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Abstract

An increased number of histaminergic neurons, identified by labeling histidine-
decarboxylase (HDC) its synthesis enzyme, was unexpectedly found in patients
with narcolepsy type 1 (NT1). In quest for enlightenment, we evaluate whether
an increase in HDC cell number and expression level would be detected in
mouse models of the disease, in order to provide proof of concepts reveling
possible mechanisms of compensation for the loss of orexin neurons, and/or of
induced expression as a consequence of local neuroinflammation, a state that
likely accompanies NT1. To further explore the compensatory hypothesis, we
also study the noradrenergic wake-promoting system. Immunohistochemistry
for HDC, orexin, and melanin-concentrating hormone (MCH) was used
to count neurons. Quantitative-PCR of HDC, orexin, MCH, and tyrosine-
hydroxylase was performed to evaluate levels of mRNA expression in the hy-
pothalamus or the dorsal pons. Both quantifications were achieved in genetic
and neuroinflammatory models of narcolepsy with major orexin impairment,
namely the orexin-deficient (Orex-KO) and orexin-hemagglutinin (Orex-HA)
mice respectively. The number of HDC neurons and mRNA expression level
were unchanged in Orex-KO mice compared to controls. Similarly, we found no
change in tyrosine-hydroxylase mRINA expression in the dorsal pons between
groups. Further, despite the presence of protracted local neuroinflammation
as witnessed by the presence of reactive microglia, we found no change in the
number of neurons nor the expression of HDC in Orex-HA mice compared to
controls. Importantly, no correlation was found in all conditions between HDC
and orexin. Our findings indicate that, in mice, the expression of histamine
and noradrenalin, two wake-promoting systems, are not modulated by orexin
level whether the lack of orexin is constitutive or induced at adult age, showing
thus no compensation. They also show no recruitment of histamine by local
neuroinflammation. Further studies will be needed to further define the role of
histamine in the pathophysiology of NT1.
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INTRODUCTION

Narcolepsy type 1 (NT1) is a rare disorder of central
hypersomnolence, whose main symptoms are excessive
daytime sleepiness and cataplexy, caused by the loss of
hypocretin/orexin (ORX) neurons, a powerful wake-
promoting neuronal population of the tuberal hypothal-
amus. The neuronal loss is highly selective and mirrored
by low cerebrospinal fluid (CSF) hypocretin-1 (orexin
A) levels in NT1 patients [1, 2]. Convergent studies point
toward an autoimmune etiology [3, 4], with recent find-
ings reporting the increased frequency of autoreactive T
cells in NT1 patients [5-7], likely accompanied by wider
neuroinflammation.

Interestingly, post-mortem analyses of NT1 brain tis-
sue revealed that the number of histamine (HIS) neurons
identified by labeling of histidine-decarboxylase (HDC),
the HIS synthesis enzyme, is significantly increased in
NTI patients compared to controls [8, 9]. It was unex-
pected because of HIS is a strong wake-promoting player
and NTI patients suffer from excessive sleepiness. Also,
HIS neurons are excited and disinhibited by ORX [10]
suggesting, although not demonstrated, that HIS neuro-
nal firing rate would be rather decreased or unchanged
as a consequence of the absence of ORX input. In this
regard, CSF histamine content was found to be either
decreased [11] or unchanged [12] in adults with NTI1
compared to controls. To get a better understanding of
these human data, previous authors have also evaluated
the number of HIS neurons in animal models of NTI1.
While one study found no increase in the number of HIS
neurons in several animal models of NT1 [8], others re-
ported a mild increase [9, 13]. This observation led the
latter ones [9] to advocate for a mechanism compen-
sating for the loss of ORX in order to oppose excessive
daytime sleepiness. In addition to HIS, the noradrener-
gic neurons of the locus coeruleus form another wake-
promoting system that is activated by ORX and relay
its wake promoting effect [14]. Cell counting has not
been evaluated so far. However a recent study measured
monoamine levels in the CSF of 39 NT1 patients (with
ORX deficiency) compared to 55 patients with normal
ORX level with or without objective sleepiness but found
no difference in catecholamine levels and its metabolites
between groups [15].

