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Abstract

The changes in brain function that perpetuate opiate addiction are unclear. In our studies of human
narcolepsy, a disease caused by loss of immunohistochemically detected hypocretin (orexin)
neurons, we encountered a control brain (from an apparently neurologically normal individual)
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with 50% more hypocretin neurons than other control human brains that we had studied. We
discovered that this individual was a heroin addict. Studying five postmortem brains from heroin
addicts, we report that the brain tissue had, on average, 54% more immunohistochemically
detected neurons producing hypocretin than did control brains from neurologically normal
subjects. Similar increases in hypocretin-producing cells could be induced in wild-type mice by
long-term (but not short-term) administration of morphine. The increased number of detected
hypocretin neurons was not due to neurogenesis and outlasted morphine administration by several
weeks. The number of neurons containing melanin-concentrating hormone, which are in the same
hypothalamic region as hypocretin-producing cells, did not change in response to morphine
administration. Morphine administration restored the population of detected hypocretin cells to
normal numbers in transgenic mice in which these neurons had been partially depleted. Morphine
administration also decreased cataplexy in mice made narcoleptic by the depletion of hypocretin
neurons. These findings suggest that opiate agonists may have a role in the treatment of
narcolepsy, a disorder caused by hypocretin neuron loss, and that increased numbers of
hypocretin-producing cells may play a role in maintaining opiate addiction.

One-sentence summary:

Heroin addiction is accompanied by an increase in detected hypocretin (orexin) neurons, and in
narcoleptic mice deficient in these neurons, morphine can reverse cataplexy.

Editor’'s Summary:

Opiate addiction and narcolepsy: Opposite sides of the same coin?

The neurological mechanisms that maintain opiate addiction and prevent long-term withdrawal are
not well understood. In a new study, Thannickal e a/. found that human heroin addicts have, on
average, 54% more hypocretin-producing neurons than do neurologically normal control
individuals. They show that a similar increase in hypocretin-producing neurons could be induced
in mice through long-term morphine administration. This long-lasting increase in hypocretin
neurons may be responsible for maintaining addiction. Narcolepsy is caused by a loss of
hypocretin-producing neurons. Morphine administration restored the population of hypocretin
neurons in hypocretin cell-depleted mice back to normal numbers and decreased cataplexy in
narcoleptic animals. Induction of specific long-term changes in neuropeptide production,
outlasting the half-life of the administered drugs, may be useful in treating diseases characterized
by loss of neurons producing these neuropeptides.

INTRODUCTION
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The annual rate of opiate overdose deaths in the United States has increased fourfold in the
last 17 years, with more than 300,000 deaths since 2000. Addicts are unable to overcome
opiate addiction, even as they realize the destructive effect it is having on them and their
families (1). Prior work suggests that hypocretin cell activity is linked to pleasure-mediated
arousal and, hence, may play a role in perpetuating addiction (2-4).

Previously, we reported that human narcolepsy is linked to, on average, a 90% loss of
immunohistochemically identified hypocretin-producing cells (5). More recently, we
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reported a decreased number of immunohistochemically identified hypocretin neurons in
Parkinson’s disease (6, 7). In analyzing postmortem brain tissue from neurologically normal
control individuals, we unexpectedly encountered a brain with 50% more hypocretin-
producing neurons than we had found in any of the other control human brain tissues we had
studied. Further investigation revealed that this individual was a former heroin addict.

Here, we acquired postmortem brain tissue from four additional human heroin addicts. We
saw a greatly elevated number of hypocretin-producing cells in the brain of each addict. We
then explored whether administering morphine to wild-type mice would produce a similar
increase in hypocretin-producing cells, what the effects of the dose and schedule of
administration effects were on the magnitude of the increase, and how long the changes in
hypocretin neuron number and cell size persisted after the cessation of administration. We
then exploited the finding of an increase in hypocretin cells induced by opiate administration
in mice to see whether morphine might have beneficial effects in a mouse model of
narcolepsy where hypocretin cell number had been reduced to mimic the low number of
hypocretin cells found in human narcolepsy.

An increased number of immunohistochemically positive hypocretin (orexin) neurons in
the brains of human heroin addicts

There was an average increase of 54% in the number of detectable hypocretin-producing
neurons in the postmortem brain tissue from five human heroin addicts relative to matched
control brains [P=0.0009, ¢=8.89, df = 10 (ftest); Table 1 and Fig. 1A]. The range of
increase in the addicts was 36 to 74% above mean control values. Hypocretin-producing
cells were found to be 22% smaller in the brains of addicts compared to controls [P< 0.01, ¢
=2.78, df = 10 (ttest); Fig. 1, B and D]. About 90% of hypocretin-producing neurons in the
brains of human control subjects also contained Narp (neuronal activity—regulated
pentraxin), a secreted neuronal pentraxin that co-localizes with hypocretin in hypothalamic
neurons (8). This percentage was similar in the larger number of hypocretin neurons
observed in human heroin addicts (Fig. 1E).

Dose-dependent effects of morphine administration on hypocretin-producing cells in the
brains of wild-type mice

To determine whether the differences in the number and size of hypocretin-producing
neuron somas seen between human heroin addicts and controls might be induced by opiates,
we administered morphine to mice at several doses for varying time periods. Subcutaneous
injection of fixed and escalating doses of morphine for 7 days did not significantly change
the number of hypocretin cells detected in the mouse brain. However, 14-day administration
of either dose schedule increased hypocretin cell number relative to saline injection [P=
0.01, t=4.23,df =4 and P=0.01, £=4.52, df = 4 (¢tests), respectively; Fig. 2A]. Fixed
morphine doses of 10 mg/kg or greater for a single 2-week period increased hypocretin cell
number [/ 16 = 8.1, P< 0.001, analysis of variance (ANOVA)] with a maximal average
increase of 38% at the 50 mg/kg dose (Fig. 2B). With daily dosing for a 60-day period, the
magnitude of changes in hypocretin cell number was smaller than that after 14 days of
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morphine administration (/3 12 = 13.5, £< 0.001, ANOVA, normality, variance tests passed
between groups; Fig. 2C). The effect on hypocretin cell number was largest in the lateral
hypothalamus (LH), but an increase in hypocretin cell number was also seen in the medial
hypothalamus (MH) [LH: A= 0.001, £=11.94,df=7; MH: P=0.05, t=2.44,df =7 (¢
tests); Fig. 2D]. After 14 days of administration of morphine (50 mg/kg), hypocretin cell
number remained elevated for an additional 4 to 8 weeks [£=0.001, ¢=6.13, df = 8 (¢test,
ANOVA, normality, variance tests passed between groups), /522 = 9.4, £< 0.001; Fig. 2E].
After 60 days of administration of the same morphine dose (bottom), the elevation of
hypocretin cell number persisted for an additional 2 weeks after the end of drug
administration [£s 22 = 6.3, < 0.001 (ANOVA, normality, variance tests passed between
groups); Fig. 2E]. Figure 2F shows the time course of recovery from hypocretin cell
shrinkage after daily administration of morphine (50 mg/kg) or saline to five experimental
and five control mice for 2 weeks. Hypocretin cell size increased toward control values over
the 4-week period after cessation of morphine administration [/ 5¢ = 5.3, £< 0.0005
(ANQOVA); Fig. 2F]. The increased number of hypocretin-producing cells was within the
regions containing hypocretin cells under baseline conditions [£=0.001, #=4.88, df = 10;
Fig. 2G]. There was no change in the percentage of Narp-containing cells within the
increased number of hypocretin-producing cells in mice treated with morphine (50 mg/kg)
for 14 days (Fig. 2H).

