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Heroin use disorder in humans and chronic opioid administration to mice
resultinanincrease in the number and a decrease in the size of detected

hypocretin (Hcrt, or orexin) neurons. Chronic morphine administration
to mice increases Hcrt axonal projections to the ventral tegmental area
(VTA), the level of tyrosine hydroxylase (TH) in VTA and the number of
detected TH" cellsin VTA, and activates VTA and hypothalamic microglia.
Co-administration of morphine with the dual Hcrt receptor antagonist
suvorexant prevents morphine-induced changesin the number and size

of Hcrt neurons, the increase in Hert projections to the VTA and microglial
activationinthe VTA and hypothalamus. Co-administration of suvorexant
with morphine also prevents morphine anticipatory behavior and reduces
opioid withdrawal symptoms. However, suvorexant does not diminish
morphine analgesia. Here we show that combined administration of opioids

and suvorexant may reduce the addiction potential of opioid use for pain
reliefin humans while maintaining the analgesic effects of opioids.

The annual US rate of opioid overdose deaths now exceeds 76,000, much
greater than the annual rates of automobile or gun deaths (Centers for
Disease Controland Prevention; https://www.cdc.gov/index.html). Of
those whobegan abusing opioidsinthe 2000s, 75% reported that their
first opioid was prescribed for the relief of pain'2. This progressed to
illegal opioid pill acquisition or to heroin or fentanyl use**. Nonopioid
analgesics canbe used for relatively minor pain; however, severe burns,
cancer, jointinflammation, sickle cell disease, bone damage and many
other painful conditions often cannot be effectively treated with nono-
pioid analgesics. These disorders cause immense suffering.

In our studies of human narcolepsy, which we found to be caused
by aloss of hypocretin (Hcrt) neurons’, as was thenreported in greater
detail®’, we encountered a ‘control’ human brain with a 54% higher
number of detected Hert neurons than in any other control. Further

investigation led to the discovery that this individual suffered from
heroinuse disorder (HUD). We then analyzed brains of humans withHUD
andfound thatall haveincreased numbers of detected Hcrt neurons and
that Hcrt neurons were significantly smaller thaninhuman controls. We
determined that daily morphine injection in mice for 14 or more days
produced an increase in the number of detected Hcrt neurons and a
marked shrinkage of these neurons, as in humans with HUD®. Cocaine
or fentanyl were then found to produce similar changesinHcrt cellnum-
bersinrats™°.It haslong been noted thathuman narcoleptics, who have
an average 90% loss of Hcrt neurons and very low cerebrospinal fluid
levels of Hert, show little if any evidence of drug abuse, dose escalation
oroverdose", despite their daily prescribed use of gamma hydroxybu-
tyrate, methylphenidate and amphetamine. These drugs, which reverse
the sleepiness and cataplexy of narcolepsy, are frequently abused in
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Fig.1|Involvement of opioid receptorsin the increased number of detected
Hcrt neurons and the shrinkage in Hcrt neuron size caused by opioids.

a-c, Humans with HUD (human control, male 61 years old and human with HUD,
male 71years old (a)) and mice given 50 mg kg™ of morphine for 14 days showed
anincreasein the number (¢ =9.793,d.f. 6, P< 0.001, t-test, n = 4 per condition
(b)) and adecreasein the size (t =4.315, d.f. 6, P= 0.005, t-test, n = 4 per condition
(c)) of Hert-producing neurons. d,e, These anatomical effects induced by

morphine were blocked in mice by the concurrent administration of the opioid
receptor blocker naltrexone (cell number, ¢t = 0.805, d.f. 6, P= 0.452, t-test,n=4
per condition (d) and cell size, t = 0.115, d.f. 6, P= 0.912, t-test, n = 4 per condition
(e)).S, saline; mor, morphine. All data presented as mean + s.e.m. and all tests
are two tailed. **P < 0.01and **P < 0.001 (comparing saline versus morphine
conditions). Scale bar, 50 pm.

the general population with considerable loss of life'>*, Human nar-
coleptics have a greatly reduced reward activation of the ventral
tegmental area (VTA), amygdala and nucleus accumbens (NAc)"* and
altered processing of humor in the hypothalamus and amygdala®.

We'*?° and others'® have demonstrated that increased neuronal
discharge in Hcrt neurons is linked to the performance of rewarded
tasks in wild-type (WT) mice, rats and dogs. Mice in which the Hcrt
peptide is genetically knocked out (Hcrt-KOs) learn a bar press task
for food or water as quickly as their WT littermates. However, when
the effortto obtaintherewardisincreasedina‘progressive ratio’, they
all quit the task within 1 h, whereas their WT littermates continue bar
pressing until the end of the 2 htest period. In contrast, the Hcrt-KOs
perform as well as WT controls on progressive ratio avoidance tasks,
suggesting an emotional specificity in their response deficit”. Normal
dogs playinginayard havealargeincreasein cerebrospinal Hcrt levels.
Butwhenthese same dogs areinduced torunonatreadmill, thereis no
changeinHcrtlevel, despite similar elevations of heartrate, respiratory
rate and blood pressure®’. We further found that Hertisreleased in the
brain of humans when they are engaged in tasks they enjoy, but not
when they are aroused by pain or when they are feeling sad™.

Dopamine (DA) neurons, particularly those located in the VTA,
are known to play a significant role in opioid use disorder (OUD)?**.
Hcrt and DA are evolutionarily linked from both a neurochemical and
anatomical perspective®. VTA plasticity associated with drug rewards
requires functional Hert receptors®. The levels of DA and its major
metabolites in the NAc are markedly increased by the microinjec-
tion of Hert into the VTA**?, Hert axons project to the VTA but do not
frequently make direct synaptic contact with DA neurons in the VTA,
suggesting a volume transmission mechanism?,

Most studies of the central nervous system effects of opioids have
beenfocused onneurons. However, microglia, residentimmune cells of
the central nervous system with importantrolesin brain homeostasis
and synaptic function®*', have been found to play a role in OUD***,
Chronicopioid exposure results in activated microgliain supraspinal
regions, including the NAc and VTA**. Blocking microglial activation
reduces morphine-induced reward behavior®. Microglia express recep-
tors for opioids®* and HertR1 (ref. 37) indicating that these cells can be
directly affected by opioids and by Hcrt.

Owingtotherole of Hcrt neuronsinreward inrodents and pleas-
ureinhumans”?, we wanted to test the hypothesis that blocking Hert
receptors might affect brain systems that mediate OUD. In this Article,
we found that blockade of Hert receptors with the dual Hert receptor
antagonist suvorexant prevented opioid-induced changes in the size
and number of Hert neurons and increases in Hert projections to the
VTA. Suvorexant also prevented opioid-induced microglial activation.
In addition, suvorexant prevented morphine anticipatory wheel run-
ning activity and significantly reduced opioid withdrawal symptoms.
However, blocking Hert receptors with suvorexant did not diminish
the analgesia produced by opioids. These data suggest that combined
administration of Hcrt receptor blockers with opioids can allow potent
opioid analgesia, while reducing therisk of developing the anatomical
and behavioral changes associated with chronic opioid administration.