Allanimal models studied so far were based on genetic
impairment of ORX gene or neurons, while human NT1
is thought to be of autoimmune origin. The alternative
hypothesis would thus be that HIS level could be mod-
ulated by a local neuroinflammatory process accompa-
nying the loss of ORX signaling [16]. Animal models can
be of help to test these hypotheses, compensation and/

or neuroinflammation, and more broadly to evaluate
whether HIS signaling could be modulated by the im-
pairment of ORX signaling.

Thus, to address these questions, we used a genetic
model of NT1, the ORX-knock-out (Orex-KO) mice, and
the neuroinflammatory model of NT1 we recently devel-
oped, the Orex-HA mice [17].

We first assessed the number of HIS neurons using
immunohistochemistry against HDC to compare our
results to previous studies. Then, to obtain a more accu-
rate quantification, we evaluated the expression level of
HDC mRNA using quantitative PCR. Cell counts and
levels of mRNA expression were also assessed for ORX
and melanin-concentrating hormone (MCH) as controls.
We verified for the presence of neuroinflammation at
the vicinity of HDC neurons in Orex-HA mice by im-
munolabeling microglia, and finally, to further explore
the compensatory hypothesis, we studied the noradren-
ergic wake-promoting system, through quantification of
tyrosine-hydroxylase (TH, synthesis enzyme of catechol-
amine) expression level in the dorsal pons.

2 | MATERIALS AND METHODS

2.1 | Mice
Fifty-seven adult mice were kept in standard condi-
tions until sacrifice (23 + 1°C, 12:12 light:dark cycle,
food and water ad libitum, with littermates and paper
cuttings for nesting). All animal experiments were per-
formed in accordance with the European Union guide-
lines following approval of the local ethics committee
(APAFIS#7770-2017010511127939). We used C57BL/6J
Orex-KO mice backcrossed to C57BL/6J mice for over
14 generations as a genetic model of NT1, and (BALB/
cJ x C57BL/6J) Orex-HA mice as an immune-mediated
model of NT1. The C57BL/6J wild-type (WT) mice were
born from the same litters as the Orex-KO mice. T cell
transfer to Orex-HA and control mice was performed
as previously reported [17]. For immunohistochemis-
try, we examined the hypothalami of 5 WT C57BL/6J,
5 Orex-KO, 4 Orex-HA no-T (with no T cells transfer),
and 6 Orex-HA-2xCDS8 (transferred twice with autoreac-
tive CD8 T cells) mice. We also used two HDC-KO mice
to test for the specificity of the primary anti-HDC anti-
body. They were all young adults of 13 to 26 weeks old.
Please note that 13 of the Orex-HA recipient mice used in
cell counting were studied in [17].

For qPCR, all the experimental groups were age and
sex matched (10 WT, 26.1 [25.6-27.3] weeks; 11 Orex-KO,
25.4120.6-29.6] weeks; 9 Orex-HA-2xCDS, 24.4[16.9-27.6]
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weeks; 5 WT-2xCDS, 27.3[17.7-27.3] weeks; age expressed
as median [Q1-Q3]) (p = 0.89).

2.2 | Preparation of mouse brain tissue

Mice were perfused under deep anesthesia with saline
followed by 4% paraformaldehyde (PFA). The brains
were post-fixed in 4% PFA for 48 h and then transferred
in 30% sucrose until freezing in 2-methylbutane. Brain
tissue used in qPCR experiments were immediately
fresh-frozen in 2-methylbutane after sacrifice by decapi-
tation under deep anesthesia. All mice were sacrificed
between 2 pm and 4 pm, when HDC mRNA expression
has been shown to be of intermediate level [18].

2.3 | Immunohistochemistry

Brains were sliced in 30 um-thick coronal free-floating
sections using a cryostat. The immunohistochemical
detection was performed as previously described with
minor modifications [19]. For double staining of HDC
neurons and microglia, the same procedure was re-
peated after 24 hours but without nickel enrichment,
for Ibal detection (brown staining). The primary anti-
bodies used were rabbit anti-MCH 1:100,000 (Phoenix
Pharmaceuticals), goat anti-orexin A (C-19) 1:10,000
(Santa Cruz Biotechnology), rabbit anti-HDC 1:1500 (a
generous gift from G. Bruneau, France) [20] and rabbit
anti-Ibal 1:5000 (Wako Chemicals USA).

