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Abstract 1 

Our earlier study led to the conclusion that human narcolepsy with cataplexy was 2 

caused by the loss of forebrain hypocretin (orexin) neurons in the hypothalamus. We 3 

now report that humans having narcolepsy with cataplexy also have a 46% decrease in 4 

the number and an 18% increase in the size of brainstem neuromelanin-pigmented 5 

locus coeruleus (LC) neurons and increased microglial activity in LC. However, no such 6 

changes are observed in the LC of hypocretin peptide depleted narcoleptic mice, 7 

hypocretin neuron depleted orexin-tTA/TetO-DTA (orexin-DTA) narcoleptic mice or in 8 

narcoleptic dogs. Sodium oxybate, an effective treatment for narcolepsy, decreased the 9 

size of LC norepinephrine neurons and increased the number and size of LC microglial 10 

cells in mice. Our results indicate that the autoimmune process believed to cause 11 

human narcolepsy affects both forebrain Hcrt neurons and brainstem LC norepinephrine 12 

cells. Addressing both forebrain and brainstem pathologies may improve understanding 13 

of, and treatments for, human narcolepsy.  14 
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Main 15 

A study of the function of hypocretin (Hcrt/orexin), a forebrain hypothalamic 16 

peptide, utilizing genetic manipulation in mice to prevent synthesis of this peptide, 17 

noted abrupt losses of muscle tone in waking, resembling the loss of muscle tone in 18 

REM sleep and in human cataplexy1. This led to anatomical studies of the 19 

hypothalamic forebrain of human narcoleptics, revealing a 90% loss of neurons 20 

containing Hcrt2-4, and to treatment of narcolepsy by administering Hcrt5, 6. 21 

Cataplexy, the emotionally triggered loss of muscle tone that occurs during 22 

waking in narcoleptics, has been likened to the loss of muscle tone that accompanies 23 

REM sleep. But REM sleep and REM sleep linked muscle tone suppression has been 24 

shown to be generated by the brainstem, not by the forebrain7. We have shown that 25 

cessation of activity of norepinephrine neurons in the brainstem locus coeruleus (LC) 26 

is tightly linked to the suppression of muscle tone in both REM sleep and cataplexy, in 27 

narcoleptic dogs8. Muscle tone suppression in REM sleep does not require the 28 

hypothalamus or any other forebrain region7, 9, raising the question of how the loss of 29 

Hcrt neurons in the forebrain of humans is related to this unique symptom of 30 

cataplexy. We have also found “cataplexy-on” neurons found in the medulla of 31 

narcoleptic dogs10. 32 

In the current study, we conducted the first histological analysis of the LC of 33 

human narcoleptics. We analyzed the LC of 11 narcolepsy with cataplexy (NT-1) 34 

patients and 5 control subjects (Extended Data Table. 1) with hematoxylin-eosin (H&E) 35 

staining to assess the number and size of neuromelanin (NM) pigmented 36 

norepinephrine containing neurons (Fig. 1a-f). We find that all human narcoleptics have 37 
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brainstem pathology in LC, in addition to the previously identified loss of forebrain 38 

hypocretin. We observed a substantial reduction in the number of LC neurons with dark 39 

pigmentation in NT-1 patients (Fig.1a, far left vs. middle left), with 46% fewer NM 40 

pigmented neurons compared to control subjects (Fig. 1a, middle right vs far right (t = 41 

8.52, df = 14 and P = 0.001), with a loss range of 28 - 68% (Fig. 1a, b, c). Furthermore, 42 

the remaining noradrenergic LC neurons in NT-1 patients were 18% larger than 43 

controls (Fig. 1c, t = 7.32, df = 14, and P = 0.01). Fig. 1d shows the distribution of NM 44 

cells in the anterior-to-posterior dimension of the LC of a NT-1 patient (90 yrs, M) and a 45 

control subject (82 yrs, M) (Fig. 1 e & f). Cell loss was most prominent in the anterior 46 

part of the LC (Fig. 1e). There was no significant correlation between the percentage 47 

loss of NM pigmented neurons and cataplexy onset age (r = 0.28, P = 0.39). 48 

We then performed immunohistochemical analyses using a tyrosine hydroxylase 49 

(TH) antibody to assess norepinephrine neuronal loss (Fig. 1, g & h and i & j) 50 

(Extended Data Table. 1). A large majority of the TH containing LC neurons also had 51 

NM. Like the NM data, TH-positive cell loss in NT-1 patients was 44% (t = 8.12, df = 52 

14, P = 0.001), and there was a significant increase in the size of TH-positive cells in 53 

NT-1 patients compared to controls (t = 7.21, df = 14, P = 0.01). The percent loss of 54 

TH+ neurons was not significantly correlated with the age of onset of cataplexy (r = 55 

0.35, P = 0.28). Fig.1 k & l show the dopamine β-hydroxylase (DBH) stained cells in 56 

control and NT-1 patients. 57 

We found a significant 118% increase in microglial density in the (LC) of NT-1 58 

patients (Fig. 2a & b), (t = 4.45, df = 14, P = 0.001). Furthermore, there was a notable 59 

enlargement of LC microglia, with a 33% increase in size (t = 3.41, df = 14, P = 0.001) 60 

