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Activated Wake Systems in
Narcolepsy Type 1
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Objective: Narcolepsy type 1 (NT1) is assumed to be caused solely by a lack of hypocretin (orexin) neurotransmission.
Recently, however, we found an 88% reduction in corticotropin-releasing hormone (CRH)-positive neurons in the para-
ventricular nucleus (PVN). We assessed the remaining CRH neurons in NT1 to determine whether they co-express vaso-
pressin (AVP) to reflect upregulation. We also systematically assessed other wake-systems, since current NT1
treatments target histamine, dopamine, and norepinephrine pathways.
Methods: In postmortem tissue of people with NT1 and matched controls, we immunohistochemically stained and quantified
neuronal populations expressing: CRH and AVP in the PVN, and CRH in the Barrington nucleus; the key neuronal histamine-
synthesizing enzyme, histidine decarboxylase (HDC) in the hypothalamic tuberomammillary nucleus (TMN); the rate-
limited-synthesizing enzyme, tyrosine hydroxylase (TH), for dopamine in the mid-brain and for norepinephrine in the locus
coeruleus (LC).
Results: In NT1, there was: a 234% increase in the percentage of CRH cells co-expressing AVP, while there was an
unchanged integrated optical density of CRH staining in the Barrington nucleus; a 36% increased number of histamine neu-
rons expressing HDC, while the number of typical human TMN neuronal profiles was unchanged; a tendency toward an
increased density of TH-positive neurons in the substantia nigra compacta; while the density of TH-positive LC neurons was
unchanged.
Interpretation: Our findings suggest an upregulation of activity by histamine neurons and remaining CRH neurons in
NT1. This may explain earlier reports of normal basal plasma cortisol levels but lower levels after dexamethasone sup-
pression. Alternatively, CRH neurons co-expressing AVP neurons are less vulnerable.
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loss of hypocretin neurons but also a 88% reduction

N arcolepsy type 1 (narcolepsy with cataplexy, NT1) is
a rare, disabling sleep disorder characterized by excessive of corticotrophin-releasing hormone (CRH) expressing

daytime sleepiness, cataplexy, sleep paralysis, and disturbed neurons in the paraventricular nucleus (PVN).® However,

nocturnal sleep.’ The disease phenotype is generally explained
by a lack of hypocretin (orexin) neurotransmission.> The
presumed cause is an auto-immune process leading to selective
destruction of the hypothalamic hypocretin/orexin neurons.””
Unexpectedly, we recently observed in postmortem

hypothalamic tissue of people with NT1 not only 97%

in vivo studies have shown normal 24-h plasma cortisol
levels in people with NT1.” In NTI, therefore, there
might be an upregulation of remaining CRH neurons.
The action of CRH on cortisol release is mediated by
adrenocorticotropic hormone (ACTH) and strongly
potentiated by vasopressin (AVP). CRH is co-expressed in
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increasing quantities when PVN neurons are chronically
activated in ageing,'® depression,'"'* Alzheimer’s disease,'”
and multiple sclerosis.'*'> In NT1, another activated system
is the histamine system, marked by the increased number of
cells expressing the key synthesizing enzyme histidine decar-
boxylase (HDC).'®" The activity status of other arousal sys-
tems has not been studied, but they may also play a role in
NT1 symptomatology.

In the current study, we hypothesized that there is
increased activity of the remaining CRH neurons in the
PVN in NT1, reflected in increased co-expression of CRH
and AVP. For comparison, we also quantified CRH in the
Barrington nucleus that is involved in the supraspinal regula-
tion of micturition'® and situated adjacent to the locus
coeruleus (LC). In addition, since current N'T1 treatments
target the histamine,'”” dopamine and norepinephrine
systems,” we systematically assessed whether other wake-
related cell types are affected in N'T1; these include the hista-
minergic neurons in the tuberomammillary nucleus (TMN),
the dopaminergic neurons in the midbrain and the
norepinephrinergic neurons in the LC.

Materials and Methods

The Netherlands Brain Bank (NBB) collected postmortem
human brain tissue from clinically diagnosed and neu-
ropathologically confirmed donors in compliance with
European ethical and legal guidelines.”"** Informed consent
for brain autopsy and using brain tissue and clinical informa-
tion for scientific research was given by either the donor or
the next of kin. The independent Review Board (IRB) of the
Vrije University Medical Center approved the procedures of
the NBB concerning “Donation of brain material for scien-
tific research” under reference number 2009/148. The IRB
of the Vrije University Medical Center in Amsterdam is reg-
istered with the US office of Human Research Protections as
IRB number 00002991 under Federal wide Assurance
number 00003703.

Five hypothalami from people with NT1, of whom
one was chronically treated with opiates, and five non-
neurological controls for hypothalami matched for sex,
age, postmortem delay, brain weight, and circadian clock
time of death. The mesencephalon of the four NT1 cases
and one NT1 with opiates, were matched for the same
parameters with six mesencephalon controls. Since not all
the mesencephalon controls had both the substantia nigra
(SN) and LC available, we therefore had to match six mes-
encephalon controls containing either SN or LC to the
five NT1 cases. The data of the NT1 with opiates were
processed separately. Those with NT1 were diagnosed and
treated by experienced neurologists/somnologists (G.].L.
and R.F.). All had a history of severe daytime sleepiness

for several decades, and all four with typical NT1 had a
history of cataplexy for 9—66 years. Their strongly dimin-
ished hypocretin and CRH cell counts have been reported
previously.® The NT1 case with chronic use of opiates
(NBB 2010-064) is part of another publication®® in which
we show that after chronic use of opiates cataplexy dis-
appeared, and that in a rodent model the number of
hypocretin immunoreactive neurons increases after opiate
administration. This individual with chronic opiate use is
thus descriptively listed and not included in the statistical
comparisons.

