter (VGIlut2), and characterizes glutamatergic rons than those showing TH immunoreactivity, which
excitatory neurons (Fig6B). Unexpectedly, in the ZI we has been noted before in the hypothalamug.[ e loss
detected a discrete population ofdTomato+neurons of DAergic neurons was selective to ZI as the + neu-
that co-expressed low levels of tyrosine hydroxylase)( rons in the LHA and ARH were comparable betwe&WT
mRNA (Fig.6C). It has been shown that the +popula- and SODT%A mice (Fig.S9%A-D).

tion in ZI is exclusively dopaminergic (DAergic) and not Taken together, these ndings imply that GABAergic
noradrenergic, as for lacking the expression of dopamineand DAergic presynaptic inputs onto MCH neurons are
-hydroxylase (DBH), and that these DAergic neurons particularly susceptible to ALS an&OD1mutations and
always co-transmit GABA %7]. We further conrmed  most likely the main contributors to ZI-to-MCH network
that ZI/DAergic neurons are projecting to MCH neurons disruption starting at the synaptic level.

as evidenced by the co-localization of TH+ bre end-

ings and dopamine transporter—DAT + bres/puncta
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ALS-related molecular and cellular pathways are enriched  displaying notable alterations across multiple ALS-
in ZI and in DAergic neurons related pathways associated with neurodegeneration. e
In order to gain a deeper insight into this regional, ZI presence in early disease stages underscores their poten-
vulnerability we examined the pathways that are com-tial mechanistic role in ALS-related ZI-to-MCH network
monly implicated in ALS pathophysiology. We evalu- disruption, MCH and metabolic dysregulation and sug-
ated the burden of misfolded SOD1 (misfSOD1) using angests that the ZI may be an initially a ected hypotha-
antibody speci c to this toxic form of SOD1 (B8H10). As lamic region.
anticipated, immunohistochemical analysis revealed ele-
vated levels of misfSOD1 iBODT%A compared toWT  ALS-a ected motor cortex neurons directly target
mice, irrespective of age (Fi§A). An increase in the den- vulnerable MCH and DAergic neurons
sity of misfSODL1 + neurons was observed within the ZI in Misfolded SOD1 was present early on in the ZI, similar
contrast to surrounding areas where levels were comparas in the motor cortex (MO) which is the canonically
atively low (Fig.8B). DAergic neurons displayed elevated a ected region in ALS, in particular the UMN, a popu-
burden of misfSOD1, as evidenced by the co-localisatiorlation of the corticofugal cortical layer 5 long projection
of misfSOD1 in DDC + neurons. Image-based quanti ca- neurons (L5 PN). According to the corticofugal hypoth-
tion demonstrated a statistically signi cant increase in esis, the MO is considered the initial site of disease onset,
misfSOD1 + area in the ZI compared to the other hypo- with the disease pathology subsequently spreading to
thalamic and thalamic regions (FiC), present as early neurons in distant regions along direct connection&1].
as P45 (pre-symptomatic), and to a similar extent as inAs we identi ed direct projections from the MO to vul-
the canonically a ected layer 5 of the motor cortex (data nerable MCH neurons among the cortical inputs, we
not shown). Given that misfolded SOD1 is associatedused an anterograde mapping strategy, to conrm the
with impaired autophagic clearancelp] we monitored accuracy of these connections to MCH neurons and to
the levels and distribution of autophagy marker P62/test whether L5 PN also project to degenerating DAergic
SQSTM1, previously reported to accumulate in LHA of neurons. To map L5 PN projectiondVT and SODT%A
Sod£8Rmice [31]. Immuno uorescent staining revealed animals at P70 were co-injected with the two AAVs in the
a robust P62 immunoreactivity and inclusions within the MO, the rst vector encoding for Cre recombinase under
Z1 of SODT*%*A mice at P110 (late-symptomatic), in con- the enhancer and under the mini-promoter speci c for
trast to a minimal presence of P62 in the ZI /T mice L5 PN, and the second vector encoding, in a Cre-depen-
(Fig. 8D). Accumulation of P62 inclusions was observeddent manner, the expression of the tdTomato reporter in
in the extracellular matrix and within neuronal cell bod- the cytoplasm and of the SypEGFP tag in bre endings
ies, including DAergic, TH+/P62+neurons (FIgBE). and at synapses to label all the presynaptic contacts origi-
e quanti cation demonstrated a statistically signi cant  nating from the target (Fig9A; Fig.S11A, B). irty days
increase in P62 +area in the ZI compared to the neighdater (P100-late-symptomatic), the brains were dissected
bouring region of LHA (Fig.8F), indicating the presence and connections between cortical L5 PN and hypotha-
of targeted protein aggregation, autophagic and proteos4amic MCH or DAergic neurons were visualized as green
tatic vulnerability in this region. puncta (SypEGFP) along MCH+or TH +dendrites and
Finally, we investigated the expression of markers assoeell bodies (Fig9A). We detected that the vast majority
ciated with degeneration and in ammation, namely the of tdTomato + neurons were localized within layer 5 and
astrogliosis marker GFAP, and the microgliosis markersome in layer 6, while they were almost completely absent
IBA1 [86] (Fig. S1A, B). Quanti cation of the GFAP- from other cortical layers in both genotypes (FigB; Fig.
immunoreactive area demonstrated a statistically sig-S11C). e distribution of tdTomato + bre tracts across
ni cant enrichment in astrocyte coverage of the entire brain sections in rostro-caudal direction replicated that
hypothalamus at P110 (FigS1(C), and specically of of the pyramidal tract further con rming the selective
the ZI at P45 and at P110 (Fi§1®), in SODF*** mice targeting of the L5 PN (FigS11A, B).
compared to their age-matchedVT littermates, high- In the hypothalamus, and more speci cally in the LHA
lighting enhanced astrocytic activity. Astrocytes were and ZI where MCH and DAergic neurons respectively
observed in close proximity to DAergic, TH+neurons. reside, tdTomato + bres and co-localized GFP + puncta
Surprisingly, no signi cant di erence in the area occu- were observed (FigRC, D; Fig.S1A, B). Quanti cation
pied by IBA1 + microglia was detected in the hypothala-of the percentage of the area occupied by GFP +syn-
mus nor in the ZI between genotypes (Fi§10\, B, E, F), aptic puncta surrounding MCH neurons in LHA and
indicating the existence of a unique pattern of neuroin- TH neurons in ZI was comparable between genotypes
ammatory response in ALS hypothalamus. although slightly lower inSOD®3A than in WT LHA
ese results suggest that the ZI is a region of enhanced (approximately 18%), and in line with subtle loss of
vulnerability in ALS, in particular DAergic neurons, MO-to-MCH inputs detected by retrograde HT rabies
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Fig. 6 GABAergic and DAergic neurochemical identity of ZI-to-MCH proje&tioiRepresentative images of the hypothalamus (overview) and the ZI
(enlarge insets—white dashed line square) showing the spatial distribution of input neurons from ZI co-expressing mRN#Torattrgd) and

A SIc323ImRNA encoding VGAT (green) (white arrowheadgsBlot7aBnRNA encoding VGlut2 (magenta)cdmhmRNA which encoding tyrosine
hydroxylase (cyan) (yellow arrowheads), all detected by a single-molecule mRNA in situ hybridization. Representative exampM&lfrRmctines
and threeSOD$%**Pmch-Crbrains. Scale bars: 500 m (for lower magni cation images) and 50 m (for higher magni cation images)
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Fig. 7 Loss of ZI/DAergic neurons in the late-symptomatic disease AtageéB Representative images of coronal hypothalamic sections (overview)
showing the distribution of DAergic neurons in the ZI (enlarged insets—white dashed line square) co-expressing the enzymes for dopamine synthesis
DDC (red) and TH (green) in close proximity to MCH neurons (mag&ig)upper panels) an8OD%%*A(lower panels) mice at PA%and at P110