(Extended data Table 2). The distribution of Iba1-positive cells in both control and NT-1 61 
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subjects is shown in Figures 2c & d. Microglial clustering around neuromelanin-62 

pigmented cells is evident in the LC of narcolepsy with cataplexy (NT-1) patients (Fig. 63 

2e). There was no significant correlation between the increased numbers of Iba1 and 64 

the age of disease onset (r = 0.39, P = 0.24) or of disease duration (r = 0.41, P = 0.22). 65 

The significant increase in the number of microglial cells in the LC of human 66 

narcoleptics suggests a neuroinflammatory process11. The neuropathology report for our 67 

NT-1 patients indicated that 40% of them exhibited some degree of Alzheimer’s 68 

pathology (Extended data Table 1). Immunohistochemical study showed that most of 69 

the Hcrt axons were lost in the LC of NT-1 patients (Fig. 2 f & g), consistent with the 70 

loss of hypothalamic Hcrt neurons in narcolepsy. We investigated the presence of α-71 

synuclein and tau protein deposits in the LC of NT-1 and control subjects. No tau or α-72 

synuclein deposits were found in control subjects; however, tau (Fig. 2 h & i) and α-73 

synuclein (Fig. 3 j & k) deposits were observed in the LC of NT-1 patients. Although the 74 

narcolepsy patients had differing drug treatments (Extended Data Table 1), all human 75 

narcolepsy patients showed similar brainstem pathology. 76 

We used two distinct mouse models of narcolepsy. One model was orexin- 77 

tTA/TetO-DTA (orexin-DTA) in which Hcrt neuron degeneration can be initiated by 78 

removal of doxycycline (DOX) from the diet12. Removing DOX food for one month 79 

caused an 87% loss of Hcrt neurons in these animals (Supplemental Fig. 1). The 80 

second mouse model of narcolepsy is mice in which the peptide cannot be synthesized1 81 

(OX-KO) (Extended Data Fig. 3). We evaluated the changes in LC norepinephrine cells 82 

in these two narcoleptic models, quantifying immuno-stained TH+ cells (Fig. 3 a & b). 83 

We saw no significant changes in the number (DTA: t = 1.52, df = 8, P = 0.17, OX-KO: t 84 

and is also made available for use under a CC0 license. 
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 

The copyright holder for this preprint (whichthis version posted April 18, 2025. ; https://doi.org/10.1101/2025.04.12.648456doi: bioRxiv preprint 



= 0.85, df = 6, P = 0.42) or size (DTA: t = 0.27, df = 8, P = 0.79, OX-KO: t = 0.99, df = 6, 85 

P = 0.36) of the TH+ cells in the LC in these two animal models of narcolepsy. In 86 

addition to the two mouse models, we also examined changes in norepinephrine cells in 87 

the LC of narcoleptic dogs, a genetic narcoleptic disorder that occurs without any 88 

postnatal manipulation13,14 (Extended Data Table 3). No differences were observed in 89 

the norepinephrine cell number (t = 0.22, df = 8, P = 0.83) and size (t = 1.45, df = 8, P = 90 

0.18) compared to control dogs (Fig. 3 c & d). Thus, the loss of norepinephrine in locus 91 

coeruleus that we describe here is a feature of human NT-1, not observed in any of the  92 

animal models of narcolepsy. 93 

Sodium oxybate (SXB) is an effective treatment for human narcolepsy with 94 

cataplexy15,16. We conducted a dose-response study of the effect of SXB on LC in wild 95 

type mice. We used dopamine beta hydroxylase DBH to stain norepinephrine neurons 96 

and the Iba1 stain to quantify the number and size of microglial cells. The doses tested 97 

were 150 mg/kg, 300 mg/kg, 600 mg/kg, and 1200 mg/kg (Extended Data Table  3). 98 

SXB treatment had no significant effect on the number of DBH+ neurons (Fig. 3 e, 99 

ANOVA, df = 4, 24, F = 1.27, P = 0.31), but there was a dose dependent decrease in 100 

the size of DBH neurons (Fig. 3 f, ANOVA, df = 4, 24, F = 6.65, P = 0.001). Tukey post-101 

hoc comparisons indicated a significant size reduction as compared to saline controls 102 

with 300 mg/kg (13.7%, P = 0.047), 600 mg/kg (18·9%, P = 0.005) and 1200 mg/kg 103 

SXB (21.6%, P = 0.001). Figure 3 i & j shows DBH+ neurons from saline and 1200 104 

mg/kg SXB treated mice. 105 

SXB significantly increased the number of microglia cells in locus coeruleus 106 

(ANOVA, df = 4, 24, F = 7.81, P = 0.001) (Fig. 3 g). The increase in the number of 107 
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microglia cells was significant (Tukey post-hoc) at the dose of 600 mg/kg (22·08%, P = 108 

0.012) and 1200 mg/kg SXB (31.7%, P = 0.001). The size of the microglia significantly 109 

increased with higher doses of SXB (ANOVA, df = 4.24, F = 7.37, P = 0.001, Fig. 3 h). 110 