The patient and control groups were matched for
potential confounding factors, including sex, age, post-
mortem delay, cerebral spinal fluid (CSF)-pH, Braak stage
for tangles (Alzheimer’s, AD stage), amyloid stage, Braak
Lewy body stage (Parkinson’s, PD stage) and the clock
time of death, the month of the death, as well as fixation
time (see Table ). A systematic and neuropathological
investigation of the entire brain of both, the NT cases and
controls, has been performed and is crucial.’* Elderly
“NT1” and “Controls” can also be in the preclinical
stages of AD and PD diseases. Since this can affect func-
tional activity of the systems under study, matching for
AD and PD stages is crucial.

Immunohistochemistry on Human Tissue
All formalin-fixed paraffin-embedded tissue blocks were coronally
serially sectioned at 6 pm thick sections. Every 100th
section was used for thionin staining to determine the anatomical
orientation. The TMN, ventral tegmental area (VTA), the SN
pars compacta (SNC), and pars reticulata (SNR), and LC were
delineated as described previously.”>” The CRH positive neu-
rons forming the Barrington nucleus were intermingled on its
lateral side with the LC pigmented neurons,'® which is different
from the information in the atlases showing that this nucleus is
localized separately from the LC on its ventral side.”®

In short, after deparaffinization in xylene and rehydration
through a graded ethanol series, sections were rinsed in distilled
water. Details regarding antigen retrieval procedures employed,
as well as specific primary and secondary antibodies used in the
current study, are summarized in Table S1. This table shows
the specificity and characterization of antibodies with references

(PMID, PubMed unique identifier).

Quantification Strategies

To minimize bias, the rater was blinded to the type of patient
(control versus NT1). Following HDC staining, we systemati-
cally quantified the cell numbers of histamine-producing neurons
with a visible nucleolus.”” In the same way, the midbrain dopa-
mine and LC norepinephrinergic neurons density were shown by
immunohistochemistry for tyrosine hydroxylase (TH), the rate-
limiting enzyme in synthesizing dopamine and norepinephrine.
The pigmented LC-positive neurons (brown) partly intermingled
with DAB-nickel-positive CRH-positive cells and fibers (black).
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TABLE. Clinical-Pathological Information

LC

B- B-
NBB Age Sex PMD pH BW AD A PD Cause of Death Relevant Medication
Narcolepsy type 1
2008-023 66 F 420 6.6 1,175 1 A 0 Heart failure Amphetamine; modafinil; sodium
oxybate
2018-018 82 F 330 6.5 1,165 2 O 0 Pneumonia Modafinil
2018-091 71 F 395 6.3 1,215 4 A 0 Heart failure, renal insufficiency Sodium oxybate; modafinil
2021-046 83 M 442 6.9 1,355 NA NA NA  Severe heart failure, died within Sodium oxybate, paroxetine
24 h after fall with hip fracture
Narcolepsy type 1 with chronic opiates
2010-064 85 F 220 6.8 1,206 1 o 0 Chronic pain syndrome with Morphine (9 yr); modafinil;
palliative sedation Midazolam (last 24 h)
Control
2012-052 64 F 340 6.4 1,221 0 O 0 Legal euthanasia Oxycodone, morphine, fentanyl,
Hyp prednisolone, promethazine, codeine,
oxazepam
2000-022 83 F 470 6.5 1,072 2 O 0 Heart failure, Cachexia -
Hyp LC
2012-005 84 F 336 6.7 1,027 2 A 0 Heart failure Gabapentin, oxycodone, haloperidol
Hyp
2009-001 88 M 283 6.2 1,418 2 A 0 Gastro-intestinal bleeding -
Hyp
1998-104 74 F 445 7.0 1,167 2 (¢] 0 Cachexia in endstage pancreas Promethazine
Hyp carcinoma
1998-036 69 F 375 6.6 1,229 1 NA 0 Cardiogenic shock Levothyroxine, lorazepam
SN
2017-131 71 F 375 NA 1,175 2 NA NA Heart failure Duloxetine, fentanyl, codeine,
SN pregabaline, quetiapine, temazepam,
zopiclone
2012-094 82 F 315 6.3 1,221 2 B NA Thoracic aortic dissection Levothyroxine, temazepam
SN
2018-105 86 M 405 6.39 1,340 3 O 0 Intra-abdominal leakage of fluid -
SN causing abdominal infection
2011-021 85 F 425 NA 1,007 1 B 0 Terminal renal insufficiency Clonazepam, diazepam, amitriptyline,
SN LC morphine, zopiclone, tramadol,
pramipexol, fentanyl, midazolam
2016-080 83 M 305 7.12 1,108 2 C 2 Legal euthanasia -
SN
2001-094 82 F 315 6.3 1,221 2 B NA Thoracic aortic dissection Finasteride
LC
2001-139 73 F 815 6.30 1,231 2 C 0 Respiratory insufficiency Oxazepam, paroxetine, prednisolone,
1C haloperidol, ketanserine
2011-072 76 F 435 6.87 1,072 2 O 0 Hepatic failure and colon Prednisolone, codeine, fentanyl,
LC carcinoma temazepam
2017-093 82 M 345 7.28 1,195 2 A 0 Legal Euthanasia Codeine, prednisolone

Abbreviations: ~ = around that time; A = amyloid; BW = brain weight gram; B-AD = Braak Alzheimer’s disease tangle stages (PMID, 8307060);
B-PD = Braak Parkinson’s disease Lewy body’s stages (PMID, 12498954); F = female; Hyp = control for hypothalamus; LC = control for locus
coeruleus; M = male; NA = not available; NBB = Netherlands Brain Bank identification number; PMD = postmortem delay in minutes;
SN = control for substantia nigra.
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There was an exceptional high amount of CRH fibers present in
the LC area. Counting cells with a nucleolus does not give infor-
mation on CRH fibers. The integrated optical density (IOD) of
CRH-positive cells in the Barrington nucleus and the CRH
fibers in the LC were determined.

