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Abstract 
 
Background:  Sleep-wake dysfunction is an early and common event in Alzheimer’s disease 

(AD). The lateral hypothalamic area (LHA) regulates the sleep and wake cycle through wake-

promoting orexinergic and sleep-promoting melanin-concentrating hormone (MCH) neurons. 

These neurons share close anatomical proximity with functional reciprocity. This study 

investigated the pattern of neuronal loss (ORX and MCH) in the LHA in AD. Understanding the 

degeneration pattern of these neurons will be instrumental in designing potential therapeutics to 

slow down the disease progression and remediate the sleep-wake dysfunction in AD.  

Methods: Postmortem human brain tissue of subjects with AD (across progressive stages) and 

controls were examined using unbiased stereology. Neuronal counting was done using double 

immunohistochemistry with ORX, pTau (CP13), and MCH, pTau (CP13) labeled neurons on 

formalin-fixed, celloidin-embedded tissue.  

Results: We observed a progressive decline in orexinergic (ORX) neurons and a relative 

preservation of the melanin-concentrating hormone (MCH) neurons. The decline in ORX 

neurons was seen from BB 2 (56%, p=0.0634). By the late stage of the disease (BB 5-6), the 

decline in ORX neurons was 76% (p=0.0043). In contrast, the MCH neurons demonstrated an 

insignificant decline by BB 6 (25%, p=0.1313).  

Conclusions: Our data demonstrated very early substantial ORX neuronal loss in the LHA, 

while MCH neurons were resilient to AD pTau accumulation. Interventions capable of 

preventing ORX neuronal loss and inhibiting pTau accumulation in the LHA can reinstate sleep-

wake dysfunction in AD and possibly prevent the progression of the disease.  
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Introduction: 

Alzheimer's disease (AD) is the most common form of dementia, and approximately 6.7 million 

Americans 65 years or older have the disease1. AD is an age-dependent, devastating, progressive 

neurodegenerative disorder that typically progresses from a preclinical phase (without any 

cognitive symptoms) through mild cognitive impairment to severe dementia2. This preclinical 

phase of the disease is associated with the accumulation of AD pathology2. Sleep-wake 

dysfunction is often seen in the preclinical phase of the disease preceding the onset of cognitive 

symptoms3. Excessive daytime sleepiness, shorter N3 stage of non-REM sleep, and sundowning 

characterize AD patients' clinical sleep profile4,5. Previous studies from our group have 

demonstrated that sleep-wake dysfunction or changes in the sleep phenotypes in AD were 

correlated with a significant loss of subcortical wake-promoting neurons6,7.  

 

The subcortical lateral hypothalamic area (LHA), with two of its neuropeptides, orexin or 

hypocretin (ORX) and melanin-concentrating hormone (MCH), plays a critical role in 

maintaining sleep-wake homeostasis. The ORX regulates arousal and wakefulness through 

modulation of the locus coeruleus8. Various studies on experimental animals have shown that the 

neuropeptide ORX is involved in locomotor activity, attention, cognition, feeding behavior 

reward, and thermogenesis by regulating prolactin, growth hormones, acetylcholine, and 

corticosterone levels8–12. Liguori et al. demonstrated an increase in CSF ORX levels in patients 

with moderate to severe AD was associated with sleep dysfunction and decline in cognition13. 

Using an in vitro model and AD patient samples, Davies et al. demonstrated that ORX mediates 

induction of ERK1/2 phosphorylation and provides neuroprotection14. In addition to AD, loss of 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 12, 2024. ; https://doi.org/10.1101/2024.03.06.583765doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.06.583765


ORX neurons was also reported in Parkinson's disease, Huntington's disease, and Multiple 

sclerosis15. 