A significant increase was found at 1200 mg/kg SXB (48.28%. P = 0.001). Microglia 111 

size increased in comparison to saline (Fig. 3k) with various doses of SXB, particularly 112 

at the 1200 mg/kg SXB dose (Fig. 3 l).  We see LC pathological changes in all the 113 

brains of human narcoleptics we have examined, but none in the DTA11 or Hcrt KO 114 

mice1, or in the narcoleptic dogs17  despite the descending projection of hypothalamic 115 

Hcrt neurons to brainstem and spinal cord18.  The  findings that defined the loss of Hcrt 116 

neurons as  a central feature of human narcolepsy with cataplexy, should not obscure 117 

possible differences between canine, murine and human narcolepsy. Although both 118 

murine and human narcolepsy  are triggered by the loss of Hcrt neurons, in this study 119 

we find that human but not murine cataplexy is accompanied by the loss of 120 

neuromelanin containing tyrosine hydroxylase neurons in locus coeruleus. 121 

Neuromelanin is not found in rodent tyrosine hydroxylase neurons at any age19. The 122 

reduction of brainstem neuromelanin cells in human narcoleptics may contribute to 123 

narcoleptic symptomatology. Cells with this  neurochemical composition do not exist in 124 

rodents or dogs19.  125 

SXB’s therapeutic effect in humans may not be on the greatly reduced population 126 

of Hcrt neurons, but instead on norepinephrine brainstem neurons. SXB reduced TH 127 

immuno-intensity in LC20. Sodium oxybate has been shown to improve night-time sleep 128 

quality and reduce symptoms of both excessive daytime sleepiness and cataplexy in 129 

patients with narcolepsy. Although their precise mechanism of action is not fully 130 
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understood, it is believed to primarily involve the activity of oxybate on neurons with 131 

gamma-aminobutyric acid type B (GABA-B) receptors in regions that regulate sleep-132 

wake homeostasis21. Our findings indicate a dose-dependent increase in both the 133 

number and size of microglia with SXB treatment. 134 

Tau and α-synuclein deposits in the LC of narcolepsy with cataplexy patients 135 

suggest that NT-1 shares some neurodegenerative pathology with Alzheimer’s and 136 

Parkinson’s diseases, despite earlier claims that narcolepsy decreased the incidence 137 

of Alzheimer’s22. However, the precise link, if any, between these findings and the 138 

mechanisms underlying narcolepsy is not clear. Important differences exist between 139 

narcolepsy and other neurodegenerative disorders. Narcolepsy symptoms typically 140 

emerge in the teenage years, in parrallel with the maturation of neuromelanin 141 

pigmentation. 142 

In narcolepsy with cataplexy patients, there is an almost complete loss of Hcrt 143 

neurons and axons, suggesting that both Hcrt and norepinephrine contribute to the 144 

occurrence of cataplexy. We find that in the human LC, neuromelanin containing 145 

norepinephrine neurons, concentrated in the rostral locus coeruleus, are lost in 146 

narcolepsy. The rostral LC, where the loss of norepinephrine neurons is maximal, is 147 

likely to project to more rostral regions of the brain than caudal LC. One might expect 148 

that the loss of 46% of the neuromelanin containing neurons of the LC in humans with 149 

narcolepsy would produce symptoms not present in murine models of narcolepsy 150 

lacking only the Hcrt neurons of the hypothalamus, since neuromelanin neurons are 151 

not typically present in rodent brains19. Differences between the symptoms in these 152 

three animal models of narcolepsy and human narcolepsy would be expected. Further 153 
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quantitative research, with more precise measures of motor function, and particularly 154 

muscle tone control, may clarify the behavioral consequences of the neuroanatomical 155 

changes between these differing forms of narcolepsy. 156 

Our findings of brainstem neurodegeneration in narcolepsy with cataplexy 157 

patients demonstrates that the “Hcrt loss” explanation of human narcolepsy is 158 

incomplete. Brainstem as well as hypothalamic structures are altered in human 159 

narcolepsy. Sodium oxybate, one of the most effective treatments for narcolepsy, 160 

appears to operate on the LC region, rather than on the hypothalamus. This work 161 

identifies new targets for therapeutic interventions aimed at reducing the impact of 162 

neuroinflammation on sleep-wake regulation in narcolepsy. 163 
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Methods 218 

Ethics declaration 219 

Human postmortem brain tissue was obtained under permission and used in 220 

accordance with the relevant ethical boards at VA Greater Los Angeles Healthcare 221 

System. All animal procedures were approved by the Institutional Animal Care and Use 222 

Committees at the University of California, Los Angeles, and the Veterans 223 

Administration Greater Los Angeles Healthcare System. 224 

Human brainstem immunohistochemical analysis 225 

In this study, we examined post-mortem brain samples from eleven individuals 226 

with narcolepsy and five neurologically healthy controls. A summary of the brain sample 227 

characteristics is provided in Extended Data Table I. Narcolepsy diagnoses were based 228 

on the criteria set by the American Academy of Sleep Medicine: International 229 

Classification of Sleep Disorders23. The control group included individuals with no 230 

neurological disorder history. Brainstem tissues from narcolepsy and control subjects 231 

were obtained from the Department of Veterans Affairs Biorepository Brain Bank in Los 232 