B. Loss of DDC +/TH + neurons and MCH neurons is evid&Db&P**mice at P110 (white arrow8)and D The graphs present the total number of
neurons quanti ed on six rostro-caudal section#/if(blue) andsOD%°*/(red) mice at P45 and at P110. DG 8.01)C and TH +{= 0.04]D neurons

are signi cantly reduced iBOD$°**mice at P110 — late-symptomatic disease stage in pairwise comparison, with the signi cant 2-way ANOVA geno-
type e ect for DDC + (F1,13=11,58,0.005€ and for TH + neurons (F1,13 = $43).009P. N = 3-6 animals per genotygeRepresentative images
showing neurons expressing Th mRNA (cyan) in the HY and ZI firrset§) Quanti cation ofTh+ neurons on three sections con rmed a signi cant
reduction p=0.02) in a second cohort of PEMD%**"miceF and the signi cant 2-way ANOVA genotype e ect (F1,24 = 15=10P007%. N =5 ani-

mals per genotype. 2-way ANOVA followed by Bon eroni’s multiple comparisons tpsta(¢#)x 0.01, (###value <0.001 for genotype e ect and (*)
p-value < 0.05 for pairwise comparison. Two-tailed unpaired Studenti Etatd are displayed as the mean + SEM, with each data point representing a
single animal. Scale bars: 1000 m (for lower magni cation images) and 200 m (for higher magni cation images)

tracing (Fig. S1Z, D). Interestingly, ZI receives more ZI DAergic neurons inFus->* mice suggests a poten-

robust inputs from the L5 PN compared to LHA in both tial neuroprotective mechanism underlying their rela-
WT and SODF%* mice (Fig.9E), revealing their distinct tive metabolic stability. Moreover, the contrasting e ects
connectivity patterns as well as a circuit basis for diseasef Fus and SOD1 mutations on MCH and TH neurons
propagation. Since dierent neuropeptidergic neurons imply dierential mutant-gene toxicity and mutation-
are present in the LHA as well as in the ZI, we furtherspeci ¢ vulnerabilities within hypothalamic circuits.
veri ed that the projections from the L5 PN form the  Taken together, these ndings suggest that the loss
close contacts with MCH and TH neurons as evidencedof ZI DAergic neurons underlies weight loss observed
by the co-localization of tdTomato+ bre endings and across distinct genetic models, and may contribute to
GFP + puncta with MCH +or with TH + neurons, either metabolic dysregulation associated with ALS, aligning
with their cell bodies or dendrites (Fi®dC, D, orthogonal molecular pathology with functional outcomes.
XZ and YZ views). Each examined MCH +or TH + neu-
ron contained at least one connection (approximately Discussion
between 3-8 contacts per neuron). In this study, we provide converging evidences from ALS
Together, these ndings revealed direct synaptic inputs murine models identifying a selectively a ected hypo-
from L5 PN to MCH and DAergic neurons, forming thalamic subnetwork associated with ALS-related MCH
a broader vulnerable network that links ALS-a ected vulnerability and metabolic dysregulation, in particular
motor and metabolic regions. Preferential motor input to an early disruption of DAergic and GABAergic connec-
Z1 over LHA suggests a potential and facilitated spread oftions from the ZI to the MCH neurons (Figll). ese
ALS pathology from the motor cortex, thereby contribut- ndings advance our understanding of ALS pathogenesis

ing to the early and ampli ed vulnerability of ZI. and open new opportunities for pharmacological inter-
ventions to mitigate weight loss in the disease.

The vulnerability of DAergic neurons re ects the body- Metabolic dysfunction, including weight loss and

weight phenotype across ALS murine models hypermetabolism B9, 36, 50, 55, 72], precedes the onset

Finally, to gain insight into the potential relevance of of ALS and is associated with faster disease progres-
DAergic degeneration for ALS-associated metabolicsion and shorter survival. While the hypothalamus has
dysregulation, we evaluated this neuronal populationemerged as a key brain region implicated in ALS-related
in two additional ALS models, which present distinct metabolic disturbances, 28], the cellular and network
body-weight proles. Namely, we investigated 50-60 mechanisms driving this vulnerability remain largely
-weeks-old homozygousMatr3S85¢/S85C mice,  which unexplored.
cease to gain weight at 10 weeks of ag€].[ Consistent
with their body-weight trajectory, we observed a strong A broad vulnerability of hypothalamus in ALS
trend (p=0.07) towards a decreased number of+ posi- First, we provide novel insights into the full scope of vul-
tive neurons in Matr3S8¢/S85Cmice compared to their nerability of hypothalamic peptidergic neurons in the
wild-type littermates (Fig. 10A—C). is reduction in  SODF%A ALS mouse model. Our results show that ana-
Z1 DAergic neurons aligns with the weight phenotype tomically and functionally distinct neurons expressing
observed in this model, supporting their role in meta- MCH (Fig. 11, rst panel), Galanin, CART, and POMC
bolic dysregulation. are signi cantly lost in the late stage of disease, after the
In contrast, 12-month-oldFus™-' * mice, which largely onset of weight loss. While MCH degeneration, associ-
remain normal weight despite MCH loss/[ 68], showed ated with negative energy balance due to reduced food
preservation of the TH+ population and an absence ofintake, has been reported previously in ALS][ the
astrocyte activation (FiglOD—G). e maintenance of  degeneration of other subpopulations has not yet been
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Fig. 8 Disease burden is enhanced in ZI and in DAergic neurons in pre-symp&@EREit mice.A. Representative images of coronal hypothalamic

sections (overview) and ZI (enlarged insets—white dashed line square) showing the absence of misfolded SOD1 (B8MINugeemamel) and its

high expression iIBOD%°*(lower panels) mice at P45 and at P110, co-localizing with DDC + neurons (red) (whitB Brniawng®d insets (red dashed

line square) illustrate the di erence in density of misfSOD1 + neurons and in misfSOD1 expression levels in di erent regions: the thalamus (TH), the HY
and the ZI (red dashed line squa@&The quanti cation graph demonstrates a signi cant region e ect by 2-way ANOVA (F2,27 1 %86)001)

due to a signi cant increase in the misfSOD1 + area in the ZI compared to phe0lBD06 at P4p=0.0009 at P110) and a trend compared to the HY

(P=0.1 at P4®=0.06 at P11@). Immuno uorescence images representing P62/SQSTM1 (red), TH (green) and MCH (magenta) immunoreactivity in
the hypothalamus (overview), the ZI (enlarged insets—white dashed line square) and the LHA (green dashed line sqiiguppérifanel) and
SOD%%*A(lower panels) micEEnlarged insets (cyan dashed line square) depict P62/SQSTM1 inclusions in the ZI and in DAergic TH + neurons (white ar-
rows) inSOD$°**mice (right panel), which are absent from the BFfAe quanti cation graph demonstrates a signi cant increase of P62 + area in the ZI

in SOD£%**compared tV Tmice p=0.009 in pairwise comparison and the genotype e ect by 2-way ANOVA (F1,36=®08)). N = 5 animals per

genotype. 2-way ANOVA followed by Bon eroni’s multiple comparisons tegtv@ie < 0.01, (####yalue <0.0001 for region and genotype e ect

and (**)p-value <0.01, (**prvalue <0.001 for pairwise comparison. Data are displayed as the mean = SEM, with each data point representing a single
animal. Scale bars: 1000 m (for lower magni cation images) and 200 m (for higher magni cation images)

described. Nevertheless, these populations are integratetimportantly, this MCH connectivity pattern matched the
into common energy-regulating circuits and full dis- tracing study inWT mice by Gonzalez et al2f]. In con-
tinct roles [3, 35, 80]. LHA-Galanin neurons increase trast, at the late-symptomatic stage of disease, correlated
food-seeking behaviour 6] while ARH-POMC neu- with MCH degeneration, the large-scale architecture of
rons mediate appetite suppression via the melanocortinMCH network was a ected by mutant SOD1 expression
pathway [76]. Interestingly, CART expression co-local- leading to reduction in HY inputs to MCH neurons and
izes with MCH (LHA) and POMC (ARH) neurons and to increase in inputs from CNU subregions.

induces dual, location-dependent anabolic and catabolic Despite that early in disease large-scale connectiv-
e ects, respectively 43]. e multiple neuropeptider- ity was stable, analysis at meso-scale resolution revealed
gic degeneration in our study echoes the observation ol signi cant reduction of aerent connections from
Gabery and collaborators2b] and of Bergh et al.g], who zona incerta (ZI) to MCH neurons (Fig.11, second
showed a concomitant loss of LHA orexin-producing panel). Notably, this nding was replicated in a mice
neurons, and of PVN oxytocin neurons in ALS patients cohort injected with a higher rabies viral load. As dis-
and mice, which correlated with changes in eatingease advanced the loss of ZI inputs persisted and was
behaviour. Importantly, these ndings align with limited accompanied by a decline of projections originating from
responsiveness to drugs targeting the individual hypo-ventromedial hypothalamus (VMH), indicating a pro-
thalamic populations either by MCH supplementation gression of circuit disruptions. Together, these results
[7, 31 or through the POMC/AgRP pathwayZ2]. Our identify the ZI-to-MCH network as an early site of selec-
ndings expand on previous reports of hypothalamic vul- tive vulnerability that precedes MCH degeneration.
nerability in ALS, and reveal a broader range of a ected Of note, ALS drives an early and progressive redis-
neuronal subpopulations. Together, the early weight losstribution of CNU connectivity, starting with increased
and the late-onset, widespread hypothalamic degen-ateral septum (LS) inputs and expanding over time to
eration suggest that the metabolic phenotype in ALS issubstantia innominata (SI) projections. is echoes the
not solely due to the loss of individual neuron types, butmost recent magnetic resonance imaging (MRI) study in

rather re ects an early, network-wide dysfunction. ALS patients showing increased hypothalamic functional
connectivity with caudate nuclei correlated with disease
An early vulnerability of ZI-to-MCH network in ALS severity R3]. Secondary motor cortex (MOs) disconnec-