Results

Opioid receptors and Hcrt anatomical changes

Our prior work in humans with HUD (Fig. 1a) and in mice given sub-
cutaneous (SC) injections of morphine (50 mg kg™) for 14 or more
days® (Fig. 1b,c) showed that opioids increase the number of detected
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Fig.2| Chronic opioid administration does notinduce Hcrt expressionin
non-Hcrt neurons. a, ICV administration of the microtubule transport blocker
colchicine (in otherwise drug-free mice) increased the number of ‘detected’

Hcrt cells in mice by 44%. The increase in cell number after colchicine was
significant (all P < 0.001, Tukey post hoc compared with control and saline ICV
conditions, n =4 per condition). b, Hert cell number was not further increased

by chronic morphine administration in colchicine treated animals (¢ = 0.537,
d.f.6,P=0.611, t-test, n = 4 per condition). b-e, Colchicine increased the number
of Hert neurons, but did not significantly alter the number of MCH neurons
(F=0.108;d.f.2,9; P=0.898, ANOVA, n = 4 per condition). All data presented as
mean + s.e.m.and all tests are two tailed. **P < 0.001, compared with control

and saline ICV conditions. Representative examples of immunohistochemically
labeled Hert (d) and MCH (e) neurons in saline ICV (top) and colchicine ICV
(bottom) conditions. Insets are higher (x40) magnification photomicrographs of
the selected area (black square) for each condition illustrating individual neurons
from animals treated with saline or with colchicine. Note the increases in the
intracellular staining of both Hcrt and MCH neurons after colchicine. Scale bar,
100 pm; inset 10 pum. Fx, fornix; 3V, third ventricle.

Hcrt-producing neurons (Fig. 1b, t=9.793, d.f. 6, P< 0.001, t-test), and
decreasethesize of Hert neurons (Fig. 1c, £ =4.315,d.f. 6, P= 0.005, t-test).
InFig.1d,e weshow, inacontrol for opioid receptor involvementin opi-
oid-induced changes, that these effects are blocked in mice that were
given the opioid receptor antagonist naltrexone (50 mg kg, SC) 30 min
before each daily 50 mg kg™ morphine dose for 14 days. When naltrexone
was given before morphine there were no significant changesin Hert cell
number (Fig.1d, ¢=0.805,d.f. 6, P= 0.452) or size (Fig.1e,t = 0.115,d.f. 6,
P=0.912). This shows, as one might expect, that the morphine effects
on Hcrt neurons number and size are mediated by opioid receptors.
However, naltrexone not only prevents opioid-induced changesinHcrt
neuron number and size, it also eliminates opioid analgesia®.

Opioid administration and Hcrt expression
We have previously shown that morphine administration does not cause
neurogenesis, based on BrdU and doublecortin studies®. However,

Spitzer has reported ‘neuronal neurotransmitter respecification’ in
neurons, that is, that existing neurons could under certain conditions
acquire a‘new’ transmitter®, Therefore, we could not rule out the pos-
sibility that chronic morphine administration wasinducing the expres-
sionof Hert peptidesin neurons that would not otherwise express these
peptides. To examine this possibility, we used colchicine, an inhibitor of
microtubule polymerization and thus of axonal transport, to increase
the concentration of neurotransmitters in neuronal somas*’. If neuro-
transmitter respecification occurred after morphine administration,
co-administration of colchicine and morphine should resultin detection
ofagreater number of Hcrt neurons compared with administration of
colchicine or morphine alone, since this condition would reveal Hert
neuronsthat constitutively express the peptides plus the ‘new’ neurons
recruited to synthesize Hcrt as a result of exposure to morphine.

We found that intracerebroventricular (ICV) injection of colchi-
cine in naive mice increased the number of detected Hcrt neurons by
44% (Fig.2a, all P< 0.001, Tukey post hoc, compared with control and
saline ICV conditions). Thisis comparable to the percentincreaseinthe
number of Hert neurons seen in mice after morphine (50 mg kg™ for
14 days; Fig.1b and ref. 8). Figure 2b shows that colchicine together with
morphine did not furtherincrease the number of cells labeled relative
to colchicine plus saline (t=0.537, d.f. 6, P=0.611, t-test). Together,
Fig. 2a,b shows that there is a ceiling to morphine effects on Hert
neuronal number, implying that there is a fixed number of neurons
capable of producing Hcrt, with 44% beyond the baseline number of
these cells detected in mice and as much as 54% beyond the baseline
number in humans with HUD®. This is compatible with our conclusion
that the morphine-induced increase in the number of detected Hcrt
neuronsis not due to neurogenesis or transmitter respecification, but
rather toincreased Hert peptide production leading to the detection
of more of the neurons capable of producing Hert®. Figure 2c shows
that colchicine did not have any effect on the number of melanin con-
centrating hormone (MCH) expressing neurons (F=0.108; d.f. 2,9;
P=0.898, analysis of variance (ANOVA)), even though the intensity of
intracellular staining of both Hcrt and MCH neuronal populations are
similarly increased by the presence of colchicine. Thisisillustrated in
Fig. 2d for Hcrt, and Fig. 2e for MCH (top saline, bottom colchicine).
MCH is a peptide of similar size to Hcrt, and the anatomical distribu-
tion of MCH containing neurons overlaps with that of Hcrt neurons.

Suvorexant blocks morphine changes to Hcrt neurons
Wereported that humans with HUD and mice given 50 mg kg™ of mor-
phine daily for 14 or more days have a greatly increased number of
detected Hcrt neurons and that the somasize of these Hcrt neuronsis
greatly decreased® (Fig.1a-c). Although the dual Hert receptor antago-
nist suvorexant (30 mg kg™ in 0.5% methyl cellulose vehicle by gav-
age (PO), 60 min before morphine) had no significant effect on Hert
cell number in mice (Fig. 3a, compare vehicle (green) and suvorexant
(yellow), P=0.548, Tukey post hoc), suvorexant given 60 min before
each daily morphine (50 mg kg™, SC) injection for 14 days completely
prevented the opioid associated increase in the number of Hert neu-
rons elicited by morphine (Fig. 3a, vehicle (green) versus morphine
(blue), P< 0.001; morphine (blue) versus suvorexant + morphine (red),
P<0.001, all tests Tukey post hoc).

Similarly, while suvorexant in vehicle by itself had no effect on
Hcrt cell size (Fig. 3b, compare vehicle (green) and suvorexant (yel-
low), P=0.988, Tukey post hoc), suvorexant prevented the reduction
in Hert soma size produced by morphine (Fig. 3b, compare vehicle
(green) versus morphine (blue), P=0.004; morphine versus suvo-
rexant, P=0.009; morphine versus suvorexant + morphine (red),
P<0.001, all tests Tukey post hoc).

Suvorexant blocks morphine-induced microglial activation
OUD is known to be linked to microglial activation®. Considering
the morphological changes in Hert neurons induced by opioids but
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Fig.3|Suvorexant blocked changes in Hcrt cell number and size produced by
morphine. a,b, Administering suvorexant with morphine completely blocked
theincreasein Hert cellnumber (morphine versus vehicle, morphine versus
suvorexant, morphine versus suvorexant + morphine, all P < 0.001, Tukey post
hoc, n= 6 per condition (a)) and the decrease in Hcrt neuronal size (morphine
versus vehicle, P=0.004; morphine versus suvorexant, P= 0.009; morphine
versus suvorexant + morphine, P < 0.001, Tukey post hoc, n = 6 per condition
(b)). Suvorexant by itself did not change the number of detected Hcrt neurons
or their size (P=0.548 and P=0.988, respectively, compared with vehicle, Tukey
post hoc). Alldata are presented as mean + s.e.m., and all tests are two tailed.
***P < (0.001and **P < 0.01, all conditions compared with morphine.

prevented by concurrent administration of suvorexant, we wondered
whether the microglial changes induced by morphine would also be
reduced by combining suvorexant with morphine. We were surprised
to discover that suvorexant virtually eliminated morphine-induced
changesinmicroglialnumber andsizeinthe areaswe analyzed, thatis,
suvorexant reduced the microglialinflammatory response to morphine.