Because subcutaneous implantation of morphine pellets is commonly used in opiate
research, we studied the effect of implantation of morphine pellets (25 mg) or control pellets
in 14 mice. Figure 21 shows the effects of subcutaneously administered morphine pellets
compared to control pellets on the distribution of hypocretin cell size 72 hours after
implantation. On average, cell size was decreased by 23% in response to morphine pellet
implantation [U= 5239, £< 0.01 (Mann-Whitney U'test); Fig. 21]. Thus, as with morphine
injection, morphine pellet implantation resulted in a reduction in hypocretin cell size,
shifting the entire population distribution downward. However, the continuous presence of
morphine for 7 or 14 days, produced by replacing pellets every 3 days, did not produce a
significant increase in hypocretin cell number (Fig. 2J). The number of melanin-
concentrating hormone (MCH)—producing cells in the brains of mice was not affected by
injection of morphine at 50 or 100 mg/kg for 14 days (Fig. 2K). There was no change in
MCH cell size after 14 days of morphine administration to the mice (Fig. 2L).

Changes in preprohypocretin, Narp, preprodynorphin, and MCH in response to morphine

An escalating dose of morphine (100 mg/kg; Fig. 3, A to C) was given to wild-type mice for
14 days. Quantitative polymerase chain reaction (qPCR) was performed to measure mRNA
amounts in mouse brains of preprohypocretin, Narp, and preprodynorphin (Fig. 3, A to C).
Western blotting was used to assess the quantity of preprohypocretin and MCH peptide in
mouse brain (Fig. 3, D and E, and fig. S1). The amounts of mMRNAs encoding
preprohypocretin, Narp, and preprodynorphin, all found in hypocretin-positive neurons,
were found to be elevated [preprohypocretin: £=0.03, £=2.99, df =5; Narp: £=0.02, =
3.36, df = 5 (¢test); preprodynorphin: A= 0.01, = 3.65, df =5 (#test); Fig. 3, Ato C].
Western blot quantitation showed that a 14-day administration of morphine to wild-type
mice increased preprohypocretin by 79% [P = 0.05, £= 2.51, df = 6 in each group (Ztest)],
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which returned to baseline within 2 weeks of drug withdrawal (Fig. 3D). Figure 3E shows
that there was no significant change in MCH in the same animals.

Morphine-induced changes in hypocretin cell number are not due to neurogenesis

Morphine administration at 100 mg/kg for 14 days to wild-type mice increased the number
of hypocretin-producing cells in mouse brains (Fig. 2). However, morphine administration to
knockout mice (9) that cannot produce hypocretin did not result in immunohistochemical
detection of hypocretin, indicating that the observed immunolabeling after morphine
required the presence of hypocretin (Fig. 4A). There was no significant change in the
number of 5-bromo-2’-deoxyuridine (BrdU)-labeled cells throughout the hypocretin neuron
region after morphine administration to wild-type mice, indicating that the increased number
of hypocretin neurons in response to morphine was not due to neurogenesis (Fig. 4B).
Fourteen days of morphine (100 mg/kg) treatment also did not produce any change in
doublecortin staining of neurons in the hypothalamus of mouse brains compared to saline
treatment (Fig. 4C, left). Doublecortin staining validity was indicated by a normal labeling
pattern in the dentate gyrus (Fig. 4C, right).

Effect of systemic morphine injections on the activity of hypocretin neurons in rats in vivo

A species-appropriate dose of morphine (15 mg/kg) resulted in an elevated action potential
discharge rate in rat brain hypocretin neurons, accompanied by increased
electroencephalographic (EEG) activation and increased electromyographic (EMG) activity
in the freely moving rats (Fig. 5). Hypocretin neurons were identified using our previously
published criteria (10). Figure 5A shows the discharge rate in rat hypocretin neurons during
active waking, quiet waking, non-rapid eye movement (REM) sleep, and REM sleep and
after morphine injection in waking animals (averaged across five neurons recorded in three
rats). Hypocretin neurons displayed an elevated discharge rate after morphine administration
comparable to that during active waking and greater than that during quiet waking, non-
REM sleep, and REM sleep [one-way ANOVA for hypocretin neurons: n=15, F3 16 = 18.2, P
< 0.0001; post hoc comparisons with Tukey/Kramer procedure: active and quiet waking, P<
0.05; active waking and non-REM/REM sleep, £< 0.01; morphine administration: active
waking, quiet waking, non-REM sleep, and REM sleep, all < 0.01]. Figure 5B shows
recordings of the discharge rate in discharges per second, muscle tone, and EEG data
(expansions enable better visualization of the time course and an action potential waveform,
used to aid in identification of hypocretin neurons; recording sites are indicated in Fig. 5C
by black arrowheads).

Reversal of decreased hypocretin cell number in narcoleptic mice after morphine
administration

We used a newly developed transgenic mouse model in which hypocretin cell loss is
triggered by doxycycline (DOX) withdrawal, the orexin-tTA; TetO diphtheria toxin A (DTA)
mice (henceforth called DTA mice) (11). This transgenic mouse model allows induction of
selective hypocretin cell loss and symptoms of narcolepsy with cataplexy in adult DTA mice
after DOX withdrawal, resembling the syndrome that occurs in human narcolepsy.
Resuming DOX administration stops further hypocretin cell loss in the DTA mice. Control
mice were DTA mouse littermates maintained on DOX throughout the experiment. The
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dashed horizontal red line in Fig. 6A shows the number of hypocretin cells in DTA
littermate control mice maintained on DOX and administered daily saline injections for 14
days. The green bar shows littermate DTA mice subjected to DOX withdrawal for 1.5 days,
followed by restoration of DOX administration and saline injections for 14 days. A 30%
reduction in hypocretin cells relative to the number of hypocretin cells in control DTA mice
maintained on DOX was observed (Fig. 6A). However, when daily morphine (100 mg/kg)
injections were given instead of saline injections for 14 days in the experimental group, the
number of hypocretin cells detected by immunohistochemistry was restored to baseline [blue
bar; P=0.0003, = 6.31, df = 4 (¢test)]. Figure 6B shows the effect of morphine
administration on cataplexy in two groups of four hypocretin cell-depleted DTA mice. DOX
treatment was halted for 18 days, a duration that produces a 95% depletion of hypocretin
neurons and cataplexy. Morphine treatment given at a dose of 50 mg/kg for 1 or 2 weeks
reduced cataplexy relative to control untreated mice [treatment effect, /g = 148.4, P=
0.0001 (ANOVA)]. Hypocretin knockout mice, in which the hypocretin neurons are present
but the peptide is absent from birth, show much lower amounts of cataplexy than do DTA
mice. Therefore, the effects of morphine administration on hypocretin knockout mice could
not easily be tested. The extensive loss of most of the hypocretin cell bodies in the DTA
mice more closely resembles the characteristics of human narcolepsy than does the lack of
hypocretin neuron production in hypocretin knockout mice.

Figure 6C shows the number of hypocretin-producing cells in three human control subjects
without narcolepsy (green) and in two patients with narcolepsy. In contrast to our prior
studies of 40-um sections of frozen human brain tissue analyzed by stereology (5), brain
tissue of all five subjects was preserved in paraffin, was sectioned at 6-um intervals, and was
counted with an automated counting procedure. Both patient NBB-01064 and patient
NBB-08023 were diagnosed as having narcolepsy with cataplexy. Patient NBB-01064 was
chronically treated with morphine for relief of her pain resulting from discopathy after her
initial narcolepsy diagnosis. Patient NBB-08023 was not treated with opiates. Eight years
later, patient NBB-01064 was reclassified as having idiopathic hypersomnia without
cataplexy, an unusual clinical course, suggesting that the extended period of morphine
administration may have changed the trajectory of the disease. Figure 6C shows hypocretin
cell counts in the diagnosed narcoleptic patients with cataplexy: without morphine treatment
(NBB-08023) and with morphine treatment (NBB-01064). The morphine-treated patient
(NBB-01064) had 16% the number of hypocretin cells found in healthy controls compared
to 3% for the narcoleptic with cataplexy patient not treated with morphine (NBB-08023).

