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Endogenous histamine inhibits the development of morphine-induced
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Aim: The conditioned place preference (CPP) paradigm was used to investigate
morphine; rat; tuberomammillary nucleus

the effects of endogenous histamine on the processes leading to morphine-
induced reward-seeking behavior in Sprague-Dawley rats. M ethods: The model
of CPPwas used to assesstherewarding effect of morphine. Thelevelsof hisamine,
glutamate, y-aminobutyricacid (GABA), dopamine(DA) and 3, 4-dihydroxyphenyl-
acetic acid (DOPAC) in rat brains were measured with high-performance liquid
chromatography. Immunohistochemistry technique was used to observe the
morphological changes of neurons. Results. Intraperitoneal injection of mor-
phine (2, 5 or 10 mg/kg) induced the development of CPP in a dose-dependent
manner. In addition, morphine administrations (10 mg/kg) decreased the hista-
mine content and reduced the number and size of histaminergic neuronsin the
tuberomammillary nucleus (TM), aswell as markedly increasing the DOPAC/DA
ratiosin the ventral tegmental area (VTA) and nucleus accumbens (NAc). Intra-
peritoneal injection of higidine (50, 100 or 200 mg/kg) dose-dependently inhibited
the development of morphine-induced CPP. Bilateral lesions of the TM, which
decreased the histaminelevelsin the VTA and NAc, potentiated the devel opment
of CPPinduced by morphine (1 mg/kg, a dose that produced no appreciable effect
when given alone) and increased the DOPAC/DA ratiosin the VTA and NAc, but
did not change the glutamate or GABA levelsin these nuclei. Histidinereversed
the effects of the TM lesions. Conclusion: These results indicate that endog-
enous histamine plays aralein inhibiting the devel opment of morphine-induced
reward-seeking behavior, and theinhibition may involve the modulation of dopa-
minergicactivity.
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Introduction

Morphine remains one of the most valuable drugsfor the
treatment of severe pain despite alarge number of adverse
side effects. Themajor drawback of their continuous useis
the development of dependence, which isascribed to their
rewarding effects. These effects have been demonstrated in
animal's by the conditioned place preference (CPP) para-
digm™43, which isbased on the principle that, when aprimary
reinforcer ispaired with acontextual stimulus, the contextual
stimulus itself acquires secondary reinforcing properties.
These secondary reinforcing properties can elicit place
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preference, which resultsin asignificant increasein thetime
spent in the drug-paired place. The sensitivity of the CPP
paradigm appearsto be as great as or greater than those of
other behavioral tests used to measure the rewarding
effects of drugs®. However, in most sudiesto date, CPPis
only tested after several conditionings of drugs paired with
contextual stimulus. The process by which morphine-in-
duced CPP develops is lesswell understood.

Histamine plays important rolesas neurotransmitter and
neuromodulator in themammalian brain. Through itsH,, H,
and H, receptors, histamine participatesin many physiologi-
cal and behavioral functionsinduding the deep-wakecycle,
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emotion, locomotor activity, stress-related behavior, learn-
ing and memory™*®. Thetuberomammillary nucleus(TM) is
the only source of histaminergic neurons, which project to
various parts of the brain including the nucleus accumbens
(NAc) and the ventral tegmental area (VTA), regionsknown
to beinvolved in reward mechanisms®”,

A role for brain histaminein regulating reward mecha-
nisms has been recently documented in several studies®.
For example, histamineinjected intothe lateral ventricleim-
mediately raises the reinforcement threshold, which can be
prevented by the application of histaminergic antagonists®.
Histidine, a histamine precursor, attenuates the threshold-
lowering effects of pentazocind™®. H, receptor antagonists
act asrewardsin combination with opioids™ and even when
given alond™. Therefore, itislikely that histaminergic path-
ways exert inhibitory control over reinforcement. However,
littleis known about the effect of endogenous histamine on
the development of the reinforcement processin CPP in-
duced by morphine.

Therefore, the present study was designed to investi-
gate the involvement of endogenous histaminein the devel -
opment of morphine-induced reward-seeking behavior, by
using histidine (to increase endogenous histamine content)
and TM lesions (to damage histaminergic neurons and de-
crease endogenous histamine content).