The anti-orexin A, anti-MCH, and anti-Ibal antibod-
ies have been used in a large number of studies and their
specificity extensively evaluated (among others, [21-23]).
Bruneau and colleagues [20] have extensively evaluated
the specificity of the anti-HDC antiserum, and we fur-
ther tested it on HDC-KO mice, yielding no staining in
HDC-KO mice and a high-quality staining of HDC neu-
rons in WT mice (Figure 1G).

Neuron counting was performed on 1/4th (for HDC)
or 1/12th (for MCH and ORX) of the entire hypothala-
mus by using Mercator software for stereology (Explora
Nova, France). All counts were performed by the same
investigator (SM) blinded to the experimental groups.

2.4 | Quantitative PCR

The hypothalamus was dissected from four consecutive
500 um-thick coronal sections per brain using a surgical
blade, and the pons from a single 500 pm-thick coronal
section per brain. Total RNA was extracted using the
RNeasy Plus Mini or Micro Kits (QIAGEN) (for hy-
pothalamus and pons respectively) followed by reverse
transcription (SuperScript IV Reverse Transcriptase,
Invitrogen) starting from 200 ng of RNA for each sample.
Only samples with a good quality RNA (A,¢/A,¢,>1.8)
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were included in the analyses (NanoDrop 2000, Thermo
Scientific). qPCR amplifications were performed in 20 pl
reactions containing 5 ul of cDNA, 10 ul of Rotor-Gene
SYBR Green PCR Kit (QIAGEN), and 1 pl of primers
mix (10 uM); runs were performed on a Rotor-Gene Q
cycler (QIAGEN). Oligonucleotides used as PCR prim-
ers are reported in Table 1.

Absolute quantification of cDNA was based on the
threshold cycle (Ct) values obtained from the associated
Rotor-Gene Q Series Software (QIAGEN). The concen-
tration in copy number of target gene was obtained re-
lating the Ct value to a standard curve, established using
100-fold serial dilutions of a reference DNA. Briefly,
the reference DNA was prepared pooling the retro-
transcribed total RNA extracted from the hypothalamus
(for ORX, MCH, and HDC) or the pons (for TH) of three
C57BL/6J WT mice, followed by a step of amplification
with the above-mentioned primers and purification with
the QIAquick PCR Purification Kit (QIAGEN).

2.5 | Statistical analyses

We run a priori power analysis based on one-tailed tests
using the GPower software to determine the group sizes
for Orex-KO and WT groups, as already done in previ-
ous work [13]. Given a desired statistical power >80%,
a significance level () of 0.05, the effect size based on
previous data reporting more HDC neurons in Orex-KO
than in WT mice [9] and a one-tailed Mann-Whitney
test, five animals per group are needed for cell count-
ing. As no data is available considering quantification
with qPCR, such test cannot be performed. However,
gPCR reactions were performed on larger group size, at
least in duplicate for each sample and the mean of the
duplicates was used as value for each animal. In light
of the groups' size, the different experimental groups
were compared using a non-parametric Mann—-Whitney
U test when comparing two independent groups, or the
non-parametric Kruskal-Wallis test when comparing
more than two independent groups. When comparisons
were statistically significant, two-by-two comparisons
were carried out, using the Dunn's test with correction
for multiple comparisons. Note that a one-tailed Mann—
Whitney U test was used when comparing cell counting
for Orex-KO vs WT groups, in accordance with the a pri-
ori power analysis performed. However, we performed
a two-tailed test when considering qPCR quantification
and cell counts on the Orex-HA model, given the ab-
sence of prior data and hence of directional hypothesis.
Correlations between age and HDC or ORX and HDC
were performed using the Spearman non-parametric
test of correlation. Statistical significance was accepted
at p < 0.05. GraphPad Prism software (Version 6.0) was
used to perform analyses and box plots. The data that
support the findings of this study are available from the
corresponding author upon reasonable request.
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FIGURE 1 Evaluation of ORX,
MCH, HDC, and TH content in a genetic
model of NT1, the Orex-KO mice. Number
of ORX (A), MCH (C), and HDC (E)
neurons in C57BL/6J WT and Orex-KO
mice. mRNA expression level for ORX
(B), MCH (D), HDC (F), and TH (H) in
C57BL/6J WT and Orex-KO mice. Data
are shown as median (Q1-Q3), individual
data values are represented as dots and the
mean is represented as a cross. Mann—
Whitney U test, *p < 0.05; **p < 0.01. ns,

not significant. (G) Microphotograph
illustrating HDC immunostaining in the
tuberomammillary nucleus of a WT (left)
and a HDC-KO mouse (right). Scale bars:
110 pm
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RESULTS

