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Abstract—Objective: To investigate whether neuronal activity-regulated pentraxin (Narp) colocalizes with hypocretin

(Hcrt or orexin) in the normal human brain and to determine if Narp staining is lost in the narcoleptic human brain.

Background: Human narcolepsy is characterized by a loss of the peptide hypocretin in the hypothalamus. This loss could

result from the degeneration of neurons containing hypocretin or from a more specific loss of the ability of these neurons to

synthesize Hcrt. Narp has been found to colocalize with hypocretin in the rat hypothalamus. Methods: We investigated the

distribution of Narp in three normal and four narcoleptic human postmortem brains using immunohistochemistry with an

antibody to Narp. Colocalization studies of Narp and hypocretin were also performed in two normal brains using

immunohistochemistry with an antibody to Narp and an antibody to hypocretin. Results: We found that Narp colocalizes

with hypocretin in the lateral hypothalamic area (LHA), the dorsomedial hypothalamus (DMH), the dorsal hypothalamic

area (DHA), and the posterior hypothalamic area (PHA) of the normal human. The number of Narp-positive neurons was

reduced by 89% in these areas of the narcoleptic hypothalamus. In contrast, Narp staining in the paraventricular (Pa) and

supraoptic nuclei (SO) of the human hypothalamus did not differ between normal and narcoleptic brains. Conclusions:

This finding supports the hypothesis that narcolepsy results from the specific loss of hypocretin neurons. Loss of

hypothalamic Narp may contribute to the symptoms of narcolepsy.
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Narcolepsy affects more than one in 2,000 individu-
als. It is characterized by excessive daytime sleepi-
ness and sleep attacks, but often involves other
irregularities of the sleep–wake cycle as well as epi-
sodic loss of muscle tone (cataplexy). Our lab showed
that human narcoleptics have an 85% to 95% loss of
neurons staining for the neuropeptide hypocretin
(Hcrt, also known as orexin) in the hypothalamus,
and others were unable to detect Hcrt in the brains
of human narcoleptics.1,2 It is not known whether the
loss of Hcrt staining in the hypothalamus results

from a failure of hypocretin synthesis or from the

death of the hypocretin synthesizing neurons.

Hypocretin neurons in the lateral hypothalamic

area of the human express prodynorphin mRNA.3

Another molecule found to colocalize with hypocretin

in the rat brain is neuronal activity-regulated pen-

traxin (Narp), a 46-kDa secreted immediate early

gene product. In the rat hypothalamus, more than

99% of all hypocretin neurons express Narp and

more than 99% of Narp neurons are hypocretin-

positive.4 Narp has also been found in other regions

of the rat brain including the paraventricular and

supraoptic nuclei of the hypothalamus (unpublished

data).

In this study, we investigated Narp in normal and
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narcoleptic human hypothalami. Specifically, we
sought to determine whether Narp colocalizes with
hypocretin in the lateral hypothalamic area (LHA),
the dorsomedial hypothalamus (DMH), the dorsal
hypothalamic area (DHA), and the posterior hypo-
thalamic area (PHA). We also quantified Narp stain-
ing in these nuclei as well as in the paraventricular
(Pa) and supraoptic nuclei (SO) of both normal and
narcoleptic hypothalami to determine if there is a
generalized loss of Narp neurons in narcolepsy and if
the loss of hypocretin staining is accompanied by a
comparable loss of Narp-positive neurons.

Methods. Four narcoleptic (N1–N4) and three neurologically
normal brains (C1–C3) were used in this study (see table E-1 on
the Neurology Web site at www.neurology.org). Narcolepsy was
diagnosed according to standard criteria.5

Immunohistochemistry. Brains were fixed in 10% formalin
and sectioned into 40-mm thick coronal sections. For all immuno-
staining, narcoleptic and control tissue were stained in pairs and
no primary antibody controls were included. All three of the nor-
mal brains and two of the four narcoleptic brains had been used
previously in studies assessing hypocretin cell loss.1 To confirm
hypocretin loss in the remaining brains, antigen retrieval and
immunostaining for hypocretin was performed.1 Antibodies used
were orexin-A primary antibody (72 hours, 1:2,000; Oncogene Re-
search Products, Boston, MA) and a biotinylated goat antirabbit
secondary antibody (2 hours, 1:500; Vector Laboratories, Burlin-
game, CA). Staining was visualized using avidin-biotin peroxidase
(1:300, ABC Elite Kit; Vector Laboratories) and diaminobenzidine
(1 drop/10 mL, DAB; Vector Laboratories).

Narp antigen retrieval and immunostaining were performed as
described6 except sections were incubated in Triton X-100 for 30
minutes prior to mounting. A rabbit polyclonal Narp primary an-
tibody (72 hours, 1:3,000) and a biotinylated goat antirabbit sec-
ondary antibody (20 hours, 1:200) were used. Staining was
visualized using ABC solution (1:50) followed by incubation in
DAB (1:25).

