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Abstract

Vaccines for opioid dependence may provide a treatment that would reduce or slow the
distribution of the drug to brain, thus reducing the drug's reinforcing effects. We tested whether a
conjugate vaccine against morphine (keyhole limpet hemocyanin-6-succinylmorphine; KLH-6-
SM) administered to rats would produce antibodies and show specificity for morphine or other
heroin metabolites. The functional effects of the vaccine were tested with antinociceptive and
conditioned place preference (CPP) tests. Rats were either vaccinated with KLH-6-SM and
received two boosts 3 and 16 weeks later or served as controls and received KLH alone. Anti-
morphine antibodies were produced in vaccinated rats; levels increased and were sustained at
moderate levels through 24 weeks. Antibody binding was inhibited by free morphine and other
heroin metabolites as demonstrated by competitive inhibition ELISA. Vaccinated rats showed
reduced morphine CPP, tested during weeks 4 to 6, and decreased antinociceptive responses to
morphine, tested at week 7. Brain morphine levels, assessed using gas-chromatography coupled to
mass spectrometry (GC-MS) on samples obtained at 26 weeks, were significantly lower in
vaccinated rats. This suggests that morphine entry into the brain was reduced or slowed. These
results provide support for KLH-6-SM as a candidate vaccine for opioid dependence.
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1. Introduction

Opioid dependence is a serious health problem in the United States and world-wide
(UNODC, 2010). Relapse rates remain high even though there are approved
pharmacological treatments for this disorder (Veilleux et al., 2010). Medications currently
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approved to treat opioid dependence include methadone, buprenorphine, and naltrexone
(Maxwell and Shinderman, 2002; Stotts et al., 2009). These agents act at opioid receptors as
an agonist, a partial agonist, or an antagonist, respectively. While each of these treatments
shows some therapeutic success, there are numerous limitations to their use, including high
cost, limited availability, problems with compliance, and, in the case of the agonists,
diversion (Kahan et al., 2001; Kreek et al., 2010; Stotts et al., 2009). An alternative strategy
to developing a treatment for opioid dependence is an anti-opioid vaccine (Shen et al.,
2012).

The approach for the development of drug addiction vaccines differs from the approach used
in the development of the other medications. Whereas the opioidergic treatment agents were
designed to target opioidergic effector systems in the brain through pharmacodynamic
mechanisms, vaccines act as “pharmocokinetic” antagonists. Upon administration, the
vaccine stimulates the production of drug-specific antibodies that can bind to the drug in the
circulating blood and extracellular fluid when the drug is ingested. This action should reduce
or slow the distribution of the drug to brain and theoretically attenuate the drug's reinforcing
or addictive effects. Support for the vaccine approach has been shown by the promising
results obtained in clinical trials for vaccines designed for the treatments of cocaine and
nicotine addiction (Haney et al., 2010; Hatsukami et al., 2011; Martell et al., 2009).

Heroin, which is arguably the most serious of all opioid addictions, is a pro-drug; that is, its
effects occur mainly through its metabolites. Heroin is readily hydrolyzed by serum and
liver esterases to the more stable compounds, 6-acetylmorphine (6-AM) and morphine.
Morphine itself can then undergo further metabolism into morphine-3-glucuronide (3-GM)
and morphine-6 glucuronide (6-GM) via enzymes in liver and kidney (Inturrisi et al., 1983;
Selley et al., 2001). In fact, 6-AM is considered to cause the immediate euphoric effects of
heroin administration. Thus, a vaccine that can produce antibodies to heroin, morphine, and
6-AM is desirable.