DISCUSSION

Cells with different neurotransmitter phenotypes have been characterized by various
techniques since the early work of Falck et a/. (12). Most current research studies use
immunohistochemistry, the most sensitive technique, to identify and quantify these cell types
in brain tissue representing normal and pathological human conditions. Hypocretin cell
counts determined by immunohistochemistry (5) exceed those determined by genetic
labeling (13) and RNA labeling (14). A relevant comparison is between our initial finding of
an average of 71,000 hypocretin cells in human control brain tissue, with a 90% loss of these
cells in brain tissue from patients with narcolepsy/cataplexy using immunohistochemistry (5,
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15), and a contemporaneous report of 15,000 to 20,000 hypocretin cells in normal human
control brain tissue and no detected hypocretin cells in patients with narcolepsy/cataplexy
using in situ labeling (14). An independent study confirmed our immunohistochemistry
work (Fig. 6C), finding surviving hypocretin cells in the brains of all human narcoleptic
patients studied (16).

Immunohistochemistry can be combined with the measurement of immediate early gene
expression (4) or with juxtacellular labeling and unit recording (10) to characterize the
activity of identified cells in the brains of normal animals. Immunohistochemistry is also
used to identify and study neuropathologies, including cell loss in narcolepsy, Huntington’s
disease, Parkinson’s disease, Alzheimer’s disease, and other disorders. Our findings in the
current study suggest that this approach may be missing an important aspect of brain
function. Under some drug administration or disease conditions, the number of cells of a
particular phenotype visualized with immunohistochemistry can change. A decrease in the
number of cells can mistakenly be interpreted as representing neuronal death. However,
increases of the sort we report here and that we and others have reported previously (17, 18)
suggest that a portion of certain cell types do not produce immunohistochemically detectable
amounts of their neurotransmitter under most conditions but can be induced to produce such
amounts by drugs or perhaps by disease.

In recent work, we have shown that increasing hypocretin content by inhibiting microtubule
polymerization with colchicine in mice increases the number of hypocretin cells detected by
immunohistochemistry by as much as 40% in wild-type mice (19), similar to the amount we
now see in mice after opiate administration. This raises the question of the extent to which
the reduced number of hypocretin cells that characterizes human narcolepsy and other
disorders may, at least partially, be due to reduced production of hypocretin in a
subpopulation of hypocretin cells rather than the loss of hypocretin-producing cells through
neuronal death. In mice given colchicine, the size of the hypocretin cells increases, possibly
as a result of inhibition of axonal transport (16). One may speculate that the increased
activity that we see in hypocretin neurons in mice after morphine administration has the
opposite effect on cell size as colchicine administration. The action potentials associated
with activation after morphine administration may cause hypocretin and other neuropeptides
such as Narp and dynorphin to be transported out of the neurons and down axons faster than
they can be synthesized, depleting the substrates and leading to shrinking of the cells.

Our work reported here shows that additionally recruited neurons after morphine
administration in mice may not be uniformly distributed across the population of hypocretin
cells. Further work will determine whether these neurons receive a different pattern of
inputs, project to a different pattern of sites, or differ in other ways from the neuronal
populations observed before opiate administration.

We show that the increased number of hypocretin neurons caused by morphine
administration in mice was not due to neurogenesis. We also demonstrate that the increase in
number lasted beyond the period when opiates would be readily detectable in the tissues of
the mice. In mice, the time course of hypocretin cell number increase and cell size decrease
differed. The increase required at least 2 weeks of high-dose morphine administration and
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returned to baseline by 8 weeks after administration. However, the cell size reduction in the
same mice occurred within as little as 72 hours of morphine exposure, with hypocretin cell
size returning to baseline by 4 weeks after morphine treatment. Morphine decreases the size
of ventral tegmental area (VTA) neurons in rodents (20). Although a major increase (or
decrease) in cell number of any neuronal group has not, to our knowledge, been reported
with heroin or morphine administration in other studies, opiates have been shown to produce
changes in dendritic field and spine morphology in the ventral tegmental field and nucleus
accumbens, which may reflect altered release of dopamine from VTA cells (21).

We (4) and others (2) have demonstrated that increased hypocretin cell activity is linked to
pleasurable but not to aversive tasks in mice and rats. We have found that hypocretin is
released in nonaddicted humans when they are engaged in enjoyable tasks but not when they
are aroused by pain or feeling sad (3). Conversely, human narcoleptic patients, who have, on
average, a 90% loss of detectable hypocretin cells (5), show increased depression and are
relatively resistant to drug addiction (22). In opiate addicts, elevating hypocretin production
for long periods by self-administration of drug may create a positive mental state (affect),
and a more negative affect is likely upon withdrawal of drug. This feedback loop may
contribute to, or underlie, drug addiction.

Dopamine neurons, particularly those located in the VTA, have been strongly implicated in
reinforcement in general and addiction in particular. Hypocretin and dopamine are
evolutionarily linked from both a neurochemical and an anatomical perspective (23). The
VTA receives a major hypocretin projection and projects to the nucleus accumbens. The
amounts of dopamine and its major metabolites in the nucleus accumbens are markedly
increased by the microinjection of hypocretin-1 and hypocretin-2 into the VTA. An intra-
VTA injection of a selective hypocretin receptor-1 antagonist, SB334867A, suppresses
morphine-induced place preference. Dopaminergic activation of neurons in the nucleus
accumbens shell by morphine withdrawal requires the integrity of hypocretin receptor-1
(24).

An in vitro brain slice study found that opioids decrease the activity of hypocretin neurons
and that blockade of p-opioid receptors enhances the activity of hypocretin neurons.
Morphine pretreatment inhibited subsequent excitatory responses to hypocretin in
hypocretin neurons recorded in vitro (21). However, our current in vivo data show that
systemic administration of morphine increased hypocretin neuron activity in rats, an effect
presumably mediated at the neural circuit level, and therefore, this effect would not be seen
in brain slices. Activation of hypocretin neurons reinstates an extinguished preference for
morphine in a rodent study (25).

The VTA, nucleus accumbens, amygdala, locus coeruleus, and central gray matter all have
been implicated in reward mediation (26). Hypocretin cells also contain and release
glutamate (27), trigger glutamate release from adjacent cells, and show Narp, an immediate
early gene encoding a protein involved in aggregating AMPA receptors and thought to have
a role in addiction (8). Bingham et a/. (28) found that hypocretin, like morphine, produces
profound analgesia. Aston-Jones et al. (29) showed that hypocretin was required for learning
a morphine-conditioned place preference task. Georgescu et al. (30) showed that hypocretin
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neurons, but not nearby MCH neurons, express p-opioid receptors. Cyclic adenosine 5’-
monophosphate response element—-mediated transcription is induced in a subset of
hypocretin cells, but not in MCH cells, after chronic exposure to morphine or induction of
morphine withdrawal. In addition, c-Fos and the preprohypocretin gene are induced in
hypocretin cells during morphine withdrawal. Constitutive hypocretin knockout mice
develop attenuated morphine dependence, indicated by a less severe antagonist-precipitated
withdrawal syndrome (24).

It has long been anecdotally noted that narcoleptic patients, who have, on average, a 90%
loss of hypocretin neurons (5), show little, if any, evidence of drug abuse or addiction,
despite their daily prescribed use of gamma hydroxybutyrate, methylphenidate, and
amphetamines, drugs that are frequently abused. These data are consistent with our current
finding of increased hypocretin cell populations in human heroin addicts, perhaps facilitating
and maintaining addiction. The reduced number of hypocretin neurons in patients with
narcolepsy may be related to the lack of drug addiction in these patients.

Our study has several limitations. The first is that we were unable to determine the
difference in the dynamics of the hypocretin cell increase in humans and mice and the return
to baseline after opiate withdrawal. Of particular interest were the duration of increase in the
population of detected hypocretin neurons after cessation of opiate administration and
whether it correlated with opiate craving in humans. Our discovery of tissues from a
narcoleptic patient given morphine for pain management, a control narcoleptic patient not
given such treatment, and neurologically normal control subjects, with all tissues preserved
and analyzed in the same manner at the same brain bank, was unusual. This situation is
highly unusual because there are so few postmortem brains from narcoleptic patients in
brain banks and fewer still where the narcoleptic patients have been given long-term opiate
treatment. Another limitation of our study is that we do not yet know the mechanisms
responsible for the sustained increase in hypocretin cells that we see in the mice and in
human heroin addicts. The DTA mouse model may make elucidating the mechanisms
underlying this increase possible.

