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N-methyl-D-aspartate ; PBS, phosphate-buffered saline; QA, quinolinic acid; REM, 

rapid-eye-movement; ZT, Zeitgeber time. 
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Abstract 

Orexins are neuropeptides produced in the lateral hypothalamus and implicated in regulation 

of sleep-wake cycle.  Selective loss of orexin neurons is found in the brain of patients with 

narcolepsy, but the mechanisms of this pathological change are unclear.  A previous study 

showed that excessive stimulation of N-methyl-D-aspartate (NMDA) receptors by quinolinic 

acid (QA) caused selective loss of orexin neurons in rat hypothalamic slice culture.  Here we 

examined QA toxicity on orexin neurons and melanin-concentrating hormone (MCH) neurons 

in vivo.  Contrary to the expectation, injection of QA (60 and 120 nmol) into the lateral 

hypothalamus of male C57BL/6 mice caused selective loss of MCH neurons rather than 

orexin neurons, and this toxicity of QA was attenuated by MK-801, an NMDA receptor 

antagonist.  Selective loss of MCH neurons with preserved orexin neurons was observed 

even when GABAA receptor antagonists such as bicuculline and picrotoxin were injected with 

QA.  A significant decrease in the number of orexin neurons was induced when QA injection 

was performed in the dark phase of diurnal cycle, but the degree of the decrease was still 

lower than that in the number of MCH neurons.  Finally, QA (60 nmol) induced selective 

loss of MCH neurons also in young rats at 3 - 4 weeks of age.  These results do not support 

the hypothesis that acute excitotoxicity mediated by NMDA receptors is responsible for the 

pathogenesis of narcolepsy. 
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Orexins (also called as hypocretins) are neuropeptides that play an important role in 

regulation of sleep and wakefulness, neuroendocrine functions, food intake and energy 

homeostasis (Sakurai, 2007; Tsujino and Sakurai, 2009).  Corresponding to these functions, 

neural activities of orexin neurons are elevated during active waking and motivated behaviors 

(Lee et al., 2005; Mileykovskiy et al., 2005).  These neurons are localized in the lateral 

hypothalamic area, the brain region where melanin-concentrating hormone (MCH)-containing 

neurons are also distributed.  Orexin neurons receive abundant projections from various 

regions of the brain (Sakurai, 2007).  One of the inhibitory projections is from 

-aminobutyric acid (GABA)-containing neurons in the ventrolateral preoptic nucleus, which 

are sleep-active neurons and have a crucial role in initiation and maintenance of 

non-rapid-eye-movement (non-REM) sleep (Sakurai et al., 2005).  Orexin neurons also seem 

to receive circadian influences indirectly from the suprachiasmatic nucleus, the central body 

clock (Tsujino and Sakurai, 2009).  These interactions are important to regulate diurnal 

sleep–wake states. 

 Narcolepsy is a sleep disorder characterized by excessive daytime sleepiness or sleep 

attack and direct transition from wakefulness to REM sleep (Scammell, 2003).  Narcolepsy 

affects about 1 in 2000 individuals worldwide and about 1 in 600 Japanese.  The majority of 

narcolepsy patients suffer from cataplexy, i.e., loss of muscle tone triggered by emotion.  

Recent advances in basic and clinical research have identified selective loss of orexin neurons 

as a culprit of narcolepsy.  That is, deletion of gene encoding preproorexin in mice results in 

appearance of symptoms reminiscent of human narcolepsy, such as fragmentation of 

awake/non-REM sleep episodes and reduced duration of wakefulness (Chemelli et al., 1999).  

Indeed, orexin concentrations in the cerebrospinal fluid samples from narcolepsy patients with 
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cataplexy are decreased to undetectable levels (Nishino et al., 2000, 2001).  Moreover, 

post-mortem studies have shown that the number of orexin neurons in the lateral 

hypothalamus of narcolepsy patients is substantially lower than that in the same region of 

non-affected individuals, whereas the number of MCH neurons is unchanged (Peyron et al., 

2000; Thannickal et al., 2000).  So far, the mechanisms of selective loss of orexin neurons 

remain unclear. 