Angeles and the Eunice Kennedy Shriver National Institute of Child Health and Human 233 

Development Brain Bank in Maryland.  234 

Formalin-fixed brainstem tissues in one hemisphere from control and narcoleptic 235 

human patients were equilibrated in 20% and 30% sucrose solutions. Following this, 40 236 

µm coronal sections were prepared using a freezing microtome, and sections collected 237 

at intervals of one-in-twelve.  One series of sections were stained with Hematoxylin and 238 

Eosin (PK501, FD Neurotechnology Inc., Baltimore, MD) to highlight neuromelanin-239 
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pigmented cells in the locus coeruleus. Stereological techniques were employed to 240 

quantify the cell number, distribution, and size of these cells. Analysis was conducted 241 

using a Nikon E600 microscope with a three-axis motorized stage, video camera, 242 

Neurolucida interface, and Stereo Investigator software (MBF Bioscience, VT). The total 243 

number of neuromelanin-pigmented cells was then calculated for both brain 244 

hemispheres. 245 

The neuropathological changes in the locus coeruleus (LC) were evaluated by 246 

using primary antibodies for Hcrt, TH, DBH, Iba1, Tau, and α-synuclein. Matched 247 

sections from the anterior, middle, and posterior parts of the LC were prepared   based 248 

on adjacent H&E-stained sections and the Human Brainstem Reference Atlas. Free-249 

floating sections underwent antigen retrieval before immunostaining following the 250 

method outlined by Thannickal, et al.4, 24. The sections were incubated in 0.5% sodium 251 

borohydride for 30 minutes. After washes with phosphate-buffered saline (0.1M, pH 252 

7.4), transferred to 0.5% hydrogen peroxide for 30 minutes, washed, and then heated at 253 

80°C for 30 minutes in a sodium citrate solution (10 mM, pH 8.5). The sections cooled 254 

to room temperature in the sodium citrate solution and were then washed with PBS. 255 

Following the PBS washes, the following primary antibodies were applied: Orexin A (1: 256 

10000, rabbit polyclonal, Cat. No. H-003-30, Phoenix Pharmaceutical Inc., CA), tyrosine 257 

hydroxylase (1: 10000, rabbit polyclonal, Cat. No. AB152, Millipore Sigma, MO), 258 

dopamine beta-hydroxylase (DBH; 1:5000, rabbit monoclonal, Abcam, Cat. No. 259 

ab209487), and α-synuclein (1:5000, rabbit monoclonal, Abcam, Cat. No. ab51253). 260 

The sections were incubated in 1% normal goat serum in 0.01 M PBS for 2 hours, 261 

followed by a 72-hour incubation at 4°C with the primary antibodies. For secondary 262 
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antibody, sections were incubated with biotinylated goat anti-rabbit IgG (1:500, PK-263 

6101, Vector Laboratories) for 2 hours at room temperature, followed by avidin-biotin-264 

peroxidase (1:300, PK-6101, Vector Laboratories) for 2 hours. The tissue- bound 265 

peroxidase was visualized using a diaminobenzidine and nickel reaction (SK-4100, 266 

Vector Laboratories). For the DBH staining, Vector SK-4600 was used to achieve a 267 

purple color.  Goat polyclonal Iba1 antibody (1:10000, Abcam, Cat. No ab5076, Abcam) 268 

was used for microglia.  Sections incubated with secondary antibody (1;500, (PK-6105, 269 

vector laboratories). Mouse monoclonal Tau antibody (1:5000, Cat. No. ab246808, 270 

Abcam) used for tau pathology. Sections were incubated with secondary antibodies 271 

(1:500, PK-6102, Vector laboratories) and followed by avidin-biotin-peroxidase (1:300) 272 

for 2 hours at room temperature. The tissue-bound peroxidase was visualized by 273 

diaminobenzidine and the nickel reaction (SK-4100, Vector laboratories). After staining 274 

the sections were dehydrated with alcohol, cleared with xylene and cover slipped on 275 

resinous mounting medium. The density of TH+ and Iba1+ cells was calculated as the 276 

number of cells per unit area (1 mm²). The “nucleator” probe in the stereology program 277 

was used to estimate the mean cross-sectional area of the cells.  278 

Animal models of Narcolepsy 279 

Immunostaining for control and mice models of narcolepsy 280 

We conducted parallel investigations using orexin knockout (OX-KO) mice, 281 

orexin-DTA mice, and dog models of narcolepsy (Extended Data Table 3). The orexin-282 

DTA mice were C57BL/6 mice with postnatal ablation of Hcrt neurons, which was 283 

induced by doxycycline withdrawal. The experimental group had doxycycline (DOX) 284 

food removed for 30 days, followed by a reintroduction of DOX food and euthanasia 14 285 
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days later. Control animals were administered DOX food throughout and were sacrificed 286 

at the same time as the experimental group. Control and both narcolepsy mouse 287 

models were perfused, post-fixed, and transferred through 20% sucrose and 30% 288 

sucrose solutions. No antigen retrieval was necessary for the mouse sections. 289 