Stereological Analysis

Light microscopy neuronal counting was performed using a Zeiss
Axioskop Plan-NEOFLUAR Zeiss objectives (Carl Zeiss GmbH,
Jena, Germany) with a motorized scanning stage (Mirzhiuser,
Wetzlar, Germany), that was connected to a color camera
(Micropublisher RTV, Qlmaging, Surrey, British Columbia,
Canada). The software used for quantification was Image Pro
Plus 6.3 (Media Cybernetics, Bethesda, USA). Sections were
sampled at 600 pm intervals for immunohistochemistry to deter-
mine the borders precisely. A low-magnification image
(2.5 x objective) covering the areas of interest was obtained from
each section. The areas of interest were outlined manually using
the overview images. The Image Pro software subsequently gen-
erated a grid of rectangular fields covering the outlines, which
were subsequently analyzed at a higher magnification
(40 x objective) by random systematic sampling of 20% of the
fields. The coefficient of variation (SD/mean x 100%) of this
method was 7.8% (calculated by counting three counts per con-
trol, for two controls).

Neuronal cell numbers were determined by counting only
neurons with a visible nucleolus, serving as a unique marker for
each neuron and preventing double counting.>® To prevent bias,
the rater was blinded to the type of sample (control versus narco-
lepsy). The total number of monoaminergic neurons on one side
of the hypothalamus or midbrain was determined using the Cav-
alieri principle as previously described.”” Human histamine neu-
rons are characterized by their typical lipofuscin load, with
intense thionin staining of the endoplasmic reticulum localized
in the periphery of the cytoplasm interspersed with typical irreg-
ularities in the cell membrane.>" Ericson et al.’s morphological
analysis of the magnocellular neurons in TMN in the rat brain
showed that they were HDC immunoreactive positive.”” In line
with this observation, Panula et al. confirmed that the histamine-
immunoreactivity cell bodies corresponded to “typical” TMN
neuronal profiles.>> We counted the total number of HDC
staining and thionin TMN neuronal profiles with a nucleolus in
both control and NT1 samples. Completeness of the cell cou-
nting was confirmed by graphically presenting the actual number
of neurons counted in every section from rostral to caudal in
order to review the typical rostro-caudal distribution pattern
(Fig. S1). A part of the midbrain and LC was used for neuro-
pathological staging of Parkinson’s disease. Therefore, it was not
complete and the density of the TH positive neurons with a
nucleolus in the central part of the VTA, SNC, SNR, and LC
densities (cells/mm?®) were determined in 610 sections.

A stack of multiple images on the fluorescence channels of
Alexa 488 and Cy5 were collected using a 20x objective by a tis-
sue scanner Axio Scan 2.0 (Carl Zeiss GmbH, Jena, Germany).
The profile of CRH-expressing neurons in the PVN expressing
either green fluorescence CRH (Alexa 488) or red fluorescence

AVP (Cy5) were counted under Qupath version 0.3.2. software

. 4
asslstancc.3

IOD Measurements

The images were obtained by scanning the sections in the tissue
scanner Axio Scan 2.0 (Zeiss) with the same light condition. A
stack of multiple images on 20x objective on the brightfield cam-
era setting were collected. The image analysis was performed
with Qupath version 0.3.2. On each image an outline was placed
manually, surrounding separately the pigmented cells of the LC
and CRH cells of the Barrington nucleus from rostral to caudal.
A script was programmed in Qupath version 0.3.2. that can sep-
arate the pixel classifiers made for the pigmented cells, CRH cell
bodies, and the CRH fibers. The immunoreactivity area and the
optical density (OD) of these signals have been described into
detail in our previous work.>>>” In short, the background was
defined in the adjacent area with absence of positive staining on
the same section. OD values two times above background were
considered as positive signals. The integrate optical density
(IOD) was calculated by multiplying the percentage of the posi-
tive stained area by the OD of immunoreactivity signal in each
section, where this IOD measurement is positively correlated

with protein levels.>>%”

Statistical Analyses

Data were not normally distributed as tested by the
Komogorow—Smirnov and Shapiro-Wilk tests. NT1 and con-
trols were, therefore, compared using the exact Wilcoxon—
Mann-Whitney U test (P). Spearman’s correlation coefficient
tested correlations. The false discovery rate was corrected by
Benjamini-Hochberg corrections (g). Intergroup differences in
clock time and month of death were evaluated using the
Mardia—Watson—Wheeler test. All P values are two-sided. All
g values have <0.05 (*), < 0.01 (**) as the significance thresh-
olds. Percentage changes were calculated using the median
values. Data of the groups are expressed as mean + standard
error of the mean (SEM). Statistical analyses were carried out
using SPSS Statistics version 25.0 (SPSS Inc, Chicago, IL). The
figures were made by GraphPad Prism version 8.2 (GraphPad
Software, San Diego, CA, USA).

Results

Increased co-Expression of CRH and AVP in

the PVN

The number of CRH neurons co-expressing AVP in the
PVN was not different between NT'1 and control samples
(P =0.806, ¢ = 1.000, Fig. 1H). In NT1, however, the
percentage of CRH neurons co-expressing AVP in
the PVN was significantly (234%) higher than in matched
controls (P = 0.014%, g = 0.024*, Fig. 1D). The individ-
ual with NT1 and chronic use of opiates (NBB2010-064)
also exhibited a higher percentage of CRH neurons co-
expressing AVP in the PVN than controls.
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No Difference of CRH Neurons and Fibers in
Barrington Nucleus

The IOD of CRH-positive neurons and fibers in that part
of Barrington’s nucleus that overlapped with the
pigmented neurons of the LC was not different from con-
trols (neurons [P = 0.476, ¢ = 0.476]; fibers [P = 0.257,
g = 0.476)).