We found no significant difference in the number of HIS
neurons between Orex-KO and WT mice (p = 0.48) using
immunohistochemistry to HDC (Figure 1E,G) and in the
mRNA expression of HDC (p = 0.11) using qPCR analy-
sis (Figure 1F). It has been reported that HDC expression
may vary with age [24]. Here, the selected mice are all
adult mice with limited variation in age. Accordingly, we
found no correlation between mRNA HDC expression

levels and age within each group of mice (p = 0.8 for WT;
p = 0.7 for Orex-KO).

We also evaluated another wake-promoting system,
the noradrenergic system, and found no significant
difference in TH mRNA expression level in the dorsal
pons between the Orex-KO and WT mice (p = 0.26)
(Figure 1H).

Both, cell counting and the mRNA quantifica-
tion confirmed the impairment of the ORX system
and the integrity of the MCH system in Orex-KO mice
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TABLE 1 Primers sequences used for gPCR
Name Primer sequence
HDC-F S-GTTTGTGATTCGGTCCTTCG-3'
HDC-R 5-AAGGAAGGGTCGCTTCTGAC-3'
MCH-F 5"TCTTCCTACATGTTAATGCTGGCT-3'
MCH-R 5“TCCTTATGGACTTGGAAGCTGA-3'
ORX-F 5-CTTCAGGCCAACGGTAACCAC-3'
ORX-R 5-CCGGGGTGCTAAAGCGGTG-3'
TH-F 5-ATGCCTCCTCACCTATGCAC-3
TH-R 5'-CAGCCAACATGGGTACGTGT-3

(Figure 1). Orex-KO mice showed no presence of ORX-
immunoreactive neurons (p = 0.004) and their ORX
mRNA expression was at background level (p < 0.0001)
(Figure 1A,B). The number of MCH neurons and MCH
expression levels were not different between the Orex-KO
and the WT mice (p = 0.47 and p = 0.55 respectively)
(Figure 1C,D).

To explore the hypothesis of a neuroinflammatory pro-
cess, we next used the immune-mediated mouse model
of NT1 we created, the Orex-HA [17]. In this model, a
specific targeting of the ORX neurons mediated by auto-
reactive (HA-specific) T cells was accompanied by a neu-
roinflammation of the tuberal hypothalamus where ORX
neurons are located as evaluated using Ibal immunostain-
ing of microglia [17]. Here, we further show that microg-
lial cells have prominent hypertrophy of the soma with
decreased ramification of distal branches and thickening
of proximal processes, all morphological features typical
of the activated state, in the posterior hypothalamus that
contains HDC cells, in Orex-HA mice transferred twice
with cytotoxic autoreactive CD8 T cells (Figure 2E,F).
However, microglial cells showed a resting phenotype
with small soma, thin cellular processes, and dense distal
arborization in the TMN of both WT (Figure 2A,B) and
Orex-KO (Figure 2C,D) mice. Note that the microglial
state was evaluated 60 days after T cell transfer indicating
that the inflammatory process was sustained for weeks.

Having established the presence of a neuroinflamma-
tory process in the TMN of our immune-mediated model
of NT1, we next evaluated the number of HDC cells and
the HDC mRNA expression level in Orex-HA mice.

Orex-HA mice being of (BALB/c X C57BL/6) F1 ge-
netic background, we used the untreated Orex-HA group
(Orex-HA no-T) as control for subsequent analyses.
In order to control for the effect of autoreactive T cell
transfer, we also included in the qPCR analyses a group
consisting of the WT littermates of the Orex-HA mice,
which were transferred twice with autoreactive cytotoxic
T cells (WT-2xCDS8).

Orex-HA mice transferred twice with cytotoxic auto-
reactive T cells showed a very significant decrease in the
number of ORX neurons (p = 0.009) (Figure 3A). We also
found a slight decrease in the number of MCH neurons
in this group of mice (p = 0.04) (Figure 3C).
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Despite the prolonged local inflammation, we found
no difference in the number of HDC neurons between
groups (p = 0.6) (Figure 3E).