Materials and methods

Animals All experimentswerecarried out in accordance
with the National Institutes of Health Guidefor the Care and
Use of Laboratory Animals. Male Sprague-Dawley rats
(220-2804, Gradell, Certificate No 22-9601018; Experimen-
tal Animal Center, Zhejiang University, Hangzhou, Zhejiang,
China) were used in these studies. The animal colony was
climate-controlled and kept on a12 h light/dark cycle. Water
and food were given ad libitum. Behavioral experiments
were carried out every day between 8:00 AM and 16:00 PM.

Conditioned place preference Place conditioning stud-
ies were conducted in a apparatus consisting of a shuttle
box which was divided into two equal-sized compartments
(30 cmx30 cmx30.cm). Thetwo compartmentshad different
tactile and visual cues. One compartment was whitewith a
smooth floor and the other was black with awire mesh floor.
The apparatus was used in dim illumination (40 lux) with
masking white noise. A camera mounted above the appara-
tus allowed observation of each animal’ sbehavior on avideo
monitor.

Basdline preferences were assessed by placing the ani-
mals in the apparatus and allowing free access to both com-
partmentsfor 15 min before drug administration. Thetime

spent in each compartment was cal culated for each animal
and then averaged across the entire animal group. The ani-
mals showed preference for the black compartment, so we
paired the morphineinjections with the white compartment.
Conditioning and testing then took place over thenext 7 d
(Figurel). Theratswereinjectedip with salineond 1, 3and
5 and thedrug at the designated doses on d 2, 4 and 6 of the
experiment. The control rats always received saline. After
morphineor salineadministration, therats were confined to
the compartment designated as saline-paired or morphine-
paired for 60 min. Morphine was always paired with the
white compartment. Testing occurred ond 3, 5 and 7 follow-
ing each conditioning session (1 saline-conditioning day
and 1 morphine-conditioning day) and beforereceiving that
day’ ssalineinjection. Theratswere handled on thetest day
in the same manner asthe pretest.

T, T:
Session 1 | Session 2 | Session 3
T v f T
'|° s D s D S D |"
DO 1 2 3 4 5 6 7

S: Saline
D: Morphine or saline

T,: Test after first session
T.: Test after second session

Ty Test for baseline T.: Test after third session

Figure 1. Schematic diagrams of the CPP protocols in rats.

Immunohistochemistry experiment Under deep anes-
thesiawith chloral hydrate (360 mg/kg, ip), theratsthat re-
ceived an injection of 10 mg/kg morphine were perfused
transcardially with 100 mL saline followed by 200 mL 4%
paraformaldehyde in 0.1 mol/L phosphate buffer (PB; pH
7.4) 30 min after the end of the final preferencetest. The
brains were removed and fixed in 4% paraformal dehyde for
2-4 d. Beforeimmunofluorescence staining, each brain was
immersed in 209%-30% sucrosein 0.1 mol/L PB(pH 7.4) until
it sank. Then, on a freezing microtome (Leica, CM1900,
Heidelberger, Germany), the coronal sections (30 um) were
cut consecutively through the TM nuclei, collected in 0.01
mol/L phosphate buffered saline (PBS; pH 7.4), washed 3
timesfor 5-10 min each, and pre-incubated with a blocking
solution of PBS containing 1% bovine serum albumin and
4% normal goat serum (Vector Labs, Burlingame, CA, USA)
for 1 h at room temperature. Sections were then incubated
for 24 h at 4 °C with mouse anti-histidine decarboxylase
(HDC) monoclonal antibody (Sigma, St Louis, MO, USA)
diluted 1:1500 in PBSwith 2% normal goat serum and 0.25%
Triton-X 100. After washing 3 times, the sectionswere incu-
bated for 2 h at room temperaturein the dark in Alexa 488-
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conjugated secondary antibody (goat anti-mouse antibody;
Molecular Probes, Eugene, OR, USA) diluted 1:500in PBS.
The sections were then washed 3 times, mounted and exam-
ined under a fluorescence microscope (Olympus, BX51,
Tokyo, Japan).