In 1981, a report of a narcoleptic patient given codeine (a natural isomer of methylated
morphine) for the control of Crohn’s disease symptoms described a “disappearance of his
narcolepsy, cataplexy, sleep paralysis, and hypnagogic hallucinations” (31). In a second case
report, a narcoleptic patient, who could not continue taking stimulant drugs because of
coronary artery disease and the necessity for kidney dialysis, urged his doctor to prescribe
codeine for his narcolepsy because of the reversal of narcoleptic symptoms he had
previously experienced when given codeine for pain. His physician published the results
indicating a “dramatic improvement in alertness and substantial reduction of cataplexy,” the
defining symptoms of narcolepsy (32). A third paper (33) tested codeine on eight narcoleptic
patients. Sleep diaries and patient reports revealed consistent symptom improvement
compared to placebo; however, there were no significant differences in the multiple sleep
latency tests (cataplexy was not tested for). This ambiguous result from a 1-week trial in
three human patients appears to have ended opiate use for treatment of narcolepsy. In human
studies, separating the placebo effect from the drug effect and from drug-seeking behavior
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can be difficult. We now show (Fig. 6B) that opiate treatment is effective in reducing or
eliminating cataplexy in a mouse model of narcolepsy.

It is possible that, with the appropriate schedule of administration and dosage, opiate
agonists might be an effective treatment for human narcolepsy. However, tests to determine
the dose of opiate agonist with the least addictive potential and maximal safety and
effectiveness would be required before any recommendation for opiate use in human
narcoleptic patients. The autonomic effects of effective opiate agonist doses would need to
be determined. An alternate approach might be to develop agonists that more specifically
increase the number of hypocretin-producing neurons and thereby increase hypocretin
production without the risks of more widespread neuronal activation. The development of
appropriate transgenic mice would be an important step in this direction. One may also
speculate that reducing the number of neurons producing detectable amounts of hypocretin
to the level seen in nonaddicted human controls or reducing hypocretin action
pharmacologically using opiate receptor antagonists might be a potential strategy for treating
opiate addiction in humans.

MATERIALS AND METHODS
Study design

Immunohistochemistry was used to stain for hypocretin in human brain tissue from
neurologically normal control individuals, heroin addicts, and patients with narcolepsy
(Table 1). Human brain tissue was obtained from the National Neurological Research
Specimen Bank (Los Angeles), the Eunice Kennedy Shriver National Institute of Child
Health and Human Development Brain Bank, and the Netherlands Brain Bank (Table 1).
Parallel studies were done in wild-type mice and in a mouse model of narcolepsy in which
selective hypocretin cell loss in mature animals was triggered by intracellular expression of
diphtheria toxin (DTA mice) in response to removal of mice from a DOX diet. These mice
simulate the consensus understanding of the cause, developmental timing, and symptoms of
human narcolepsy. The amount of mMRNA and neuropeptides and the activity of hypocretin
neurons were measured in the mice. The age and sex of mice used in each study are
described in table S1. Morphine and control saline injections were performed at the same
time in experimental and control groups. All tissue analyses were performed by
experimenters blinded to treatment conditions.

Human hypothalamic tissue

The hypothalamus of five addicts, one morphine-treated narcoleptic with cataplexy, one
narcoleptic with cataplexy patient not given morphine, and nine control brains was examined
for this study. Characteristics of addicts, narcoleptics, and control subjects are summarized
in Table 1. Five heroin addict and seven control brains were fixed in 10% buffered formalin
containing 0.1 M phosphate buffer (pH 7.4). The hypothalamus was cut into 40-pum sections.
Sections were immunostained for hypocretin (orexin-A) and MCH. Adjacent sections were
Nissl-stained. Human nuclear divisions are according Mai et al. (34). Two narcoleptic and
three control brains were paraffin-embedded. Their sectioning and treatment are explained
below.
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Immunostaining for hypocretin and MCH in brain tissue from heroin addicts and control

subjects

Immunostaining for hypocretin and MCH in 40-um sections of frozen tissue was performed
as in our earlier reports (5, 7). The sections were treated with 0.5% sodium borohydride in
phosphate-buffered saline (PBS) for 30 min, washed with PBS, and then incubated for 30
min in 0.5% H,0, for blocking of endogenous peroxidase activity. For antigen retrieval,
sections were heated for 30 min at 80°C in a water bath with 10 mM sodium citrate (pH 8.5)
solution. The sections were cooled to room temperature in sodium citrate and washed with
PBS. After thorough washing with PBS, the sections were placed for 2 hours in 1.5%
normal goat serum in PBS and incubated for 72 hours at 4°C with a 1:10,000 dilution of
Hcrt-1 (Rabbit Anti-Orexin A, H-003-30, Phoenix Pharmaceuticals Inc.). Sections were then
incubated in a secondary antibody (biotinylated goat anti-rabbit immunoglobulin G, Vector
Laboratories), followed by avidinbiotin-peroxidase complex (ABC Elite Kit, \ector
Laboratories), for 2 hours each at room temperature. The tissue-bound peroxidase was
visualized by a diaminobenzidine (DAB) reaction (Vector Laboratories). Adjacent series of
sections were immunostained for MCH (with a 1:20,000 polyclonal rabbit anti-MCH;
H-070-47, Phoenix Pharmaceuticals Inc.). In all cases, the sectioning and staining were done
blind to condition, with the same antibody lots used for all subgroups in each study.

Double labeling of neurons for hypocretin and Narp

After blocking using 3% normal donkey serum and 0.3% Triton X, sections were incubated
with hypocretin antibody (orexin 1:1000, anti-goat; 8070, Santa Cruz Biotechnology) and
Narp (1:1000; anti-rabbit, Worley laboratory, Johns Hopkins) for 72 hours. The secondary
antibodies, Alexa Fluor 488 anti-goat (1:400) and Alexa Fluor 568 anti-rabbit (1:400)
(Invitrogen, Life Technologies Corporation), were used.

Quantitative analysis

Hypocretin and MCH cell number, distribution, and size were determined in human brain
tissue using stereological techniques on a 1-in-12 series of 40-um sections through the
complete hypothalamus. We used a Nikon E600 microscope with three-axis motorized stage,
video camera, Neurolucida interface, and Stereo Investigator software (MicroBrightField
Corp.). Quantification of hypocretin and Narp double labeling were carried out using Zeiss
Axio Imager M2. In human subjects, the complete hypothalamic region of one-half of the
human brain was cut into 40-um-thick coronal sections using a one-in-six section interval
for each series. One series of sections were stained with cresyl violet for the localization of
anatomical regions. Adjacent series of sections were immunohistochemically stained for
hypocretin. After staining, the sections were serially arranged and mounted on slides.
Hypocretin cells were individually counted with the Neurolucida program. The final number
reported is the number for the whole brain based on our systematic count. Sectioning,
staining, and counting were done by investigators blind to condition. In our initial human
studies (5, 7), we confirmed the results of stereological sampling with exhaustive counting
of hypocretin neurons. In mice, we completely counted bilaterally the number of hypocretin
neurons on a one-in-three series and reported the resulting number without multiplying by 3.
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Hypocretin immunostaining in narcoleptic and control brain tissue (paraffin-fixed tissue)

Sections cut at 6 um were incubated with rabbit anti-hypocretin A antibody (catalog no.
H-003-30, Phoenix Pharmaceuticals Inc.) at 1:20,000 diluted in tris-buffered saline (TBS)—
milk [5% (w/v) milk in 0.05 M tris and 0.15 M NaCl (pH 7.6)] for an hour at room
temperature, followed by incubation overnight at 4°C. The next day, after rinsing in TBS,
sections were incubated with goat anti-rabbit serum at 1:400 in TBS for 1 hour at room
temperature. Antibody binding was visualized according to the ABC method at a 1:800
dilution of these complexes in TBS for 1 hour at room temperature. After rinsing in TBS,
staining was developed by DAB and nickel ammonium sulfate for about 20 min. Reactions
were stopped by washing sections in distilled water. Finally, slides were dehydrated in an
ascending series of alcohol and coverslipped in xylene with Entellan.