While vaccines for stimulant addictions have been developed fairly recently, vaccines
directed at morphine were first tested in animals 40 years ago (Berkowitz and Spector, 1972;
Bonese et al., 1974). The vaccine was prepared by conjugating a morphine hapten to bovine
serum albumin (BSA) through a 6-succinylmorphine (6-SM) linkage to lysine residues on
BSA. These early studies demonstrated that this vaccine could produce antibodies with
specificity for heroin and 6-AM,aswell as for morphine. Other studies showed that binding
specificity differed depending upon the hapten used (Koida et al., 1974; VanVunakis et al.,
1972; Wainer et al., 1973). The study of vaccines for opioid dependence likely fell out of
favor after these initial studies due to the introduction of methadone as an effective
treatment agent. However, as discussed above, there are limitations and problems with the
standard medications for opioid dependence. Thus, the vaccine approach for opioid
dependence is being reinvestigated (Anton and Leff, 2006; Anton et al., 2009; Ma et al.,
2006; Stowe et al., 2011). For example, a bivalent morphine—heroin vaccine developed
using tetanus toxoid as the carrier protein produced antibodies and prevented the acquisition
of heroin self-administration in rats (Anton and Leff, 2006; Anton et al., 2009). However,
this vaccine required four boosts over 60 days, and biweekly boosts over a year in order to
maintain adequate titers. In another study, rats administered a heroin vaccine based on a
hapten structure where the linker was attached to the nitrogen of nor-heroin showed reduced
heroin-induced antinociception and acquisition of heroin self-administration (Stowe et al.,
2011). However, rats administered a vaccine that was also based on nor-morphine did not
show changes in heroin self-administration even though both vaccines generated antibodies.
This failure to show functional effects of the vaccine may reflect that it had no affinity for 6-
AM (Stowe et al., 2011).
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The purpose of this study was to evaluate a morphine vaccine consisting of a KLH-6-SM
conjugate and aluminum (alum) in rats. We investigated the immunogenicity of KLH-6-SM
at its optimal dose for eliciting effective antibodies and tested its ability to attenuate opioid-
induced behavioral effects. These behavioral effects included the analgesic and rewarding
effects of morphine using hot plate, tail-flick, and place conditioning procedures. In
addition, a competitive inhibition ELISA was used to assess antibody binding to free
morphine, 6-AM, 3-GM, and 6-GM.

We also hypothesized that the vaccine-induced antibodies would sequester the morphine in
the blood, thereby increasing in blood levels and reducing brain levels. This was tested in
the present study using gas chromatography combined with mass spectrometry.

2. Methods

2.1. Animals and housing

2.2. Groups

2.3. Drug

Male, Sprague Dawley rats were purchased from Charles River Laboratories (Wilmington,
MA, USA) at about 8 weeks of age and 250 g body weight. They were group-housed (3 per
cage) under temperature- and humidity-controlled conditions with a 12:12 h light/dark cycle
(lights on from 0600). Food and water were available ad libitum. Procedures were approved
by the Institutional Animal Care and Use Committee in accordance with the Animal Welfare
Act and the Guide for the Care and Use of Laboratory Animals (NIH, 1996).

A total of 54 rats were employed in the studies. Half of the rats were vaccinated with
KLH-6-SM as described below and the other half served as naive, non-vaccinated controls.
The 27 vaccinated rats consisted of three groups (n = 9 ea) that were administered one of
three amounts of vaccine conjugate at the second boost session (see below). One group (n =
9) of vaccinated rats was tested for antinociception and compared to a sub-group (n = 9) of
naive rats and both of these groups were used at the termination of the protocol to provide
blood and tissue samples. All of the vaccinated and naive rats were used for the conditioned
place preference (CPP) study.

Morphine sulfate was purchased from Noramco Inc. (Wilmington, DE). 6-AM, 3-GM, and
6-GM were obtained from the National Institute on Drug Abuse (Chemistry and
Physiological Systems Research Branch, Bethesda, MD). All drug doses and concentrations
were expressed as salt free base. Morphine was administered at a dose of 2 mg/kg (S.C.) ina
volume of 5 ml/kg for the hot plate and tail flick tests. A dose of 1 and 2 mg/kg (S.C.) ina
volume of 4 ml/kg was used for the CPP study.