For hypocretin and Narp colocalization studies, antigen re-
trieval was performed as reported for Narp immunostaining (see
above) except that sections were boiled for only 10 minutes. Pri-
mary antibodies were goat polyclonal hypocretin-1 (72 hours,
1:500, Santa Cruz Biotechnology, Santa Cruz, CA) and the Narp
antibody (72 hours, 1:750) described above. Secondary antibodies
were Alexa Fluor 488-conjugated donkey antigoat (20 hours,
1:500, Molecular Probes, Eugene, OR) and Cy3 conjugated donkey
antirabbit (20 hours, 1:500, Jackson ImmunoResearch Laborato-
ries, West Grove, PA).

Data analysis. For quantification of Narp staining, one ante-
rior hypothalamic section, one middle hypothalamic section, and
one posterior hypothalamic section were analyzed from each brain
when tissue was available. The following brain tissue was un-
available: anterior hypothalamic tissue from N2, middle hypotha-
lamic tissue from N4, and posterior hypothalamic tissue from C2,
N3, and N4. Thus, for quantification in the anterior hypothala-
mus, one section from C1, C2, C3, N1, N3, and N4 was used. For
quantification of staining in middle hypothalamus, one section
from C1, C2, C3, N1, N2, and N3 was used. For quantification in
posterior hypothalamus, one section from C1, C3, N1 and N2 was
used. Each narcoleptic section was matched to a control section.
Matches were made according to the position of the fornix or
mammillo-tegmental tract. Section levels were defined using the
Atlas of the Human Brain7 as follows: anterior hypothalamic sec-
tions (levels 24–26), middle hypothalamic sections (levels 27–29),
and posterior hypothalamic sections (level 31). Within the anterior
hypothalamic level, the following nuclei were analyzed: Pa, SO,
and LHA. Within the middle hypothalamic level, the following
nuclei were analyzed: LHA, DMH, and DHA. Within the posterior
hypothalamic level, the following nuclei were analyzed: LHA and
PHA.

DAB-stained cells were counted using Neurolucida software.
For statistical analysis, paired Student’s t-test was used. For com-
puting the overall percent decrease in Narp staining, the percent

decrease was calculated for each individual nucleus and then all
nuclei were averaged together.

Results. Narp and hypocretin colocalization. Sections

from normal brains C1 and C2 were used for the colocal-

ization studies. In both brains, Narp and hypocretin were

found to colocalize in the LHA, DMH, DHA, and PHA (see

figure E-1 on the Neurology Web site at www.neurology.

org). In these areas, nearly all hypocretin cells (.99%)

stained positive for Narp and nearly all Narp cells (.99%)

stained positive for hypocretin. For the most part, Narp

and hypocretin were colocalized in the hypothalamic ax-

Figure 1. Narp staining with DAB in the LHA, DMH,

DHA, and PHA of narcoleptic and control tissue. Left col-

umn shows low-power images of matched normal and nar-

coleptic LHA, DMH, DHA, and PHA. Middle and right

columns show increasingly higher power images of the

same area shown in the left column. Scale bars in each col-

umn apply to all panels below and within the same column.
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ons, although axons staining only for Narp or only for

hypocretin were observed.

Narp staining and analysis. The number of Narp-

positive neurons was reduced in the LHA, DMH, DHA,

and PHA of the narcoleptic sections compared to control

tissue (figure 1, table; p , 0.001, df 5 15). Overall, the

number of Narp-positive neurons in the LHA, DMH, DHA,

and PHA combined was decreased by 89% in the narcolep-

tic tissue. On the other hand, the number of Narp-positive

neurons in the SO and Pa of the narcoleptic sections was

not different from the number of Narp-positive neurons in

the Pa and SO of the control tissue (figure 2, see table; p 5

0.674, df 5 5). The anterior hypothalamic Pa and SO re-

gions analyzed in this study do not contain hypocretin

cells.

Discussion. We have previously found that, in the
narcoleptic hypothalamus, hypocretin staining is de-
creased by 85% to 95%. Due to the presence of glio-
sis, we attributed this decrease to loss of the actual
neurons by an inflammatory process rather than
specific loss of the peptide hypocretin.1,8 We now
show further evidence that the loss in narcolepsy
represents more than just the absence of the peptide
hypocretin. We find that hypocretin cells in the LHA,

DMH, DHA, and PHA of the normal human brain
contain Narp, and that Narp staining in these nuclei
is decreased by 89% in the narcoleptic tissue. From
our data, we conclude that the neuron loss in narco-
lepsy does not affect Narp-positive neurons in gen-
eral because we did not find a significant decrease in
the number of Narp-positive neurons in the SO or Pa
of the narcoleptic hypothalamus. Our results are
consistent with data showing that loss of dynorphin
mRNA is also specific to the hypocretin neurons.9

In summary, these data support the conclusion
that the hypocretin neurons are lost in narcolepsy,
because this scenario provides the most parsimoni-
ous explanation for the loss of Narp, dynorphin and
hypocretin in these neurons. It remains to be deter-
mined how the loss of Narp might contribute to the
symptoms of narcolepsy.
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ALERT: NEUROLOGY NOW USING ONLINE PEER REVIEW AND

MANUSCRIPT SUBMISSION SYSTEM

Neurology is now using an online peer review and manuscript submission system called Bench.Press.

Authors should upload all original submissions via the Neurology website (www.submit.neurology.org). The
Instructions to Authors detail the submission process and adjusted specifications.
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