Brainstem sections were cut at 40 µm, and a one-in-three series was analyzed. The 290 

sections were blocked in 1% normal goat serum in 0.01 M PBS for 2 hours and then 291 

incubated with tyrosine hydroxylase (1:10,000, rabbit polyclonal, Cat. No. AB 152, 292 

Millipore Sigma, MO) for 72 hours at 4°C. Sections were subsequently incubated with a 293 

secondary antibody (1:500, biotinylated goat anti-rabbit IgG, PK-6101, Vector 294 

Laboratories) followed by avidin-biotin-peroxidase (1:300, PK-6101, Vector 295 

Laboratories) for 2 hours each at room temperature. Peroxidase activity was visualized 296 

with a diaminobenzidine reaction (SK-4100, Vector Laboratories). Tyrosine hydroxylase-297 

positive (TH+) neurons were bilaterally counted in a one-in-three series, and the count 298 

was reported without multiplication by 3. Stereological analysis using a "nucleator" 299 

probe was performed to assess cell number, distribution, and size, using a Nikon E600 300 

microscope equipped with a three-axis motorized stage, video camera, Neurolucida 301 

interface, and Stereo Investigator software (MBF Bioscience, VT). 302 

Immunostaining for control and narcoleptic dogs 303 

Narcoleptic (Hcrt-R2 mutant) Doberman pinschers and breed-matched controls 304 

were studied (Extended Data Table 3). The animals were perfused with saline and 305 

formalin, and their brains were removed and stored in formalin prior to sectioning and 306 

staining. The formalin-fixed brainstem was infiltrated with 20% and 30% sucrose. 307 

Coronal sections (40 µm) were cut on a freezing microtome with one-in-twelve section 308 
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intervals. One series of sections was stained with crystal violet (PK501, FD 309 

Neurotechnology Inc., Baltimore, MD). The sodium citrate heat antigen retrieval method 310 

was used before doing TH immunostaining.  For tyrosine hydroxylase (TH) 311 

immunostaining, data acquisition and analysis followed the same protocol used for the 312 

mice. TH+ cells were counted bilaterally, and the data was reported as the number of 313 

neurons per section. 314 

Effect of Sodium Oxybate on Norepinephrine and Microglia Cells in Mice 315 

The animals used in this study were part of the research published by Wu et al20 . 316 

Mice were treated with either saline or sodium oxybate (sodium oxybate oral solution, 317 

500 mg/mL, Xyrem, Jazz Pharmaceuticals) at doses of 150, 300, 600, or 1200 mg/kg, 318 

administered intraperitoneally (IP) for 14 days (Extended Data Table 3). Injections at 319 

each dose were given twice daily, at ZT 2 (09:00 am) and ZT 6 (01:00 pm). Two hours 320 

after the final dose on the 14th day of treatment, the animals were euthanized with Fatal 321 

Plus (100 mg/kg), followed by transcardial perfusion with saline and then 4% 322 

paraformaldehyde. The brains were carefully removed from the skull and immersed in 323 

4% paraformaldehyde for 24 hours. After fixation, the brains were transferred to 20% 324 

sucrose until they sank, then placed 30% sucrose for 3 days. The brainstems were 325 

sectioned into 40 μm slices using a freezing microtome. The sections were collected 326 

through one-in-three section intervals. For immunohistochemistry, brain sections were 327 

washed in PBS and treated with 0.5% hydrogen peroxide for 30 minutes, followed by 328 

PBS washes. Sections were then incubated in blocking solution (1% normal goat serum 329 

and 0.3% TritonX-100 in PBS) for 2 hours and subsequently incubated with dopamine 330 

beta-hydroxylase antibody (1:5000, rabbit monoclonal, Abcam, Cat. No. ab209487) for 331 
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72 hours at 4°C. Afterward, sections were incubated with biotinylated goat anti-rabbit 332 

IgG (1:500, PK-6101, Vector Laboratories) for 2 hours at room temperature, followed by 333 

avidin-biotin-peroxidase (1:300, PK-6101, Vector Laboratories) for 2 hours. The tissue-334 

bound peroxidase activity was visualized using a diaminobenzidine reaction (SK-4100, 335 

Vector Laboratories). 336 

Data analyses were performed by blind to treatment conditions. All staining, 337 

counting, and cell measurements were done on coded tissue. In every case, the same 338 

individual counted experimental and control tissues in randomized order. Control 339 

sections from each brain were processed without the primary antibody and did not show 340 

staining. Human brainstem regions and nuclei were identified using the “Atlas of the 341 

Human Brain”25. For mice, the “Mouse Brain in Stereotaxic Coordinates”26, and for dogs, 342 

the “Stereotaxic Atlas of The Dog’s Brain”27. Digital images were captured using a Micro 343 

Fire camera (Optronics, Goleta, CA) and imported into Corel Draw for contrast and 344 

brightness adjustments were made as needed. 345 

Statistical analysis 346 

All statistical analyses were performed by SYSTAT Version 13. Data are 347 

presented as mean ± S.E.M. The number of subjects in each human and animal study 348 

is listed in Extended Table 1, as well as in Extended Table 2 and Extended Table 3. A 349 

one-way ANOVA was used to assess the dose-response of SXB, followed by Tukey 350 

post-hoc comparisons among different doses. Pearson’s correlation coefficient (r) was 351 

used to examine the relationship between cell loss, disease onset, and duration. Two-352 

group comparisons were made using the t-test. 353 
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Figures with figure legends 383 