Injections of morphine (50 mg kg™, SC) for 14 days increased
the number of hypothalamic Iba-1 labeled microglia and increased
hypothalamic microglial soma size compared to the saline condition
(Fig.4a,b,P=0.014 and P=0.010, respectively, Tukey post hoc). Suvo-
rexant (30 mg kg™, PO) prevented the morphine-induced changes in
microglia number and size (Fig. 4a—e). There was no significant dif-
ference between hypothalamic microglial number and size in saline
versus suvorexant + morphine treated mice (Fig. 4a,b, P=0.469 and
P=0.950, respectively, Tukey post hoc).

Similarly, we observed that morphine-treated mice had a sig-
nificant increase in the number and size of microglial cells in the VTA
(Fig.4f,g, all P< 0.001, compared with saline, Tukey post hoc). Suvorex-
antadministration (30 mg kg™, PO) 60 min before morphine treatment
prevented these microglial changesinthe VTA (Fig. 4f-j). There was no
significant difference in the number and size of microglia comparing
saline and suvorexant + morphine in the VTA (Fig. 4f,g, P=0.208 and
P=0.078, respectively, Tukey post hoc).

Morphine-induced changesin Hcrt projections to VTA

Daily morphine (50 mg kg™, SC) for 14 days increased Hcrt axon immu-
nofluorescenceintensity inthe VTA (Fig. 5a, P= 0.006, compared with
saline, Tukey post hoc). The increase inintensity was accompanied by
asignificantincrease in Hcrt axonal fiber density (Fig. 5b, P=0.003,
compared with saline, Tukey post hoc), comparable to what we have
reportedina prior study of the locus coeruleus (LC)*"'. Administration
of suvorexant (30 mg kg™, PO) 60 min before morphine completely
blocked the increase in Hert axon immunofluorescence intensity in
VTA (Fig.5a, P=0.739, saline versus suvorexant + morphine; P = 0.017,
compared with morphine alone, Tukey post hoc). This decrease in
intensity was accompanied by reduced axonal fiber density (Fig. 5b,

P=0.982, saline versus suvorexant + morphine; P=0.002, compared
withmorphine alone, Tukey post hoc). Figure Sh shows confocal images
of Hert fibers in the VTA of mice treated with saline (top), morphine
(middle) and suvorexant + morphine (bottom) stained for Hcrt. The
difference in Hert innervation is visually apparent. Figure 5i shows
corresponding Hcrt fiber tracings for each sectionin Fig. 5h. Figure 5j
shows confocal images of the same area stained for TH.

We found that morphine treatment produced a significant
increase in TH immunofluorescence in VTA (Fig. 5¢,j, compare top
and middle, P=0.023, Tukey post hoc), similar to what we have previ-
ously described in the LC*'. We have previously shown that THimmu-
nofluorescence levels have a positive correlation with the amount
of TH protein present in the tissue*. The increase in TH immuno-
fluorescence in this structure after morphine was accompanied by a
significantincrease in the number of TH+ neurons detected in mor-
phine treated animals compared with saline (Fig. 5d, ¢ =4.337,d.f. 6,
P=0.005, t-test). Suvorexant administration did not significantly
affect the morphine-induced increase in TH immunofluorescence
intensity (Fig. 5c,j, compare middle and bottom, P=0.032, saline
versus suvorexant + morphine; P=0.978, morphine versus suvorex-
ant + morphine, Tukey post hoc).

Althoughtheaddictionrelated structures, LC* and VTA***, showed
increased Hert innervation and TH immunofluorescence after mor-
phineadministration, the motor related substantia nigra (SN), adjacent
tothe VTAand containingahighnumber of TH+neurons, was unaffected
by morphine treatment. We observed no significant change in Hert
immunofluorescenceintensity in SN (Fig. 5e, t=0.372,d.f. 6, P=0.723,
t-test), TH immunofluorescent intensity (Fig. 5f, t = 0.748, d.f. 6,
P=0.483, t-test) or TH+ cell number (Fig. 5g, t =1.076,d.f. 6, P = 0.323,
t-test) after chronic morphine administration.

Suvorexant on morphine anticipation and withdrawal

Figure 6a shows wheel running averaged over the last 12 days of the
14 day study periods for three groups. Anticipatory wheel running
before morphine administration (gray fill) is seen in the vehicle + mor-
phine group at zeitgeber time (ZT) 2to 5 (ZT2-ZT5; blue line, V + M).
Anticipatory wheel running starts at ZT2 (2 h after the light on pulse),
3 hbefore the next scheduled daily morphineinjection (at ZT5). Antici-
patory running continued to ZT5. We observed that anticipatory wheel
running began by day 3 as aresult of the prior 2 days morphine injec-
tions*>*, This anticipation was absent in the suvorexant + morphine
group (redline, S + M), whichreceived suvorexant 1 h before the mor-
phine dose 21 h earlier, suggesting that is the presence of suvorexant at
the time of morphine injection that prevents formation of the anticipa-
tory behavior. Wheel running in both groups furtherincreased at ZT5
after morphine injection.

There was an increase in running in both morphine groups after
the mice were handled at ZT4 for vehicle or suvorexant administra-
tion. However, the increase of activity at ZT4 after suvorexant (of the
suvorexant + morphine group, red line) did not persist whereas the
increase of activity after vehicle (of the vehicle + morphine group,
blue line) continued. Suvorexant also greatly reduced running after
morphineinjectionat ZT5-ZT10 (red line) compared with the vehicle-
then-morphine group, indicating amajor dampening by suvorexant on
both morphine anticipation and on morphine-induced motor excita-
tion. Thegreenline,S +S, shows the lack of anticipatory activity in the
suvorexant + saline group, which experienced the same handling asthe
other groups but was not given morphine.

Weran these conditions with both 5 mg kg™ and 10 mg kg™ doses
of morphine with a similar pattern of activity in both experiments
(the 5 mg kg™ dose is shown in Fig. 6a,b). Bar graphs (Fig. 6b-e)
indicate total activity during two ZT intervals (ZT2-ZT5 (Fig. 6b,d)
and ZT5-ZT10 (Fig. 6¢,e)) for each of the two morphine doses used.
Animals in the vehicle + morphine group showed anticipatory wheel
running activity (Fig. 6b,d, ZT2-ZT5, compare vehicle + morphine
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Fig. 4| Suvorexant blocked microglial activationin the hypothalamus and
VTA. a,b, The number (a) and size (b) of hypothalamic microglia were increased
by morphine (50 mg kg™, 14 days (P=0.014 and P= 0.010, respectively, Tukey
post hoc compared with saline, n =5 per condition)). Suvorexant (30 mg kg™),
60 min before morphine, blocked these effects (P=0.469 and P= 0.950,
respectively for number and size compared with saline condition, Tukey post
hoc, n=5per condition). c-e, Hypothalamic sections stained for Iba-1from
saline (c), morphine (d) or suvorexant + morphine (e). The insets are higher
magnification (x40) photomicrographs of the selected area (black square) for
each condition, illustrating individual microglial cells from animals treated with
saline, morphine or suvorexant + morphine. Microglia were easily identified by