 A possible mechanism of neuron loss is N-methyl-D-aspartate (NMDA) receptor-mediated 

excitotoxicity.  Quinolinic acid (QA), a tryptophan metabolite produced by the kynurenine 

pathway is among endogenous ligands at glutamate receptors.  QA acts as an agonist at 

NMDA receptors and has been implicated in the pathogenesis of several neurodegenerative 

disorders such as Huntington disease (Stone, 2001).  Notably, a previous study has shown 

that application of QA to hypothalamic slice cultures prepared from neonatal rat brain caused 

a preferential decrease of orexin neurons as compared with MCH neurons (Katsuki and 

Akaike, 2004).  Accordingly, the present study was aimed to obtain further evidence that QA 

excitotoxicity could be involved in selective loss of orexin neurons in the hypothalamus.  

For this purpose, we examined the consequences of local microinjection of QA into the lateral 

hypothalamic area in vivo. 

 

 

EXPERIMENTAL PROCEDURES 

Drugs 

QA and (+)-MK-801 maleate were obtained from Wako Chemicals (Osaka, Japan).  

Picrotoxin, ()-bicuculline methiodide and muscimol hydrobromide were obtained from 
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Sigma-Aldrich Chemicals (St. Louis, MO).  QA free acid was dissolved at 400 mM in 

equimolar NaOH and diluted in phosphate-buffered saline (PBS) to give final concentrations.  

MK-801, picrotoxin, bicuculline and muscimol (the final concentration was 20, 4, 2 and 0.6 

mM, respectively) were dissolved in PBS and mixed with QA solution at a final concentration 

of 120 or 240 mM.  An inert tracer copper(II) phthalocyanine (1%, Sigma-Aldrich) was 

included in the solutions to be injected, for verification of the site of injection (Herrera et al., 

2000). 

 

Surgical procedures 

All procedures were approved by our institutional animal experimentation committee, and 

animals were treated in accordance with the Guidelines of the United States National 

Institutes of Health regarding the care and use of animals for experimental procedures.  All 

efforts were made to minimize the number of animals used and their suffering.  Animals 

were housed in plastic cages with lights on from 8:00 to 20:00. 

 Intrahypothalamic administration to C57BL6/J mice was performed between 13:00 and 

17:00, i.e., Zeitgeber time (ZT) 5 - ZT9.  In the case of experiments on diurnal variations, 

the administration was performed between 10:00 and 11:00 in the light phase (ZT2 - ZT3) and 

between 22:00 and 23:00 in the dark phase (ZT14 - ZT15).  Male C57BL6/J mice at ages 

between 8 and 10 weeks were anesthetized with pentobarbital (50 mg/kg i.p.).  QA at 60 or 

120 nmol in 0.5 μl solution was injected through a 30-G injection cannula over a period of 2 

min, into the lateral hypothalamus at the following stereotaxic coordinates: 2.0 mm posterior 

to bregma, 0.9 mm lateral to the midline and 5.0 mm below the dural surface, with the incisor 

bar at 3 mm above the interaural line.  As a control, the same volume of PBS was injected 
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into the same stereotaxic coordinates in the contralateral hemisphere.  In several sets of 

experiments, QA (60 or 120 nmol) was simultaneously injected with 2 nmol picrotoxin, 1 

nmol bicuculline or 10 nmol MK-801, in a volume of 0.5 μl. 

 Intrahypothalamic administration to Wistar rats was also performed between 13:00 and 

17:00 (ZT5 - ZT9).  Wistar rats at 3 - 4 weeks of age were anesthetized with pentobarbital, 

and QA solution (60 nmol/1 μl) or PBS (1 μl) was injected into the lateral hypothalamus (1 μl 

over 4 min).  QA was injected at the following coordinates: 2.5 mm posterior to bregma, 1.4 

mm lateral to midine and 8.0 mm below the dural surface, with the incisor bar level with the 

interaural line. 

 After surgery, animals were recovered from anesthesia, and again housed in plastic cages 

with food and water available ad libitum. 

 

Immunohistochemistry and cell counting 

Four days after QA injection, mice and rats were anesthetized and perfused transcardially with 

PBS followed by 4% paraformaldehyde solution in phosphate buffer.  Then the brain was 

isolated and post-fixed overnight with 4% paraformaldehyde, then immersed in 15% sucrose.  

After freezing, coronal sections of the hypothalamus at 30 μm thickness were obtained every 

120 μm and mounted onto slides. 