Increased Number of Histaminergic Neurons in
the TMN

In NT1, there were significantly (36%) more HDC-
positive neurons found in the TMN than in the matched
controls (P = 0.016%, g = 0.024%, Fig. 2C). In contrast,
the number of typical TMN neuronal profiles with
thionin staining was similar to that of controls
(P =1.000, ¢ =1.000, Fig. 2F). The individual with
NT1 and chronic use of opiates (NBB2010-064) had a
lower number of HDC positive neurons and a lower
number of typical histamine neuronal profiles than the
other NT1 cases and the controls.

The Dopaminergic Neurons in the
Mesencephalon

The density of TH-positive neurons tended to be higher
in the SNC (P = 0.019%, ¢ = 0.076, Fig. 3B) in NT1
than in controls, while it was not different from controls
in both the VITA and SNR (P=0.114, ¢g=0.228,
Fig. 3A and P = 0.257, 4 = 0.257, Fig 3C). In the indi-
vidual with NT1 and chronic use of opiates
(NBB2010-064), there was no different density of TH-
positive neurons compared to the controls or NT1 in the
three assessed areas.

The Norepinephrinergic Neurons in the LC

The density of TH positive neurons was the same
(P =0.257, ¢ =0.257, Fig. 4) in the LC of NT1 as in
controls. The individual with NT1 and chronic use of
opiates showed a similar TH positive neuron density as
controls and NT1 in this area.

Discussion

We found an increased percentage of paraventricular
CRH neurons co-expressing AVP in NT1. This supports
the hypothesis that there is increased activity of the
remaining CRH neurons in this disorder. In addition, we
confirmed that the number of histamine neurons
expressing HDC in the posterior hypothalamus is signifi-
cantly increased in NT1 (36% here, compared to 64%-—
94% in other studies'®'”). In contrast, the total number
of typical Nissl stained TMN neurons was not changed in
NT1. This implies an upregulation of HDC by existing,
but not active, histamine neurons in NT1. We also

Shan et al: Activated wake-systems in narcolepsy type 1

demonstrated that the density of dopamine neurons, mar-
ked by TH, in the midbrain tended to be increased in the
SNC but was stable in both the VTA and SNR. Also,
the density of TH-positive LC neurons and CRH immu-
noreactivity in the Barrington nucleus was stable in NTT.

Remaining CRH Neurons in NT1

The percentage of CRH neurons co-expressing AVP was
shown to be a reliable measure of activation of these neu-
rons in both humans®® and rodents.>** Paraventricular
CRH neurons co-expressing AVP were found to be
increased in animals with a hyperactive hypothalamic—
pituitary—adrenal (HPA) axis.” 92 In humans, the num-
ber of CRH neurons co-expressing AVP increases with
ageing,10 in Alzheimer’s disease,'® in depression12 and in
multiple sclerosis,'**> accompanied by higher serum or
CSEF cortisol levels.">?® In NT1 a marked 88% reduction
of CRH-expressing neurons in the PVN was observed.®
Paraventricular CRH-positive neurons were found to be
the major population directly innervating hypocretin
(orexin) neurons with monosynaptic contacts. ™ The ques-
tions as to whether the hypocretin or CRH neurons were
first to disappear in the NT1 process and whether one of
the cell types influenced the other in the process of degen-
eration cannot be answered at present. Our findings of
many more paraventricular CRH neurons co-expressing
AVP in NT1, support the hypothesis that the remaining
CRH neurons are hyperactive in NT1; this may at least
partly explain the normal 77 vive basal plasma cortisol level
described in these individuals.” These activated CRH neu-
rons may also affect central processes, such as the sleep—
wake cycle.*** It should be noted that the fact that, in
NT1 a strongly decreased number of CRH immunoreac-
tive cells is present, does not prove that the cells have dis-
appeared. The may contain CRH under the detection
level, either due to decreased production or enhanced
transport and release. The absolute number of CRH neu-
rons co-expressing AVP in NT1 was similar to controls.
An alternative explanation may be that these neurons
selectively persevered in NT1 because of their hyperactiv-
ity, as was also proposed for other active neurons in a neu-
rodegenerative disorder such as Alzheimer’s disease.*® The
alternative possible explanations warrant future studies.

Other Wake-Systems in NT1
In line with earlier reports,'®'” we found that the number
of TMN neurons expressing HDC in the posterior hypo-
thalamus was significantly increased in NT1. Interestingly,
the total number of typical Nissl stained TMN neurons
was not different in NT1 and controls. Almost all NT1
cases showed a significantly higher proportion of HDC

cell counts than the number of typical Nissl stained TMN
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FIGURE 1: Increase in proportion of corticotropin-releasing hormone (CRH) positive neurons co-express vasopressin (AVP) in the
paraventricular nucleus (PVN). In controls, (A-C) few (24.5%) CRH positive neurons (green) co-localized (indicated by white
arrows) with AVP (red) and stain yellow. In the PVN of people with NT1 (E-G), the few remaining CRH positive neurons (green)
largely (57.5%) co-localize (indicated by white arrows) with AVP (red). The percentage of CRH neurons co-expressing AVP
(D) was significantly increased in NT1 compared to controls. The individual with NT1 and chronic opiate use (NT1 + opiates)
showed a similar percentage of CRH neurons that co-expressed AVP as the others with NT1. Scale bar in C represents 20 um for
A-C and E-G. In the (D) (H), the error bars show the mean + SEM, Mann-Whitney U test followed by Benjamini-Hochberg
correction q. * 0.01 < g < 0.05. (Color figure can be viewed at www.annalsofneurology.org).