Ventral tegmental area

44 3

*

*
odwe ¥

Microglia density
(x102 per mm?)
N
Microglia soma volume

their brown coloring and characteristic branching pattern. Hematoxylin-positive
nucleiin the background are recognized by their blue-purple color. All dataare
presented as mean + s.e.m. and all tests are two tailed. f,g, The number (f) and size
(g) of VTA microglia were increased by morphine (50 mg kg™, 14 days, compared
withsaline, all P< 0.001 Tukey post hoc, n =5 per condition). Suvorexant

(30 mgkg™), 60 minbefore morphine, eliminated these effects (P=0.208 and
P=0.078, respectively, for number and size, compared with saline condition,
Tukey post hoc, n =5 per condition). h-j, VTA sections stained for Iba-1from
animals with either saline (h), morphine (i) or suvorexant + morphine (j). Scale
bar, 50 pm; inset, 10 pm. All data are presented as mean + s.e.m. and all tests are
twotailed.*P < 0.05and ***P < 0.001, all conditions compared with morphine.
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Fig. 5| Effect of chronic morphine onHcrt projections, THlevels and TH cell
number in VTAand SN. a,b, Morphine (daily, 14 days, 50 mg kg™, SC) increased
Hcrtimmunofluorescence intensity (IF) (a) in the VTA and increased the density of
Hcrtaxonsinthisstructure (b) (saline versus morphine, P= 0.006 and P=0.003,
respectively, Tukey post hoc, n =4 per condition). Suvorexant (30 mg kg™), 60 min
before morphine, completely blocked these increases (saline versus suvorexant +
morphine, P=0.739, morphine versus suvorexant + morphine, P= 0.017, for Hert
IF; saline versus suvorexant + morphine, P=0.982, morphine versus suvorexant +
morphine, P=0.002, for Hcrt axon density, Tukey post hoc, n =4 per condition).

¢, THIF was increased in morphine compared with saline treatment (saline versus
morphine, P=0.023, Tukey post hoc, n =4 per condition). Suvorexant had no effect
inthe morphine-induced TH levelincrease (saline versus suvorexant + morphine,
P=0.032, morphine versus suvorexant + morphine, P=0.978, Tukey post hoc,

n=4percondition). d, Morphine-treated animals showed an increase in the number
of TH+neuronsinthe VTA (¢ =4.35,d.f. 6, P=0.005, t-test, n = 4 per condition).

e-g, Adjacent SN showed no changeinHcrtIF (e) (¢=0.723,d.f. 6,P=0.723, t-test,
n=4percondition) or THIF (f) (¢=0.748, d.f. 6, P= 0.483, t-test, n = 4 per condition)
and no change in the number of TH+ neurons (g) (¢=1.076, d.f. 6, P= 0.323, t-test,
n=4percondition) after morphine. All data presented as mean + s.e.m.and all
tests are two tailed. h, Representative images of animals treated with saline (top),
morphine (middle) and suvorexant + morphine (bottom) stained for Hert. The
differencein Hcrtinnervation is visually apparent. i, Corresponding Hert fiber
tracings for each section. j, Confocal images of the same area stained for TH. Scale
bar,100 pm;inset, 20 pm. ml, medial lemniscus. *P < 0.05, **P < 0.01, morphine
versus saline; #P < 0.05, ##P < 0.01; morphine versus suvorexant + morphine;

&P <0.05, saline versus suvorexant + morphine.
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versussuvorexant + saline, all P< 0.001for either morphine dose, Tukey
post hoc). Suvorexant blocked the anticipatory activity (ZT2-ZT5)
induced by morphine (Fig. 6b,d, compare suvorexant + morphine ver-
sus vehicle + morphine condition, P= 0.003 and P< 0.001for 5 mg kg™
and 10 mg kg morphine dose, respectively, Tukey post hoc). Activity
during ZT2-ZT5 did not differ between suvorexant + morphine and
suvorexant + saline groups (P=0.541 and P=0.118 for 5 mg kg™ and
10 mg kg morphine doses, respectively, Tukey post hoc). Suvorexant
also reduced morphine-induced hyperactivity (ZT5-ZT10) (Fig. 6¢,e,
P<0.001and P=0.011 for 5 mg kg™ and 10 mg kg morphine doses,
respectively, Tukey post hoc).

Inanother set of animals, we sought to determine whether admin-
istration of suvorexant with morphine would affect the symptoms of
opioid withdrawal induced by opioid receptor antagonist naloxone
in morphine dependent animals. Figure 6f shows that blocking Hcrt
receptors with suvorexant 60 min before daily morphine adminis-
tration for 14 days significantly reduced the global somatic signs of
opioid withdrawal caused by injection of naloxone in mice that had
been administered morphine (compare vehicle + morphine versus
suvorexant + morphine, t =2.847,d.f. 9, P= 0.019, t-test).

Suvorexant does not decrease morphine analgesia

Wetested the effect of suvorexant on the pain threshold usinganIITC
PE34 Incremental Thermal Nociceptive Threshold Analgesia Meter
(IITCLife ScienceInc.). The analgesic effect of morphine (that s, eleva-
tion of nociceptive threshold) on the paw raising response to floor
heating is apparent comparing vehicle alone to vehicle + morphine
(Fig. 6g,h, P=0.004 and P < 0.001 for 5 mg kg™ and 10 mg kg™ mor-
phine doses, respectively, Tukey post hoc). The average analgesic
effect (n = 6 per group, 3 tests) was not significantly diminished by
the 30 mg kg™ oral dose of suvorexant (actually suvorexant nonsig-
nificantly increased analgesia) after either 5 mg kg™ or 10 mg kg™
morphine doses (compare vehicle + morphine versus suvorex-
ant + morphine, P=0.962 and P = 0.947, respectively, Tukey post
hoc). The suvorexant + morphine (5 mg kg™ and 10 mg kg™) analge-
sic effects versus vehicle were significant (P=0.002 and P< 0.001,
respectively, Tukey post hoc). The suvorexant dosage (30 mg kg™)
that preserved opioid analgesia is the same as that which completely
prevented the chronic morphine associatedincrease in Hert cell num-
berand decreasein size seenin Fig. 3, the microglial activation seenin
Fig.4,theincrease in Hcrt axonal density inthe VTA seenin Fig. 5 and
the morphine anticipation and reduced morphine withdrawal symp-
tomsseeninFig. 6.

Discussion
Asshowninref.8andinFig. 1, long-term self-administration of heroin
in humans or administration of addictive levels of morphine to mice
produced anincrease in the number of detected Hcrt neurons and
decrease in the size of Hcrt neurons. A 44% increase in the number
of Hert neurons was observed after administration of colchicine, an
inhibitor of microtubule polymerization that prevents transport of
peptides out of the cellsoma and thereby increases the amount of Hert
in Hert producing neurons*® (Fig. 2). This suggests that Hert expres-
sionin a subpopulation of Hcrt neurons is below the detection level
under baseline conditions, with44% of Hcrt expressing neurons being
undetectable. The percentage increase in the number of detected Hert
neurons after colchicine is comparable in magnitude to the increasein
the number of Hcrt neurons produced by chronic self-administration
of heroininhumans or administration of morphine or fentanyl to naive
mice or rats®’. We show that co-administration of morphine with the
opioid antagonist naltrexone prevents the morphine-induced changes
innumber and size of Hcrt neurons, confirming, not surprisingly, that
opioid receptor activationis required for these opioid effects.
Administration of both morphine and colchicine does not
increase the number of Hcrt neurons beyond that produced by col-
chicine alone, indicating that the morphine-induced increase in the
number of Hert-labeled neurons does not result from neurotrans-
mitter respecification, that is, does not cause non-Hcrt neurons to
start synthesizing Hert, and indicates a ceiling effect of morphine on
Hert neuronal number®**. However, in contrast to what we observed
in the Hert neuronal population, the total number of MCH neurons
remained unchanged by colchicine administration, although colchi-
cine enhanced the immunostaining intensity of both Hcrt and MCH cell
populationsinacomparable manner (Fig. 2). Similarly, colchicine does
not affect the number of somatostatin-expressing neurons, another
neuronal group located in the hypothalamus*°. We have previously
reported that MCH neuronal numbers remained stable as a function
of time of day*, and are unaffected by morphine, fentanyl or cocaine
administration®°. In contrast, detected Hcrt neuronal cell number
significantly varies as a function of time of day* and as a function of
morphine, fentanyl and cocaine administration®'°. We hypothesize
that the differencein colchicine effectsliesin therelatively constant,
detectable expression of intracellular MCH, whereas 44% of Hcrt
expressing neurons have Hert levels that fallbelow the current detec-
tionthreshold under baseline conditions. Theincreasein Hcrt peptide
levels in colchicine- or morphine-treated animals makes undetected
Hcrtneurons detectable. The stability of MCH neuronal number after