 Brain sections were washed with PBS and then incubated in 10 mM sodium citrate buffer 

(pH 8.5) for 30 min at 78 °C for antigen retrieval.  After cooling for 40 min, they were again 

washed with PBS, and blocked with 3% normal donkey serum in PBS containing 0.5% Triton 

X-100 for 1 h.  Then, sections were incubated overnight in a primary antibody solution at 4 

C.  Primary antibody solution consisted of goat polyclonal anti-orexin A (C-19) antibody 
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(1:300; sc-8070, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and rabbit MCH 

antiserum (1:20,000; H-070-47; Phoenix Pharmaceuticals, Belmont, CA, USA) in PBS 

containing 0.5% Triton X-100 and 3% normal donkey serum.  After wash with PBS, sections 

were incubated in a secondary antibody solution for 2 h at room temperature.  Secondary 

antibodies were Alexa Fluor 488-labeled donkey polyclonal anti-goat IgG (H+L) (1:200; 

A-11055, Molecular Probes, Eugene, OR, USA) and Alexa Fluor 594-labeled donkey 

polyclonal anti-rabbit IgG (H+L) (1:500; A-21207, Molecular Probes).  Specimens were 

mounted onto slide glasses and coverslipped with 80% glycerol / 20% water, and fluorescence 

signals were observed with the use of an epifluorescence microscope.  The number of 

immunopositive neurons in individual sections was obtained by surveying the entire area of 

each hemisphere of each section under the microscope at 200 magnification.  Cells with 

discernible perinuclear immunoreactivity against respective neuropeptides were identified as 

orexin neurons and MCH neurons.  The order of examinations on Alexa 488 and Alexa 594 

dyes was random, and preliminary examinations using adjacent series of immunostained 

sections indicated that changing the order of examinations did not affect the outcome.  The 

cell number in each hemisphere was presented as a summation of the values obtained from all 

sections encompassing the posterior hypothalamus.  Abercrombie factor (Abercrombie, 

1946), expressed as [section thickness/(section thickness + cell diameter)], was employed to 

correct the number of cells.  Mean values of the diameter of cell bodies of orexin neurons 

and MCH neurons were 22.5 m and 20.7 m for mice, and were 21.1 m and 19.6 m for 

rats, respectively.  We did not use anti-fade mounting media in the present study.  Usage of 

Prolong Gold antifade reagent (Molecular Probes), one of the most suitable media for 

preserving photostability of both Alexa 488 and Alexa 594 dyes (Panchuk-Voloshina et al., 
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1999), gave essentially the same results as those obtained with the usage of glycerol/water.  

Representative photographs of immunofluorescence presented in Fig. 1B and Fig. 4A were 

obtained by a laser-scanning confocal microscope system (Fluoview FV300; Olympus, Tokyo, 

Japan), and those in Fig. 1A and Fig, 5A were obtained by BIOREVO fluorescence 

microscope (BZ-9000; KEYENCE, Osaka, Japan). 

 

Behavioral assessments 

Mice were separated individually into plastic cages at least 3 days before surgery, and their 

body weight as well as the amount of food intake was measured once per day.  Mice 

received bilateral injection of PBS/PBS, PBS/QA (120 nmol), and QA/QA (120 nmol for both 

sides) between 13:00 and 17:00 (ZT5 - ZT9), at the same stereotaxic coordinates as those 

described above (see Surgical Procedures).  Four days after injection, locomotor activity of 

mice was examined in an open field of 500 mm  500 mm.  After habituation in the field for 

30 min, locomotion during a 5-min period was measured using a video-tracking software 

(Limelight, Neuroscience, Tokyo, Japan).  The test was performed between 18:00 and 20:00 

(ZT10 - ZT12). 

 

Statistical analysis 

Data are expressed as means  SEM.  Student’s t-test was used to compare the number of 

neurons between control (PBS-injected) and injured (QA-injected) hemisphere.  For 

evaluation of the effect of drugs (MK-801, picrotoxin, bicuculline and muscimol) on QA 

toxicity, one-way analysis of variance followed by post-hoc Student-Newman-Keuls test was 

performed.  Probability values less than 0.05 were considered statistically significant. 
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RESULTS 