2.4. Vaccine preparation and administration

2.4.1. Preparation of protein conjugates—~6-succinyl morphine (6-SM) was prepared
according to a previously published method (Simon et al., 1972). To prepare the KLH
conjugate, 14 mg (0.07 mmol, 1.2 M equivalents over 6-SM) of N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, Sigma-Aldrich,
Milwaukee WI) and 20 mg (0.09 mmol, 1.5 M equivalents over 6-SM) of N-
hydroxysulfosuccinimide (sulfoNHS Sigma-Aldrich, Milwaukee WI) were added to 0.5 mL
phosphate-buffered saline (PBS) and the solution stirred for 20 min at room temperature. 6-
SM (23 mg, 0.06 mmol) was added and stirring continued for 1 h. KLH (2 mL,10 mg/mL)
was prepared by adding 2 mL H,O and 89 mg NaCl to a vial containing freeze-dried Imject
KLH/PBS (Thermo-Fisher Scientific, Rockford, I11). The solution of activated 6-SM was
added to the KLH solution and the pH adjusted to 7.4 with 2 M NaOH. The resulting clear
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solution was stirred overnight and purified over a NAP-25 column (GE Healthcare,
Piscataway, NJ) equilibrated with PBS, following the manufacturer's instructions. The final
KLH-6-SM conjugate (3.5 mL, 5.7 mg/mL) was filtered through a 0.45 pm filter (Millipore,
Cork, Ireland) and stored at 4 °C until use. The BSA-6-SM conjugate was synthesized using
the same method as for KLH, except that NaCl was not added to the 2 mL of 10 mg/mL
Imject KLH/PBS BSA. The morphine conjugate structure is depicted in Fig. 1.

2.4.2. Vaccination schedule—The experimental procedure schedule is shown in Fig. 2.
Rats were vaccinated via intramuscular (IM) injection with 100 pg of KLH-6-SM mixed
with 1500 ug alum (Sigma-Aldrich) at week 0. All rats were boosted with 100 pg of the
KLH-6-SM conjugate at 3 weeks. At 16 weeks, rats received another boost injection using
100 pg, 200 pg, and 300 pg of KLH-6-SM morphine conjugate with 1500 ug, 3000 ug or
4500 ug alum, respectively (n = 9 ea). The control rats received an injection of KLH alone at
the same time as the vaccinated rats. The CPP study was conducted between weeks 4 to 6
and the hot plate and tail flick tests were performed at week 7 as shown in Fig. 2. Finally,
blood and brain tissue samples were obtained at week 26.

2.5. Anti-morphine antibody assessments

2.5.1. Determination of serum antibody levels—Blood samples were collected at
weeks 2, 4, 6, 8, 12, 18, 20 and, 24 weeks after the initial vaccination and allowed to clot at
room temperature for 2-h. Samples were centrifuged (4000 rpm for 15 min) and sera
collected and stored at =80 °C until ELISAs were performed. To measure specific anti-
morphine antibody, ELISA plates (Immulon 2HB, Daigger, Vernon Hills, IL) were coated
overnight in 100 pl carbonate buffer (0.05 M, pH 9.6, Sigma-Aldrich, St. Louis, MO)
containing 0.02 pg/ml of BSA-6-SM, a conjugate using heterologous carrier protein from
KLH-6-SM. The serum samples (100 ul per well) were added to the plates in threefold serial
dilutions starting at 1:1000 in PBS-0.1% Tween and incubated for 2 h. After washing with
PBS-Tween, goat anti-rat 1gG conjugated to horseradish peroxidase (1:10,000, Southern
Biotech, Birmingham, AL) was then incubated in the plates for 35 min. The plates were
again washed and then 100 pl substrate (Tetramethylbenzidine, Sigma-Aldrich, Milwaukee
WI) was incubated in the plates for 35 min. Reactions were stopped with 1 M HCI and the
optical density was measured on a microplate reader (LabX, Midland, ON, Canada).
Background antibody binding to BSA alone was subtracted from every sample to ensure that
the results reflect antibodies specific for morphine. Optical density readings in the linear
range of the standard curve obtained from rat 19G (Sigma-Aldrich, Milwaukee WI) were
used to calculate the concentration of antibody from appropriate dilutions.