Fig. 6 |Hcrtreceptor blockade prevents conditioned morphine anticipation
of daily morphine injection. a, Vertical yellow bars on left and right indicate the
beginning and the end of the ‘skeleton light period’. We studied three groups of
6 mice per group given 5 mg kg™ of morphine, and a second cohort of 3 groups of
6 mice per group, given10 mg kg™ of morphine (a total of 36 mice). Groups were
given vehicle (0.5% methyl cellulose PO) with or without suvorexant (30 mg kg™)
at ZT4, followed by morphine or saline at ZT5. The time course of activity of the
5mgkggroupisshownina. Anticipatory wheel running (gray fill) is seen in the
‘vehicle at ZT4 then morphine at ZT5 group’ under the blue line starting at ZT2
(2 hafter the light on pulse, which is 21 h after the last morphine dose, given on
the prior day). The anticipatory running continues until ZT5. Running further
increased at ZT5 after morphine injection. The anticipatory running was absent
inthe group given suvorexant before morphine (red line). The group given
suvorexant followed by saline, but no morphine (green line), also showed no
anticipatory running. b-e, The total activity during two ZT intervals (ZT2-ZT5
and ZT5-ZT10) for each of the two morphine doses. b, At 5 mg kg™ at ZT2-ZT5
(V+MversusS+S,P<0.00L;V+MversusS+M,P=0.003;S+MversusS+S,
P=0.541, Tukey post hoc, n = 6 per condition).c, At 5 mg kg at ZT5-ZT10 (V+M
versusS+S,P<0.001;V+MversusS+M,P<0.001;S+MversusS+S,P=0.002,
Tukey post hoc, n =6 per condition).d, At 10 mg kg™ at ZT2-ZT5 (V + M versus
S+S,P<0.00L;V+MversusS+M,P=0.001;S +MversusS +S, P=0.118, Tukey
post hoc, n = 6 per condition). e, At 10 mg kg at ZT5-ZT10 (V + Mversus S +S,

P<0.00L;V+MversusS+M,P=0.011;S+ Mversus S +S, P<0.001, Tukey post
hoc, n =6 per condition). All data presented as mean + s.e.m. and all tests are two
tailed.*P<0.02,**P<0.01and ***P < 0.001, compared with vehicle + morphine
group. f, Suvorexant administration 60 min before morphine (50 mg kg™,

14 days, SC, n = 6) reduced the global somatic signs of naloxone-induced
opioid withdrawal in morphine-dependent animals (vehicle + morphine group,
n=35).The difference was significant (¢ = 2.847,d.f. 9, P=0.019, t-test). Data

are presented as mean + s.e.m. and all tests are two tailed. *P < 0.02.g,h, The
analgesic effect of morphine on the delayed paw raising response to floor heating
expressed as the increase in nociception threshold. The analgesic elevation

of nociceptive threshold to heat was evident after morphine (P= 0.004 and

P <0.001, comparing vehicle + morphine with vehicle alone for 5 mg kg™ and
10 mg kg™, Tukey post hoc, n = 6 per condition). Analgesia was not significantly
diminished by 30 mg kg of suvorexant in both 5 mg kg and 10 mg kg™
morphine doses (actually, suvorexant nonsignificantly increased analgesia
atboth doses) after both 5 mg kg™ or 10 mg kg™ morphine doses (P=0.962

and P=0.947, Tukey post hoc comparisons between vehicle + morphine and
suvorexant + morphine of either dose, n = 6 per condition). The suvorexant +
morphine (5 mg kg™ and 10 mg kg™) analgesic effect was significant with
respect to vehicle (P=0.002 and P < 0.001, respectively, Tukey post hoc,n=6
per condition). All data presented as mean + s.e.m. and all tests are two tailed.
**P < 0.01and **P < 0.005, compared with vehicle condition.
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opioid administration may be related to the absence of mu opioid
receptorsin these neurons*.

Hcrt neurons are excited when animals are administered mor-
phine or cocaineinvivo®"° and neuronal excitation has been previously
associated with modifications in synthesis pathways***%. Since Hert

Saline or morphine

Vehicle or
vehicle + suvorexant

Wheel revolutions per min (x10")

neurons express Hert receptor 2 (HcrtR2) and are directly excited by
Hcrt peptides*, we wanted to determine whether blocking Hert recep-
tors might affect theincrease inthe number and shrinkage of detected
Hcrtneurons produced by opioids. We found that administration of the
dual Hert receptor antagonist suvorexant completely prevented the
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increaseinnumber and the decrease in size of Hcrt neurons produced
by chronic opioid administration (Fig. 3). The effects of suvorexant
on Hcrt neurons are probably mediated by a combination of direct
and indirect pathways. Suvorexant will directly block Hcrt receptors
present on Hert neurons decreasing the excitability of these cells. An
indirect pathway would result from the summation of suvorexant
effectsinall neuronal inputstoHcrt neurons. In vitro experiments using
heterologous expressing cell lines have shown that HcrtR1and kappa
opioid receptors can heterodimerize and that the cross-talk between
these receptors can modulate their activity’®. Receptor interactions
may contribute to the anatomical changes we describe.

Exposure to opioids elicits neuroinflammation as evidenced by
the activation of microglia, and is associated with the development
and maintenance of OUD*. Our results indicate that daily morphine
exposure leads to microglial activationin the Hcrt-containing region
ofthe hypothalamus andin the VTA (Fig. 4). Microglia can be directly
modulated by Hcrt and opioids since they express both types of
receptors®®¥, Here, we report that pretreatment with the dual Hert
receptor antagonist suvorexant completely prevents morphine-
induced microglial activationin these structures, indicating a critical
role of Hertin the modulation of the microglial response to opioids.
Reduction of neuroinflammation by suvorexant may be animportant
factorin preventing the changes in Hcrt neuron number and size, in
blocking opioid anticipatory wheel running and in the reduction of
opioid withdrawal symptoms in morphine dependent animals that
wereport here.