QA causes preferential loss of MCH neurons via NMDA receptor activation in adult 

mice 

QA is an endogenous excitotoxin implicated in pathogenesis of several neurological disorders 

associated with neurodegeneration.  Notably, application of this compound to hypothalamic 

slice cultures substantially decreased the number of viable orexin neurons while showing little 

effect on the number of MCH neurons (Katsuki and Akaike, 2004).  Therefore, we 

performed unilateral microinjection of QA into the lateral hypothalamic area of adult mice, to 

clarify if QA produced selective cytotoxicity on orexin neurons.  In this initial set of 

experiments, microinjection was performed between ZT5 and ZT9.  The site of injection was 

located posterior to the region where orexin and MCH neurons were distributed, which 

enabled us to minimize influences of direct physical damage resulting from cannula insertion 

(Fig. 1A).  Spreading of copper(II) phthalocyanine dye from the injection site was verified 

during preparation of frozen brain sections.  We confirmed that regions containing orexin 

neurons were all covered by dye spreading.  Contrary to our expectations, QA caused a 

preferential and dose-dependent decrease in the number of MCH neurons (Fig. 1B and C).  

Four days after injection of 60 nmol QA (n = 5), the number of orexin neurons in QA-injected 

side showed no significant difference from that in the control (vehicle-injected) side, whereas 

the number of MCH neurons in QA-injected side decreased by 41.4% as compared to that of 

the control side (left panel in Fig. 1C).  The decrease in the number of MCH neurons was 

even more prominent when the dose of QA was increased to 120 nmol (by 60.5%, n = 5), but 
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again, the number of orexin neurons did not change significantly (right panel in Fig. 1C).  

The decrease of MCH neurons by injection of 120 nmol QA was observed almost uniformly 

at every rostrocaudal level examined (Fig. 1D). 

 QA is well known as a weak NMDA receptor agonist (Stone, 2001) but might also exert 

several other biological actions.  To examine whether NMDA receptor activation by QA was 

responsible for the decrease of MCH neurons, we used MK-801, a non-competitive NMDA 

receptor antagonist.  Concomitant injection of 10 nmol MK801 significantly attenuated 

cytotoxicity of 120 nmol QA onto MCH neurons (Fig. 2; n = 5 for each group).  Percentage 

reduction of MCH neurons as compared to the control side was 60.9% and 26.2% in the 

absence and the presence of MK-801, respectively. 

 

GABAA receptor blockade does not alter QA cytotoxicity 

A major difference between in vitro and in vivo conditions is that distal projections making 

contact with orexin neurons are lost in slice cultures dissected from the hypothalamus.  Lost 

projections include GABAergic inputs from the ventrolateral preoptic nucleus that provide 

inhibitory regulation on the activity level of orexin neurons (Sakurai et al., 2005).  The level 

of neural activity may well influence the extent of NMDA receptor-mediated excitotoxicity.  

Indeed, exogenous application of GABAA receptor agonists protects orexin neurons from QA 

cytotoxicity in hypothalamic slice culture (Katsuki and Akaike, 2005).  We hypothesized that 

QA might be able to exert excitotoxicity on orexin neurons when GABAergic inhibitory 

inputs were shut off.  To validate this hypothesis we used picrotoxin, a GABAA receptor 

channel blocker (Fig. 3).  Co-injection of 2 nmol picrotoxin did not exacerbate cytotoxicity 

of 60 nmol QA on either orexin neurons or MCH neurons (n = 5 for each group).  Because 
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of the matter on solubility, we could not use picrotoxin at higher doses than 2 nmol.  

Therefore, we also used bicuculline, a competitive GABAA receptor antagonist.  According 

to previous reports (Vezzani et al., 2000; Yamazaki et al., 2002), the dose of bicuculline was 

set to 1 nmol.  However, bicuculline had no significant effect on cytotoxicity of 60 nmol QA 

(n = 5, Fig. 3). 

 

Diurnal variation of QA cytotoxicity on orexin neurons 

Neural activities of orexin neurons and MCH neurons exhibit diurnal variations.  That is, 

orexin neurons show frequent spike activity during waking (i.e., during dark phase in the case 

of mice and rats) but are relatively silent during sleep (i.e., during light phase) (Lee et al., 

2005; Mileykovskiy et al., 2005).  In a reciprocal manner, MCH neurons are silent during 

waking and are active during sleep (Hassani et al., 2009).  These variations of neural 

activities might affect the extent of excitotoxicity.  Accordingly, we examined whether 

injection of QA during dark phase produced different consequences than that during light 

phase.  When injection of QA at 60 or 120 nmol (n = 5 for each) was performed during early 

light phase (ZT2 – ZT3), QA induced a prominent and significant decrease in the number of 