Fig. 1: Neuromelanin and norepinephrine cell loss in the locus coeruleus of 384 

narcolepsy with cataplexy patients (NT-1). 385 

 386 
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a, Far left, unstained brain stem block of control patient shows the dark spot of the 387 

locus coeruleus neurons, 2 – 2.5 mm in diameter. Left, center, similar unstained block 388 

shows faded locus coeruleus spot in patient of narcolepsy with cataplexy. Right, center 389 

crystal violet-stained microscopic image from control patient shows neuromelanin 390 

containing locus coeruleus neurons. Far right, narcolepsy with cataplexy patients show 391 

a reduced number of neuromelanin (NM) neurons in the locus coeruleus compared to 392 

control subjects. Fourth ventricle is to the right in each of the top 4 images. b, 393 

Stereological calculations show a significant reduction in the number of NM pigmented 394 

cells in narcolepsy with cataplexy patients (NT-1) (n = 11) compared to controls (n = 5) 395 

(t = 7.32, P = 0.01). c, Neuromelanin cell size was significantly increased in NT-1 396 

patients (t = 3.24, P = 0.001). d, Neuromelanin cell distribution from anterior to 397 

posterior part of locus coeruleus of control and NT-1 patients. e, The percentage 398 

changes in number within each subregion in narcoleptic compared to control: (a) 399 

anterior, (m) middle, and (p) posterior in control (blue) and NT-1 (orange) subjects. f, 400 

NM cell size distribution from anterior, middle and posterior parts of the LC in control 401 

(Con-) and narcoleptic (NT-1) subjects. g, In NT-1 patients, TH+ cell density is 402 

significantly reduced compared to control (n = 11 and 5 respectively, t = 7.32, P = 403 

0.001). h, Size of the TH+ neurons are larger in NT-1 than in controls (t = 2.91. P = 404 

0.01). i & j, Images of NM pigmented neurons in control (Top) and NT-1 (bottom) with 405 

H&E counterstaining. k & l,  Immunohistochemistry images of dopamine beta 406 

hydroxylase of TH+ cells from control (top) and NT-1 (bottom).  **P <0.01, ***P 407 

<0.001. Scale bar 2 mm and 500 µm in Fig. a. Scale bar 50 µm in Fig. i, j, k and l. 408 

Con – control, Con-a-control anterior, Con- m- control middle, Con-p- control-posterior, 409 
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DBH – dopamine beta-hydroxylase, NM- neuromelanin pigmented neurons, NT-1- 410 

narcolepsy with cataplexy, NT-1-a: NT-1 anterior, NT- 1-m: NT-1 middle, NT-1-p: NT-1 411 

posterior. TH+ - tyrosine hydroxylase. 412 

 

Fig. 2: Distribution of microglia, Hcrt fibers, alpha-synuclein, and Tau proteins in 413 

the LC of NT-1. 414 

 415 

a, Immunohistochemistry of Iba1(ionized calcium-binding adaptor molecule) shows a 416 

significant increase in the number of microglia in the locus coeruleus of NT-1 patients 417 

compared to control (Con) subjects (n = 5 in control and 11 in NT-1 groups, t = 4.29, P 418 

= 0.001). b, Iba1 cell size also significantly increased (t = 3.41, P = 0.001). Data 419 
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expressed as mean ± standard error. ***P <0.001. c, Immunobiological images of Iba1 420 

in control and d, NT-1 subject. e, Image shows microglia (arrows) clustered around a 421 

neuromelanin pigmented neuron. Narcoleptic brains showed increased iba1 staining. f 422 

& g, Distribution of Hcrt fibers in the LC of control and NT-1 subject. As might be 423 

expected, Hcrt axons, originating in Hcrt neurons in the hypothalamus are greatly 424 

reduced in narcoleptics because of the death of hypothalamic Hcrt neurons. h & i, 425 

Immunological staining of Tau protein (black) deposits in the LC of control and NT-1 426 

patients. j & k Images show α-synuclein distribution in the LC of control and narcoleptic 427 

subjects. α-synuclein and Tau are increased in narcoleptics. Scale bar 50 µm. 428 

 

Fig. 3: Norepinephrine neurons in mice and dog models of narcolepsy and effect 429 

of Sodium oxybate (SXB) on mice LC norepinephrine (DBH+) cells and microglia. 430 

 431 

a, The number of TH+ cells in the LC of control, orexin knockout mice and orexin-432 

tTA/TetO-DTA mice. We saw no significant changes in the number of TH+ neurons in 433 

the LC in any of these models compared to controls (n = 5 in control, Orexin knockout 434 
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mice N = 3 (t = 0.85, P = 0.42) and DTA group (n = 5, t = 0.17, P = 0.16). b, There is no 435 

difference in TH+ cell size between control and orexin knockout mice (t = 0.99, P = 436 