Finally, we found no correlation between the num-
ber of ORX and HDC neurons when considering all
mice together or considering values within each exper-
imental group (p = 0.9 for Orex-HA no-T; p = 0.2 for
Orex-HA-2xCDS).

In accordance with the immunohistochemistry data,
we found that the expression level of ORX was signifi-
cantly decreased in the Orex-HA-2xCDS8 group com-
pared to controls (p = 0.001) (Figure 3B) but we found
no difference between groups for the expression of HDC
(p = 0.2) (Figure 3F). Comparing all groups together,
MCH levels of expression were only just significantly
different (p = 0.05); but when compared 2 by 2 no signif-
icant difference was found between groups (Figure 3D).
Similarly to cell counts, we found no correlation between
ORX and HDC expression levels (p = 0.2 for Orex-HA-
2xCDS; p > 0.99 for WT; p = 0.2 for WT-2xCDS) or
HDC expression and age of studied mice in each group
(p = 0.4 for Orex-HA-2xCDS; p = 0.8 for WT; p = 0.8 for
WT-2xCDS).

4 | DISCUSSION

To test whether HDC expression level and/or cell number
are modulated by ORX impairment, we used two differ-
ent mouse models of ORX loss. We found that neither
HDC cell numbers nor HDC and TH mRNA expression
levels were changed in Orex-KO mice with constitutive
lack of ORX compared to controls. Similarly, despite the
drastic acute loss of ORX neurons in Orex-HA neuroin-
flammatory mouse model of NT1, we found no change in
HDC cell number and mRNA expression level compared
to controls. We further found no correlation between
HDC and ORX, either looking at the number of neurons
or the expression levels.

4.1 | Compensation hypothesis

Several wake-promoting systems have been identified and
among them ORX, HIS, and the noradrenergic neurons
of the locus coeruleus (NA-LC) are major players [25].
These neurons are mostly active during wakefulness, slow
down their firing rates drastically during non-REM sleep
and are silent during REM sleep [26-29]. HIS and NA-LC
receive direct excitatory projections from the ORX neu-
rons and application of ORX in the TMN or LC induces
activation of the HIS and NA neurons [10]. It was pro-
posed that the increase of HDC neurons seen in human
NT1 brains could reflect a homeostatic mechanism com-
pensating for the loss of ORX neurons in order to fight
against sleepiness [9] although quite unsuccessfully since
excessive daytime sleepiness is the major symptom of
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(A)

FIGURE 2 Evaluation of microglial activation in Orex-KO and Orex-HA mice. Double immunostaining of HDC (black) and Ibal (brown)
in the hypothalamus of WT (A and B), Orex-KO (C and D), and Orex-HA mice transferred twice with autoreactive CD8+ T cells at 60 days
post-injection (E and F). Red squares in A, C, E illustrate the enlarged areas shown in B, D, and F, respectively. Scale bars: 560pum (A, C, and E)
or 50um (B, D, and F). 3v, third ventricle; cp, cerebral peduncle; mt, mammillothalamic tract

NTI. Supporting this hypothesis, ORX, HIS, and NA-LC discrepancies—for instance, HIS and NA strongly pro-
axonal pathways project to common brain regions and  ject to all layers of the cerebral cortex while ORX axons
thus compensate for each other. However, they also show are mainly found in layer 6b of the cortex [19, 30]—and
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FIGURE 3 Evaluation of ORX, MCH and HDC content in the immune-mediated model of narcolepsy. Number of ORX (A), MCH (C),
and HDC (E) neurons in WT and in Orex-HA mice 60 days after T cell transfer. mRNA expression level for ORX (B), MCH (D), and HDC (F)
in WT and in Orex-HA mice 60 days after T cell transfer. Data are shown as median (Q1-Q3), individual data values are represented as dots and
the mean is represented as a cross. Mann-Whitney (two groups) or Kruskal-Wallis (three groups) tests, *p < 0.05; **p < 0.01. ns, not significant