 

The MCH-producing neurons regulate sleep, especially REM sleep, thereby counterbalancing the 

wake-promoting effect of ORX. In addition to sleep regulation, MCH neurons play an important 

role in appetite regulation and hippocampus-dependent memories. A study on the rodent model 

demonstrated that REM sleep-dependent inhibition of MCH neurons impaired hippocampal-

dependent memory16. Further, Calafate et al. demonstrated that MCH neuronal loss is an early 

event in AD, downregulates synaptic transmission, modulates firing rates in the hippocampal 

neurons, and induces sleep defects in the APPNL-G-F mouse model of AD17. Despite extensive 

studies in experimental animals, the knowledge gap for MCH neurons in humans across various 

neurodegenerative diseases is substantial. 

 

This study provides a comprehensive and quantitative morphological study of orexinergic and 

MCH neurons and the molecular profile of the LHA in postmortem human brains of subjects 

across progressive stages of AD and normal controls. We used unbiased stereology and double-

labeled immunohistochemistry to quantify the number of ORX and MCH neurons, changes in 

the proportion of LHA neurons in AD, and the burden of tau pathology to understand the 

trajectory and pattern of neuronal loss. 

 

Materials and methods:  

Participants, selection criteria, and neurological assessment 

We carefully selected 33 cases for our study from two cohorts – i) Neurodegenerative Disease 

Brain Bank (NDBB) at the University of California, San Francisco, and ii) Brazilian BioBank for 
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Aging Studies (BBAS) at the University of São Paulo. The NDBB received brains and spinal 

cords from patients seen at the UCSF Memory and Aging Center. The majority of the NDBB 

cases consisted of individuals with late-stage dementia. Meanwhile, the BBAS was population-

based, with many healthy controls and lower Braak stage cases18. The Institutional Review 

Boards of both participating institutions approved the study. We adhered to standardized 

protocols for neuropathological assessments and followed the NIA-AA guidelines to assess the 

staging of AD neuropathologic changes. All subjects received a comprehensive diagnosis based 

on the neurofibrillary tangle pathology using the Braak stage scale (0 to 6) established by Braak 

and Braak19. We also ensured that all cases had complete neuropathological diagnoses20 and 

available measures of functional cognition based on Clinical Dementia Rating (CDR). The 

demographic details of the cases involved in the study can be found in Table 1. 

  

For the study, we included both male and female participants aged 50-92 years who met specific 

criteria, including the absence of Lewy body and TDP43, non-AD-related neuropathology (such 

as argyrophilic granular disease), insignificant cerebrovascular lesions, and an intact 

hypothalamus. We excluded individuals with neurological disease, neuropsychiatric diagnosis, or 

non-degenerative structural pathology. To gather comprehensive data, we did a postmortem 

stereological evaluation of neural numbers for orexin and melanin-concentrating 

neurotransmitters with CP13 (pTau) inclusions in the LHA. We were mindful of achieving 

gender balance and maintained a 1:1 female-to-male ratio (18-to-15) for our study.  

  

Tissue processing and immunohistochemistry 
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Hypothalamic regions containing LHAORX and LHAMCH neurons, the area of interest (AOI), 

were identified using the Allan Human atlas. Formalin-fixed hypothalamic blocks containing the 

whole AOI were embedded in celloidin and sectioned serially at 30-µm thickness on the coronal 

or horizontal plane; section orientation does not affect the optical fractionator probe in 

stereology21,22. Every 10th tissue section from the AOI was stained with either i) Orexin A and 

CP13 antibody combo or ii) MCH and CP13 antibody combo and counter-stained with 

gallocyanin (pH 1.9-2.1) as described previously6,7. In brief, the free-floating serial hypothalamic 

sections were treated in 0.3% H202 (in methanol) to inactivate endogenous peroxidase and, after 

that, subjected to 50 mins incubation at 95.7oC in 0.01 M citrate buffer with 0.05% Tween-20 in 

PBS (pH 6.0) for epitope exposure. To avoid non-specific staining, sections were blocked in 

blocking buffer (5% milk PBST 0.1% triton X) for 40 mins. Serial sections were double-stained 

with mouse monoclonal anti-CP13 antibody for phosphor-Ser202 tau (1:1000, a kind gift of 

Peter Davies, NY, USA) with either rabbit polyclonal anti-Orexin A (1:500, Cat# H-003-30, 

Phoenix Pharmaceuticals, CA, USA) or rabbit polyclonal anti-MCH serum (1:1000, PBL 234, a 

kind gift of Joan Vaughan, Salk Institute, CA) overnight at room temperature.  