Next, we examined the integrity of MCH upstream net- tions are revealed under high rabies titers and may re ect
work in SODT**A mice along two disease stages usingearly cortical circuit vulnerability reported in this and
retrograde modi ed-rabies tracing to map brain-wide other ALS models}, 12, 17].

monosynaptic inputs to MCH neurons (being the most

a ected population). Our tracing study revealed that What could be the relevance of ZI-to-MCH connections in
global MCH connectivity remained intact at the early- metabolism?

symptomatic stage of disease, despite the presence d@flthough our study does not directly test the functional
toxic SOD1, with the hypothalamus (HY) as the primary consequences of ZI-to-MCH disconnection, existing lit-
input source, alongside contributions from deep cerebral erature allows us to speculate on its potential metabolic
nuclei (CNU), cortex (CTX), and midbrain (MB). Nota- relevance. e ZI is a largely inhibitory subthalamic
bly, the dose-dependent e ects of rabies tracing con-region conserved among mammals4] composed of
rmed the robustness of these projections, as higher viralneurochemically mixed neurons34, 57] and with exten-
loads resulted in an increased representation of weakesive connections (often reciprocal) that cover approxi-
or more distal connections in recent reports3y, 74]. mately the entire brain (for a review, sed]] allowing
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Fig. 9 Neuronal projections from L5 PN in the motor cortex to hypothalamic MCH and ZI/DAergic Aclinenscheme outlines the experimental

work ow for the selective anterograde tracing of the motor cortex layer 5 projection neurons (L5 PN) and labelling their synaptic contacts using cell-type-
speci c viral tools injected into the motor cortex of R¥0and SOD$%*mice. The virus containing: a putative enhancer, mouse single-cell regulatory
elements (mscRE4) and beta-globin minimal promoter (pBGmin) driving expression of a mouse codon-optimized Cre (iCre), a short woodchuck hepatitis
virus post-transcriptional regulatory element (WPRE), and polyadenylation site (pA), was co-delivered with the virus expressing the uorescent proteins
tdTomato in the neuronal cytoplasm and SypEGFP in the presynaptic compartment under the synapsin 1 promoter (Synl) and in Cre-dependent manner.
After 30 days, connections were visualized by co-localization of the uorescent proteins with immunolabeled neurons: MCH +in LHA aBd TH +in ZI.
Representative confocal images of the MO depicting L5 PN neurons expressing iCre and tdTomato (red) in the cytoplasm, dendrites and axon, together
with GFP + puncta showing synaptic localization (gr€eB)Representative confocal images of the LHA depicting MCH neurons (m&gamdajn-

ages of the ZI showing TH + neurons (cizasiirrounded by dense tdTomato + bres (red) and GFP + puncta (green). The enlarged inset (white dashed

line square) and the orthogonal XZ and YZ views illustrate the co-localization of the reporter proteins with the cell-body of an MCH + or TH + neuron. e.
The quanti cation plot shows a signi cantly higher percentage of GFP + area in ZI compared to area occupied in LHA in both genotypes. N = 3 animals per
genotype. 2-way ANOVA followed by Bon eroni’s multiple comparisons testp@#gh#) < 0.0001, for area e ect, and (*¥alue = 0.0006 for pairwise
comparison. Data are presented as the mean + SEM and each dark coloured point represents a single animal. Scale bars: 1000 m and 200 m (for lower
and for higher magni cation images) and 50 m for confocal images

the ZI to modulate the function of numerous neural accompanied by the accumulation of ALS-related patho-
networks. logical markers, and by a neuroin ammatory response
In our study, we found that ZI neurons projecting to in ZI, while degeneration of DAergic neurons occurred
MCH neurons include both GABAergic and DAergic later in disease progression. A similar pathology in ZI
populations, and that DAergic neurons degenerate fol-of Matr3S85¢/S8Cmjce and its absence ikusN-S' * mice
lowing their disconnections from MCH neurons. Both were consistent with their respective body-weight phe-
vulnerable populations, MCH and ZI/DAergic, received notypes (Figl1, fourth panel). Altogether, supported the
direct projections from ALS-aected layer 5 cortical hypothesis that not only the MCH dysfunction but the
neurons. Indeed, the ZI is predominantly GABAergic in metabolic phenotype in ALS is closely associated with
mice and other taxa45, 83], but a subset of ZI/GABAer- the early breakdown of speci c hypothalamic networks,
gic neurons co-express the enzyme TH and produce DA ather than arising solely from the degeneration of indi-
restricted to the rostral ZIr near the midline and lack- vidual neuronal populations.
ing any other neuropeptidesH7]. In line with our trac- In fact, emerging functional research has recog-
ing results, Yang et al., recently showed that in mice Zl/nized ZI as an integrative node for global modulation of
GABAergic neurons have brain-wide bidirectional pro- behaviours and physiological states (especially feeding),
jections, whereas the rostral ZIr and medial ZIm havedepending on its speci ¢ input—output connectivity pat-
strong interconnections with the LHA, and also receive terns (for a review, seerf)]). Early studies indicated that
projections from layer 5 motor cortex neurons8f@]. In  lesions of the rostral ZI led to decreased food intak&g)].
2025, Bono et al., published the whole-brain output con-More speci cally, ZI/GABAergic signalling has been
nectome of mouse ZI/DAergic and con rmed that ZI/ implicated in feeding 88], hunting [89], and in regula-
DAergic projections closely mirror those of ZI/GAB- tion of the sleep—wake cycled[r]. While acute optoge-
Aergic neurons, with robust outputs to the LHA, consis- netic stimulation of projections from ZI/GABAergic
tent with our data B]. Pivotal neuroanatomical studies neurons to the anorexigenic paraventricular thalamus
in rodents have reported the existence of bidirectional (PVT) evoked binge-like eating, particularly of high-fat
projections between the ZI and both the LHA and VMH food, the chronic stimulation induced persistent over-
hypothalamic areas, as well as prominent cortico-incer-eating and weight gaing8]. In contrast, the ablation of
tal projections originating from the layer 5 neurons (for ZI/GABAergic neurons resulted in long-term reductions
a review, seed]). Similar connectivity patterns were in both food intake and body weight gair8§]. Comple-
observed in primates by Haber et al.: connections of ZIrmenting this unexpectedly robust orexigenic potential
and the dorsolateral prefrontal cortex3d], which was of the ZI/GABAergic neurons, chemogenetic activation
con rmed in humans by Saluja et al. using high-resolu- of ZI/DAergic neurons was shown to enhance the moti-
tion di usion MRI, showing that ZIr receives projections vation for feeding by increasing meal frequency without
from prefrontal areas, while the caudal ZI is primarily a ecting the overall food intake, mainly through their
connected to motor regionsg7]. projections to the PVT 84]. Conversely, mice with global
To the best of our knowledge we are the rst to report DA de ciency were reported to be aphagic with severe
the connections between ZI GABAergic and DAergic starvation PQ].
neurons and a speci c population in LHA, MCH neu-  Given the dense reciprocal connectivity between the ZI
rons, as well as to show that these inputs are primarilyand MCH neurons shown by our tracing study, it is plau-
a ected at the synaptic level by disease and prior to MCHsible that ZI inputs may modulate MCH neuronal activity
loss inSODF%*A mice. e early loss of connectivity was in a manner akin to its in uence on PVT neurons—i.e.,
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Fig. 10 ZI/DAergic neurons are lostNtatr®85/S8mice, but are preserved Fus'-S* mice.A Representative images showing neurons expressing
ThmRNA (cyan) in the hypothalamus (overview) and in the ZI (enlarged insets within white dashed line square) in 50-80Teékpaldels)

and Matr$8°C/S85mice (right panelsB-C Quanti cation ofTh+ neurons in three sections showing a strong trend towards a reducfior imreurons