2.5.2. Antibody specificity test—A competitive inhibition ELISA was conducted using
pooled sera obtained from rats 22 weeks after initial vaccination. ELISA plates were pre-
incubated with morphine or with other heroin metabolites including 6-AM, 3-GM, or 6-GM,
prior to conducting ELISA as described above. The concentrations used in pre-incubation
ranged from 1 nM to 10 mM for all chemicals used. Serum samples were also tested against
xylocaine as a negative control. The drug concentrations that produced 50% inhibition of
maximum binding of drug to anti-morphine antibodies, IC50, were calculated using non-
linear fit analysis.

2.6. Conditioned place preference test

In this study, 27 vaccinated rats and 27 naive rats were non-systematically assigned to one
of three morphine doses (0, 1 or 2 mg/kg) training groups (n = 9 ea). Morphine doses were
chosen based on our previous work and on published reports (Carr et al., 1989; Cicero et al.,
2000; Reid et al., 1985). Rats were administered the same dose of morphine on all drug
training days. This study was conducted during weeks 4 to 6 of the vaccination protocol.
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2.6.1. Place conditioning apparatus—Four custom-made place preference apparatuses
(25"W x 7" D x 15"H) constructed of acrylic, were used. One of the two compartments of
each apparatus had black walls and coarse, wire mesh floors. The other conditioning
compartment had black and white horizontal striped walls and fine mesh floors. A small
middle section had wide aluminum bars on the floor. Lighting (no-heat LED units) in each
apparatus had been adjusted during pilot work to optimize an unbiased situation (e.g., rats
spent similar amounts of time in each compartment). Pixxo digital video cameras (Pixxo,
City of Industry, CA) connected to standard Windows laptops using AMCap video software
were placed above each apparatus. Baseline and test sessions were video-recorded and
analyzed later using ANY-maze software (Stoelting Co., Wood Dale, IL).

2.6.2. Place conditioning procedure—We utilized an unbiased procedure. That is, the
compartment assigned to be the drug-paired side was non-systematic across rats and was
independent of the times spent on the side prior to conditioning trials. On conditioning days,
an acrylic barrier was inserted to separate the compartments and confine the animal to one
side. On baseline and test days, the barrier was not in place to allow the animal access to
both compartments. The animal was placed in the small middle section facing a wall at the
start of these 30-min test sessions. All conditioning sessions were 60 min in duration and all
test and conditioning sessions were conducted between 1000 and 1700 h. The room lights
were off during all sessions. Each compartment was cleaned thoroughly after each session
with Clidox (Pharmacal Research Laboratories Inc., Naugatuck CT, USA).

The first session, the Baseline session, provided data on times spent in each compartment. If
any rat showed a bias towards one compartment (i.e., spent >80% time on one side), it was
excluded from the study. Drug conditioning trials started the day after the Baseline session.
There was one conditioning trial per day alternating between vehicle and drug trials
beginning with a drug training trial (e.g., D, V, D, V) for eight consecutive days, excluding
weekends. During drug conditioning trials, the rat was immediately confined to one
compartment of the apparatus after either morphine or vehicle injection. Rats assigned to the
0 ma/kg morphine group received saline on all training trials although their placement in the
two compartments alternated each conditioning session in the same way as for the rats in the
two active morphine dose training groups. Following the last conditioning trial, a test
session was conducted in the same manner as the Baseline test (i.e., it was conducted with
no drug injections).