In a prior work we showed that chronic morphine administra-
tion resulted in a significant increase in Hcrt neuronal projections to
the LC*. We now show that 50 mg kg™ of morphine for 14 days also
increases Hcrt axonal density inthe VTA, aregion that has been strongly
implicated in OUD*** (Fig. 5). We cannot yet determine whether the
new Hcrt axons detected in the VTA region originate from the entire
Hcrtpopulation seen under baseline conditions or fromthe undetected
Hcrtneuronsthatbecome visible after morphine administration. The
VTAreceives extensive projections from Hcrt neurons, but less than 5%
of Hert axons have specialized synaptic connections to VTA neurons®,
suggesting that Hcrtaction on VTA is predominantly extrasynaptic. We
speculatethat theincreasein Hcrt axonal density in thisarearesultsin
higher Hcrtlevels thatincrease the activity of VTA neurons. Hert exci-
tation of DA neurons may increase DA efflux in reward related target
areas such as the NAC**”.

Inparallel with the blocking effects of suvorexant on the morphine-
inducedincreasein Hcrt neuronal numbers, we found that the increase
inHcrtaxonal density in the VTAis also blocked in animals pretreated
with suvorexant before morphine. In contrast, we find that Hert pro-
jections to the substantia nigra, a TH+ region adjacent to the VTA
but not generally implicated in OUD, are not significantly increased
by morphine administration, suggesting that opioid effects on Hert
projections are regulated in a target-specific manner.

These anatomical findings led us to test the effect of suvorexant on
morphine anticipation, morphine withdrawal and morphine analgesia
(Fig. 6). To measure anticipation, we used a wheel running model of
anticipation of addictive drug administration****"*2, After 2 days of
daily injection of morphine at ZT5, mice anticipated the daily injections
by vigorous wheel running starting at ZT2, at morphine doses as low
as 5 mg kg™'. However, when morphine injections were preceded by
suvorexant administration no anticipatory wheel running occurred.
Note that the anticipation was occurring 21 h after the prior morphine
injection, and 3 h before the next morphine injection, at a time when
minimal amounts of morphine or suvorexant would be present. It seems
likely that it was the presence of suvorexant at the time that morphine
was injected that prevented the conditioned anticipatory running
manifested 21 hlater. The suvorexant effect on morphine anticipation
may be aresult of the blockade of self-excitation of the Hcrt neuronal
population*’ combined with effects on indirect pathways.

At the suvorexant dose used, even though given in the ‘skeleton
light period’ (Methods), the normal mouse sleep period, no sleep
occurred for atleast 3 hin either the mice given morphine or the mice
given suvorexant + morphine, as evidenced by wheel running quanti-
fication (Fig. 6) and video observation. This is due to the well-known
arousing quality of opioids in mice and rats™. Therefore, even though
suvorexantis a ‘sleeping pill’ at certain doses in humans (the dual Hert
receptor antagonist suvorexant is marketed as Belsomra, with newer
dual Hcrtreceptor antagonists daridorexant in Quviviqand lemborex-
antinDayvigo), sleepinduction did not mediate the observed effect of
suvorexantonmorphine-induced changesin Hert cellnumber and size
showninFigs.1and 3.1t is useful to recall that morphineitselfis sopo-
rific in humans, which is why morphine was named after Morpheus,
thatis, sleepiness does not prevent the opioid addictive process, but
suvorexant does.

We found that blocking Hert receptors before morphine adminis-
tration significantly reduced the somatic signs of pharmacologically
(naloxone) induced withdrawal in mice administered morphine for
14 days (Fig. 6f). This result is consistent with our prior report* show-
ing thatelimination of Hcrt neuronsin adult mice greatly reduced the
behavioralsigns of opioid withdrawal inmorphine-dependent animals.
Taken together, these results support the idea that Hcrt system plays
acritical role in the symptoms of opioid addiction.

Blocking Hcrt receptors with suvorexant before morphine admin-
istration prevented the addiction-associated anatomical changes in
Hcrt neuron number, size, Hert axonal projections to the VTA and
microglial activation (Figs.3-5). Behaviorally, suvorexant completely
blocked morphine anticipatory motor activation and significantly
reduced the somatic signs of opioid withdrawal triggered by naloxone
administration. However, we find that opioid analgesia is not at all
diminished by suvorexant (Fig. 6g,h).

Conclusion

These findings suggest an important role of the Hcrt systemin the
anatomical and behavioral response to chronic opioid exposure. We
speculate that co-administration of suvorexant, or other Hcrt recep-
tor antagonists, to human patients treated with opioids for pain relief
would greatly reduce the potential for developing OUD. Human trials
arenecessary to test the effectiveness of this approach.

Methodological considerations

We and others have shown that the number of immunohistochemi-
cally detected cellsin animals of the same age and genetic background
may vary as a function of tissue processing, the antibody used or the
method of data collection®*’”. To minimize sources of experimental
variability we processed all subjects for each experiment using the
same procedureincludingall solutions and antibody lot number. Our
prior workindicates that the level of Hcrt production can fall below the
detection ofimmunohistochemical technique*, with nondetection not
necessarily an indication of the complete absence of Hert.

An alternative method to visualize cells in tissue samples is the
detection of specific messenger RNAs by in situ hybridization. How-
ever, the presence of a particular mRNA in a cell does not guarantee
the expression of the encoded molecule. In addition, in narcoleptic
patients for example, in situ hybridization canfail to detect the appro-
priate prepro Hcrt mRNA’, despite the presence of Hert neurons (10%)
confirmed by immunohistochemistry®*,

In our human studies, we included male and female individuals
and observed that the increase in the number and decrease in size of
hypocretin neurons was similar®. This suggested that the hypocretin
systemrespondsinasimilar manner to chronic opioid exposureinboth
biologically assigned sexes. On the other hand, in our animal studies we
used male mice. Thereisstill no clear consensus regarding the effects
of opioids between male and female rodents*. Human clinical studies
inboth males and females are necessary.
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Methods

Human tissue

Immunohistochemistry was used to stain for hypocretin (orexin) in
human brain tissue from neurologically normal controls and humans
with HUD. Human brain tissue was obtained from the National Neuro-
logical Specimen Bank Eunice Kennedy Shriver National Institute of
Child Health and Human Development Brain Bank.

Animal usage

All procedures were approved by the Institutional Animal Care and
Use Committees of the University of California at Los Angeles and of
the Veterans Administration Greater Los Angeles Health Care Systems:
08013-14 and 1761605. Experiments were performed in C57BL/6 male
miceand animals wererandomly assigned to the different experimental
groups. A total of 170 mice were used in the current study. All experi-
mental procedures were started when animals reached 3 months of
age. Animals were keptinaroommaintained at22 +1°Conal2-hlight
(135 lux) dark (0.03 lux) cycle (lights on at 6 AM and off at 6 PM) or on
a‘skeleton’ light schedule as described below.

Drugs

Morphine sulfate (Hospiralnc.) 5,10 and 50 mg kg™, naltrexone hydro-
chloride (Sigma-Aldrich, N3136) 50 mg kg™ and naloxone (naloxone
hydrochloride dihydrate, N7758, Millipore Sigma) 2 mg kg™ were used.
Morphine was diluted with sterile saline (sodium chloride injection, US
Pharmacopeia, 63323-186-10, APP pharmaceuticals) and naltrexone
and naloxone were dissolved in sterile saline immediately before SC
administration. Suvorexant (Belsomra) was suspended in 0.5% methyl
cellulose (M0262, Sigma-Aldrich) in water and orally administered
by gavage.