(p=0.07) iMMatr$e>S8mice (black) compared to thaN T littermates (orangel and the signi cant genotype e ect 2-way ANOVA (F1,24=5.82,
p=0.02)C. D Representative images of coronal hypothalamic sections (overview) showing the distribution of dopaminergic neurons expressing TH
(green) and the distribution of surrounding GFAP + astrocytes (magenta) in the ZI (enlarged insets—white dashed line square in Y2Tfupgbrold

panels) andrus'-S* (lower panels) mice. The number of TH + neurons is sinfilsii* mice and theiw TlittermatesE—FThe graphs show the total

number of neurons quanti ed on three sectidand per sectiofr in WT(black) andrus'-S* (green) miceG Quanti cation plot shows no di erence

in the percentage of GFAP + area throughout the ZidS* compared tdVTlittermates. N =5 animals per genotypeMatr$¢5°/S8mice, and N=3

animals per genotype féus'-S* (green) mice. Two-tailed unpaired Student’s t-teB} By @-way ANOVA followed by Bon eroni’s multiple compari-

sons test, F (#)p-value < 0.05, for genotype e ect. Data are presented as the mean + SEM, with each data point representing a single animal. Scale bars:
1000 m (for lower magni cation images) and 200 m (for higher magni cation images)

cell-type-speci c regulation of ring dynamics through contrast to the absence of microglial activation in this
both fast-GABAergic inhibition and slower DAergic area even at the advanced disease stageS@DI%3A
neuromodulation. However, the published data are con-mice. Together with our ndings of preserved ZI/DAer-
troversial, Conductier et al., showed that MCH neurons gic neurons and absent astrogliosis fusN"S' * mice, the
receive mainly GABAergic inputs and that DA modulates results support a similar astrocyte-mediated non-cell-
these inputs in a complex manner: at low concentra-autonomous toxicity for ZI neurons as shown for ALS
tions, DA activates D1-like receptors, promoting presyn- motor neurons [/3]. As astrocytes are well known to play
aptic GABA activity, whereas, at higher concentrations, roles in neurotransmitter homeostasis and in metabolic
D2-like receptor activation inhibits presynaptic GABA support, our ndings suggest that speci c glial cells may
activity, but overall results in down-regulation of MCH contribute to the early disintegration of the ZI-MCH cir-
release 18]. In contrast, injections of D1 and D2 receptor cuit in ALS.

agonists in LHA did not a ect MCH mRNA levels §5]. Importantly, while our data establish a clear temporal
Further exploration of ZI-to-MCH functional connectiv- hierarchy of hypothalamic pathology and connectivity
ity could clarify the broader role of ZI in orchestrating loss, they do not directly demonstrate that ZI discon-

hypothalamic control of energy homeostasis. nection causes degeneration of hypothalamic neurons,
and future functional or interventional studies will be

Pathological mechanisms underlying ZI-to-MCH required to address causality. One of the key limitations

disconnection of this study is the absence of direct human data validat-

At the cellular level, an early accumulation of a toxic mis-ing the observed DAergic degeneration in the ZI in ALS
folded SOD1 protein (at P45 iSODT%** mice) and P62/ cases. However, a DA de cit in the nigrostriatal system
SQSTM1 inclusions, a marker of defective autophagyhas been reported in sporadic ALS patients presenting
was selectively enhanced within the ZI, and in DAergicwith coexisting idiopathic parkinsonismg1] or with clin-
neurons (Fig11, third panel). While ALS-related pathol- ical forms of Parkinson's disease (P3f]. Interestingly,
ogy was present pre-symptomatically and to the similardeep brain stimulation (DBS) of the ZI alleviates motor
extent in the ZI as in the motor cortex pointing to shared symptoms in PD 15, 59, but also a ects food intake in
disease mechanisms, other nearby regions were almogiatients as binge-like eating and weight gain have been
completely speared. Given that protein aggregation andreported as frequent side e ects and could be bene cial
impaired clearance mechanisms/§ are hallmark fea- for ALS patients 87]. Our work gains further relevance
tures of ALS and contribute to motor neuron vulnerabil- from recent clinical trials showing benets of rasagi-
ity, our ndings indicate that a similar mechanism may line (a DA degradation inhibitor) for patients with ALS
drive neuronal disconnection, predating the degenera-[70]. While our study in ALS mouse models suggests
tion. Based on our data, it is not possible to distinguishthat DAergic neurons play an early role in metabolic
whether the ALS pathology is intrinsic to ZI or re ects dysregulation, future studies incorporating patient data
a spread from motor regions to connected hypothalamicare essential to establish their relevance to human ALS
areas, as proposed by Brettschneider J etHl].[ e lat- pathology and strengthen the translational signi cance of
ter is further corroborated by our anterograde tracing our ndings.
data showing direct targeting of ZI and DAergic neurons
by motor cortical projections, with a notably higher den- Conclusions
sity of inputs compared to LHA and MCH neurons. Our study identi es an early and selective breakdown of
In addition, we observed pronounced astrogliosis spe-the ZI-MCH hypothalamic network as a potential mech-
ci cally in the ZI, which preceded both, ZI disconnec- anism underlying MCH vulnerability and the result-
tion from MCH neurons and neuronal degeneration, in ing metabolic imbalance. Our tracing, histological, and
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Fig. 11 Early loss of ZI-MCH connectivity is associated with the subsequent vulnerability of hypothalamic neurons and metabolic imbalance in ALS. The
schematic summary model illustrates the spatiotemporal cascade of hypothalamic network disruption 800%*4mice, body weight reduction

begins in the early-symptomatic stage, while MCH neurons in the LHA degenerate only in the late disease stage, coinciding with prominent weight loss
(rst panel). Whole-brain monosynaptic rabies tracing reveals an early and selective reduction of ZI inputs to MCH neurons that precedes MCH degen-
eration (second panel). Histopathological analyses show early ALS-related pathology in the ZI, including the accumulation misfolded SOD1, followed by
the degeneration of ZI/DA and MCH neurons, together with the appearance of p62/SQSTML1 inclusions in the later disease stage (third panel). DAergic
neuron vulnerability di ers across ALS models in parallel with their body-weight phenotypes (fourth panel)

. . DA Dopamine
cross-model analyses show that DAergic and GABAergigar Dopamine transporter
inputs from the ZI to MCH neurons are lost rst, coin- DBH Dopamine -hydroxylase
‘s . _ _DbBSs Deep brain stimulation
C|d|n_g with the early occurrence of ALS-related path(_)l OMH Dorsomedial nucleus of hypothalamus
ogy in the ZI, and are followed by the later degenerationpopa Decarboxylase
of both MCH and ZI/DAergic neurons. ese results GABA Gamma-aminobutyric acid
therefore establish a spatiotemporal cascade of metaﬁégT %ﬁf}gg}hypocretm
bolic network collapse, and support a model in which ZI yr High titer
pathology most likely disrupts DA/GABAergic modula- HY Hypothalamus
tion of MCH neurons, and downstream hypothalamic :;ﬁ irznsfirgj'mg'g e
circuits ultimately fail to maintain energy homeostasis. | ya Lateral hypothalamic area
By uncovering this hierarchical network collapse, our LMN Lower motor neurons
study shifts the view of ALS-associated metabolic imbal—tf tg\f;ﬁ'efept“m
ance from the degeneration of hypothalamic neurons to s py Cortical layer 5 long projection neurons
a circuit-level mechanism and highlights ZI-MCH sig- MB Midbrain
. s : MCH Melanin-concentrating hormone
nal_llng as a promising Fherapc_eutlp target to counteract misfSOD1  Misfolded SOD1
weight loss and metabolic decline in ALS. MO Motor cortex
o MOs Secondary motor cortex (MOs)
Abbreviations MRN Midbrain reticular nucleus
AAV Adeno-associated virus NpY Neuropeptide Y
ACA Anterior cingulate area ORB Orbital area
ACB NUC|eL_JS accumben_s PAG Periaqueductal gray
AgRP Agouti-related peptide PD Parkinson's disease
ALS Amyotrophic lateral sclerosis POMC Pro-opiomelanocortin
ARH Arcuate nuc_leus PVT Paraventricular thalamus
BMI Body mass index ROI Region of interest
BST Bed nucleus of the stria terminalis SCm Motor related superior colliculus
CART Cocaine- and amphetamine-regulated transcript S| Substantia innominata
CNU Deep cerebral nuclei SNr Substantia nigra

CTX Cortex SST Somatostatin



Scekic-Zahiroviet al. Acta Neuropathologica Communications

(2026) 14:46

Page 28 of 31

SUBv Ventral subiculum References

Th Tyrosine hydroxylase 1.  Ahmed RM, Steyn F, Dupuis L (2021) Hypothalamus and weight loss in amyo-
TH Thalamus trophic lateral sclerosis. Handbook Clinic Neurol 180:327888.//doi.org/

TU Tuberal nucleus 10.1016/B978-0-12-820107-7.00020-3

UMN Upper motor neurons 2. Albisetti GW, Ghanem A, Foster E, Conzelmann KK, Zeilhofer HU, Wildner H
VGAT Vesicular GABA transporter (2017) Identi cation of two classes of somatosensory neurons that display
VGlut2 Vesicular glutamate transporter resistance to retrograde infection by rabies virus. J Neurosci 37:10358-10371.
VMH Ventromedial hypothalamic nucleus https://doi.org/10.1523/INEURDST.R027

VTA Ventral tegmental area 3. Al-Massadi O, Quifiones M, Clasadonte J, Hernandez-Bautista R, Romero-

Al Zona incerta Picé A, Folgueira C, Morgan DA, Kallé I, Heras V, Senra A, Funderburk SC,

Supplementary Information
The online version contains supplementary material availalbtepat://doi.or
9/10.1186/s40478-026-02231-z

[ Supplementary Material 1.