MCH neurons.  The number of orexin neurons was also slightly decreased by this treatment, 

but the effect did not reach statistical significance (Fig. 4B).  These results were similar to 

those obtained with QA injection during later period of light phase (see Fig. 1).  On the other 

hand, when QA was injected during early dark phase (ZT14 – ZT15), a significant decrease in 

the number of orexin neurons was observed (Fig. 4A and C).  Percent reduction of the 

number of orexin neurons four days after injection of 60 and 120 nmol QA was 14.8% (n = 7) 

and 21.8% (n = 6), respectively.  At the same time, however, the number of MCH neurons 
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also decreased.  The decrease of MCH neurons (40.8% and 57.4% reduction by 60 and 120 

nmol QA, respectively) was still more prominent than the decrease of orexin neurons.  We 

also noted that the degree of the decrease of MCH neurons was not affected by the timing of 

QA injection. 

 Several lines of evidence indicate that orexin neurons located in different regions such as 

perifornical area and lateral hypothalamic area may play different physiological roles (Harris 

and Aston-Jones, 2006).  We examined whether QA cytotoxicity on orexin neurons in the 

dark phase exhibited regional differences.  Similar to the study by Murphy et al. (2003), 

hypothalamic areas were divided into three contiguous rectangles (500 m  800 m) for cell 

counting that roughly corresponded to dorsomedial hypothalamus, perifornical area, and 

lateral hypothalamic area, respectively (Fig. 5A).  We found that the number of orexin 

neurons in the lateral hypothalamic area was substantially decreased by injection of 120 nmol 

QA during early dark phase (ZT14 - ZT15), whereas the number of orexin neurons in the 

other areas was not affected significantly (n = 6, Fig. 5B).  We also confirmed that 120 nmol 

QA did not cause significant cytotoxicity on orexin neurons when a GABAA receptor agonist 

muscimol (0.3 nmol) was simultaneously injected (n = 6 for QA alone, and n = 5 for QA plus 

muscimol; Fig. 5C).  In contrast, QA cytotoxicity on MCH neurons was not attenuated by 

muscimol. 

 

QA causes preferential loss of MCH neurons in young rats 

Next we examined whether the different properties of QA cytotoxicity observed in vivo and in 

vitro were based on differences of species and age of animals.  The previous in vitro study 

used hypothalamic slice cultures that were prepared from Wistar rats at 8 to 9 days old and 
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were cultured for 17 - 20 days until drug treatment (Katsuki and Akaike, 2004).  To match 

the species an age of animals with those of the previous study, we used Wistar rats at 3 - 4 

weeks of age (n = 5), and injected 60 nmol QA into the lateral hypothalamic area.  We found 

that, similar to the case with mice, QA caused a significant decrease in the number of MCH 

neurons (37.7% reduction at four days after injection) while showing no significant effect on 

the number of orexin neurons (Fig. 6). 

 

Behavioral parameters after QA-induced lesion 

Mice lacking MCH (Shimada et al., 1998) and mice with targeted ablation of MCH neurons 

(Alon and Friedman, 2006) have been reported to exhibit hypophagia and reduced body 

weight.  We examined if QA-induced lesion in the hypothalamus resulted in similar 

phenotypes to those observed in MCH-deficient mice.  In this set of experiments, 

sham-operated mice received bilateral injection of PBS (n = 5), whereas other mice received 

injection of 120 nmol QA in one hemisphere (n = 5).  These two groups of mice showed no 

significant differences each other, with respect to body weight and food intake during the 

course of two weeks after surgery (Fig. 7A).  In addition, they showed no difference in 

locomotor activity assessed four days after surgery (Fig. 7B).  We could not evaluate 

properly the consequences of lesion of both hemispheres of the hypothalamus, because 

bilateral injection of 120 nmol QA resulted in high mortality of mice (five out of ten mice 

died within four days after surgery), and surviving mice showed a marked reduction in 

locomotor activity (data not shown). 
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DISCUSSION 

In the brain of narcolepsy patients, orexin neurons in the hypothalamus are substantially 

decreased, whereas MCH neurons in the same area are preserved (Peyron et al., 2000; 

Thannickal et al., 2000).  The mechanisms of selective loss of orexin neurons remain 

unsolved.  Indeed, very few studies addressed this issue directly.  Gerashchenko and 

Shiromani (2004) reported that chronic infusion of lipopolysaccharide into the lateral 

hypothalamus of adult rats resulted in a significant decrease in the number of orexin neurons, 

and proposed that inflammation may play a role in the loss of orexin neurons in narcolepsy.  