an increasing volume of literature provides evidence that As NTI1 patients reported in [8, 9] died more than
they are involved in different types of wake behaviors (for 40 years after disease onset, we would be looking at long-
review, see [25]). term compensatory mechanisms. Therefore, Orex-KO
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mice, permanently lacking ORX neuropeptides from
the earliest stage of development, are probably the best
model to uncover long-term compensatory mechanisms.
However, we and others [8] found no increase in the num-
ber of HDC cells in these mice. Conversely, others [9, 13]
found a mild increase (39%—-53%) in the number of HDC
neurons in Orex-KO mice compared to WT mice. This
discrepancy could rise from methodological differences
in the counting procedure and/or from inter-individual
variance and small sample size (4 to 6 mice per group)
in all of the studies. However, a strength in our study is
the confirmation we provide using a different method,
the quantitative PCR. We show that the expression level
of HDC is not increased in Orex-KO mice compared to
controls.

Other models of induced ORX cell death such as
Orexin-ataxin3, Orexin-DTA, or Orex-HA mice trans-
ferred twice with CDS8 T cells, all displaying a drastic loss
of ORX neurons [17, 31, 32], allowed us and others [8, 9] to
evaluate the HIS system at different time windows from
ORX degeneration but none showed an increase in HIS
nor an inverse correlation between the number of HIS
and ORX neurons and transcripts. Furthermore, if
HIS neurons were compensating for the lack of ORX,
one might expect that a similar upregulation could occur
in other wake-promoting systems directly targeted by
ORX neurons. We thus quantified the NA-LC system by
measuring the expression level of TH in the dorsal pons
in addition to the measure of HDC expression level and
found no increase in both. This latter observation is in
agreement with recent findings showing no difference in
catecholamine CSF levels and their metabolites in NT1
patients compare to patients with or without objective
hypersomnolence [15]. Altogether these and our data in-
dicate that histamine expression is not modulated by the
ORX amount and therefore do not support the hypothe-
sis of a compensatory mechanism in NT1.

4.2 | Neuroinflammation hypothesis

In the great majority of patients, NT1 is a sporadic dis-
order and accumulating evidence including the HLA
genetic predisposition, the detection of anti-streptolysin
O antibodies close to disease onset [33, 34], and the as-
sociation with HINT1 viral infection or vaccination [35,
36] support the autoimmune hypothesis [3]; environmen-
tal factors such as bacterial infection, viral infection or
vaccination being triggers of the disease. It may involve
a specific immune response to HINI with potential
molecular mimicry as proposed recently [5-7]. In addi-
tion, the environmental conditions associated with NT1
onset (i.e. vaccination or infections) may cause a state
of neuroinflammation, notably in the hypothalamus
which is bordered by several areas containing fenes-
trated capillaries and a leaky blood-brain barrier and
is highly connected with the olfactory bulb [19, 37]. In

mice, peripheral challenge with the bacterial endotoxin
lipopolysaccharide (LPS) which mimics a bacterial in-
fection, cause neuroinflammation and microglia activa-
tion in different brain areas including the hypothalamus
[24, 38, 39]. Similarly, intranasal inoculation of HINI
virus in mice induced microglia activation in the lat-
eral hypothalamus and brainstem, and an increase in
the expression of pro-inflammatory molecules [37, 40].
However, some controversies exist about the presence
of hypothalamic neuroinflammation in human NTI.
While some found no signs of inflammation or micro-
glial activation at the level of the hypothalamus [1, 41],
others reported an increase in GFAP staining reflecting
a state of gliosis [42, 43]. This controversy probably rises
from the facts that human brains were analyzed tens
of years after disease onset and the small sample size.
Cytokines and chemokines expressions have also been
evaluated in sera and CSF of NTI patients associated
or not with HIN1 vaccination but no consensus between
studies was found [44-46], possibly because of differ-
ences in the methodologies used and the difficulty to col-
lect sample at early stages of the disease. Nevertheless,
all authors report a tendency of increase in Thl associ-
ated cytokines/chemokines or in the ratio of pro- versus
anti-inflammatory in NTI1, supporting the hypothesis
of a generalized neuroinflammation accompanying a
focused assault onto OREX neurons. Interestingly, ad-
ditional evidences showed that ORX-A decrease neuro-
inflammation at the central level, notably reducing the
production of cytokines [47-49], may also suggest that a
tendency to neuroinflammation could be exacerbated by
the loss of ORX neurons.