Following overnight primary antibody incubation, the sections were incubated in secondary 

biotinylated anti-rabbit IgG (1:400, Cat# BA-1100, Vector Labs, CA, USA) and secondary 

conjugated-HRP anti-mouse IgG (1:400, cat# R-05071-500, Advansta, CA, USA) for 1.5 hours 

at room temperature. The stained sections were then developed using immPACT DAB 

Peroxidase (HRP) Substrate Kit (Cat# SK-4150, Vector Labs, CA, USA), Vectastain ABC-AP kit 

(Cat#AK-5000, Vector Labs, CA, USA), and Vector Red chromogen (Cat# SK-5105, Vector Lab, 

CA, USA).  To estimate the total number of neurons, all sections were counterstained using 
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gallocyanin (Cat# A12936, Alfa Aesar, MA, USA) as a nucleic acid stain at a previously 

optimized pH (pH 1.9 - 2.1).  

We performed double immunohistochemistry of MCH and ORX To rule out possible co-

expression of these two markers. Supp. Figure S1 depicts representative staining showing the 

absence of co-expression of these two markers.  

Unbiased stereology 

The stereological analyses were performed using the StereoInvestigator v.10 software (MBF 

Bioscience, VT, USA). LHAORX and LHAMCH neurons of the lateral hypothalamic area were 

visualized, and live images were captured using a high-resolution camera (MBF, Bioscience, 

Williston, VT, USA) attached to an Axio Imager.A2 microscope (Carl Zeiss Microscopy, NY, 

USA). Counting was made for ORX-positive (ORX+ Tau-) or MCH-positive (MCH+ Tau-), tau-

positive (ORX- Tau+ or MCH- Tau+), ORX or MCH and tau-positive (ORX+ Tau+ or MCH+ 

Tau+), and double negative neurons (ORX- Tau- or MCH- Tau-) using the optical fractionator 

probe23. The AOI was delineated at 20x (Plan-APOCHROM 20x/0.8 ∞/0.17, Carl Zeiss 

Microscopy, NY, USA), and the neuronal counting was performed using a 63x (Plan-

APOCHROM 63x/1.4 Oil ∞/0.17, Carl Zeiss Microscopy, NY, USA) objective. The stereological 

parameters were determined using the "resample–oversample" analysis probes in the 

StereoInvestigator software24. The guard zone was set at 5 µm, and the dissector height at 12.5 

µm; for neuronal count settings, refer to Table 2. The coefficient of error (CE) range was 

calculated following the methods of Gundersen and Schmitz-Hof25,26 (Table 2). 
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Statistical analyses 

Mean differences in stereological estimates were assessed between Braak groups for LHAORX 

and LHAMCH neurons as population and proportions for each subpopulation (e.g., ORX+ Tau- 

neurons, ORX+ Tau+ neurons). The proportion of neurons positive for different subpopulations 

was determined by dividing the number of neurons positive for a given marker by the total 

neuron population, represented as a percent. The density of neurons was calculated by dividing 

the neuronal number of specific types by the volume of LHAORX or LHAMCH neurons. 

Differences in neuronal numbers and proportion were analyzed using the Wilcoxon signed-rank 

test, with the alpha level set at 0.05. All analyses were conducted using R-software (version 

3.4.4; R Foundation for Statistical Computing, Vienna, Austria). 