Counting procedure for paraffin sections

Only positively stained neurons containing a nucleolus were included to prevent double
counting. This counting procedure, which was judged to be the best for the thin (6 um)
sections used, is based on the principle that nucleoli can be considered as hard particles that
will not be sectioned by a microtome knife but, instead, are pushed either in or out of the
paraffin when hit by the knife (35). All the cell counts were from one side of the
hypothalamus. Completeness of the cell counting was confirmed by graphically presenting
the actual number of neurons counted in every section from rostral to caudal to review the
distribution pattern. If the most rostral or caudal sections still showed positive cells, we cut
the remaining tissue so as to have a complete series. Following hypocretin staining, the total
number of neurons was counted at 600-um intervals throughout the area. In each section, all
hypocretin neurons with their typical cell profiles and a visible nucleolus serving as a unique
marker for each neuron were counted using light microscopy at a magnification of 400x.
Taking into account the interval distances between individual sections, the total number of
hypocretin neurons was determined on the basis of the Cavalieri principle (36).

Animal study

All procedures were approved by the Institutional Animal Care and Use Committee of the
University of California at Los Angeles and the Veterans Administration Greater Los
Angeles Healthcare System.

Morphine pellet study in mice

Experiments were performed on male C57BL/6 mice weighing 25 to 30 g. Animals were
housed on a 12-hour light-dark cycle. Food and water were available ad libitum. The
characteristics in each group of the study are detailed in table S1. Morphine (25 mg) pellets
[from the National Institute on Drug Abuse (NIDA)] and placebo pellets (NIDA) were
subcutaneously implanted with isoflurane anesthesia. There were three groups for the pellet
study: (1) pellet implanted for 3 days, (2) pellet implanted for 7 days, and (3) pellet
implanted for 14 days. For groups 2 and 3, the initial pellet was replaced after 72 hours. All
animals were sacrificed between 12:00 p.m. and 2:00 p.m. Animals were anesthetized
intraperitoneally (i.p.) with Fatal-Plus solution and then perfused transcardially with PBS,
followed by 4% paraformaldehyde in PBS. Brains were removed and post-fixed for 72 hours
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in 4% paraformaldehyde in PBS, followed by 30% sucrose in PBS. The sections were cut at
40 um on a sliding microtome and stained for hypocretin as described earlier. Mouse nuclear
divisions are as in McGregor et al. (4).

Morphine dose response in mice

A 14-day dose-response trial with daily administration of a fixed dose of morphine
(morphine sulfate injection USP, Hospira Inc.) in each group of animals from 1 to 100
mg/kg body weight was conducted. The doses were 1, 5, 10, 25, 50, 75, and 100 mg/kg.
Control groups received saline injections. The morphine escalating dose started with 100
mg/kg daily and was increased by 20% every 72 hours. For the 60-day dose-response trial,
there were three doses: 10, 25, and 50 mg/kg body weight. Control groups received saline.
Injections were done at 10:00 a.m. in mice on a 12-hour/12-hour cycle with light onset at
7:00 a.m. All animals were sacrificed between 12:00 p.m. and 2:00 p.m.

Morphine (50 mg/kg) for 14 days and withdrawal for up to 6 months

To study the effect of morphine withdrawal on hypocretin neurons, we administered 50
mg/kg for 14 days to the mice. The control group received saline. Two-week, 4-week, 8-
week, 16-week, and 26-week withdrawal durations were used.

Morphine (50 mg/kg) for 60 days and withdrawal up to 6 months

To study the effect of long-duration administration of morphine, we gave 50 mg/kg for 60
days. The control groups received saline. Two-week, 4-week, 8-week, 16-week, and 26-
week withdrawal durations were used.

Investigation of neurogenesis after morphine treatment in mice

To look for evidence of neurogenesis after morphine treatment, BrdU was given
intraperitoneally at 50 mg/kg in sterile saline once daily for 2 weeks. BrdU injection was
done in morphine-treated (100 mg/kg) and saline-treated animals. Morphine injection was
done in the morning, and BrdU injection was done in the evening for the 2-week period.
Animals were sacrificed 2 weeks after the initial injection or 4 weeks after the end of 2
weeks of injection period. There were three animals in each experimental group.

Immunohistochemistry (40-um sections)

Brains were sectioned at 40 um in the frontal plane through the hypothalamus.
Immunohistochemistry for BrdU was performed on every fourth, free-floating section.
Tissue was pretreated for BrdU immunostaining by DNA denaturation (2 M HCI at 37°C for
30 min), followed by 10 min in borate buffer (pH 8.5). Sections were then incubated with rat
anti-BrdU monoclonal antibody (1:400; Novus Biologicals) for 72 hours. Sections were
developed using the ABC and DAB methods (Vector Elite). Doublecortin staining was done
using goat anti-doublecortin C-18 (DCX 1:1000; no. sc-8066, Santa Cruz Biotechnology).
Homozygous male hypocretin-deficient mice were injected with morphine (100 mg/kg)
subcutaneously. The control group received saline (7= 3 each group; table S1). The animals
were sacrificed on day 14, and hypocretin immunohistochemistry was performed.
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qPCR procedure

The morphine escalating dose started from 100 mg/kg and was escalated by 20% every 72
hours, ending up at 180 mg/kg for 2 weeks. Brain samples from mice (eight saline-injected
mice versus eight morphine-injected mice) were snap-frozen by dry ice and stored in —80°C.
They were cut into 200-um sections in a cryostat at —18°C. The hypothalamus was
bilaterally punched out by a prechilled 1.0-mm punching needle (Miltex Inc.). Brain tissue
samples were pooled with two animals in each tube and immediately put back on dry ice.
The tissue was homogenized with 1000 pl of QIAzol Lysis Reagent (QIAGEN Sciences) and
200 pl of chloroform (Merck). RNA was isolated according to the RNeasy Lipid Tissue Mini
Kit (catalog no. 74804, QIAGEN) manufacturer’s protocol. RNA concentration and quality
were measured by a Nanodrop TM ND-1000 spectrophotometer (Thermo Fisher Scientific).
For each sample, 1000 ng of total RNA was used for synthesis of complementary DNA
(cDNA), as described by the manufacturer’s protocol of the iScript cDNA Synthesis Kit
(Bio-Rad Laboratories).

Primer sequences for preprohypocretin/orexin, preprodyn, and Narp GenBank accession
code are indicated below. Primer sequences for glyceraldehyde-3-phosphate dehydrogenase,
tubulin a-1A, ribosomal protein S28, actin-@, ubiquitin C, and tubulin B-4a (Tubb4a) were
used as reference genes.

The gPCR procedures have been described previously (37). In short, gPCR was performed
in a reaction volume of 20 ul using the SYBR Green PCR Kit (Promega) and a mixture of
sense and antisense primers (2 pmol/ul). Reactions were run in a GeneAmp 7300
thermocycler under the following conditions: 2 min at 50°C and 10 min at 95°C, followed
by 40 cycles of 15 s at 95°C and, finally, 1 min at 60°C. Data were acquired and processed
automatically by the Applied Biosystems Sequence Detection Software. Specificity of
amplification was checked by melting curve analysis and electrophoresis of products on
1.5% agarose gel. Sterile water (nontemplate control) and omission of reverse transcriptase
(non-RT control) during cDNA synthesis served as negative controls.