The time (seconds) spent on the drug-paired side on the Test day was subtracted from the
time spent on this side at Baseline for each rat. This number represents their conditioned
place preference (CPP) value in which greater, positive numbers reflect an increase in
appetitive behavior. These data were analyzed using a 2 x 3 ANOVA for the between group
factors of Vaccine (naive, vaccinated) and Morphine dose (0, 1, and 2 mg/kg) with the p
value set at 0.05. Significant main effects or interaction effect were followed by post-hoc,
Fisher LSD tests.

2.7. Antinociceptive tests

Nine vaccinated rats and nine, naive controls were employed in this study. Morphine-
induced antinociception was assessed using both tail-flick and hot-plate assays. These tests
were conducted during week 7 of the protocol on the same day in succession, 30-min after
the morphine administration (2 mg/kg), with the tail-flick test performed first.

2.7.1. Antinociception apparatuses—The antinociceptive effects of morphine were
tested with the tail flick and hot plate apparatuses in this order. For the tail flick test, radiant
heat was applied to the tail 3 cm from the tip using a tail flick apparatus (Ugo Basile,
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Collegeville, PA). The intensity of the radiant heat had been adjusted previously so that
baseline latencies would fall between 2 and 4 s. The time from the onset of the heat to the
withdrawal of the tail (latency) was measured. To avoid tissue damage, the heat stimulus
was discontinued after 14 s (cut-off latency). For the hot plate test, rats were placed on a 50
°C hot plate (Columbus Instruments, Columbus, OH) and the latency to paw lick was
recorded. The cut-off time for this assay was 20 s.

2.7.2. Antinociception procedure—Baseline latencies for both assays were obtained
three times for each animal prior to the morphine administration. Then, the response
latencies of each animal were determined three times at the time of peak drug effect (30-min
post-morphine administration) with the tail flick test performed first. The mean of each set
of three measurements (baseline and post-morphine administration) were determined for
each animal. These latency data from both assays were converted to percent of Maximal
Possible Effect (%MPE = [cut-off time — baseline time] * 100%). Percent MPEs for both
assays were compared between naive and vaccinated groups using two separate t-tests with
the p value set at 0.05.

2.8. Morphine brain and blood levels

3. Results

Control (n = 7) and vaccinated (n = 6) rats were injected with morphine (4 mg/kg, SC) at 26
weeks. Sixty minutes later, the rats were euthanized deeply and decapitated. Trunk blood
was collected into a K2 EDTA blood collection tube (BD, Franklin Lakes, NJ, USA). The
brain was removed and rinsed three times in PBS. All samples were placed immediately on
dry ice and then stored at —80° until assays were performed.

Carbonate buffer (pH 9.5) was added to both blood and pre-weighted brain samples. The
samples were homogenized for 3040 s using a disperser (IKA® Works, Inc., NC, USA),
and subjected to liquid/liquid extraction using a standard solvent mixture (Toluene 50, Ethyl
Acetate 30, Butyl Chloride 15, and Isopropanol 5). The extracted morphine was converted to
a trimethylsilyl derivative with the addition of N,O-bis-trimethylsilyl-trifluoroacetamide/
Trimethylchlorosilane (BSTFA/TMCS), and quantified by gas-chromatography coupled to
mass spectrometry (GC-MS, Agilent Technologies, Santa Clara CA, USA). Standard curves
were prepared using bovine serum (Equitech-Bio, Kerrville, TX) and were linear in the
range of 5-500 ng/ml for morphine. The internal standards were the deuterated analogs of
morphine (Cerilliant Analytical Reference Standards, Round Rock, TX). Samples were
analyzed on a Agilent Technologies 7890 GC coupled to 5975 MS. Total run time was 10
min. Validation was based on a six point standard curve run in duplicate.

Brain and serum levels of morphine were compared between control and vaccinated groups
in two, separate t-tests with the p value set at 0.05.