neurons, whereas this was the case in only two out of five neuronal profiles in all NT1 and control cases (Fig. S1).
controls (Fig. S1). The distribution of HDC-positive neu- This means that in NT1 HDC is also stained in TMN
rons overlapped with that of the Nissl stained TMN neurons that do not have the typical microscopic
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FIGURE 2: Increase in the number of histidine decarboxylase (HDC) positive neurons but not in the number of tuberomammillary
nucleus (TMN) neurons in Narcolepsy type 1 (NT1). (A-C) The total number of HDC positive neurons is 36% higher in NT1 than in
controls. (D-F) The total number of typical TMN neuronal profiles in Nissl staining is similar in NT1 and controls. Representative
photomicrographs are from controls (A, D) and NT1 (B, E). The quantitative data are presented in C and F. The scale bar
represents 10 pm. The error bars show the mean + SEM. The P value was tested by the Mann-Whitney U test between NT1 and
controls, which was corrected by the Benjamini-Hochberg test q. * 0.01 < g < 0.05. The individual with NT1 and chronic opiate
use (NT1 + opiates) is shown separately. (Color figure can be viewed at www.annalsofneurology.org)
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FIGURE 3: Unaltered density of tyrosine hydroxylase (TH) positive neurons in the mesencephalon. Representative
photomicrographs from TH positive neurons in a control and higher magnifications of (A) the ventral tegmental area (VTA),
(B) the substantia nigra pars compacta (SNC), or (C) the substantia nigra pars reticulata (SNR). The quantitative data (A-C). Scale
bar represents 1,000 um for B and 10 pm for inserts in C. The error bars show the mean + SEM. The Mann-Whitney U test was
corrected by the Benjamini-Hochberg test q. g > 0.076. The individual with Narcolepsy type 1 (NT1) and chronic opiate use (NT1
+ opiates) is shown separately. (Color figure can be viewed at www.annalsofneurology.org)

appearance of TMN neurons and have in controls a lower
than the immunohistochemical detection level of HDC.
Diurnal fluctuations of HDC-mRNA and protein have
been reported in humans and rodents.””*® In controls,
HDC-mRNA expression was significantly (37%) higher
in those with a clock time of death during daytime than
in those who died during the night.47 However, it should
be noted that the patients and controls in our study were
matched for the time of death. In nocturnal mice, the
number of neurons containing HDC was 34% greater in
the active phase than in the rest phase.*” These changes
are all in the same order of magnitude as the 36% increase
we found in the number of HDC neurons in people with
NT1. The observations above support the hypothesis that
there is an upregulation of HDC by existing histamine
cells in NT1, rather than generation of new histaminergic
neurons. We observed the density of TH positive neurons
in the SNC tends to be increased, but not in the VTA

and SNR. Together with the significant higher number of
HDC positive neurons this may perhaps be seen as a com-
pensatory mechanism after loss of hypocretin signaling,
which may—at least partly—contribute to the frequent

arousals from sleep seen in NT1.%°

Limitations

One limitation of the present study is the low number of
cases. As NT1 is a rare disorder, there are few postmortem
brains from people with narcolepsy in brain banks world-
wide. Yet, even with five NT1 and five control cases, we
confirm the greatly reduced number of hypocretin cells
and increased histaminergic neurons as reported in other
studies.”*®'®'” An alternative explanation for the per-
centage of CRH neurons co-expressing AVP in NT1
could be narcolepsy medication, such as modafinil or
sodium oxybate. We are unaware of any evidence that
anti-narcoleptic drugs could stimulate CRH neurons.
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FIGURE 4: Unaltered tyrosine hydroxylase (TH) neuronal density in the locus coeruleus (LC). Representative photomicrographs
from (A) a control and (B) an individual with Narcolepsy type 1 (NT1), including a higher magnification of TH positive neurons.
Scale bar represents 100 um for A and 10 pm for insert. (C) The TH positive neurons in quantitative data are presented. The
error bars show the mean + SEM. The difference was tested with Mann-Whitney U (P > 0.257). The individual with NT1 and
chronic opiate use (NT1 + opiates) is shown separately. (Color figure can be viewed at www.annalsofneurology.org)

The individual with NT1 and chronic use of opiates
(NBB2010-064), who had stopped modafinil 2 years
before death and never used sodium oxybate, still showed
a significantly higher percentage of CRH neurons co-
expressing AVP, falling well within the range of those with
NT1. This suggests that it is not likely that ant-
narcoleptic treatment has influenced the percentage of
CRH-positive neurons co-expressing AVP. One of the
assessed controls had used corticosteroids months before
death (N2012-052). This did not significantly impact the
percentage of CRH neurons co-expressing AVP. Last, in
the individual with NT1 who had chronically used opi-
ates, it appears to have led to an increase in the number of
hypocretin immunoreactive neurons.”> The use of opiates
may also have had unknown effects on other neuronal
populations, such as a lower number of HDC-positive
neurons and typical histamine neuronal profiles than the
other NTT1 cases and controls.

In conclusion, our evidence points toward the
increased activity of remaining CRH neurons in NT1.
This may explain—at least partly—earlier clinical findings
in NT1, such as normal 24-h secretion levels of plasma
cortisol,’ and lower levels after dexamethasone
suppression,51 suggesting a partial compensation of HPA-
axis activity. An alternative or additional, explanation for
our findings is that CRH neurons co-expressing AVP are
less vulnerable and selectively remain in NT1. Further-
more, there is an upregulation of HDC immunoreactivity
by existing histamine cells. The number of dopamine neu-
rons in the SNC tends to be increased. Alterations in not
only the hypocretin system, but also in dopamine, hista-
mine, and CRH systems may all contribute to the symp-
tomatology of NT1. Currently, NT1 treatments target
either the hypocretin,”* the histamine,'” or the dopamine

and norepinephrine systems.”” Our findings support the
notion that additionally targeting the CRH and HPA-axis
may also help to improve the symptoms of NT1.