Thus, in the attempt to explain the increase of HDC
neurons in NTI1 patients, an alternative hypothesis was
proposed, speculating that HIS could possibly be acti-
vated by a non-specific local neuroinflammation [16].
In our model of immune-mediated NT1, the Orex-HA
mice transferred twice with cytotoxic autoreactive T
cell [17], we showed the presence of reactive microglia,
thus a strong and sustained neuroinflammation, a dras-
tic decrease in ORX, but no change in HDC cell num-
ber or expression level was observed. It is likely that
our immune-mediated mouse model of NT1 only par-
tially reproduces the human disease, possibly shunting
or masking HIS-dependent mechanisms. Other models
of neuroinflammation are thus needed to further eval-
uate whether HIS expression can be triggered by other
neuroinflammation processes. Interestingly, however
and supporting our data, it has been reported that the
abundant Fos expression in both ORX and HIS neurons
during the active period was strongly suppressed follow-
ing a peripheral pro-inflammatory challenge with LPS
[50] suggesting that HIS system may possibly be damp-
ened by neuroinflammation, at least shortly after bac-
terial infection, rather than activated. Thus, alternative
mechanisms to the compensatory and neuroinflamma-
tory hypotheses should now be explored.
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4.3 | Technical considerations

Variations in the HDC expression level have been re-
ported based on age [51], circadian time [18], and gender
[52]. To take into consideration these confounding fac-
tors, we matched groups for age and sex and collected all
brains at the same time of day between 2 pm and 4 pm,
a time window when the HDC mRNA expression level is
intermediate in order to readily detect any possible in-
crease or decrease [18].

Interestingly, a recent study reported a higher HIS
level and a lower tele-methylhistamine level, a direct me-
tabolite of HIS, in the CSF of NT1 children compared to
controls [53]. It suggests a decrease in HIS turnover and
an impairment of HIS neurotransmission in narcolep-
tic children. However, such observation was not found
in adults using the same techniques for measurements
[12]. Here, we only used mice of adult age, paralleling
age where the number of HDC neurons was increased [8,
9] while no increase in HIS CSF was found [12]. It is also
important to note that CSF measures reflect the amount
of HIS released in the extracellular space and not its syn-
thesis rate as evaluated by the quantification of HDC.

We have observed a slight decrease in the number
of MCH neurons in Orex-HA mice, which was not ob-
served in post-mortem samples from human patients
with NTI1 [1, 9, 54] nor in our previous study [17] and not
confirmed by qPCR. In a previous study, a 25% decrease
in the number of MCH neurons was reported in mice
after inducing a strong chronic neuroinflammation with
LPS [55]. It is thus possible that the slight decrease in the
number of MCH neurons we found here is because of
the heavy T cells treatment received. We do not know
however if the decrease would be transient or maintained
over time.

As we performed the first HDC cell counting on the
Orex-HA mouse model, we could not run an appropri-
ate a priori power analysis to define how many mice
were needed per group. As a result of the heavy duty of
producing such mice, we were limited in the number of
animal available. Nevertheless, quantification of HDC
expression by qPCR corroborated the absence of differ-
ence found by counting the number of HDC cells.

It can also be argued that the time point of 60 days
post-treatment that we chose for our analyses of Orex-HA
mice is not optimum. We previously showed that the T
cell infiltration in the hypothalamus of Orex-HA mice
peaked at day 8 post-injection and declined progressively
thereafter [17]. However, local inflammation persisted
for at least 60 days in close vicinity to the ORX and HDC
neurons as visualized by the presence of reactive microg-
lia, and again human brain samples were analyzed more
than 40 years after disease onset, indicating that HIS
increase reflects a persistent rather than a transient phe-
nomenon. Nevertheless, although unlikely, we cannot
exclude that a change in the HDC brain content would
require a longer period of time to become detectable.

Brain
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To conclude, we report that HDC expression level is
not OREX-dependent in mice using both a genetic and
an immune-mediated model of NTI1. In mice, neither
HIS nor NA-LC seem to compensate for the loss or lack
of ORX. Further studies, including quantification of
HDC mRNA expression in NT1 human post-mortem
brains, will be needed to understand the physiopathol-
ogy behind the increase in HDC neurons in human NT1.
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