Neuron counting and measurements of perimeterswere
performed in sectionsfrom the saline- and morphine-treated
brains. The outline of each HDC-positive neuron, together
with the outline of the TM region, was drawn from all sec-
tions per brain. The number of HDC-positive neurons per
section in each TM region was determined. The numbers of
neurons derived from sections through the same brain were
summed and divided by the number of sections. The perim-
eter of a HDC-positive neuron was measured using Meta-
Morph image anal ysi s software (Universal Imaging Corpora-
tion, Downingtown, PA, USA). Thelength of theline outlin-
ing the neuron was used to assess the perimeter of HDC-
positive neurons.

M easur ementsof hisamine, glutamate, y-amincbutyric
acid (GABA), dopamine (DA) and 3,4-dihydroxyphenyl-
aceticacid (DOPAC)

Sample preparation The ratswere decapitated 30 min
after thefinal CPPtest. The brains were quickly removed,
placed on an ice-cold stainless steel plate, and the VTA and
NAc were dissected according to the atlas of Paxinos and
Watson'™, The tissues were stored at -80 °C until assayed,
when the sampl es were homogenized in 3% perchloric acid
containing 5 mmol/L disodium ethyl enediaminetetraacetic
acid (EDTA) and 5-hydro-N“-methyltryptaminein aPolytron
homogeni zer (Kinematica, Lucerne, Switzerland) at the maxi-
mum setting for 20 sin an ice bath. The homogenate was
centrifuged at 15000%g for 20 min at 4 °C, then the superna-
tant was removed and filtered through a0.22 pm polyvinyli-
denedifluoride membrane.

Histamine, glutamate and GABA chromatography
Histaminelevel swereanalyzed by HPLC combined with elec-
trochemical detection according to our previoudly published
method™. In brief, the system consisted of a model 582
pump, amodel 540 autosampler and a 4-channel Coul Array
electrochemical detector. The HPLC was controlled and the
data acquired and analyzed using Coul Array® software. All
equipment wasfrom ESA Biosciences|nc (Chelmsford, MA,
USA). After reacting with the derivative o-phthal aldehyde,
analyteswere separated on a3 pm, 3 mmx50 mm Capeel | Pak
MG C18 column (Shiseido, Tokyo, Japan). A two-compo-
nent gradient dution system was used, with component A of
the mobile phase being 100 mmal/L Na,HPO,, 13% acetoni-
trile, and 22% methanol (pH 6.8) and component B being
similar, but with 5.6% acetonitrileand 9.4% methanal. The
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gradient elution profile was: 0—3.5 min, isocratic 100% B;
3.5-20 min, linear ramp to 0% B; 20—22 min, isocratic 0% B;
22-23 min, linear ramp to 100% B; and 23-30 min, isocratic
100% B (flow rate 0.75 mL/min). Thefirst cell wasset at +250
mV and the second at +350 mV. All sandardswere obtained
from Sigma (USA). Under these conditions, the retention
times of glutamate, GABA and histaminewere 5.58, 15.16,
and 18.36 min, respectively. The detection limits (signal/
noise>3) were0.1 g for glutamate, 5ngfor GABA, and 1 ng
for histamine. Values were expressed as nmol/g wet tissue.

DA and DOPAC chromatography DA and DOPAC lev-
elsweredetermined with the above HPL C system, using meth-
ods previously described™. The mobile phase consisted of
71.5mmol/L citricacid, 78.3 mmol/L citricacidtrisodium salt,
832 umoal/L 1-octanesulfonic acid sodium salt, 107 pmol/L
EDTA, pH 5.6 with 6% methanol. DA was separated on a
reverse-phase column (HR-80, 4.6 mmx80 mm, 3 um, ESA,
USA) at 30°C and quantified by a4-channel CoulArray dec-
trochemical detector. Thecdl potentiadswereE1, -5mV, and
E2, +220 mV (flow rate 0.60 mL/min). DA and DOPAC levds
were expressed as nmol/g wet tissue.

Surgical procedures Under chloral hydrate anesthesia
(360 mg/kg, ip), the rats were fixed in a stereotaxic frame
(Narishige, SR-5, Tokyo, Japan), and bipolar stainless stedl
electrodes (tip diameter 0.2 mm) were implanted bilaterally
intotheTM (AP-4.2 mm, L £1.5 mm, and DV -9.6 mm). An
electrolytic lesion was made by applying 1 mA DC for 10 s.
In the case of a sham lesion, the electrodes were implanted
into the same locations and connected to the lesion device,
but no current was passed. At the end of the experiments,
the animals were sacrificed and the locations of the el ec-
trodes were verified histologically. Only animalswith e ec-
trodes located in the TM were included in the subsequent
analysis.