Acknowledgment

L.S. has received funding from the European Union’s
Horizon 2020 research and innovation programme under
the Marie  Sklodowska-Curie  grant  (Agreement
No. 707404) and has been awarded the Young Scientist
Award 2020 by the European Narcolepsy Network
(supported by the Klaus-Grawe Foundation). DES
supported DFS and L.S. via the Friends of the
Netherlands Institute for Neuroscience Foundation. This
work was partially supported by research grants from the
Jazz Pharma and the Bioprojet-Biotech, Saint Gregoire,
France. The funding agencies had no role in the study’s
design, nor in the data collection, analysis or interpreta-
tion. The authors are grateful to Prof. Inge Huitinga,
director of the Netherlands Brain Bank (NBB) of the
Netherlands Institute for Neuroscience for providing valu-
able suggestions. The authors are greatly indebted to the
NBB and the following persons for their invaluable sup-
port: J. Coppens, J. v. Heerikhuize, M. Kooreman,
M. Groot.

Author Contributions

L.S., RF., GJ.L, and D.E.S. conceptualized and designed
the study. L.S., D.F.S,, S.L., Z.H., Fd.D., N.B, and J.A,,
acquisition the analysis of data. L.S., R.F., GJ.L., and
D.F.S. contributed to drafting the text or preparing the
figures.

Volume 00, No. 0

85U8D17 SUOWIWIOD 3RS0 3(eoljdde ayy Aq pausenob ae S0 1e YO ‘88N JO S3|Ni Joj ARIg1T 8UIIUO A8|IA UO (SUO B IPUOD-pUe-SWISH L0 A8 | I AReJq 1 [eu [UO//SaNY) SUORIPUOD pUe SWB L 38U} 885 *[£202/20/6T] U0 AreiqiauluO 8|1 ‘100 A INNYISU| SPUR|IPSN AQ 9€292 BUe/Z00T OT/I0p/W00" A3 | 1M AReaq 1 jeuljuo//Sdiy Wouy papeojumoq ‘0 ‘628TEST


http://www.annalsofneurology.org

Potential Conflicts of Interest

L.S., R.F., and G.J.L. have received research support from
Jazz Pharma (Solriamfetol is a Jazz Pharma medication
used to treat excessive sleepiness) and Bioprojet
(Pitolisant, manufactured by Bioprojet, is used in the
treatment of narcolepsy). R.F., LS., and G.J.L. have
received consultancy fees from Takeda. R.F. and
G.]J.L. have received consultancy fees from Bioprojet and
Jazz Pharmaceuticals. G.J.L. have received consultancy
fees from UCB. R.F. have received consultancy fees from
Lundbeck, Lilly, Novartis and TEVA. The other authors

have no conflict to disclose.

References

1. Bassetti CLA, Adamantidis A, Burdakov D, et al. Narcolepsy—clinical
spectrum, aetiopathophysiology, diagnosis and treatment. Nat Rev
Neurol 2019;15:519-539.

2. Peyron C, Faraco J, Rogers W, et al. A mutation in a case of early
onset narcolepsy and a generalized absence of hypocretin peptides
in human narcoleptic brains. Nat Med 2000;6:991-997.

3. Thannickal TC, Moore RY, Nienhuis R, et al. Reduced number of
hypocretin neurons in human narcolepsy. Neuron 2000;27:469-474.

4. Mignot E, Lammers GJ, Ripley B, et al. The role of cerebrospinal
fluid hypocretin measurement in the diagnosis of narcolepsy and
other hypersomnias. Arch Neurol 2002;59:1553-1562.

5. Crocker A, Espana RA, Papadopoulou M, et al. Concomitant loss of
dynorphin, NARP, and orexin in narcolepsy. Neurology 2005;65:
1184-1188.

6. Blouin AM, Thannickal TC, Worley PF, et al. Narp immunostaining of
human hypocretin (orexin) neurons: loss in narcolepsy. Neurology
2005;65:1189-1192.

7. Honda M, Arai T, Fukazawa M, et al. Absence of ubiquitinated inclu-
sions in hypocretin neurons of patients with narcolepsy. Neurology
2009;73:511-517.

8. Shan L, Balesar R, Swaab DF, et al. Reduced numbers of
corticotropin-releasing hormone neurons in narcolepsy type 1. Ann.
Neurol. 2022;91:282-288. [cited 2022 Feb 15].

9. Kok SW, Roelfsema F, Overeem S, et al. Dynamics of the pituitary-
adrenal ensemble in hypocretin-deficient narcoleptic humans:
blunted basal adrenocorticotropin release and evidence for normal
time-keeping by the master pacemaker. J Clin Endocrinol Metab
2002;87:5085-5091.

10. Raadsheer FC, Tilders FJH, Swaab DF. Similar age related increase
of vasopressin colocalization in paraventricular corticotropin-
releasing hormone neurons in controls and Alzheimer patients.
J. Neuroendocrinol. 1994;6:131-133. [cited 2022 Jun 2].

11. Wang SS, Kamphuis W, Huitinga |, et al. Gene expression analysis in
the human hypothalamus in depression by laser microdissection and
real-time PCR: the presence of multiple receptor imbalances. Mol
Psychiatry 2008;13:741-799.

12. Raadsheer FC, Hoogendijk WJG, Stam FC, et al. Increased numbers
of corticotropin-releasing hormone expressing neurons in the hypo-
thalamic paraventricular nucleus of depressed patients. Neuroendo-
crinology 1994;60:436-444. [cited 2022 Jun 2].