In their study, however, the number of MCH neurons also decreased to a similar extent, which 

means that selective loss of orexin neurons is not produced by this treatment.  On the other 

hand, a prevailing view on the pathogenesis of narcolepsy is possible involvement of 

autoimmune responses against orexin neurons: several lines of evidence support this proposal 

(Overeem et al., 2008; Hallmayer et al., 2009; Cvetkovic-Lopes et al., 2010), although direct 

evidence is still lacking. 

 The focus of the present study was to determine whether excitotoxicity could produce 

selective loss of orexin neurons in vivo.  Excitotoxicity has been implicated in degeneration 

of specific subsets of neurons in various neurodegenerative disorders (Doble, 1999) and also 

in neurodegeneration associated with autoimmune processes (Smith et al., 2000; DeGiorgio et 

al., 2001).  The strong evidence for possible involvement of excitotoxicity in selective loss 

of orexin neurons comes from a previous study by one of us (Katsuki and Akaike, 2004), 

where QA as well as NMDA caused preferential loss of orexin neurons as compared to MCH 

neurons in rat hypothalamic slice culture.  Unexpectedly, the present study revealed that QA 

cytotoxicity in vivo exhibited totally different properties than that in vitro, in terms of neuron 
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selectivity.  Under all conditions tested, MCH neurons decreased to a greater extent than 

orexin neurons.  QA cytotoxicity on MCH neurons was attenuated by MK-801, indicating 

that NMDA receptor activation was responsible for the decrease in orexin neurons. 

 Because we found preferential loss of MCH neurons by QA in the initial set of 

experiments, we explored other experimental conditions that might affect excitotoxic 

consequences of QA injection toward loss of orexin neurons.  A notable difference of orexin 

neurons in hypothalamic slice cultures from those in vivo is that they have lost neural 

connections involving brain regions outside the posterior hypothalamus.  Particularly, 

GABAergic projection neurons originating from the ventrolateral preoptic nucleus may exert 

profound influences on neural activity of orexin neurons (Sakurai et al., 2005).  Therefore, 

we examined the effects of GABAA receptor antagonists on QA cytotoxicity.  As a result, 

preferential loss of MCH neurons by QA was observed even when picrotoxin or bicuculline 

was co-administered with QA.  Hence, GABAergic inhibitory regulation onto orexin 

neurons may not be a major factor contributing to the resistance of orexin neurons against 

excitotoxicity in vivo. 

 The above result does not exclude potential influences of neural connections on 

excitotoxic consequences in orexin neurons.  Orexin neurons receive several inhibitory 

inputs other than GABAergic projections, including those from noradrenaline-containing 

neurons in the locus coeruleus and serotonin-containing neurons in the raphe nuclei (Sakurai, 

2007; Tsujino and Sakurai, 2009).  In addition, the suprachiasmatic nucleus sends inputs to 

orexin neurons via dorsomedial hypothalamus (Tsujino and Sakurai, 2009).   Depending on 

these connections, neural activities of orexin neurons exhibit diurnal variations (Lee et al., 

2005; Mileykovskiy et al., 2005).  Because NMDA receptor channels open only when 
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voltage-dependent Mg2+ block is relieved, NMDA receptor-mediated excitotoxicity may be 

readily induced when neuronal excitability is elevated.  We found here that QA could cause a 

significant loss of orexin neurons when administered during early dark phase, which was 

abrogated by concomitant application of muscimol, a GABAA receptor agonist.  This is 

consistent with the fact that orexin neurons in mice and rats are active during dark phase.  

Interestingly, however, orexin neurons that were most vulnerable to QA cytotoxicity during 

dark phase were those located in the lateral hypothalamic area.  These observations are not 

simply related to the proposal by Harris and Aston-Jones (2003) that orexin neurons in the 

perifornical and dorsomedial hypothalamus regulate arousal, whereas those in the lateral 

hypothalamus regulate reward processing. 

 Heightened vulnerability of MCH neurons to QA cytotoxicity as compared to orexin 

neurons was consistently observed, even when we used young rats at 3 - 4 weeks of age.  