Results 

Stereological estimation of orexinergic neurons in the Lateral hypothalamic area 

The optical fractionator method uses a systemic random sampling technique to estimate neuronal 

numbers in an unbiased manner. The unbiased stereological assessment of the LHA demonstrated 

a significant decline in total (LHATotal) neuronal number across the progressive stages of AD. 

The decline in LHATotal neurons started very early in the disease, i.e., from BB 2, where we 

observed a 47% decline (p=0.0158) over BB 0-1. By the late stage of the disease (BB 5-6), only 

24% of neurons (p=0.0043) survived in the LHA compared to the BB 0-1. The profound loss of 

orexinergic (LHAORX) neurons across the progressive stages of AD contributed to the global loss 

of LHATotal neurons. The decline in LHAORX neurons was progressive, starting from BB 2 (-56%, 

p=0.0634) and continuing to BB 3-4 (-53%, p=0.0051) and BB 5-6 (-82%, p=0.0043) over BB 

0-1 the healthy control (Figure 1).  
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In conjunction with a decline in LHAORX neurons, we observed a significant increase in pTau 

inclusions in the AOI across progressive stages of AD. In the AOI, we counted pTau inclusions in 

the LHAORX and neurons devoid of orexin (LHAORX-). The proportion of pTau-inclusion in the 

LHAORX- neurons significantly increased by 0.58% (p=0.0025) and 1.58% (p=0.0043) in BB 3-4 

and BB 5-6 compared to BB 0-1. In contrast, the proportion of pTau inclusion in LHAORX 

neurons demonstrated an insignificant change in BB 2 (0.13%, p=0.7086) and BB 3-4 (0.74%, 

p=0.3434). However, a significant increase in the pTau inclusion in LHAORX by 5.17% 

(p=0.0303) was seen in BB 5-6 compared to BB 0-1 (Table 3).  

Stereological estimation of melanin-concentrating hormone (MCH) neurons in the lateral 

hypothalamic area 

The LHA plays a critical role in sleep-wake modulation through the wake-promoting orexinergic 

neurons (LHAORX) and sleep-promoting MCH neurons (LHAMCH). Following assessing the 

LHAORX neurons, we estimated the total number of neurons in the area associated with LHAMCH 

neurons. Unlike the significant loss of LHAORX or LHATotal neurons, the LHAMCH neurons 

demonstrated a more preserved profile. The total number of neurons in LHA with MCH neurons 

demonstrated an insignificant decline of 25% (p=0.1331). Similarly, the LHAMCH neuronal 

population also demonstrated a 27% (p=0.1088) decline in BB 6 over BB 0-2 (Figure 2). 

Further, we investigated the pTau inclusion pattern in the AOI to understand the vulnerability 

pattern or resilience of MCH neurons to AD-tau toxicity. We analyzed the proportion of neurons 

with pTau inclusion in MCH+ (LHAMCH+) and MCH- (LHAMCH-) neurons in the LHA. The 
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proportion of pTau inclusion LHAMCH+ and LHAMCH- neurons demonstrated a significant 

increase in the late stage of the disease. Where LHAMCH- neurons demonstrated higher pTau 

inclusion (7.68%, p=0.0007) than that of LHAMCH+ (5.91%, p=0.0006) neurons in BB 6 over BB 

0-2 (Table 4).

Discussion 

The present study leaps over our previous findings of profound loss of wake-promoting neurons 

in the subcortical areas in AD7. Here, we systemically studied the two neuronal populations of 

the lateral hypothalamic area (LHA), which play a critical role in sleep-wake modulation in AD. 

We used stereology for unbiased estimation of neuronal populations of wake-promoting 

orexinergic and the sleep-promoting melanin concentration hormone neurotransmitter system. 

Here, we demonstrated a significant decline (-47%) in the total number of neurons in the LHA 

(associated with ORX neurons) very early in the disease, i.e., in Braak group 2 over Braak 0-1. 

This decline in neuronal number continued progressively with the progression of AD. The loss of 

ORX neurons primary steer this global loss of neurons in the area of interest at the early stage of 

the disease. We observed a 56% decline in the ORX neuronal population in Braak group 2. 