Tissue processing

Animals were anesthetized intraperitoneally (i.p.) with Fatal-Plus
pentobarbital solution (150 mg kg™, Vortech Pharmaceuticals) and
then perfused transcardially with 0.035 | heparinized (1,000 units |7,
heparin sodiuminjection, 63739-953-25, Aurobindo Pharma Limited)
phosphate-buffered saline ((PBS) 0.1 M, pH 7.4: sodium phosphate
dibasic, 0404.2.5, Avantor; sodium phosphate mono basic, EC231-449-
2, Fisher Scientific; sodium chloride, S671-3, Fisher Scientific), followed
by 4% paraformaldehyde (P6148-5, Sigma-Aldrich) in PBS. Brains were
removed and post-fixed for 72 h in 4% paraformaldehyde in PBS, fol-
lowed by 20% sucrose (S5-12, Fisher Scientific) in PBS for 24 hand 30%
for 48 h. Brains were frozen and cut into 40-pm coronal sections using
asliding microtome (American Optical). The sections were sorted into
oneinthree-well compartments containing PBS. Immunohistochemi-
cal procedures were performed immediately. The remaining tissue was
transferred toacryoprotectant solution, consisting of amixture of 30%
ethylene glycol (BP230-4, Fisher Scientific) and 25% glycerol (BP229-1,
Fisher Scientific) in PBS, and stored at —20 °C. Mice that we compared
were always killed and processed together. Perfusion, histology and
analysis of microscope sections were performed by investigators blind
to the procedures performed prior to sacrifice.

Immunostaining for brightfield microscopy

Experimental procedures were conducted in male, C57BL/6 mice,
3 monthsold. For the anatomical studies of chronic morphine exposure
and opioid antagonists, n =16 (n =4 per condition) mice were used;
for the colchicine studies, n =20 were used (for details of individual
experimental group see colchicine procedure below) and for micro-
glial studies, n =10 were used. Allimmunohistochemical procedures
were performed by sequential incubation of free-floating sections. For
detection of Hcrt and MCH, sections were first incubated for 30 min
in 0.5% hydrogen peroxide (5240-02, Macron Fine Chemicals) in PBS
to block endogenous peroxidase activity. After thorough washing
with PBS, the sections were placed for 2 h in 1.5% normal goat serum

((NGS) 005-000-121, Jackson ImmunoResearch Laboratories) in PBS
containing 0.25% Triton X ((PBST) T8787, Sigma-Aldrich, lot #SLCJ
6163) and incubated for 72 h at 4 °C in a PBST solution containing
rabbit anti-Hcrt-1 primary antibody (1:10,000, H-003-30, lot #01108,
Phoenix Pharmaceuticals Inc., Burlingame, CA, USA) or rabbit anti-
MCH (1:20,000, H-070-47, Lot # 01629-5, Phoenix Pharmaceuticals
Inc.), followed by the correspondingbiotinylated secondary antibody
(1:400, PK-6101, Vector Laboratories) in PBST for 2 h, and avidin-bio-
tin—peroxidase complex (1:300, ABC Elite Kit, Vector Laboratories) in
PBS for 2 h. The tissue-bound peroxidase was then developed using
the diaminobenzidine tetrahydrochloride ((DAB) SK4100, Vector
Laboratories) method, which consisted of tissue immersion in 0.02%
DAB and 0.03% hydrogen peroxide in10 ml PBS.

We previously standardized our DAB method and established an
8-min optimal developing time and used this precise durationin all of
our studies. All developing solutions were prepared in one container,
homogenized and aliquoted to the respective developing wells. Devel-
oping procedures were performed with room lights off and the wells
containing tissue were wrapped with aluminum foil to prevent light
exposure. Wells were agitated at 55 r.p.m. Developing solutions were
used only once.

Microglia (n =5 per condition) were identified using the canonical
marker, ionized calcium binding adapter molecule-1 (Iba-1)*°. Before
Iba-1immunostaining, an antigen retrieval procedure was performed
by incubating the sections in10 mM sodium citrate (5279-500, Fisher
Scientific) (pH 8.5) at 80 °C for 30 min. The sections were then cooled
to room temperature in sodium citrate, washed with PBS and, follow-
ingthe same staining procedures used to detect Hert-1, using primary
antibody goat anti-Iba-1(ab5076, Abcam, lot #GR3403958, 1:10,000)
and normal rabbit serum (PK6105, Vector Laboratories). Sections
were mounted on slides and counterstained for the identification of
anatomical landmarks, according to the following procedures. Slides
were placed in distilled water, followed by hematoxylin solution (FD
hematoxylin solution, PS104-02, FD Neurotechnologies). They were
thenbriefly rinsed in tap water, followed by distilled water containing
2% glacial acetic acid (8507-500, Fisher Scientific).

The number, distribution and size of Hert+ and Ibal-1+ cells and
the number and distribution of MCH+ cells were assessed using aNikon
Eclipse 80i microscope with a three-axis motorized stage, video cam-
era, Neurolucida interface and Stereoinvestigator software (Micro-
BrightField Corp.). Cell counting was performed bilaterally using
either 40x or 60x objective and cell size was determined using the
Neurolucida Nucleator probe. Iba-1+ quantification was performed
bilaterally in the middle of the Hcrt neuronal field by placing a square
(250 pum x 250 pm) dorsal to the fornix, with the lower corners of the
square equidistant from the center of the fornix. Quantification of
Iba-1+ cells was performed bilaterally in the same manner in the VTA,
by placing a square (250 pm x 250 pm) medial to the medial lemnis-
cus. All counting and cell measurements were performed by a trained
histologist, always blind to the experimental condition. In every case,
the same individual counted both the experimental and control tissue.
Only neurons with anidentifiable nucleus were counted.

The number of animals used in each experiment is as follows:
Fig.1b-e,n=4per condition; Fig.2,n=4 per condition; Fig.3,n= 6 per
condition; Fig. 4, n =5 per condition.

Immunostaining for confocal microscopy

All experimental procedures were conducted in male, C57BL/6 mice,
3 months old. An n =4 was used for each experimental condition. For
identification of DA-containing neurons in the VTA and SN regions,
we used the immunohistochemical detection of the TH enzyme. The
sections were firstincubated in PBST containing 1.5% of both NGS and
normal donkey serum ((NDS) 017-000-121, Jackson ImmunoResearch
Laboratories), followed by co-incubation with primary antibodies
rabbit anti-Hcrt-1 (H-003-36, Phoenix Pharmaceuticals, 1:2,000, lot
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#01108) and sheep anti-TH (ab113, Abcam, 1:1,000, lot #GR 3277795-
15) overnight at room temperature in PBST, 1% NGS and 1% NDS. Next,
we washed the sections and incubated them in PBST containing the
corresponding secondary antibody tagged with fluorophores that
match our microscopefilters (1:300, Alexa Fluor 488 goat anti-rabbit,
A-11008, lot #2557379, Alexa Fluor 555 donkey anti-sheep, A21436, lot
#2420712, Thermo Fisher Scientific), 1% NGS and 1% NDS, with lights
off and samples wrapped in aluminum foil. Tissue was mounted and
cover slipped using Vector Shield anti-fade mounting media (H1000,
Vector Laboratories). All tissue sections from experimental and control
animals were stained at the same time and with the same antibody lot.
To quantify the number of TH+ neurons, the same mounting media
containing 4’,6-diamidino-2-phenylindole was used (H 1200, Vec-
tor Laboratories). All tissue sections from experimental and control
animals were stained at the same time and with the same antibody lot.