0.36) or control and DTA mice (t = 0.27, P = 0.79). c, Narcoleptic Doberman pinschers 437 

show no difference from controls in the number of TH+ neurons in the LC (n = 5 in each 438 

group, t = 0.22, P = 0.83). d, TH+ cell size also did not differ between narcoleptic and 439 

control dogs (t = 1.45, P = 0.18). Data is expressed as mean ± standard error. Con-440 

control, Con-D -control dog, LC- locus coeruleus, Narco-D- narcoleptic dog, OX-KO-441 

orexin knockout mice, TH- tyrosine hydroxylase. e, In comparison to the saline group (n 442 

= 6), the number of dopamine beta hydroxylase (DBH+) cells was not significantly 443 

affected by various doses of SXB (150 mg/kg, n = 6; 300 mg/kg, n = 6; 600 mg/kg, n = 444 

5; 1200 mg/kg, n = 6). ANOVA (df = 4, 24, F = 1.27, P = 0.31). f, The cell size of DBH+ 445 

decreased with higher concentrations of SXB (ANOVA, df = 4, 24, F = 6.65, P = 0.001). 446 

DBH+ cell size was significantly different from that of the saline controls at 300 mg/kg 447 

(13.7%, P = 0.047), 600 mg/kg (18.9%, P = 0.005) and 1200 mg/kg SXB (21.6%, P = 448 

0.0001), all Tukey post-hoc. g,  Microglia cell number (density) increased with higher 449 

doses of SXB (ANOVA, df = 4, 24, F = 7.81, P = 0.001). The increase in the number of 450 

microglia cells is significant (Tukey post-hoc) at the dose of 600 mg/kg (22.08%, P = 451 

0.012) and 1200 mg/kg SXB (31.7%, p = 0.001). h, The size of microglia increased with 452 

increasing doses of SXB (ANOVA, df = 4, 24, F = 7.37, P = 0.001). A significant 453 

increase was found at 1200 mg/kg (P = 0.001, Tukey post-hoc). i, Histological images of 454 

DBH + neurons with saline and j, 1200 mg/kg SXB. k, Images of microglia with saline 455 

and l, 1200 mg/kg SXB treated mice. Data expressed as mean ± standard error. *P 456 
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<0.05, **P <0.01, ***P <0.001, compared to saline group. DBH – dopamine beta- 457 

hydroxylase, SXB - sodium oxybate, Scale bar 50 µm. 458 
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 Additional information - Extended Data  

Extended Data Table 1: The characteristics of Human subjects and neuromelanin                    

pigmented cell number and size. 

Extended Data Table 2: The number and size of TH and Iba1 cells in human narcolepsy and 

control subjects. 

Extended Data Table 3: The number and size of TH+ cells in animal models of narcolepsy and 

effect of SXB on LC norepinephrine and microglia cells. 
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Extended Data Table 1 The  characteristics of Human subjects and neuromelanin pigmented cell number and size.
Human Narcolepsy  with cataplexy
NT-1 Age Sex Ctaplexy Disease Cause of death NM cell %  cell NM cell Medications Neuropatholgy  report

onset duration (years) number loss size
1 79 M 18 61 cardiomyopathy, cancer 32449 59.24 541.81 modafinil Normal neocrticlal and hippocampal cellularity.
2 90 M 18 72 congestive heart failure 28128 64.66 599.00 methamphetamine No indication of  Alzheimer’s disease.

Early Alzheimer's pathology plaques in frontal cortex and hippocampus, granular
3 90 F 18 72 congestive heart failure 56820 28.62 546.69 protriptyline dendritic bodies in cerebellar grey matter, cerebral cortex and medulla. 

kidney cancer No Lewy bodies found.

4 94 F 21 73 cancer, COPD 56088 29.54 699.16 dextroamphetamine Amyloid plaques in hippocampus and temporal neocortex.
5 61 F 19 42 pneumonia 44654 43.90 683.45 methamphetamine NA
6 68 F 23 45 COPD, pneumonia 56720 28.75 662.45 NA NA

coronary heart disease Sgnificant Alzheimer's pathology in frontal, temporal and parietal cortex. 
7 79 M 21 58 cancer- prostate, lung 38800 51.26 525.35 methamphetamine Neuritic plaques and amyloid arteriolar vascular deposition with moderate 

esophagus numbers of intraneuronal fibrillary inclusions. 
8 88 F 13 70 cardiomyopathy 27981 64.85 583.47 dextroamphetamine Minimal Alzheimer's pathology, plaques and NFT's in frontal cortex . Rare diffuse

plaques in frontal cortex, with rare NFT's in small neurons.
9 91 F 16 75 heart disease 47136 40.79 602.34 modafinil Few NFT's in lateral frontal cortex with no plaques.

10 72 M 20 52 CH, lung cancer 38304 51.88 587.41 methamphetamine Early mild Alzheimer's pathology in hippocampus and frontal cortex.
11 76 F 30 46 NA 43776 45.01 627.33 NA Minimal Alzheimer's pathology.