Amplification efficiency was determined by running gPCR reactions on a dilution series of
pooled cDNA from all the subjects. Resulting cycle threshold values were plotted against the
inverse log of each dilution, and the slope of this curve was then used to calculate the
efficiency as follows: Efficiency (£) = 107/51%P¢, The normalization factor was based on the
geometric mean of the following two most stable reference genes (that is, actin-p and
Tubb4a) out of six candidate reference genes selected by geNorm analysis (38). To minimize
handling variations, each gene was measured in triplicate. The relative absolute amount of
target genes calculated (39) was divided by the normalization factor.

Western blotting

The mouse hypothalamus was sonicated in lysis buffer containing 50 mM tris-HCI, 50 mM
MgCl,, 5 mM EDTA, and a protease inhibitor tablet (catalog no. 12482000, Roche) and was
centrifuged at 800¢g (3000 rpm) for 30 min at 4°C. The protein concentration of the
supernatant was determined using the DC Protein Assay Kit (catalog no. 500-0112, Bio-
Rad). Protein (40 pg) was loaded on a 12% mini-protean TGX precast gel (catalog no.
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456-1044, Bio-Rad) and separated at 50 V. The proteins were then transferred to a
polyvinylidene difluoride membrane (catalog no. 162-0176, Bio-Rad) at 50 mA for 2 hours.
The membrane was washed in 20 mM tris, 150 mM NacCl, and 0.1% Tween 20 (TBST) and
then blocked in TBST containing 5% (w/v) nonfat dry milk (NFDM) for 1 hour. The
membrane was incubated with rabbit anti—polyphenol oxidase (PPO) (sc-28935, Santa Cruz
Biotechnology) and rabbit anti-MCH (sc-28931, Santa Cruz Biotechnology) at 1:1000
dilution in 2.5% NFDM in TBST overnight at 4°C. The next day, the membrane was washed
in TBST before incubation with goat anti-rabbit horseradish peroxidase (HRP)—conjugated
secondary antibody (catalog no. 31463, Thermo Fisher Scientific) at a dilution of 1:10,000
in 2.5% NFDM in TBST for 1 hour at room temperature. After washing in TBST, the
antibody complex was visualized with SuperSignal West Femto (catalog no. 34094, Thermo
Fisher Scientific). Anti-p-actin (MAB1501R, Millipore) was used as an internal normalizer,
at a dilution of 1:10,000, with goat anti-mouse HRP-conjugated secondary antibody (catalog
no. A2304, Sigma) at a dilution of 1:10,000. The densities of PPO, pro-MCH, and p-actin
bands for each sample were measured using ImageJ software.

Morphine administration to DTA mice

To create a model of orexin/hypocretin deficiency with closer fidelity to human narcolepsy,
DTA was expressed in orexin neurons under control of the Tet-off system (Fig. 6A) (11).
Male orexin-tTA; TetO DTA mice were maintained from weaning to 10 weeks of age on
DOX (+) chow. To reduce the number of orexin neurons without elimination of the entire
cell population, DOX (+) chow was removed at 10 weeks of age and replaced with Labo MR
stock food [DOX (=) condition] for 1.5 days, after which DOX (+) chow was reintroduced
(1.5 days + restoration of DOX; = 8). The experimental group (/7= 4) then received
morphine (100 mg/kg) subcutaneously for 14 days, and the control group received (7= 4)
saline. Two hours after last day injections, mice were deeply anesthetized with pentobarbital
(100 mg/kg, i.p.) and perfused sequentially with 15 ml of chilled saline and 15 ml of chilled
10% formalin solution (Wako). Brains were isolated and immersed in formalin solution for
72 hours at 4°C, followed by 30% sucrose. The sections were cut at 40 pm and stained for
hypocretin as described earlier.

Cataplexy in DTA mice treated with morphine

Female orexin-tTA; TetO DTA mice (40), aged 4 to 6 months fed DOX food from birth (as
were their mothers before the birth of the pups), were placed on regular laboratory rodent
food for 18 days and then back on DOX food (catalog no. TD.130840, Teklad) for 1 to 2
months (Fig. 6B). The mice were singly housed (lights on at 6:00 a.m. and off at 6:00 p.m.).
The mice were recorded from 5:00 p.m. to 6:00 a.m. the next day, viaa LOREX DV700
recording system with a 1080p HD MPX DVR. Chocolate (“Hershey’s kisses,” milk
chocolate) was given at 6:00 p.m. to enhance cataplexy attacks (11). Baseline cataplexy was
recorded between 6:00 p.m. and 6:00 a.m. the next morning, 1 day before morphine
treatment commenced. At 10:00 a.m., the mice were injected subcutaneously with either
saline or morphine (50 mg/kg). Morphine or saline was administered every day at 10:00 a.m.
for 2 weeks. Overnight video recording was repeated weekly, after 1 and 2 weeks of
morphine or saline injections and for 3 weeks after the termination of morphine/saline
treatment. The number of cataplexy bouts was scored for the first 2 hours (from 6:00 p.m. to
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8:00 p.m.) of the dark phase. Cataplexy was scored on the basis of the criteria of Chemelli et
al. (9) and Scammell et al. (41): an abrupt episode of nuchal atonia with immaobility lasting
at least 10 s, with at least 40 s of wakefulness preceding the episode. The number of
cataplexy episodes was normalized with each subject’s baseline score and was expressed as
the percentage of saline control on week 1.

Effect of morphine on hypocretin cell activity in vivo

Male Sprague-Dawley rats (Charles River Laboratories) weighing 250 to 300 g were used (7
= 3). Hypocretin cells were recorded from the hypothalamus using microwire recording
techniques as described previously (42). Under isoflurane anesthesia, microdrives containing
25-um stainless steel microwires (California Fine Wire Co.) aimed at the lateral
hypothalamic area were implanted, with the tip of the electrodes 0.5 mm above the target
area. Stainless steel screw electrodes were placed over the sensorimotor cortex for EEG, and
EMG activity was recorded from the dorsal neck muscles with Teflon-coated multistranded
stainless steel wires (Cooner Wire). Animals were free to move around the recording
chamber. Electrodes were moved in 80-um steps until a cell or cells with signal-to-noise
ratio of at least 2:1 were isolated. The activity of each cell was then characterized throughout
sleep/waking states. Waking-specific cells that fit the profile of hypocretin cells (10) were
studied after intraperitoneal injections of morphine (10 to 15 mg/kg) with continuous
recording of neuronal activity for at least 3 hours.

Statistical analysis

The figure legends contain statistical details. The numbers of subjects in each human and
animal study are indicated in Table 1 and table S1, respectively. Summary statistics are
presented, with probability and df, in the figure legends. Unmatched two-tailed #tests or
ANOVAS were used as appropriate. The number of subjects was determined in each group,
generating data according to the formula: 7= (zscore)? x SD x (1 — SD)/(margin of error)?
with a set at 0.05 and power set at 80%.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Postmortem brain tissue from heroin addicts shows an increased number of hypocretin-
producing neurons.