Acknowledgements 5.
The authors wish to thank the sta scientist Florian olde Heuvel and the
assistant students Maria Victoria Lemmer and Jan Franke for their technical
support. The authors would like to thank Prof. Dr Denis Burdakov, ETH
Zurich, Switzerland, the Department of Health Sciences and Technology, 6.
for kindly providing Pmch-Cre mice, Prof. Dr Karl-Klaus Conzelmann, Max
von Pettenkofer Institute, Virology & Gene Center, LMU, Prof. Dr Edward M.
Callaway, Systems Neurobiology Laboratory, The Salk Institute for Biological
Studies, La Jolla, CA, USA and Prof. Dr. Oliver J. Mdller, University Hospita¥.
Schleswig-Holstein and Kiel University for the kind donation of plasmids.

Author contributions
Conceptualization: JSZ, FR. Methodology: JSZ, FR, SA, JP, OA, KH, DB.

Krashes MJ, Souto Y, Fidalgo M, Luquet S, Chee MJ, Imbernon M, Beiroa D,
Garcia-Caballero L, Gallego R, Lam BYH, Yeo G, Lopez M, Liposits Z, Rahmouni
K, Prevot V, Dieguez C, Nogueiras R (2019) MCH regulates SIRT1/FoxO1 and
reduces POMC neuronal activity to induce hyperphagia, adiposity, and

glucose intolerance. Diabetes 68:2210-222ps://doi.org/10.2337/db19-0
029

Arena G, Londei F, Ceccarelli F, Ferrucci L, Borra E, Genovesio A (2024) Disen-
tangling the identity of the zona incerta: a review of the known connections

and latest implications. Ageing Res Rev 93:102%4@.//doi.org/10.1016/j.a
rr.2023.102140

Bayer D, Antonucci S, Miller HP, Saad R, Dupuis L, Rasche V, Bockers TM,
Ludolph AC, Kassubek J, Roselli F (2021) Disruption of orbitofrontal-hypo-
thalamic projections in a murine ALS model and in human patients. Transl
Neurodegener 10:1fttps://doi.org/10.1186/s40035-028.-00241-

Bergh S, Casadei N, Gabery S, Simonsson O, Duarte JMN, Kirik D, Nguyen HP,
Petersén A (2025) TDP-43 overexpression in the hypothalamus drives neu-
ropathology, dysregulates metabolism and impairs behavior in mice. Acta
Neuropathol Commun 13:11tps://doi.org/10.1186/s40478-025-02018-
Bolborea M, Vercruysse P, Daria T, Reiners JC, Alami NO, Guillot SJ, Dieterlé S,
Sinniger J, Scekic-Zahirovic J, Londo A, Arcay H, Goy MA, de Tapia CN, Thal
DR, Shibuya K, Otani R, Arai K, Kuwabara S, Ludolph AC, Roselli F, Yilmazer-
Hanke D, Dupuis L (2023) Loss of hypothalamic MCH decreases food intake in
amyotrophic lateral sclerosis. Acta Neuropathol 145:7737984://doi.org/

Investigation: JSZ, CE, HEH, KB, E.AC, DW, GY, YF, AZ, H-KS. Formal analysi®:0.1007/s00401-023-02569-x
JSZ, SA, FR. Visualization: JSZ. Supervision: JSZ, FR. Resources: JSZ, FRR, JPBdr§BS, Negishi K, Dumiaty Y, Ponce-Ruiz MS, Akinbode TC, Baker KS, Spen-
Funding acquisition: JSZ, FR. Writing—original draft: JSZ, FR. Writing—review cer CDP, Mejia E, Guirguis M, Hebert AJ, Khan AM, Chee MJ (2025) Brainwide

and editing: JSZ, FR, JP, LD, SA.

Funding 9.
Open Access funding enabled and organized by Projekt DEAL. The work was
supported by the German Center for Neurodegenerative Diseases (DZNE)-
Ulm core funding, by the BMBF in the context of the HICALS consortium

grant (01ED2302) and the Target ALS Foundation grant (BB-2022-C3-L1) tg0.

FR; as well as by the Bausteinprogramm der Medizinischen Fakultat of Ulm
University grant (LSBN0201) to JSZ.

11.

Data availability
All data supporting this study’s ndings are available either within the paper
or from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All mouse experiments were performed in accordance with the relevant
ethical regulations under The German Animal Welfare Act for animal
testing and researchers and approved by the ethical committee of the
Regierungspréasidium Tibingen under the animal licence number #1522.

Consent for publication
Not applicable.

15.

Competing interests
The authors declare no competing interests.

Received: 25 November 2025 / Accepted: 12 January 2026

17.

12.

13.

14.

16.

projections of mouse dopaminergic zona incerta neurons. J Comp Neurol
533:e7003%ttps://doi.org/10.1002/cne.70039

Bouteloup C, Desport JC, Clavelou P, Guy N, Derumeaux-Burel H, Ferrier A,
Couratier P (2009) Hypermetabolism in ALS patients: an early and persistent
phenomenon. J Neurol 256:1236-122ps://doi.org/10.1007/s00415-00
9-5100-z

Bracey EF, Burdakov D (2020) Fast sensory representations in the lateral
hypothalamus and their roles in brain function. Physiol Behav 222:1t2952.
ps://doi.org/10.1016/j.physb&h 29B20.

Brettschneider J, Del Tredici K, Toledo JB, Robinson JL, Irwin DJ, Grossman
M, Suh E, Van Deerlin VM, Wood EM, Baek Y, Kwong L, Lee EB, EIman L,
McCluskey L, Fang L, Feldengut S, Ludolph AC, Lee VMY, Braak H, Trojanowski
JQ (2013) Stages of pTDP-43 pathology in amyotrophic lateral sclerosis. Ann
Neurol 74:20-38&ttps://doi.org/10.1002/ana.23937

Brunet A, Stuart-Lopez G, Burg T, Scekic-Zahirovic J, Rouaux C (2020) Cortical
circuit dysfunction as a potential driver of amyotrophic lateral sclerosis. Front
Neurosci 14:368ttps://doi.org/10.3389/fnins.2020.00363

Briining JC, Fenselau H (2023) Integrative neurocircuits that control metabo-
lism and food intake. Science 381:eabl733fs://doi.org/10.1126/science.a
bl7398

Chang J, Shaw TB, Holdom CJ, McCombe PA, Henderson RD, Fripp J, Barth
M, Guo CC, Ngo ST, Steyn FJ (2023) Lower hypothalamic volume with lower
body mass index is associated with shorter survival in patients with amyo-
trophic lateral sclerosis. Eur J Neurol 30:5f§&://doi.org/10.1111/ene.15
589

Chen F, Qian J, Cao Z, Li A, Cui J, Shi L, Xie J (2023) Chemogenetic and opto-
genetic stimulation of zona incerta GABAergic neurons ameliorates motor
impairment in Parkinson’s disease. iScience 26:107tpt9.//doi.org/10.101
6/j.isci.2023.107149

Chua JP, De Calbiac H, Kabashi E, Barmada SJ (2021) Autophagy and ALS:
mechanistic insights and therapeutic implications. Autophagy 18:254+282.
tps://doi.org/10.1080/1554862728626.19

Commisso B, Ding L, Varadi K, Gorges M, Bayer D, Boeckers TM, Ludolph
AC, Kassubek J, Miiller OJ, Roselli F (2018) Stage-dependent remodeling of
projections to motor cortex in ALS mouse model revealed by a new variant
retrograde-AAV9. Elife 7:e36888s://doi.org/10.7554/eLife.36892



Scekic-Zahiroviet al. Acta Neuropathologica Communications (2026) 14:46 Page 29 of 31

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Conductier G, Nahon JL, Guyon A (2011) Dopamine depresses melanin 33. Guyon A, Conductier G, Rovere C, En ssi A, Nahon JL (2009) Melanin-concen-
concentrating hormone neuronal activity through multiple e ects on trating hormone producing neurons: activities and modulations. Peptides
2-noradrenergic, D1 and D2-like dopaminergic receptors. Neuroscience 30:2031-203%ttps://doi.org/10.1016/j.pe pOOB52028
178:89-10(ttps://doi.org/10.1016/j.newre0&h.01.030 34. Haber SN, Lehman J, Maei C, Yendiki A (2023) The rostral zona incerta: a
Cykowski MD, Takei H, Schulz PE, Appel SH, Powell SZ (2014) TDP-43 pathobubcortical integrative hub and potential deep brain stimulation target for

ogy in the basal forebrain and hypothalamus of patients with amyotrophic obsessive-compulsive disorder. Biol Psychiatry 93:1010+t022//doi.org/

lateral sclerosis. Acta Neuropathol Commun 2ht#is://doi.org/10.1186/s4 10.1016/j.biopsych.2023.01.006

0478-014-0171-1 35. Idelevich A, Sato K, Nagano K, Rowe G, Gori F, Baron R (2018) Neuronal
Dalton LD, Grossman SP (1982) Responses to dietary adulterations in rats  hypothalamic regulation of body metabolism and bone density is galanin

with zona incerta lesions. Physiol Behav 29:50t§@://doi.org/10.1016/00  dependent. J Clin Invest 128:2626—-26#p.s://doi.org/10.1172/3C199350
31-9384(82)90365-1 36. Jésus P, Fayemendy P, Nicol M, Lautrette G, Sourisseau H, Preux PM, Desport
Dorst J, Weydt P, Brenner D, Witzel S, Kandler K, Huss A, Herrmann C, JC, Marin B, Couratier P (2018) Hypermetabolism is a deleterious prognostic
Wiesenfarth M, Knehr A, Giinther K, Mller K, Weishaupt JH, Prudlo J, Forsbergctor in patients with amyotrophic lateral sclerosis. Eur J Neurol 25:87-104.