The number and distribution of Hert fibers and TH+ cell bodies
was assessed using a Zeiss LSM 900 (Imager Z2 AX10) confocal micro-
scope equipped with the appropriate lasers. All data collection and
analysis was performed by a trained histologist, always blind to the
experimental condition. In every case, the same individual counted
boththe experimental and control tissue. Every section that contained
the VTA and adjacent SN was imaged at 1 um optical planes; 28 +1.4
optical planes were obtained per section. Quantification was per-
formed bilaterally on every third section throughout the region of
interest. Immunofluorescence intensities and area measurements
were obtained using the Zeiss proprietary software ZEN. The area was
defined by the size of the region containing TH neuronal bodiesin each
structure. Totalimmunofluorescence for TH and Hcrt was divided by
the corresponding area, and bilateral areas in the same section were
averaged. Cell number and fiber distribution were determined using
Adobe lllustrator. Every stack of images was loaded in this program
suchthat each optical plane was placedinadistinctlayer and individual
TH containing neurons were identified and marked. Using this method
of quantification eliminates double counting of cells, whichis critical
in the analysis of structures with a high density of neuronal bodies
suchasthe VTA and SN.

For the analysis of Hert fiber length and distribution, the middle
optical plane was chosen for matching sections that contained the
VTA. Individual fibers were drawn and measured and the total fiber
density was then calculated on the basis of the area used to measure
the immunofluorescence intensities.

Colchicine procedure

All experimental procedures were conducted in male, C57BL/6 mice,
3 months old. Two groups of animals (n = 4 per group) were subjected
to ICVinjection of either saline solution or saline solution containing
20 pg pl™ of colchicine (C9754, Sigma-Aldrich), a microtubule disrup-
tor that prevents axonal transport and increases levels of neuropep-
tidesin cell somas*’. Another two groups of animals (n = 4 per group)
received 14 days of either saline or morphine (50 mg kg™) before ICV
injections of colchicine. An additional four naive animals served as the
control. Anesthesia was induced with a mixture of ketamine (ketamine
hydrochloride injection, 0143-9509-10, Hikma Pharmaceuticals) and
xylazine (AnaSed 20 injection, 59399-110-20, Akorn Animal Health)
(100 mg kg™ and 15 mg kg™, respectively, i.p.) and then maintained
with a gas mixture of isoflurane (Aspen Veterinary Resources, Ltd.) in
oxygen (1-3%) after the animals were placed in the stereotaxic device.
Body temperature was maintained with a water-circulating heating
pad (Gaymar Industries). The head was positioned in a stereotaxic
frame and the skull was exposed. A hole was drilled at coordinates cor-
respondingto thelateral ventricle (anterior-posterior —0.5 mm, lateral
-1 mm, relative to bregma). A Hamilton microsyringe was lowered
until the ventricle was reached (height -2.8 mm, relative to the skull
surface). Infusion was made in increments of 0.2 pl every 10 min for
40 minto obtainafinal volume of 1 pl. The needle was held in place for

another 10 minbefore being slowly withdrawn. Ventricular localization
was confirmed by observing free-flowing cerebrospinal fluid after the
withdrawal of the needle. A small piece of sterile bone wax was placed
over the hole and the skin sutured. All subjects recovered from the
anesthesiawithin 30 min after the end of the procedure. Animals were
carefully monitored and sacrificed 52 h later between ZT13 and ZT15,
following the same tissue processing protocol described above for
immunohistochemical procedures.

Morphine anticipation
All experimental procedures were conducted in male, C57BL/6 mice,
3 monthsold. Running wheels were used to measure conditioned antici-
pation of morphine administration. This technique has been used to
quantify drug anticipation and appetitive changes*>*>**2, We adopted
thismethod for measuring morphine anticipation. Low-profile running
wheels for mice (model ENV-047, Med Associates) were placed in the
testing cages (length 48.3 cm, width 26.7 cmand height 40.6 cm) for a
2-week adaptation period and were continuously monitored wirelessly.
Two days before the beginning of injections animals were placed in a
‘skeleton light cycle’ (lights on for 30 min at 6:00 AM and on again for
30 min at 6:00 PM) for the duration of the experiment. This lighting
schedule disinhibits running wheel behavior during a period in which
light would otherwise inhibit wheel running. Running wheel activity
was collected and analyzed using Med Associates software (SOF-861).
Continuous video monitoring and the wheel running records showed
that no sleep occurred for more than 4 h after morphine administra-
tioninany mouse.

Atotal of 36 male mice (n = 6 per treatment combination) received
14 days of orally administered suvorexant (30 mg kg™) or vehicle (0.5%
methyl cellulose, PO) at 10:00 AM (ZT4) followed by morphine (5 or
10 mg kg™, SC) or saline (0.05 ml, SC) at 11:00 AM (ZT5).

Precipitated opioid withdrawal

All experimental procedures were conducted in male, C57BL/6 mice,
3 months old. The procedure started with n= 6 in each condition. In
the course of the experiment, one individual suffered health complica-
tions and had tobekilled before the conclusion of the experiment. This
animal was excluded from the final analysis. Somatic signs of naloxone
precipitated opioid withdrawal inmorphine dependent mice have been
previously studied using a 5-day escalating dose of morphine (starting
with 20 mg kg™ and leading up to 100 mg kg™). In a prior report* we
compared the behavioral effects of this dose and schedule of mor-
phine administration with our daily (50 mg kg™) morphine injection
for 14 days. We observed that both drug exposure regimes resulted in
acomparable global withdrawal score.

Mice (n =11, 6 vehicle + morphine, 5suvorexant + morphine) were
administered daily vehicle (0.5% methyl cellulose, PO) or suvorex-
antin vehicle (30 mg kg™) at 8:00 AM (ZT2) followed by morphine
(50 mg kg™, SC) at 9:00 AM (ZT3) for 14 days. Two hours after the last
morphine injection, naloxone (2 mg kg™, SC) was administered and
behavioral withdrawal symptoms were assessed. All sessions were
conducted in Plexiglas cages. We quantified locomotion, jumping,
backward stepping, rearing, paw tremor, teeth chattering, grooming,
behavioral arrest, defecation, urination, wet dog shake, ptosis, diar-
rhea, body tremor and piloerection. A global withdrawal score was
calculated*®®",

Analgesia measurement

All experimental procedures were conducted in male C57BL/6 mice,
3 months old. We measured the effect of morphine with and without
suvorexant onthe pain threshold using an IITC PE34 Incremental Ther-
mal Nociceptive Threshold Analgesia Meter (IITC Life Science Inc.),
which raises the temperature of its aluminum surface at 6 °C minin
each trial. When the mouse licked or shook a hindlimb or jumped, the
experimenter immediately pressed the stop switch and removed the
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animal from the apparatus and recorded the surface temperature.
Analgesia threshold was established on three consecutive days, with
three tests per day, 15 minapart. The post drug tests were done starting
60 minafter vehicle or morphine administration. Thirty six male mice
(n=6 per group) were used. Suvorexant (30 mg kg™ in 0.5% methyl
cellulose) or vehicle (0.5% methyl cellulose) was given orally 60 min
before morphine (5 mg kg™ or10 mg kg™, SC). The animal was checked
for any skin inflammation or lesion from the thermal test and would
have been removed immediately from the experiment for treatment
ifeither occurred, but this did not happen.

Statistical analyses

Data were subjected to ANOVA followed by Tukey post hoc test com-
parisons or t-test using the SYSTAT statistical package (SYSTAT). All
such tests were two tailed. The results were considered statistically
significant if P< 0.05. The number of subjects in each experimental
procedureisindicatedinthe figure legends. All figures display standard
error of the mean. All Pvalues are two sided.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data presented in this work have been deposited in G-Node
(https://gin.g-node.org/fmfwu/Siegel_NatureMH_2024) and are avail-
able without restrictions from the corresponding author.
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