However, this change failed to reach the significance levels probably due to fewer cases. The 

decline demonstrated significance in Braak groups 3-4 and 5-6. A probable confounding factor of 

missing the significance in Braak group 2 is the fact that there are fewer participants. We also 

observed a significant increase in pTau inclusions in ORX positive and ORX negative neurons in 

Braak groups 3-4 and 5-6. Our results indicated that ORX neurons in the LHA are vulnerable to 

AD-specific tau-toxicity, as tau accumulation was seen early in the disease. In stark contrast, we 
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found no such change in the MCH neuronal population even in late Braak stage 5-6. We 

examined neurons surrounding the MCH neurons in the LHA. We observed a relatively 

preserved number of MCH-positive neurons, while the proportion of MCH-negative neurons 

significantly declined. At the same time significant increase in pTau inclusions were observed in 

the area of interest however the proportion of such neurons were 6 and 8% respectively. Our 

stereological data demonstrated that ORX neurons were selectively more vulnerable to AD-

specific pTau than the neighboring MCH neuronal populations in the LHA. Aging, per se, is 

considered the primary risk factor for neurodegenerative disorders, including Alzheimer’s 

disease27. Using male Fisher 344/Brown Norway F1 hybrid rats, Kessler et al. demonstrated that 

age-dependent neuronal loss in the LHA was not global. They quantified the immunoreactivity of 

ORX and MCH neurons in the male rats. They observed a significant decline (~40%) in ORX 

immunoreactivity to the medial and lateral areas of the fornix. Meanwhile, the decline in MCH 

immunoreactivity in the LHA was restricted to the area medial to the fornix28. A study of normal 

aging in humans (without any neuropathology) also demonstrated an age-dependent 10% 

(p=0.023) loss of ORX neurons in older adults (48-60 years) over young adults (22-32 years)29. 

A human study with AD patients of Braak stage 5-6 and Braak stage 0-1 demonstrated a 

significant decline (p=0.049) in ORX neurons in the LHA. Further, they showed a significant 

loss of CSF-ORX levels in AD, and the levels of CSF-ORX correlated negatively with excessive 

day sleepiness30. The loss of ORX neurons in the late stage of human AD patients corroborates 

with our findings of the present study and previous studies6,7; however, the extent of the decline 

in ORX neurons in AD patients was significantly greater in our studies, which could be 

associated with our précised unbiased and random system sampling using the stereology while 

the other study used a conventional counting strategy.  
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This study, for the first time, demonstrated that ORX neurons start pTau accumulation very early 

in the disease and, at the same time, start to degenerate. Targeting the preservation of ORX 

neurons will be instrumental in treating sleep-wake dysfunction in AD patients, given the role 

ORX neurons play in maintaining wakefulness and arousal. This could also improve the quality 

of life for AD patients. In addition to improving sleep-wake homeostasis, therapeutics aimed at 

preserving ORX systems could also lead to deterring AD progression. Various studies on rodents 

and in vitro models have demonstrated that ORX administration and/or ORX receptor 

modulation induce neuroprotection and restore sleep-wake homeostasis by modulation of AKT 

phosphorylation, ERK pathways, and inflammation31–36.  

MCH plays an important role in maintaining REM sleep37,38. Loss or destruction of MCH 

neurons promotes arousal and wakefulness, with a decrease in non-REM sleep. Hyperactivity of 

MCH neurons can lead to more REM sleep at the expense of slow wave sleep (SWS)39,40. A 

recent study from our group demonstrated a difference in sleep architecture across AD 

phenotypes, where REM sleep didn’t show any change over controls in amnestic or typical AD 

patients41. Our current finding of preserved MCH neurons in the LHA among AD patients 

supports the finding of preserved REM sleep in typical AD patients.  