K, Andersen PM, Rosenbohm A, Schuster J, Roselli F, Dupuis L, Mayer B, ttps://doi.org/10.1111/ene.13468

Tumani H, Kassubek J, Ludolph AC (2023) Metabolic alterations precede 37. Jin L, Sullivan HA, Zhu M, Lea NE, Lavin TK, Fu X, Matsuyama M, Hou YY, Feng
neuro lament changes in presymptomatic ALS gene carriers. EBioMedicine G, Wickersham IR (2023) Third-generation rabies viral vectors allow nontoxic
90:104521https://doi.org/10.1016/j.ebioiD252B. retrograde targeting of projection neurons with greatly increased e ciency.
Dupuis L, Dengler R, Heneka MT, Meyer T, Zierz S, Kassubek J, Fischer W, Cell Rep Methods 3:10064#tps://doi.org/10.1016/j.crm2th0R624

Steiner F, Lindauer E, Otto M, Dreyhaupt J, Grehl T, Hermann A, Winkler 88, Jungmann A, Leuchs B, Rommelaere J, Katus HA, Mdiller OJ (2017) Protocol for
Bogdahn U, Benecke R, Schrank B, Wessig C, Grosskreutz J, Ludolph AC (20X2¢ient generation and characterization of adeno-associated viral vectors.

A randomized, double blind, placebo-controlled trial of pioglitazone in com- ~ Hum Gene Ther Methods 28:235-M&s://doi.org/10.1089/hgth.2017.192
bination with riluzole in amyotrophic lateral sclerosis. PLoS ONE 7:8788539. Kao CS, van Bruggen R, Kim JR, Chen XXL, Chan C, Lee J, Cho WI, Zhao M,
ps://doi.org/10.1371/journalop@B850 Arndt C, Maksimovic K, Khan M, Tan Q, Wilson MD, Park J (2020) Selective
Freri F, Spinelli E, Canu E, Roselli F, Castelnovo V, Bottale |, Miller H-P, Kassulgekonal degeneration in MATR3 S85C knock-in mouse model of early-stage

J, Ludolph A, Agosta F, Filippi M (2025) Altered hypothalamic functional con- ALS. Nat Commun 11:53B#ps://doi.org/10.1038/s41467-020-18949-
nectivity in amyotrophic lateral sclerosis (S5.005). Neutoltiy://doi.org/ 40. Kim EJ, Jacobs MW, Ito-Cole T, Callaway EM (2016) Improved monosynaptic
10.1212/WNL.0000000000211735 neural circuit tracing using engineered rabies virus glycoproteins. Cell Rep

Firth D, Vaissiére T, Tzortzi O, Xuan Y, Mértin A, Lazaridis |, Spigolon G, Fisorib:692—-69%https://doi.org/10.1016/j.cdlée@32067

G, Tomer R, Deisseroth K, Carlén M, Miller CA, Rumbaugh G, Meletis K (2018) Kimura T, Ferran B, Tsukahara Y, Shang Q, Desai S, Fedoce A, Pimentel DR,
An interactive framework for whole-brain maps at cellular resolution. Nat Luptak I, Adachi T, Ido Y, Matsui R, Bachschmid MM (2019) Production of
Neurosci 21:139-138tps://doi.org/10.1038/s41593-017-0027-7 adeno-associated virus vectors for in vitro and in vivo applications. Sci Rep
Gabery S, Ahmed RM, Caga J, Kiernan MC, Halliday GM, Petersén A (2021) 9:13601https://doi.org/10.1038/s41598-018-49624-

Loss of the metabolism and sleep regulating neuronal populations express42. Kong D, Vong L, Parton LE, Ye C, Tong Q, Hu X, Choi B, Briining JC, Lowell BB
ing orexin and oxytocin in the hypothalamus in amyotrophic lateral sclerosis.  (2010) Glucose stimulation of hypothalamic MCH neurons involves KATP
Neuropathol Appl Neurobiol 47:979-988ps://doi.org/10.1111/nan.12709 channels, is modulated by ucp2, and regulates peripheral glucose homeosta-
Gonzélez JA, lordanidou P, Strom M, Adamantidis A, Burdakov D (2016) sis. Cell Metab 12:545-552ps://doi.org/10.1016/j.cmet.2D3.0.09.0

Awake dynamics and brain-wide direct inputs of hypothalamic MCH and 43. Lau J, Farzi A, Qi Y, Heilbronn R, Mietzsch M, Shi YC, Herzog H (2018) CART
orexin networks. Nat Commun 7:113835ps://doi.org/10.1038/ncomms113 neurons in the arcuate nucleus and lateral hypothalamic area exert di eren-

95 tial controls on energy homeostasis. Mol Metab 7:102kitp&://doi.org/10
Gonzélez JA, Jensen LT, lordanidou P, Strom M, Fugger L, Burdakov D .1016/j.molmet.2017.10.015

(2016) Inhibitory interplay between orexin neurons and eating. Curr Biol 44. Li CH, Tam PKS (1998) An iterative algorithm for minimum cross entropy
26:2486-249https://doi.org/10.1016/j.cub.2036.07.0 thresholding. Pattern Recognit Lett 19:771-fift@.s://doi.org/10.1016/S016

Gorges M, Vercruysse P, Miller HP, Huppertz HJ, Rosenbohm A, Nagel G, 7-8655(98)00057-9

Weydt P, Petersén A, Ludolph AC, Kassubek J, Dupuis L (2017) Hypothalaic Lin C-S, Nicolelis MAL, Schneider JS, Chapin JK (1990) A major direct GABAer-
atrophy is related to body mass index and age at onset in amyotrophic lateral gic pathway from Zona Incerta to Neocortex. Science 248:1553k 556/

sclerosis. J Neurol Neurosurg Psychiatry 88:1033kt@4t//doi.org/10.113  /doi.org/10.1126/science.2360049

6/jnnp-2017-315795 46. LiS, olde Heuvel F, Rehman R, Aousji O, Froehlich A, Li Z, Jark R, Zhang W,
Goutman SA, Boss J, lyer G, Habra H, Savelie MG, Karnovsky A, Mukherjee Conquest A, Woel e S, Schoen M, O"Meara CC, Reinhardt RL, Voehringer

B, Feldman EL (2023) Body mass index associates with amyotrophic lateral D, Kassubek J, Ludolph A, Huber-Lang M, Knéll B, Morganti-Kossmann MC,
sclerosis survival and metabolomic pro les. Muscle Nerve 67:208ttp56/ Brockmann MM, Boeckers T, Roselli F (2023) Interleukin-13 and its receptor
/doi.org/10.1002/mus.27744 are synaptic proteins involved in plasticity and neuroprotection. Nat Com-
Graybuck LT, Daigle TL, Sedefio-Cortés AE, Walker M, Kalmbach B, Lenz GHmun 14:200https://doi.org/10.1038/s41467-028-35806-

Morin E, Nguyen TN, Garren E, Bendrick JL, Kim TK, Zhou T, Mortrud M, ¥&o SlLiu K, Kim J, Kim DW, Zhang YS, Bao H, Denaxa M, Lim SA, Kim E, Liu C, Wicker-
Siverts LA, Larsen R, Gore BB, Szelenyi ER, Trader C, Balaram P, van Velthoveham IR, Pachnis V, Hattar S, Song J, Brown SP, Blackshaw S (2017) Lhx6-
CTJ, Chiang M, Mich JK, Dee N, Goldy J, Cetin AH, Smith K, Way SW, Esposifpositive GABA-releasing neurons of the zona incerta promote sleep. Nature