Subject characteristics are presented in Table 1. (A) Immunohistochemistry showed that
there was a 54% increase in the number of detectable hypocretin neurons in hypothalamic
brain tissue from human heroin addicts (/7= 5) relative to hypothalamic tissue from human
control subjects [#7=7; £=0.0009, = 8.89, df = 10 (¢test)]. (B) Immunohistochemical
staining of postmortem brain tissue showed that hypocretin cells were 22% smaller in brain
tissue from heroin addicts compared to control subjects [P < 0.01, £=2.78, df = 10 (¢test)].
(C) Neurolucida mapping illustrates the distribution and increased number of hypocretin
cells in brain tissue from heroin addicts relative to control subjects. Representative counts
are given at three anterior-posterior positions: OT, optic tract; MM, mammillary bodies; Fx,
fornix. (D) A representative example of immunohistochemical labeling of hypocretin cells in
brain tissue from control individuals and heroin addicts is shown. Scale bar, 50 um. (E) Left:
Immunohistochemical staining showing that about 90% of hypocretin neurons in human
brain tissue from control individuals also contained the neuropeptide Narp. This percentage
did not significantly differ in brain tissue from human heroin addicts. Right: Representative
images of immunohistochemical double staining for hypocretin (Hcrt) and Narp in
hypothalamus of brain tissue from a heroin addict. ***P < 0.001, **P< 0.01, ttest,
compared to control.
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Fig. 2. Dose-dependent effects of mor phine administration on hypocretin cellsin mouse brain.
We administered morphine (blue) or saline (green) to wild-type littermate mice and then

stained brain tissue for hypocretin-producing cells. (A) A fixed morphine dose (FD) of 100
mg/kg for 7 days, or an escalating morphine dose (ED) starting at 100 mg/kg for 3 days and
increasing by 20% every third day for 7 days, did not significantly increase hypocretin cell
number. However, a fixed dose of morphine (100 mg/kg) for 14 days and an escalating dose
for 14 days (with a final dose of 180 mg/kg) both increased hypocretin cell number [P =
0.01, t=4.23,df = 4 and +22%, P=0.01, 1= 4.52, df = 4 (t test), respectively). (B)
Morphine doses of 10 mg/kg or higher all produced a significantly elevated number of
hypocretin neurons compared to saline-injected mice. The elevation in hypocretin cell
number at 50 mg/kg was 38%. Doses above 50 mg/kg produced no further increase [/ 16 =
8.1, P<0.001 (ANOVA)]. (C) Shown are the effects of long-term (60 days) daily
administration of morphine at doses of 10, 25, or 50 mg/kg. All three doses produced
significant increases in hypocretin cell number as a percentage of control, with the largest
increase (+26%) observed at a dose of 25 mg/kg [F3 12 = 13.5, < 0.001 (ANOVA)]. (D)
Shown is the mediolateral distribution of increased hypocretin cell number after 14 days of
morphine administration at 50 mg/kg in wild-type mice. The elevation of hypocretin cell
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number was largest in the LH, but the effect was also significant in the MH [LH: A= 0.001, ¢
=11.94,df =7; MH: P=0.05, ¢t=2.44, df = 7 (ttest)]. PFA, perifornical area. (E) Graph
shows the persistence of the elevation of the number of hypocretin neurons after the
termination of morphine administration to wild-type mice compared to mice injected with
saline (control). Shown is the duration of hypocretin’s effects after termination of daily
morphine (50 mg/kg) administration starting with the day after the final injection (day 0 of
withdrawal) relative to control. After 14 days of morphine administration (top), hypocretin
cell number remained significantly elevated for 4 weeks [F5 22 = 9.4, £< 0.001 (ANOVA)].
After 60 days of morphine administration (bottom), the significant elevation of hypocretin
cell number lasted for 2 weeks [/ 27 = 6.3, P<0.001 (ANOVA)]. (F) A 12.8 +2.8%
decrease in hypocretin cell size was observed after administration of morphine (50 mg/kg)
for 14 days to wild-type mice [significant interaction of treatment and withdrawal (/5 5g =
5.3, P<0.0005)]. After 4 weeks of morphine withdrawal, hypocretin cell size returned to the
size seen in saline-treated animals. (G) Representative neurolucida plots and
photomicrographs illustrate the increased number and the reduced size of hypocretin cells
after 2 weeks of morphine administration at 50 mg/kg fixed dose. Numbers indicate cell
counts in section. Scale bars, 150 um (neurolucida plots) and 50 um (photomicrographs). 3V,
third ventricle. (H) No change was observed in the percentage of cells double-labeled for
both hypocretin and Narp in wild-type mice treated with morphine (50 mg/kg) for 14 days
compared to control mice injected with saline. (I) We measured the effect of morphine pellet
implantation on hypocretin cell number and size compared to control pellets in wild-type
mice 72 hours after implantation. On average, cell size was decreased by 23% [~ = 0.001
(Mann-Whitney Utest), U= 5239]. n= 128 cells for control saline-injected mouse brain
(green), and 7= 149 cells for morphine-injected mouse brain (blue). (J) Shown are the
effects of replacement of depleted morphine or control pellets at 3-day intervals for up to 7
or 14 days to mimic continuous opiate administration. (K and L) In contrast to hypocretin,
MCH cell number and size were not affected by administration of morphine at 50 or 100
mg/kg for 14 days to wild-type mice. Dark green color in (K) and (L) distinguishes MCH
neuron comparisons with saline control from hypocretin neuron comparisons with saline
control. There was no change in MCH cell size compared to saline control. *£< 0.05, **P<
0.01, ***P < 0.001, ttest with Bonferroni correction compared to saline control.
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Fig. 3. Effect of morphine administration on preprohypocretin, preprodynorphin, Narp, and

MCH expression in mouse brain.

An escalating dose of morphine, starting at 100 mg/kg, was given for 14 days to wild-type
mice. qPCR was performed to measure mMRNA expression (A to C), and Western blotting
was used to assess the amount of neuropeptide (D and E). (A to C) An increase in mMRNA
for preprohypocretin, Narp, and preprodynorphin was observed [preprohypocretin: 2= 0.03,
t=2.99, df =5; Narp: £=0.02, ¢=3.36, df = 5 (¢test); preprodynorphin: =0.01, £=3.65
df =5 (ttest)]. (D) Western blotting showed that 14 days of administration of morphine to
wild-type mice increased preprohypacretin by 79% [P = 0.05, ¢=2.51, df = 6 in each group
(ttest)] and returned to baseline within 2 weeks. (E) There was no significant change in
MCH after 14 days of morphine administration. The difference remained nonsignificant
from control after morphine withdrawal. WD, 2-week withdrawal. *P< 0.05, **£< 0.01, ¢

test, compared to saline control.
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Fig. 4. Theincreasein hypocretin cell number after morphine administration was not dueto
neurogenesis.

(A) Morphine administration at 100 mg/kg for 14 days resulted in labeling of hypocretin
cells in wild-type (WT) mice, but not in hypocretin knockout (KO) mice, indicating that
labeling required the presence of hypocretin in neurons. Scale bar, 200 um. (B) The
increased number of hypocretin neurons after morphine administration was not due to
neurogenesis. BrdU labeling to identify new neurons showed no significant increase in the
number of new hypocretin neurons after 14 days of morphine (100 mg/kg) treatment of
wild-type mice compared to control mice given saline injections. Right: BrdU-labeled cells
in the perifornical area of saline-treated (top) and morphine-treated (bottom) animals. Scale
bars, 100 and 40 um. (C) Shown is immunohistochemical staining in the hypothalamus for
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doublecortin after 14 days of morphine (100 mg/kg) treatment of wild-type mice. Left:
Representative photomicrograph shows the absence of doublecortin staining in the
hypothalamus of a morphine-treated animal. Right: Representative photomicrograph shows
normal doublecortin staining of dentate gyrus (DG) of the same animal. Scale bar, 100 pum.
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Fig. 5. Effect of morphine administration on hypocretin cell activity in ratsin vivo.
A species-appropriate dose of morphine (15 mg/kg) injected into three freely moving rats

resulted in an elevated neuronal discharge rate lasting for 3 hours accompanied by an
increase in EMG activity. (A) Sleep rates are averages of mean rate determined by five 10-s
samples in each of five hypocretin neurons from three rats in each sleep state: active waking,
quiet waking, non-REM sleep, and REM sleep. Post-morphine injection rate was based on
five 10-s samples in each neuron taken 15 min after morphine injection. One-way ANOVA
of hypocretin neurons (7= 5): F4 16 = 18.2, < 0.0001. Post hoc comparisons with Tukey/
Kramer procedure: active waking/quiet waking, £ < 0.05; active waking/non-REM sleep, P
< 0.01; active waking/REM, P< 0.01. (B) Discharge rate of rat hypocretin neurons after
morphine administration. Bottom: Traces show EEG activation immediately after morphine
injection (left) and 3 hours after injection (right). Increased rate of discharge in hypocretin
neurons lasted for 3 or more hours after injection of morphine. Expanded traces show the
characteristic long average waveform of hypocretin neurons. (C) Histology showing three
recording sites of hypocretin neurons in rat brain, labeled with arrowheads. Scale bar, 150
um. #P < 0.05, # P < 0.01, compared to active waking; **P < 0.0001 compared to quiet
waking, non-REM sleep, and REM sleep.
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Fig. 6. Reversal of hypocretin cell loss and cataplexy in narcoleptic mice after morphine
administration.