Developmental processes in the hypothalamus have almost ended by this age, although sexual 

maturation may continue (Shimogori et al., 2010).  We selected this age of rats because the 

previous study in vitro (Katsuki and Akaike, 2004) relied on results obtained from 

hypothalamic slices of 8 - 9 day-old rats that were cultured for 17 - 20 days.  The present 

results suggest that differences in age and animal species do not explain discrepancy between 

the results in vivo and those in vitro. 

 The reasons why MCH neurons in vivo are vulnerable to QA cytotoxicity are also unclear.  

An electrophysiological study on mouse hypothalamic slices has demonstrated that MCH 

neurons possess NMDA receptors and respond to NMDA with depolarization (Huang and van 

den Pol, 2007).  In hypothalamic slice culture, these neurons are resistant to cytotoxicity of 

NMDA and QA as compared to orexin neurons (Katsuki and Akaike, 2004), which might be 
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related to the fact that MCH neurons in vitro are electrically silent (Eggermann et al., 2003).  

However, this scenario may not apply to QA cytotoxicity on MCH neurons in vivo, because 

the degree of QA cytotoxicity showed no apparent diurnal variations in spite of reported 

variations in neural activity of MCH neurons during sleep-wake cycle (Hassani et al., 2009).  

Reasons for ineffectiveness of muscimol in rescuing MCH neurons from QA cytotoxicity are 

also unclear, although there are several reported cases where GABAA receptor activation did 

not affect or even exacerbated excitotoxic injury (Erdo et al., 1991; Yoshikawa et al., 1998).  

Although further work is required, vulnerability of MCH neurons to excitotoxicity might be 

taken into account for the pathology of several neurological disorders associated with 

dysregulation of food intake and sleep.  MCH has been suggested to play an important role 

in regulation of paradoxical sleep (Peyron et al., 2009), and MCH-deficient mice sleep about 

90 min less than wild-type mice daily (Willie et al., 2008).  With respect to food intake, 

MCH neurons interact with other hypothalamic neurons critically involved in regulation of 

feeding behavior and energy homeostasis (Griffond and Risold, 2009).  Mice lacking MCH 

(Shimada et al., 1998) and mice with targeted ablation of MCH neurons (Alon and Friedman, 

2006) exhibit mild hypophagia and reduced body weight.  In the present study, however, we 

did not find any significant differences between sham-operated mice and QA-treated mice 

concerning food intake and body weight.  This may be largely attributable to the fact that our 

experimental model was based on hemi-lesion, leaving MCH neurons in one hemisphere 

intact. 

 In conclusion, the present study proposes that acute excitotoxic injury may not be 

primarily responsible for the pathogenesis of narcolepsy.  The clearly different results in 

whole animals from those in organotypic slice cultures casts a caution, with respect to 
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neurodegenerative processes of hypothalamic orexin neurons, to extrapolate in vitro findings 

to in vivo situations.   
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Figure Legends 

Fig. 1.  QA causes preferential loss of MCH neurons in mice.  (A) Shown are a 

representative coronal brain section containing the injecion site (2.0 mm posterior to bregma; 

left panel) and sections obtained from the coordinates where orexin and MCH neurons are 

distributed (1.2 mm posterior to bregma; middle and right panels).  Sections in left and 

middle panels were stained with cresyl violet (Nissl staining).  The section in the right panel 

shows orexin immunofluorescence.  Arrows indicate the site of injection.  Note that the 

area containing orexin neurons did not undergo physical or necrotic damage by injection 

cannula.  (B) Representative photomicrographs showing orexin (in green) and MCH (in 

magenta) immunoreactivities in the lateral hypothalamic area.  Immunoreactivities were 

examined four days after injection of vehicle in the control side and 60 or 120 nmol QA in the 

contralateral side.  Injection was performed between ZT5 and ZT9.  (C) Effect of QA 

injected at 60 nmol (left panel, n = 5) and 120 nmol (right panel, n = 5) on the number of 

orexin neurons and MCH neurons.  *** P < 0.001 vs. control.  (D) An example of 

distribution of orexin- (left panel) and MCH- (right panel) immunoreactive neurons as 

expressed by the number of immunopositive cells in each section.  Examined sections 1 -17 

correspond to coordinates 2.3 - 0.2 mm posterior to bregma.  The coordinate corresponding 

to the injection site (2.0 mm posterior to bregma) is indicated by an arrow. 