13. Raadsheer FC, van Heerikhuize JJ, Lucassen PJ, et al. Corticotropin-
releasing hormone mRNA levels in the paraventricular nucleus of
patients with Alzheimer's disease and depression. Am J Psychiatry
1995;152:1372-1376.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Shan et al: Activated wake-systems in narcolepsy type 1

. Huitinga |, Erkut ZA, Van Beurden D, Swaab DF. Impaired

hypothalamus-pituitary-adrenal axis activity and more severe multi-
ple sclerosis with hypothalamic lesions. Ann. Neurol. 2004;55:37-45.
[cited 2020 Oct 8].

. Melief J, De Wit SJ, Van Eden CG, et al. HPA axis activity in multiple

sclerosis correlates with disease severity, lesion type and gene
expression in normal-appearing white matter. Acta Neuropathol.
2013;126:237-249. [cited 2020 Oct 30].

. John J, Thannickal TC, McGregor R, et al. Greatly increased numbers

of histamine cells in human narcolepsy with cataplexy. Ann Neurol
2013;74:786-793.

. Valko PO, Gavrilov YV, Yamamoto M, et al. Increase of histaminergic

tuberomammillary neurons in narcolepsy. Ann Neurol 2013;74:
794-804.

. Blanco L, Yuste JE, Carrillo-de Sauvage MA, et al. Critical evaluation

of the anatomical location of the Barrington nucleus: relevance for
deep brain stimulation surgery of pedunculopontine tegmental
nucleus. Neuroscience 2013;247:351-363. [cited 2022 Apr 20].

. Dauvilliers Y, Bassetti C, Lammers GJ, et al. Pitolisant versus placebo

or modafinil in patients with narcolepsy: a double-blind, randomised
trial. Lancet Neurol 2013;12:1068-1075.

Baladi MG, Forster MJ, Gatch MB, et al. Characterization of the neu-
rochemical and behavioral effects of Solriamfetol (JZP-110), a selec-
tive dopamine and norepinephrine reuptake inhibitor. J. Pharmacol.
Exp. Ther. J Pharmacol Exp Ther 2018;366:367-376. [cited 2020
Mar 30].

Klioueva NM, Rademaker MC, Dexter DT, et al. BrainNet Europe's
code of conduct for brain banking. J Neural Transm 2015;122:
937-940.

Klioueva NM, Rademaker MC, Huitinga |. Design of a European
code of conduct for brain banking. In: Huitinga I, Webster MJBT-H
of CN, eds. Brain Banking. Amsterdam: Elsevier, 2018:51-81.

Thannickal TC, John J, Shan L, et al. Opiates increase the number of
hypocretin-producing cells in human and mouse brain and reverse
cataplexy in a mouse model of narcolepsy. Sci Transl Med 2018;10:
€aa04953.

Swaab DF, Bao AM. Matching of the postmortem hypothalamus
from patients and controls. Handb. Clin. Neurol. 2021;179:141-156.
[cited 2021 Sep 16].

Bossers K, Meerhoff G, Balesar R, et al. Analysis of gene expression
in Parkinson’s disease: possible involvement of neurotrophic support
and axon guidance in dopaminergic cell death. Brain Pathol 2009;
19:91-107.

Guo L, Stormmesand J, Fang Z, et al. Quantification of tyrosine
hydroxylase and ErbB4 in the locus coeruleus of mood disorder
patients using a multispectral method to prevent interference with
immunocytochemical signals by neuromelanin. Neurosci. Bull. 2019;
35:205-215. [cited 2020 Dec 3].

Shan L, Liu CQ, Balesar R, et al. Neuronal histamine production
remains unaltered in Parkinson’s disease despite the accumulation of
Lewy bodies and Lewy neurites in the tuberomamillary nucleus. Neu-
robiol Aging 2012;33:1343-1344.

Paxinos G, Huang XF. Atlas of the human brainstem. San Diego:
Academic Press, 1995.

Shan L, Bossers K, Unmehopa U, et al. Alterations in the histaminer-
gic system in Alzheimer's disease: a postmortem study. Neurobiol
Aging 2012;33:2585-2598.

Fronczek R, Overeem S, Lee SY, et al. Hypocretin (orexin) loss in
Parkinson’s disease. Brain 2007;130:1577-1585.

Shan L, Bao AM, Swaab DF. The human histaminergic system in neu-
ropsychiatric disorders. Trends Neurosci 2015;38:167-177.

Ericson H, Watanabe T, Kohler C. Morphological analysis of the
tuberomammillary nucleus in the rat brain: delineation of subgroups

85U8D17 SUOWIWIOD 3RS0 3(eoljdde ayy Aq pausenob ae S0 1e YO ‘88N JO S3|Ni Joj ARIg1T 8UIIUO A8|IA UO (SUO B IPUOD-pUe-SWISH L0 A8 | I AReJq 1 [eu [UO//SaNY) SUORIPUOD pUe SWB L 38U} 885 *[£202/20/6T] U0 AreiqiauluO 8|1 ‘100 A INNYISU| SPUR|IPSN AQ 9€292 BUe/Z00T OT/I0p/W00" A3 | 1M AReaq 1 jeuljuo//Sdiy Wouy papeojumoq ‘0 ‘628TEST



ANNALS of Neurology

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

10

with antibody against L-histidine decarboxylase as a marker5.
J Comp Neurol 1987;263:1-24.

Panula P, Airaksinen MS, Pirvola U, Kotilainen E. A histamine-
containing neuronal system in human brain. Neuroscience 1990;34:
127-132.

Humphries MP, Maxwell P, Salto-Tellez M. QuPath: the global
impact of an open source digital pathology system. Comput Struct
Biotechnol J 2021;19:852-859. [cited 2022 Jun 6 ].