Drugs Morphine hydrochloride (First Pharmaceutical
Factory of Shenyang, Shenyang, China) and histidine hy-
drochloride(Sigma, USA) weredissolvedin sdine. Histamine,
glutamate, GABA, DA and DOPAC were purchased from
Sigma(USA).

Statistical analys's Datawere analyzed with GraphPad
Prism 4 (GraphPad Software Inc, San Diego CA, USA) and
expressed as the mean+SEM. Place preference data were
evaluated by two-way ANOVA followed by the Bonferroni
test as a post test. Neurochemical data were evaluated by
onefactor ANOVA, followed by the Bonferroni test asa post
test. Differencesin histaminelevels, DOPAC/DA ratiosand
the numbers and perimeters of HDC-positive histaminergic
neurons between the saline- and morphine-treated groups
were analyzed by Student’st-test. Statistical significance
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was set at P<0.05.

Results

Effect of mor phine on the development of CPP In the
basdline preference testing, animals showed a preferencefor
theblack compartment, wherethey spent 831.59+21.31s. CPP
was affected by the morphinedose (F,15,=10.81; P<0.01) and
the number of conditioning sessions (F,15=3.69; P<0.05),
but therewas no interaction between thesevariables (Figure
2). An analysis of each conditioning session revealed that
therats treated with 2 mg/kg morphine showed significant
CPP relative to the saline-treated group at its third condi-
tioning session; 5 mg/kg morphine had similar effectsat the
second and third conditioning sessions, and a dose of 10
mg/kg showed significant CPP after thefirst treatment.

Effect of morphineon histaminelevelsin the VTA and
NAc, and mor phology of histaminergic neuronsinthe TM
After 10 mg/kg morphine administrations, histamine levels
in theVTA and NAc significantly decreased (VTA: P<0.01,;
NAc: P<0.01; Figure3C). Higaminelevelsdecreasedto 47.4%
in the saline-treated group in the VTA and to 43.0% in the
saline-treated group in the NAc. In addition, green fluores-
cent protein-tagged HDC-positive (histaminergic) neurons
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Figure 2. Effect of morphine on the development of CPP in rats.
Morphine was injected ip 5 min before conditioning (n=14-16).
Data are mean+SEM of time spent in the drug-paired compartment.
®P<0.05, °P<0.01 vs saline-treated group during same conditioning
session (ANOVA followed by Bonferroni test).

exhibited considerable variability in shape compared with
those from the saline-treated rats. Furthermore, HDC-posi-
tive neuronsweresmaller and sparser in themorphine-trested
rats (Figure 3A). An analysis of the HDC-positive neurons
from thesaline- and morphine-treated rats reved ed that mor-
phinereduced both their mean number and size (Figure 3B).
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Figure 3. Effects of morphine (10 mg/kg) on histamine levels in the VTA and NAc and morphology of histaminergic neuronsin the TM. (A)
Morphology of HDC-positive histaminergic neurons in sections through TM from saline-treated and morphine-treated animals; (B) Number
and perimeter of HDC-positive histaminergic neurons in sections through TM. Data are mean+SEM of 8 observations. “P<0.01 vs saline-
treated group (Student’s t-test); (C) Effect of morphine administration on histamine levelsin VTA and NAc from morphine-and saline-treated
rats. Data are mean+SEM of 8 observations. °P<0.01 vs saline-treated group (Student’s t-test).
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Effect of mor phineon and DOPAC/DATr atiosintheVTA
and NAc The DOPAC/DA ratioisan index of the activity of
dopaminergic neurons’®. Wefound that morphine adminis-
tration significantly decreased DA levels and elevated
DOPAC/DA ratiosintheVTA andthe NAc (P<0.05; Tablel).