L, Yao Z, Gradinaru V, Sunkin SM, Lein E, Levi BP, Ting JT, Zeng H, Tasic B (2628)582-58https://doi.org/10.1038/nature23663

Enhancer viruses for combinatorial cell-subclass-speci c labeling. Neuron 48. Liu S, Ren Q, Gong G, SunY, Zhao B, Ma X, Zhang N, Zhong S, Lin Y, Wang W,
109:1449-1464.et8ttps://doi.org/10.1016/j.ne utodB20RL Zheng R, Yu X, Yun Y, Zhang D, Shao K, Lin P, Yuan Y, Dai T, Zhang Y, Li L, Li W,
Guillot SJ, Lang C, Simonot M, Beckett D, Lulé D, Balz LT, Knehr A, Stuart- ZhaoY, Shan P, Meng X, Yan C (2022) Hypothalamic subregion abnormalities
Lopez G, Vercruysse P, Dieterlé S, Weydt P, Dorst J, Kandler K, Kassubek J, are related to body mass index in patients with sporadic amyotrophic lateral
Wassermann L, Rouaux C, Arthaud S, Cruz SD, Luppi PH, Roselli F, Ludolph Ag€lerosis. J Neurol 269:2980-288®.s://doi.org/10.1007/s00415-021-1090
Dupuis L, Bolborea M (2025) Early-onset sleep alterations found in patients ~ 0-3

with amyotrophic lateral sclerosis are ameliorated by orexin antagonist in 49. Ludolph AC, Dorst J, Dreyhaupt J, Weishaupt JH, Kassubek J, Weiland U, Meyer
mouse models. Sci Transl Med 17:eadmT880s://doi.org/10.1126/scitrans T, Petri S, Hermann A, Emmer A, Grosskreutz J, Grehl T, Zeller D, Boentert
Imed.adm7580 M, Schrank B, Prudlo J, Winkler AS, Gorbulev S, Roselli F, Schuster J, Dupuis
Gurney ME, Pu H, Chiu AY, Dal Canto MC, Polchow CY, Alexander DD, L (2020) E ect of high-caloric nutrition on survival in amyotrophic lateral

Caliendo J, Hentati A, Kwon YW, Deng HX, Chen W, Zhai P, Su t RL, Siddique sclerosis. Ann Neurol 87:206-2t6s://doi.org/10.1002/ana.25661

T (1994) Motor neuron degeneration in mice that express a human Cu,Zn 50. Ludolph A, Dupuis L, Kasarskis E, Steyn F, Ngo S, McDermott C (2023) Nutri-
superoxide dismutase mutation. Science 264:1772-ifps.//doi.org/10.1 tional and metabolic factors in amyotrophic lateral sclerosis. Nat Rev Neurol
126/science.8209258 19:511-52ttps://doi.org/10.1038/s41582-028-00845-



Scekic-Zahiroviet al. Acta Neuropathologica Communications (2026) 14:46 Page 30 of 31

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Maksimovic K, Youssef M, You J, Sung HK, Park J (2023) Evidence of metabotiactography guides investigation of the Zona Incerta: a novel target for deep
dysfunction in amyotrophic lateral sclerosis (ALS) patients and animal mod-  brain stimulation. Biol Psychiatry 96:445-#5ds://doi.org/10.1016/j.biopsy

els. Biomolecules 13:863tps://doi.org/10.3390/biom13050863 ch.2024.02.1004

Mead RJ, Shan N, Reiser HJ, Marshall F, Shaw PJ (2023) Amyotrophic laB8al Scekic-Zahirovic J, Oussini HE, Mersmann S, Drenner K, Wagner M, Sun'Y,
sclerosis: a neurodegenerative disorder poised for successful therapeutic Allmeroth K, Dieterlé S, Sinniger J, Dirrig-Grosch S, René F, Dormann D, Haass
translation. Nat Rev Drug Discov 22:185H12s://doi.org/10.1038/s4157  C, Ludolph AC, Lagier-Tourenne C, Storkebaum E, Dupuis L (2017) Motor
3-022-00612-2 neuron intrinsic and extrinsic mechanisms contribute to the pathogenesis of

Michielsen A, Van Veenhuijzen K, Janse Van Mantgem MR, Van Es MA, VeldifitUS-associated amyotrophic lateral sclerosis. Acta Neuropathol 133:887—906.
JH, Van Eijk RPA, Van Den Berg LH, Westeneng HJ (2024) Association betwedrttps://doi.org/10.1007/s00401-017-1687-9

hypothalamic volume and metabolism, cognition, and behavior in patients 69. Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T,

with amyotrophic lateral sclerosis. Neurology 103:e200803://doi.org/10 Preibisch S, Rueden C, Saalfeld S, Schmid B, Tinevez JY, White DJ, Hartenstein
.1212/WNL.0000000000209603 V, Eliceiri K, Tomancak P, Cardona A (2012) Fiji: an open-source platform for
Mickelsen LE, Bolisetty M, Chimileski BR, Fujita A, Beltrami EJ, Costanzo JT, biological-image analysis. Nat Methods 9:676-+882s://doi.org/10.1038/n
Naparstek JR, Robson P, Jackson AC (2019) Single-cell transcriptomic analysisneth.2019

of the lateral hypothalamic area reveals molecularly distinct populations of70.  Schuster J, Dreyhaupt J, Monkeméller K, Dupuis L, Dieterlé S, Weishaupt JH,
inhibitory and excitatory neurons. Nat Neurosci 22:642h8p6.://doi.org/1 Kassubek J, Petri S, Meyer T, Grosskreutz J, Schrank B, Boentert M, Emmer A,
0.1038/s41593-019-0349-8 Hermann A, Zeller D, Prudlo J, Winkler AS, Grehl T, Heneka MT, Johannesen
Moglia C, Calvo A, Grassano M, Canosa A, Manera U, D'ovidio F, Bombaci A, S, Goricke B, Witzel S, Dorst J, Ludolph AC (2024) In-depth analysis of data
Bersano E, Mazzini L, Mora G, Chid A, Cammarosano S, Vasta R, Torrieri MC,from the RAS-ALS study reveals new insights in rasagiline treatment for

Solero L, Clerico M, De Mercanti S, Mauro A, Pradotto L, De Marchi F, Sosso Lamyotrophic lateral sclerosis. Eur J Neurol 31:e18904://doi.org/10.1111/
Leotta D, Appendino L, Imperiale D, Cavallo R, Geda C, Poglio F, Santimaria PENE.16204

Massazza U, Villani A, Conti R, Ruiz LC, Palermo M, Vergnano F, Rota E, Penz&tengel A, Taché Y (2019) Central somatostatin signaling and regulation of

MT, Aguggia M, Meineri P, Ghiglione P, Launaro N, Astegiano G, Corso G food intake. Ann N'Y Acad &ttps://doi.org/10.1111/nyas.14178

(2019) Early weight loss in amyotrophic lateral sclerosis: outcome relevand. Steyn FJ, loannides ZA, Van Eijk RPA, Heggie S, Thorpe KA, Ceslis A, Heshmat S,
and clinical correlates in a population-based cohort. J Neurol Neurosurg Henders AK, Wray NR, Van Den Berg LH, Henderson RD, McCombe PA, Ngo ST
Psychiatry 90:666—6Ttps://doi.org/10.1136/jnnp-2018-319611 (2018) Hypermetabolism in ALS is associated with greater functional decline
Monsalve CAJ, Fornari LHT, da Silva Janior N, Nakata DT, de Carvalho Neto B6d shorter survival. J Neurol Neurosurg Psychiatry 89:1016+f®23/doi.