In Conclusion, the ORX neurons of the lateral hypothalamic area demonstrated a selective 

neuronal vulnerability to AD-specific pTau from a very early stage of the disease, while the 

neighboring MCH neurons were comparatively more resilient, with pTau burden being substantial. 
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Therefore, the ORX system can be a potential target to remediate sleep-wake dysfunction and 

improve the quality of life of AD patients. 
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Table 1. Demographic characteristics with the distribution of the cases in each THAL stage, 
Braak and Braak stage, CERAD score, AD diffused score, ABC score, CDR score, and NIA-
Reagan score. 
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Table 2. Details of stereology parameters used to count orexinergic and melanin-concentrating 
hormone-producing neurons in the lateral hypothalamic area  
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Figure 1. Panel A depicts the location of the LHA in the human brain, while panel B 
representative microphotographs of Braak 0 (i), Braak 1 (ii), Braak 2 (iii), Braak 3 (iv), Braak 4 
(v), Braak 5 (vi) and Braak group 6 (vii) with ORX- CP13- (⇟), ORX- CP13+ (▲), ORX+ CP13
+ (●), and ORX+ CP13- (⇈) neurons in the LHA with at 63x (scale 20µm). Bar graphs represent 
mean ±SD values of the number of neurons in LHA (C) and the percent of total neurons in the 
LHA (D). P values were determined using the Wilcoxon rank-sum test, comparing the different 
stereological estimates between Braak stage groups. P-values denote the significance level in the 
total number of neurons over the Braak group 0-1 (C) and the significance level in the 
proportion of Orx+ CP13- over the Braak group 0-1 (D).  Abbreviations: CP13, Tau phos 
Ser202 (pTau inclusions marker); ORX, orexin; SD, standard deviation; LHA, Lateral 
hypothalamic area. 
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Table 3. Mean ± standard deviation of stereological estimates of cell types in the LHAORX

stratified by Braak groups 

P-values were obtained from a Wilcoxon rank-sum test comparing the serological counts of
LHAORX neurons between different Braak stage groups where *p<0.05, **p<0.01, ***p<0.001
(over BB 0-1); $p<0.05, $$p<0.01, $$$p<0.001 (over BB 2); #p<0.05, ##p<0.01, ###p<0.001
(over BB 5-6). Abbreviations: CP13, Tau Phos Ser 202; LHA, lateral hypothalamic area; ORX,
orexin; SD, standard deviation.
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Figure 2. A depicts the location of the LHA in the human brain, representative 
microphotographs of Braak group 0-2 (B) and Braak group 6 (C) with MCH- CP13- (⇟), MCH- 
CP13+ (▲), MCH+ CP13+ (●), and MCH+ CP13- (⇈) neurons in the LHA at 63x (scale 20µm). 
Bar graphs represent mean ±SD values of the number of neurons in LHA (C) and the percent of 
total neurons in the LHA (D). P values were determined using the Wilcoxon rank-sum test, 
comparing the different stereological estimates between Braak stage groups. P-values denote the 
significance level in the total number of neurons over the Braak group 0-2 (C) and the 
significance level in the proportion of MCH+ CP13- over the Braak group 0-2 (F).  
Abbreviations: CP13, Tau phos Ser202 (pTau inclusions marker); MCH, melanin-concentrating 
hormone; SD, standard deviation; LHA, Lateral hypothalamic area. 
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Table 4. Mean ± standard deviation of stereological estimates of cell types in the LHA stratified 
by Braak groups 

P-values were obtained from a Wilcoxon rank-sum test comparing the serological counts of
LHAMCH neurons between different Braak stage groups where *p<0.05, **p<0.01, ***p<0.001
(over BB 0-1); $p<0.05, $$p<0.01, $$$p<0.001 (over BB 2); #p<0.05, ##p<0.01, ###p<0.001
(over BB 5-6). Abbreviations: CP13, Tau Phos Ser 202; LHA, lateral hypothalamic area; MCH,
melanin-concentrating hormone; SD, standard deviation.
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