Effect of histidine on the devel opment of mor phine-in-
duced CPP Morphine-induced CPP depended on the hista-
minedose (F;1,5=12.29; P<0.01) and number of conditioning
sessions (F,,,5=15.19; P<0.01), but there was no interaction
between thesefactors (Figure4). Ananalysis of each condi-
tioning session revealed that histidine significantly inhib-
ited the devel opment of morphine-induced CPP at doses of
100 or 200 mg/kg (P<0.05) during thefirst and second condi-
tioning sessions, whileduring thethird conditioning session,
only 200 mg/kg histidinewaseffective (P<0.05). Higtidineat
the high dosage of 200 mg/kg did not induce conditioned
place aversion when given aone (data not shown).

Effect of TM lesionson histaminelevelsintheVTAand
NAc TM lesions affected histaminelevelsin the VTA (F; 5=
12.91; P<0.01) and the NAc (F;5,=18.30; P<0.01; Figure5).
The histamine levels in the VTA and the NAc of the TM
lesioned group were markedly decreased rel ativeto the sham

group; however, whiletheadministration of morphine (1 mg/
kg) tothe TM lesioned group had no further effect on hista-
minelevelsintheV TA and NAc, higidinemarkedly increased
histamine levelsin these nuclei in the TM lesioned group
exposed to morphine.

Effect of TM lesonson the development of mor phine-
induced CPP A two-way ANOVA showed significant effects
of the experimental group (Fs, 15s=12.76; P<0.01), but there
was no effect on the number of conditioning sessions or
interaction between these variables (Figure 6). Morphine
(Amg/kg), TM lesionsaone, or sham with morphine had no
appreciable effect on the development of CPP, but TM le-
sionswith morphineinduced significant CPPrdativeto sham
combined with morphinefrom thefirg to third conditioning
sessions, while histidine inhibited the CPP induced by TM
lesions combined with morphine at the second and third
conditioning sessions.

Effect of TM lesionson glutamateand GABA levelsand
DOPAC/DA ratiosin VTA and NAc Treatment with
morphine, histidine or TM lesions did not change the
glutamate or GABA levelsinthe VTA or the NAc (Table 2).
TheTM lesion significantly decreased DA and DOPAC lev-

Tablel. Effect of morphine on DA, DOPAC and DOPAC/DA ratios in the VTA and NAc. Data are mean+SEM of 8 observations. °P<0.05,

°P<0.01 vs saline-treated group (Student’s t-test).

VTA NAC

Groups DA (hmol/lg)  DOPAC (nmollg)  DOPAC/DA DA (nmol/lg)  DOPAC (nmol/g) DOPAC/DA

Saline 22.34+0.09 23.44+1.26 1.08+0.03 20.55+0.86 16.97+1.29 0.84+0.03

Morphine 9.8840.69° 25.18+1.43 2.49+0.14° 8.39+0.54° 13.48+1.32 1.52+0.56"
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Figure 4. Effect of histidine on the develop-
ment of morphine-induced CPP in rats. Mor-
phine (10 mg/kg) was injected ip 5 min before
conditioning. Histidine was injected ip 1 h
before morphine administration. Data are
mean+SEM of time spent in the drug-paired
compartment (n=10-11 rats). °P<0.05, °P<0.01
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Figure 5. Effect of TM lesions on histamine levels in the VTA and
NAc. Histidine was administered ip 1 h before morphine administra-
tion. Morphine (1 mg/kg ) was injected ip 30 min before decapitated.
Data are mean+SEM from 8 rats. °P<0.01 vs sham group, °P<0.05,
P<0.01 vs TM lesions combined with morphine (1 mg/kg) group
(ANOVA followed by Bonferroni test).

esintheVTA, and decreased DA levelsinthe NAc (Table 3).
After TM lesions, an analysis revealed groups treated with
morphine or higidine changed the DOPAC/DA ratiosin the
VTA (F; £=11.76; P<0.01) and NAc (F; »,=27.51; P<0.01;
Table3). IntheVTA, TM lesions changed the DA/DOPAC
ratio; lesions combined with morphine increased the ratio,
but histidine did not affect this increase. However, in the
NAc, the DA/DOPAC ratio significantly increased after TM
lesions and lesions combined with morphine markedly

increased the ratio, but histidine significantly reversed this
increase.

Discussion

Morphine is abused for its rewarding and/or euphoric
effects, and in animal model s, the rewarding effects are dem-
onstrated by the ability to induce CPP*®. In the present
study, we found that morphine dose-dependently induced
the devel opment of CPP, and 3 administrations of morphine
at 10 mg/kg induced significant CPP, as previously shown
by others®®. We therefore continued to use this protocol in
the present experiments.