Rotta FT, de Mello Rier CR (2022) Characterization of the nigroestriatal systenorg/10.1136/jnnp-2017-317887

in a sample of patients with amyotrophic lateral sclerosis. Arq NeuropsiquidB. Stoklund Dittlau K, Terrie L, Baatsen P, Kerstens A, De Swert L, Janky R, Cor-
80:806-81Mttps://doi.org/10.1055/s-0042-1755282 thout N, Masrori P, Van Damme P, Hyttel P, Meyer M, Thorrez L, Freude K, Van
Negishi K, Payant MA, Schumacker KS, Wittmann G, Butler RM, Lechan RM, Den Bosch L (2023) FUS-ALS hiPSC-derived astrocytes impair human motor
Steinbusch HWM, Khan AM, Chee MJ (2020) Distributions of hypothalamic  units through both gain-of-toxicity and loss-of-support mechanisms. Mol

neuron populations coexpressing tyrosine hydroxylase and the vesicular Neurodegener 18:8ttps://doi.org/10.1186/s13024-022-00591-
GABA transporter in the mouse. J Comp Neurol 528:1833kt®55//doi.or 74. Sumser A, Joesch M, Jonas P, Ben-Simon Y (2022) Fast, high-throughput
9/10.1002/cne.24857 production of improved rabies viral vectors for speci c, e cient and versatile

Oh SW, Harris JA, Ng L, Winslow B, Cain N, Mihalas S, Wang Q, Lau C, Kuanttanssynaptic retrograde labelling. Elife 11:e79848s://doi.org/10.7554/eL
Henry AM, Mortrud MT, Ouellette B, Nguyen TN, Sorensen SA, Slaughterbeck ife.79848

CR, Wakeman W, Li Y, Feng D, Ho A, Nicholas E, Hirokawa KE, Bohn P, J8fesVaradi K, Michelfelder S, Kor T, Hecker M, Trepel M, Katus HA, Kleinschmidt
KM, Peng H, Hawrylycz MJ, Phillips JW, Hohmann JG, Wohnoutka P, Gerfen JA, Miiller OJ (2012) Novel random peptide libraries displayed on AAV sero-
CR, Koch C, Bernard A, Dang C, Jones AR, Zeng H (2014) A mesoscale con- type 9 for selection of endothelial cell-directed gene transfer vectors. Gene
nectome of the mouse brain. Nature 508:207-2ttps://doi.org/10.1038/n Ther 19:800-80Bttps://doi.org/10.1038/gt.2011.143

ature13186 76. Vercruysse P, Sinniger J, El Oussini H, Scekic-Zahirovic J, Dieterlé S, Dengler
Ossowska K (2020) Zona incerta as a therapeutic target in Parkinson’s diseas®, Meyer T, Zierz S, Kassubek J, Fischer W, Dreyhaupt J, Grehl T, Hermann A,
J Neurol 267:591-608tps://doi.org/10.1007/s00415-018-09486- Grosskreutz J, Witting A, Van Den Bosch L, Spreux-Varoquaux O, Ludolph AC,
Ouali Alami N, Schurr C, Olde Heuvel F, Tang L, Li Q, Tasdogan A, Kimbara ADupuis L (2016) Alterations in the hypothalamic melanocortin pathway in
Nettekoven M, Ottaviani G, Raposo C, Rover S, RegiesM, Rothen- amyotrophic lateral sclerosis. Brain 139:1106-1ttp2.//doi.org/10.1093/br
hausler B, Ulimer C, Fingerle J, Grether U, Knuesel |, Boeckers TM, Ludolph ain/aww004

A, Wirth T, Roselli F, Baumann B (2018) atfivation in astrocytes drives ~ 77. Wang F, Flanagan J, Su N, Wang LC, Bui S, Nielson A, Wu X, Vo HT, Ma XJ, Luo
a stagespeci ¢ bene cial neuroimmunological response in ALS. EMBO J Y (2012) RNAscope: a novel in situ RNA analysis platform for formalin- xed,
37:€9869ttps://doi.org/10.15252/embj.201798697 para n-embedded tissues. J Mol Diagn 14:22+2&s://doi.org/10.1016/j.]
Park HK, Lim YM, Kim JS, Lee MC, Kim SM, Kim BJ, Kim KK (2011) Nigrostriatebldx.2011.08.002

dysfunction in patients with amyotrophic lateral sclerosis and parkinsonisniZ8 Wang H, Zeng R (2024) Aberrant protein aggregation in amyotrophic lateral
Neurol Sci 301:12-18tps://doi.org/10.1016/j.jns.2040.11.0 sclerosis. J Neurol 271:4826-4B&p.s://doi.org/10.1007/S00415-024-1248
Peng T, Thorn K, Schroeder T, Wang L, Theis FJ, Marr C, Navab N (2017) A B&SIC

tool for background and shading correction of optical microscopy images. 79. Wang X, Chou X, Zhang LI, Tao HW (2020) Zona incerta: an integrative node
Nat Commun 8:1483Bttps://doi.org/10.1038/ncomms14836 for global behavioral modulation. Trends Neurosci 43:88¢@5://doi.org/1

Peter RS, Rosenbohm A, Dupuis L, Brehme T, Kassubek J, Rothenbacher D, 0.1016/j.tins.2019.11.007

Nagel G, Ludolph AC (2017) Life course body mass index and risk and pr@®p. Waterson MJ, Horvath TL (2015) Neuronal regulation of energy homeostasis:
nosis of amyotrophic lateral sclerosis: results from the ALS registry Swabia.  beyond the hypothalamus and feeding. Cell Metab 22:962h&p&://doi.or

Eur J Epidemiol 32:901-988ps://doi.org/10.1007/s10654-017-0318-z  g/10.1016/j.cmet.2015.09.026

Preibisch S, Saalfeld S, Tomancak P (2009) Globally optimal stitching of t#dd Westeneng HJ, van Veenhuijzen K, van der Spek RA, Peters S, Visser AE, van
3D microscopic image acquisitions. Bioinformatics 25:1463x1465.//doi. Rheenen W, Veldink JH, van den Berg LH (2021) Associations between life-
org/10.1093/bioinformatics/btp184 style and amyotrophic lateral sclerosis strati ed by C9orf72 genotype: a lon-
Pritz MB (2022) Do crocodiles have a zona incerta? J Comp Neurol 530:1195-gitudinal, population-based, case-control study. Lancet Neurol 20:373-384.
1212 https://doi.org/10.1002/cne.25269 ttps://doi.org/10.1016/S1474-4422(®1)00042

Qualls-Creekmore E, Yu S, Francois M, Hoang J, Huesing C, Bruce-KelleB2, Wickersham IR, Lyon DC, Barnard RJO, Mori T, Finke S, Conzelmann KK, Young
Burk D, Berthoud HR, Morrison CD, Miinzberg H (2017) Galanin-expressing JAT, Callaway EM (2007) Monosynaptic restriction of transsynaptic tracing
GABA neurons in the lateral hypothalamus modulate food reward and non-  from single, genetically targeted neurons. Neuron 53:63%8¢8.//doi.org
compulsive locomotion. J Neurosci 37:6053-@dps://doi.org/10.1523/JN /10.1016/j.neuron.2007.01.033

EUROSCI.0155-17.201 83. Yang, Jiang T, Jia X, Yuan J, Li X, Gong H (2022) Whole-brain connectome of
Saluja S, Qiu L, Wang AR, Campos G, Seilheimer R, McNab JA, Haber SN, GABAergic neurons in the mouse zona incerta. Neurosci Bull 38:1315-1329.
Barbosa DAN, Halpern CH (2024) Di usion magnetic resonance imaging ttps://doi.org/10.1007/s12264-022-00930-w



Scekic-Zahiroviet al. Acta Neuropathologica Communications (2026) 14:46 Page 31 of 31

85.

86.

87.

Ye Q, Nunez J, Zhang X (2023) Zona incerta dopamine neurons encode 88. Zhang X, Van Den Pol AN (2017) Rapid binge-like eating and body weight
motivational vigor in food seeking. Sci Adv 9:eadi@88s://doi.org/10.112  gain driven by zona incerta GABA neuron activation. Science 356:868-859.
6/sciadv.adi5326 tps://doi.org/10.1126/science.aam7100

Yonemochi N, Ardianto C, Yang L, Yamamoto S, Ueda D, Kamei J, Waddi@gtorZhao Z, Chen Z, Xiang X, Hu M, Xie H, Jia X, Cai F, Cui Y, Chen Z, Qian L, Liu J,
JL, Ikeda H (2019) Dopaminergic mechanisms in the lateral hypothalamus Shang C, Yang Y, Ni X, Sun W, Hu J, Cao P, Li H, Shen WL (2019) Zona incerta
regulate feeding behavior in association with neuropeptides. Biochem GABAergic neurons integrate prey-related sensory signals and induce an
Biophys Res Commun 519:547-55ths://doi.org/10.1016/j.bbrc.B819.09 appetitive drive to promote hunting. Nat Neurosci 22:921+382s://doi.or

7 9/10.1038/s41593-019-0404-5

You J, Youssef MMM, Santos JR, Lee J, Park J (2023) Microglia and astr@3tesZhou QY, Palmiter RD (1995) Dopamine-de cient mice are severely hypoac-

in amyotrophic lateral sclerosis: disease-associated states, pathological roles, tive, adipsic, and aphagic. Cell 83:1197-h2€)%s://doi.org/10.1016/0092-8
and therapeutic potential. Biology 12:13%ps://doi.org/10.3390/biologyl 674(95)90145-0

2101307

Zahodne LB, Susatia F, Bowes D, Ong TL, Jacobson CE, Okun MS, Rodriguez ,. .

RL, Malaty IA, Foote KD, Fernandez HH (2011) Binge eating in Parkinson’?&ié“Sher S NOte . o .

ease: prevalence, correlates and the contribution of deep brain stimulationSPringer Nature remains neutral with regard to jurisdictional claims in
Neuropsychiatry Clin Neurosci 23:5686@s://doi.org/10.1176/appi.neuPyplished maps and institutional a liations.

sych.23.1.56