Control Subjects
1 71 M myocardial infarction 84288 454.86
2 82 M myocardial infarction 80622 517.20
3 83 F pneumonia 78695 542.10
4 72 F myocardial infarction 79688 467.07
5 80 M sepsis, pneumonia 74760 564.37

CH- clonal hematpoiesis,  COPD - chronic obstuctive pulmonary disease,  NM - neromelanin pigmented cells, NA - not available
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Extended Data  Table 2  The  number and size of TH and Iba1 cells in human narcolepsy and control subjects
Narcolepsy with cataplexy

NT-1 Age Sex Ctaplexy Disease TH+ cell TH+  cell Iba1+ Iba1+
onset duration (years) number (1mm²) size (um²) Number  (1mm²) size (um²) 

1 79 M 18 61 92.00 499.14 56.00 28.87
2 90 M 18 72 136.00 548.04 47.00 34.63
3 90 F 18 72 158.00 547.02 32.00 30.28
4 94 F 21 73 141.00 622.54 56.00 30.63
5 61 F 19 42 163.00 452.86 55.00 33.45
6 85 F 23 45 128.00 585.94 49.00 28.10
7 79 M 21 58 138.00 559.03 77.00 42.16
8 88 F 13 70 84.00 503.61 87.00 28.16
9 91 F 16 75 122.00 609.44 53.00 33.11

10 72 M 20 52 128.00 614.44 50.00 35.90
11 76 F 30 46 102.00 604.18 42.00 32.69

Control
1 71 M 236.00 525.95 34.00 26.32
2 82 M 228.00 440.10 22.00 28.30
3 83 F 208.00 461.50 26.00 23.91
4 72 F 216.00 499.78 18.00 15.99
5 80 M 204.00 485.12 20.00 27.82

Iba1 - ionised calicium binding adaptor molecule, TH - tyrosine hydroxylase.
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Extended Data  Table 3 The number and size of TH+ cells in animal models of narcolepsy and effect of SXB on LC norepinephrine and microglia cells
Mice locus coeruleus TH C57BL/6J  mice for Sodium oxybate study
Control Sex Age TH+ cell TH+ cell size Saline Sex Age DBH+  cell DBH+ cell size Iba1+ cell Iba1+ cell size

months number  (µm²) monts Number (1 mm²)  (µm²) number (1 mm²)  (µm²)
1 M 11 916.00 176.12 1 M 3 239.00 170.75 184.00 44.26
2 M 11 851.00 155.96 2 M 3 270.00 157.41 200.00 39.56
3 F 11 868.00 138.78 3 M 3 280.00 191.01 192.00 45.65
4 F 11 906.00 226.46 4 M 3 265.00 197.74 204.00 38.14
5 F 11 933.00 203.66 5 M 3 268.00 184.94 168.00 29.90

DTA mice Dox food off for 30 days 6 M 3 226.00 182.85 204.00 33.61
restarted  and sacrificed after 14 days Sodium oxybate 

1 M 11 861.00 193.30 150mg/kg
2 M 11 893.00 209.30 1 M 3 244.00 160.06 216.00 51.16
3 F 11 882.00 153.62 2 M 3 255.00 159.85 240.00 43.68
4 F 11 869.00 179.66 3 M 3 260.00 170.51 220.00 54.54
5 F 11 813.00 189.71 4 M 3 272.00 196.14 200.00 35.42

OX-KO mice 5 M 3 259.00 149.78 208.00 35.70
1 M 6 898.00 198.46 6 M 3 251.00 143.89 192.00 40.43
2 M 6 893.00 225.91 300 mg/kg
3 M 6 952.00 184.34 1 M 3 214.00 141.75 196.00 37.52

2 M 3 221.00 169.73 248.00 38.26
Dog locus coeruleus TH 3 M 3 229.00 166.49 240.00 55.92
Control Sex Age TH+ cell TH+ cell size 4 M 3 222.00 138.92 232.00 42.83

months No/section  (µm²) 5 M 3 220.00 151.06 216.00 46.14
1 M 7 526.00 428.71 6 M 3 297.00 168.04 208.00 43.61
2 F 12 648.00 405.27 600 mg/kg
3 M 3 514.00 402.52 1 M 3 228.00 153.88 240.00 43.84
4 M 5 594.00 427.62 2 M 3 245.00 167.22 192.00 40.16
5 F 72 504.00 412.38 3 M 3 258.00 136.22 248.00 50.58

Narcoleptic dog 4 M 3 241.00 131.31 256.00 51.39
1 F 6 485.00 473.42 5 M 3 211.00 144.11 236.00 46.23
2 M 32 597.00 444.09 1200 mg/kg
3 F 5 554.00 418.91 1 M 3 177.00 128.74 244.00 56.15
4 M 33 628.00 391.64 2 M 3 118.00 134.65 252.00 58.30
5 F 15 478.00 465.30 3 M 3 215.00 141.22 288.00 66.60

4 M 3 232.00 142.38 224.00 51.09
5 M 3 296.00 148.68 256.00 55.00
6 M 3 278.00 154.96 244.00 55.68

DBH - dopamine beta hydroxylase, Iba1 -ionised calcium binding adaptor molecule, OX-KO- orexin knockout mice, TH - tyrosine hydroxylase
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