TheVTA and the NAc are themost likely sites of action
for morphine-induced CPP?*?!!, so we analyzed the hista-
mine levelsin these nucle after morphine administration.
Higaminelevelssignificantly decreasedintheVTA and NAc.
These decreases may be ascribed to the morphine-induced,
long-lasting release of histamine from nerveterminasin the
nuclei. Morphineisknown to increasethereease of hista-
mine from histaminergic neurons®#!. Since treatment with
morphine acutely activates histaminergic neuronsintensely
and persistently, histamine synthesis may not be sufficient
to compensate for the release. Perhaps the decreasein the
size and number of histaminergic neurons indicates
compensatory adaptati ons to oppose this intense and per-
sistent histaminerelease. Itislikely that the morphological
changes in histaminergic neurons resulted from neural
injury caused by exposure to morphine. Although the exact
mechanisms remain unclear, our data arethefirst toindicate
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Figure 6. Effect of TM lesions on the devel-
opment of morphine-induced CPP. Morphine
(1 mg/kg ) was injected ip 5 min before condi-
tioning. Histidine was administered ip 1 h be-
fore morphine administration. Data are mean+
SEM of time spent in the drug-paired com-
partment (n=10-11 rats). °P<0.05, °P<0.01 vs
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Table 2. Effects of TM lesions on glutamate, GABA levels in the ventral tegmental area and nucleus accumbens. Each value represents the

mean+SEM from 8 rats.

VTA NAc
Groups Glutamate (nmol/g) GABA (nmol/g) Glutamate (nmol/g) GABA (nmol/g)
Sham 211.79+34.45 13.57+2.42 1043.40+£153.07 52.20+10.52
TM lesion 309.97+42.53 19.39+2.37 1012.37+135.98 45.26+6.53
TM lesion+Morphine 488.63+18.52 22.05+1.70 1621.06+£104.84 53.10+4.14
TM lesion+Morphine+Histidine 427.79+24.43 19.68+0.96 1124.25+59.78 48.74+4.73

Table 3. Effects of TM lesions on DA, DOPAC levels and DOPAC/DA ratios in the ventral tegmental area and nucleus accumbens. Each value
represents the meantSEM from 8 rats. °P<0.05 vs sham, *P<0.05 vs TM lesion, "P<0.05 vs TM lesion combined with morphine (1mg/kg)

(ANOVA followed by Bonferroni test).

Group VTA NAc
DA (nmol/g) DOPAC (nmol/g) DOPAC/DA DA (nmol/g) DOPAC (nmol/g) DOPAC/DA
Sham 31.27+6.00 34.09+2.84 1.10+0.14 32.25+1.48 19.88+1.42 0.72+0.08
TM lesion 18.08+2.74° 25.84+2.38° 1.68+0.16° 14.97+2.30° 17.64£1.61 1.06+0.05°
TM lesion+morphine 1 mg/kg 11.40+1.16 34.32+2.34 3.14+0.32° 12.64£1.32 23.58+2.06 1.72+0.02¢
TM lesion+morphine 1 mg/kg h
13.65£1.22 34.76+2.28 2.77£0.18 9.69+0.92 9.27+1.44 0.93+0.13

+histidine 200mg/kg

that endogenous histamine acts as an important neuromo-
dulator in the development of the reward process induced
by morphine.

We also found that histidine, a precursor of histamine,
produced no conditioned place aversion when given a one,
but significantly and dose-dependently inhibited the mor-
phine-induced development of CPP. Histidine at a dose of
200 mg/kg significantly reversed the decreased histamine
levelsinduced by morphinein the VTA and NAc (data not
shown). Consistent with this finding, the histidine decar-
boxylaseinhibitor, a-fluoromethyl histidine, potentiates mor-
phine-induced CPPin micé®l. In addition, it isknown that
theacquisition and expression of CPP behavior requires|earn-
ing and memory to establish an association between envi-
ronmental cuesand the effective state induced by morphine;
cuereactivity in the CPP paradigm isblocked by scopolamine,
which impairs|learning and memory'®%!, However, even at
the low doses used in the present study, histidine can ame-
liorate memory deficitsin many animal modds?"®. Soitis
suggested that the inhibitory action of histidine on mor-
phine-induced CPP in the present study is mainly through
the environmental cue reactivity associated with the drug.