(A) The dashed horizontal red line shows the number of hypocretin cells in the brains of
narcoleptic DTA mice maintained throughout the experiment on DOX, with 14 days of daily
saline injections, followed by sacrifice. The green bar shows the number of hypocretin cells
in the brains of DTA mice after DOX withdrawal for 1.5 days, followed by restoration of
DOX administration and saline injections for 14 days. A 30% reduction of hypocretin cells
relative to control was observed. When daily morphine (100 mg/kg) injections were given
instead of saline for 14 days, the number of detected hypocretin cells was restored to
baseline (blue bar). This difference was significant [***/P = 0.003, = 6.31, df = 4 (¢test)].
Photomicrographs on the right show representative examples of hypocretin labeling in brains
of DTA mice treated with saline (top) or morphine (bottom). Scale bar, 200 um. (B)
Morphine administration (blue) to DTA mice decreased cataplexy after 1 and 2 weeks of
administration relative to control DTA mice receiving saline injections (green). Treatment
effect: 1 6 = 148.4, P=0.0001 (ANOVA). Changes after saline administration were not
significant. Post hoc comparisons with Bonferroni correction revealed a significant
difference at £< 0.01 between the saline-treated control DTA mice and the morphine-treated
DTA mice at both 1 and 2 weeks of treatment. (C) Immunohistochemical staining shows that
brain tissue from a human narcoleptic patient with cataplexy (01064, blue) treated for a long
period with morphine has a higher number of hypocretin cells than does a case control
narcoleptic patient with cataplexy (08023, yellow) not treated with morphine. The
hypocretin cell counts in brain tissue from three control patients without narcolepsy or other
identified neurological disorders are shown in green. The patients’ brains were willed to the
Netherlands Brain Bank and preserved and analyzed using the same techniques (Table 1).

Sci Transl Med. Author manuscript; available in PMC 2021 June 26.

N
o o
I L
o
i 1

Control 01064




Page 28

Thannickal et al.

0300 %6T peg'aT 70 19 ve (s1234 6) Aep/sauin ¢ ‘our 07 ‘auryciony annerred ym wm__%mmw urdowoyd S8 4 $90TO-8EN
eluwos dAY pares s1-eulydiow Axe|dered yiim AsdejooreN
Aep/|w 9 sawi} g ‘Jw/Buw 0OG 1e 81egAX0 wnipos

|013U03 %9°€ 9/¢€ 70 .59 0L AKepysawn € ‘Bw 00T ‘|1UEPON
Aepjawn T ‘Bw GG ‘suiwelsydwy ainjie) LeaH 99 4 £2080-9d9N
Axe|dered yim Asde|ooreN
785'88 By 9/6'0L 70 99 €9 IN 8 E| ¢v1-00-d9N
¥0v'88 70 ¥8'G 08T ain|rey Asupiy 8L N ¢,0-00-d9N
99¢'90T 70 ¢S99 G AR €8 4 2¢0-00-daN
Asda|02 reu 1oy s109[Qns j043U0D
T.9'18 :BAY 2€L'68 ST VIN VIN e1x0dAy ‘sisdas [er1s1oeq ‘elwaynaT 62 N LD
1269 ST VIN VIN sisdes ‘37S €€ 4 9-0

S1S0J9]950J3e
959'8. ST VIN  VIN AJaure Areuolod 10aep Lieay [enusbuod sz 4 %o}
‘uoieoIyIofed [eriale ‘eIxodAy pliA

¥5€'08 08 VIN VIN JaJued Jsealg 1474 E| -0
€€8'G9 08 VIN VIN Jowny Jenansa) “eluownaud T9 N €0
259'68 08 VIN VIN wsunaue ‘[N [43 N <0
9vS'v8 0T VIN 06T JaJued isealg 474 E| -0
(0) swippe Joys1m8[ans j013u0D
111'S2T By LTL'TYT € S¥'s  0ve asnqe Bnip asop-ybiH Uo1eaIX0jul SUOpeYIBIN 6T 4 SV
0T8'€ZT e 2SS 0€T aUOpPBYIBW ‘BUIeI0 ‘UI0JSH SN 8UIBI0I PUB UOIIEIIX0JUI SUOPRYIBIA 8z I v

Uyeap a10jaq sAep ¥ ,110jWoo,,
99Y'TTT 9¢ 0'6T [04o9ye BuIydiow Jo1ppe UI0JaY JaLUIO 180UBD 2. W e-v
6TL'0ET g €99 0% 5 103 (B OTT) SUOpeUIaLA 5U1z000 Ul0JsH UOREJIXOJUL OJBN BUREOIAWOI BUIISY o7 v
€LT'12T g€ ¥8'9 002 Aep Jad sxoed 74 T payows ‘asnge sUOpPoIAXO UOI3edIX0Jul UI0JaH 8g N -V
() swippy

‘ou |9

uneodAy perewss  xyuismeA  Hd  |INd suoimeoIpe N yresp Joasned aby x5 walans

"snsojewsaylAla sndnj o1WL1SAS ‘JS ‘B]qe|IeAR 10U “W//N ‘UONDJRIUI [e1pJedoAw ‘[N ‘ebriane ‘BAe ‘feassiul wanowisod ‘A

Author Manuscript

'$109 [gns |011U0D pue ‘s1udiTed 2110500 feu ‘SIppPe JO SoISIBIIR fey)D

‘TalqeL

Author Manuscript

Author Manuscript

Author Manuscript

Sci Transl Med. Author manuscript; available in PMC 2021 June 26.



Page 29

Thannickal et al.

Kepysswn z—T ‘Bwi 00z ‘[UyepON

'ou |82
UIRI00dAY poTeWwlsT  XIj UISEaA

Hd

IINd suolredlps N

yreap joasned

by  xes 19 [gns

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Sci Transl Med. Author manuscript; available in PMC 2021 June 26.



	Abstract
	One-sentence summary:
	Editor’s Summary:
	INTRODUCTION
	RESULTS
	An increased number of immunohistochemically positive hypocretin (orexin) neurons in the brains of human heroin addicts
	Dose-dependent effects of morphine administration on hypocretin-producing cells in the brains of wild-type mice
	Changes in preprohypocretin, Narp, preprodynorphin, and MCH in response to morphine
	Morphine-induced changes in hypocretin cell number are not due to neurogenesis
	Effect of systemic morphine injections on the activity of hypocretin neurons in rats in vivo
	Reversal of decreased hypocretin cell number in narcoleptic mice after morphine administration

	DISCUSSION
	MATERIALS AND METHODS
	Study design
	Human hypothalamic tissue
	Immunostaining for hypocretin and MCH in brain tissue from heroin addicts and control subjects
	Double labeling of neurons for hypocretin and Narp
	Quantitative analysis
	Hypocretin immunostaining in narcoleptic and control brain tissue (paraffin-fixed tissue)
	Counting procedure for paraffin sections
	Animal study
	Morphine pellet study in mice
	Morphine dose response in mice
	Morphine (50 mg/kg) for 14 days and withdrawal for up to 6 months
	Morphine (50 mg/kg) for 60 days and withdrawal up to 6 months
	Investigation of neurogenesis after morphine treatment in mice
	Immunohistochemistry (40-μm sections)
	qPCR procedure
	Western blotting
	Morphine administration to DTA mice
	Cataplexy in DTA mice treated with morphine
	Effect of morphine on hypocretin cell activity in vivo
	Statistical analysis

	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Table 1.