Gao SF, Qi XR, Zhao J, et al. Decreased NOS1 expression in the
anterior cingulate cortex in depression. Cereb. Cortex 2013;23:
2956-2964. [cited 2020 Jan 30].

Lu J, Zhao J, Balesar R, et al. Sexually dimorphic changes of
hypocretin (orexin) in depression. EBioMedicine 2017;18:311-319.

Shan L, Guo H-Y, van den Heuvel CNAM, et al. Impaired fear extinc-
tion in serotonin transporter knockout rats is associated with
increased 5-hydroxymethylcytosine in the amygdala. CNS Neurosci
Ther 2018;24:810-819.

Swaab DF, Bao AM, Lucassen PJ. The stress system in the human
brain in depression and neurodegeneration. Ageing Res Rev 2005;4:
141-194.

Ma XM, Levy A, Lightman SL. Emergence of an isolated arginine
vasopressin (AVP) response to stress after repeated restraint: a study
of both AVP and corticotropin-releasing hormone messenger
ribonucleic acid (RNA) and heteronuclear RNA. Endocrinology 1997;
138:4351-4357. [cited 2022 Jul 19].

Takahashi K, Shima T, Soya M, et al. Exercise-induced adrenocortico-
tropic hormone response is cooperatively regulated by hypothalamic
arginine vasopressin and corticotrophin-releasing hormone. Neuro-
endocrinology 2021;9:894-903. cited 2022 Jul 19.

de Goeij DCE, Kvetnansky R, Whitnall MH, et al. Repeated stress-
induced activation of corticotropin-releasing factor neurons
enhances vasopressin stores and colocalization with corticotropin-
releasing factor in the median eminence of rats. Neuroendocrinology
1991;53:150-159. cited 2022 Jun 2.

de Goeij DCE, Jezova D, Tilders FJH. Repeated stress enhances
vasopressin synthesis in corticotropin releasing factor neurons in the

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

paraventricular nucleus. Brain Res 1992;577:165-168. cited 2022
Jun 2.

Erkut ZA, Hofman MA, Ravid R, Swaab DF. Increased activity of
hypothalamic corticotropin-releasing hormone neurons in multiple
sclerosis. J Neuroimmunol 1995;62:27-33.

Bin LS, Borniger JC, Yamaguchi H, et al. Hypothalamic circuitry
underlying stress-induced insomnia and peripheral immunosuppres-
sion. Sci. Adv. 2020;6:eabc2590 cited 2020 Oct 30.

Ono D, Mukai Y, Hung CJ, et al. The mammalian circadian pace-
maker regulates wakefulness via CRF neurons in the paraventricular
nucleus of the hypothalamus. Sci. Adv. 2020;6:eabd0384 cited 2020
Dec 8.

Swaab DF. Brain aging and Alzheimer’s disease, “wear and tear” ver-
sus “use it or lose it”. Neurobiol Aging 1991;12:317-324.

Shan L, Hofman MA, van Wamelen DJ, et al. Diurnal fluctuation in
histidine decarboxylase expression, the rate limiting enzyme for his-
tamine production, and its disorder in neurodegenerative diseases.
Sleep 2012;35:713-715.

Yu X, Zecharia A, Zhang Z, et al. Circadian factor BMAL1 in histamin-
ergic neurons regulates sleep architecture. Curr Biol 2014;24:2838-
2844.

McGregor R, Shan L, Wu MF, Siegel JM. Diurnal fluctuation in the
number of hypocretin/orexin and histamine producing: implication
for understanding and treating neuronal loss. PloS One 2017;12:
e0178573.

Brink-Kjaer A, Christensen JAE, Cesari M, et al. Cortical arousal fre-
quency is increased in narcolepsy type 1. Sleep 2021;44:zsaa255.
cited 2020 Dec 1.

Maurovich-Horvat E, Keckeis M, Lattova Z, et al. Hypothalamo-pitui-
tary-adrenal axis, glucose metabolism and TNF-a in narcolepsy.
J Sleep Res 2014;23:425-431.

Evans R, Kimura H, Alexander R, et al. Orexin 2 receptor-selective
agonist danavorexton improves narcolepsy phenotype in a mouse
model and in human patients. Proc. Natl. Acad. Sci. U. S. A. 2022;
119:€220753111. [cited 2022 Nov 8].

Volume 00, No. 0

85U8D17 SUOWIWIOD 3RS0 3(eoljdde ayy Aq pausenob ae S0 1e YO ‘88N JO S3|Ni Joj ARIg1T 8UIIUO A8|IA UO (SUO B IPUOD-pUe-SWISH L0 A8 | I AReJq 1 [eu [UO//SaNY) SUORIPUOD pUe SWB L 38U} 885 *[£202/20/6T] U0 AreiqiauluO 8|1 ‘100 A INNYISU| SPUR|IPSN AQ 9€292 BUe/Z00T OT/I0p/W00" A3 | 1M AReaq 1 jeuljuo//Sdiy Wouy papeojumoq ‘0 ‘628TEST



	 Activated Wake Systems in Narcolepsy Type 1
	Materials and Methods
	Immunohistochemistry on Human Tissue
	Quantification Strategies
	Stereological Analysis
	IOD Measurements
	Statistical Analyses

	Results
	Increased co-Expression of CRH and AVP in the PVN
	No Difference of CRH Neurons and Fibers in Barrington Nucleus
	Increased Number of Histaminergic Neurons in the TMN
	The Dopaminergic Neurons in the Mesencephalon
	The Norepinephrinergic Neurons in the LC

	Discussion
	Remaining CRH Neurons in NT1
	Other Wake-Systems in NT1
	Limitations

	Acknowledgment
	Author Contributions
	Potential Conflicts of Interest
	References