Furthermore, bil ateral dectrolyticlesionsintheTM, where
histaminergic cell bodiesare located, reduced histaminelev-
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elsintheVTA and NAc asexpected, and markedly enhanced
the devel opment of the reward-seeking behavior in combi-
nation with morphine at a dose that had no appreciable ef-
fect on CPPin unlesioned animals. In addition, wealsofound
that HDC knockout mice, in which histamine levelsin the
brain decreasesto almost nil in these mice, were much more
sensitiveto morphine-induced CPP (datanat shown). These
results strongly support the idea that endogenous hista-
mine participatesin the development of the reward-seeking
behavior induced by morphine. Previous studies have also
shown that TM lesionswith DC or ibotenic acid increasethe
response ratesto lateral hypothalamic sdlf-stimulation®*,
which suggests that the inactivation of TM histaminergic
neurons can result in enhanced reinforcement™. On the
other hand, neuroactive substances besides histamine are
found in the TM, including GABA, glutamate and adenos-
in€®. Since eectrolytic lesions may non-specifically de-
stroy such neurons or fibers, it was not possible to conclude
that the histaminergic neurons were solely responsible for
the rewarding effects. However, we found that neither
glutamate nor GABA levelsin theVTA or NAc changed after
TM lesions (Table2).

We further investigated the effect of higtidine asa form
of replacement therapy in ratswith bilateral TM lesions dur-
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ing morphine-induced development of CPP. The precursor
reversed the decreasing histamine levels in the VTA and
NAcé€licited by TM lesions, and facilitated the devel opment
of CPPin paralld (Figure5). Therefore, we concluded that
the decreased brain histamine leves, as a consequence of
TM lesions, at least in part potentiate the development of
morphine-induce reward-seeking behavior. These results
provided further evidencethat the morphine-induced reward
system may be negatively modulated by endogenous
histamine.

The DOPAC/DA ratio is used as an index of DA synthe-
sisand metabolism, and represents dopaminergic neuronal
activity™. Brain histamine modul ates mesolimbic dopamin-
ergic activity from the VTA to the NAC®. In this study, we
also found that the DOPAC/DA ratiosincreased in parallée
with the decrease of histaminein the VTA and NAc after
morphine administration. We found that the TM lesion in-
creased the DOPAC/DA ratio and that histidinereversed this
increase. This also suggested that endogenous histamine
actsasan inhibitor of the rewarding effect through reducing
dopaminergicactivity. Decreased brain histaminecan weaken
theinhibitory effect of dopaminergic activity. Histaminein-
duces hypoactivity and adecreased DOPAC/DA ratio in the
striatum®, while zolantidine, a H, receptor antagonist, sig-
nificantly potentiates morphine-induced CPP by increasing
the DOPAC/DA ratio®. Therefore, DA seemsto influence
thebrain’sreward system in away whichisreciproca tothat
of histamine; that is, the brain’s reinforcement mechanism
can be activated by DA moving towards more reinforcement
and histamine moving it in the opposite direction®. An
increasein brain histamine levels may attenuate the devel -
opment of morphine-induced reward-seeking, and its action
may be mediated by inhibiting dopaminergic activation in
the VTA and NAc. In addition, we found that morphine (1
mg/kg) had no appreciable effect on the DA/DOPAC ratio
when given alone, but significantly increased the DA/DOPAC
ratio in TM-lesioned rats, which suggeststhat the activity
of the dopaminergic system was facilitated more by mor-
phinewhen histamine leve swerelow. Soit isproposed that
the inhibitory effect on dopaminergic neurons isweakened
by a persistent deficiency of histamine, and can further en-
hance the senditivity to morphine.

In summary, the present study demonstrates that endog-
enous higamineisinvolved in themorphine reward-seeking
process and inhibits the devel opment of morphine-induced
CPP. The mechanism involves the modulation of dopamin-
ergic activity by endogenous histamine. Therefore, hista-
mine and related compounds may be of valuein treating and
preventing the development of morphine-induced reward-

seeking behavior.
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