 

Fig. 2. Effect of MK-801 on QA cytotoxicity. Orexin- and MCH-immunoreactivities were 

examined four days after injection of 120 nmol QA (n = 5) or 120 nmol QA plus 10 nmol 

MK-801 (n = 5).  Injection was performed between ZT5 and ZT9.  *** P < 0.001 vs. 
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control; ### P < 0.001 vs. QA alone (ANOVA results: for orexin neurons, F2,17 = 2.864, P = 

0.0847; for MCH neurons, F2,17 = 38.72, P < 0.0001). 

 

Fig. 3.  GABAA receptor blockade does not alter QA-induced selective loss of MCH neurons.  

Orexin- and MCH-immunoreactivities were examined four days after injection of 60 nmol 

QA (n = 5), 60 nmol QA plus 2 nmol picrotoxin (PTX, n = 5) or 60 nmol QA plus 1 nmol 

bicuculline (Bic., n = 5).  Injection was performed between ZT5 and ZT9.  *** P < 0.001 

vs. control (ANOVA results: for orexin neurons, F3,26 = 1.952, P = 0.146; for MCH neurons, 

F3,26 = 27.32, P < 0.0001). 

 

Fig. 4.  Diurnal variations of QA cytotoxicity.  (A) Representative photomicrographs 

showing orexin (in green) and MCH (in magenta) immunoreactivities in the lateral 

hypothalamic area.  Immunoreactivities were examined four days after injection of vehicle 

in the control side and 120 nmol QA in the contralateral side.  Injection was performed 

during early dark phase, i.e., between ZT14 and ZT15.  (B) Effect of QA injected at 60 nmol 

(left panel, n = 5) and 120 nmol (right panel, n = 5) during early light phase (ZT2 - ZT3) on 

the number of orexin- and MCH-immunoreactive neurons.  *** P < 0.001 vs. control.  (C) 

Effect of QA injected at 60 nmol (left panel, n = 7) and 120 nmol (right panel, n = 6) during 

early dark phase (ZT14 - ZT15) on the number of orexin- and MCH-immunoreactive neurons.  

* P < 0.05, *** P < 0.001 vs. control. 

 

Fig. 5.  QA cytotoxicity on orexin neurons during early dark phase.  (A) A representative 

section showing the location of rectangles for cell counting (500 m  800 m).  
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Abbreviations: DMH, dorsomedial hypothalamus; PeF, perifornical area; LH, lateral 

hypothalamic area.  (B) The number of orexin neurons within three rectangles was examined 

four days after injection of 120 nmol QA during early dark phase (ZT14 - ZT15).  n = 6.  

*** P < 0.001 vs. control.  (C) Effect of muscimol on QA cytotoxicity during eary dark 

phase.  Orexin- and MCH-immunoreactivities were examined four days after injection of 

120 nmol QA (n = 6), or 120 nmol QA plus 0.3 nmol muscimol (n = 6).  Injection was 

performed between ZT14 and ZT15.  * P < 0.05, *** P < 0.001 vs. control (ANOVA results: 

for orexin neurons, F2,19 = 4.067, P = 0.034; for MCH neurons, F2,19 = 134.82, P < 0.0001). 

 

Fig. 6.  QA cytotoxicity in young rats.  The number of orexin- and MCH-immunoreactive 

neurons was examined four days after injection of vehicle in the control side and 60 nmol QA 

in the contralateral side of the lateral hypothalamic area of rats at 3 - 4 weeks of age.  

Injection was performed between ZT5 and ZT9.  n = 5.  ** P < 0.01 vs. control.  

 

Fig. 7.  Behavioral parameters after QA-induced lesion.  Sham-operated control mice 

received bilateral injection of PBS into the hypothalamus, whereas QA-treated mice received 

injection of 120 nmol QA in one hemisphere and PBS in the other.  Injection was performed 

between ZT5 and ZT9.  n = 5 for each group.  (A) Body weight changes (left panel) and 

amount of daily food intake (right panel) after surgery at day 0.  (B) Locomotor activity in 

an open field was examined at four days after surgery.  Values in the graph represent total 

distance traveled during a 5-min observation period.  Traces shown on the right are 

representative tracks of locomotion. 