3.1. Antibody assessments

3.1.1. Serum anti-morphine antibody levels—Anti-morphine antibody levels were
determined by ELISA. As shown in Fig. 3, anti-morphine antibody levels were low initially
but increased ( 200 pg/ml) after the first boost at week 3 and were maintained in that range
until week 12 of the protocol. The second boost, performed at week 16, tested three vaccine
amounts (100, 200, and 300 pg of vaccine) in separate groups of rats. Antibody levels
increased 3-fold after this boost, peaked at week 18 and then the levels of antibodies
declined over the following weeks. The decline in antibody levels over these weeks was
significant, F(3, 63) = 15.85; £< 0.0001. As showed in Fig. 3, there was no significant
difference in antibody levels across vaccine amount groups, 2> 0.10.

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2014 August 01.
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3.1.2. Specificity of antibodies: Competitive inhibition ELISA was used to determine the
specificity of the antibodies produced. As seen in Fig. 4, antibody binding to morphine was
competitively inhibited by morphine, 6-AM, 3-GM, and 6-GM across increasing
concentrations of the drugs. As expected, the unrelated drug, xylocaine, did not inhibit
morphine antibody binding. The IC50 values are presented in Table 1. These results showed
that the anti-morphine antibodies displayed high binding affinity for morphine 6-AM and
had moderate specificity for 6-GM. 3-GM showed 10-fold lower affinity binding than 6-GM
although it was recognized more specifically than the control drug, xylocaine.

3.2. Conditioned place preference

One rat (from the vaccinated group trained with 0 mg/kg morphine) was removed from the
study due to side bias exhibited on the baseline test. There was a significant main effect of
Vaccine, F(1, 47) = 6.14; £<0.02, and a significant Vaccine x Morphine interaction, F(2,
47) =5.72; P<0.01. That is, morphine was able to support conditioned place preference
(CPP). The naive rats conditioned with either 1 or 2 mg/kg of morphine showed increased
times spent on the drug-paired side at test relative to baseline compared to naive rats
conditioned with vehicle (0), Ps < 0.05. Morphine CPP was significantly attenuated in the
vaccinated groups as seen in Fig. 5. Post-hoc tests revealed that the vaccinated group
conditioned with 1 mg/kg morphine differed significantly from the naive group conditioned
with this dose, £< 0.05.

3.3. Antinociceptive tests

Morphine-induced antinociception effects in control and vaccinated rats are shown in Fig. 6.
The antinociceptive effects of morphine were significantly reduced in vaccinated rats in both
the tail flick t(16) = 4.04; £< 0.001; and hotplate, t(16) = 5.34; £< 0.0005, tests.

3.4. Morphine levels in brain and blood

Morphine levels in brain and blood obtained 60 min after an injection of morphine (4 mg/
kg) are shown in Table 2. VVaccinated rats tended to have higher blood morphine levels
compared to control rats, t(11) = 1.88; A< 0.08, and had significantly lower morphine brain
levels, t(11) = 2.44; P< 0.05.

4. Discussion

The results of the present study demonstrate that the KLH-6-SM vaccine elicited antibodies
that bound to morphine, 6-AM and 6-GM. A vaccination schedule that included two boosts
was capable of producing high and sustained anti-morphine antibody levels in the rats. This
vaccine was also associated with attenuating the functional effects of morphine as assessed
by two antinociceptive tests and by conditioned place preference (CPP). Moreover,
vaccinated rats exhibited 25% reduced brain levels of morphine and tended to show
enhanced blood levels of morphine compared to control rats. This suggests that the anti-
morphine antibodies sequestered morphine in the blood, thereby reducing the level in the
brain. Overall, these data show strong support for the KLH-6-SM morphine vaccine as a
candidate vaccine for opioid dependence.

Three vaccine administrations of KLH-6-SM were capable of producing and sustaining anti-
morphine antibodies in the rats for 24 weeks. The second boost greatly enhanced antibody
levels to about a 3-fold increase over the levels measured after the first boost. The second
boost was given in three different amounts but our results suggest that the lowest amount
(100 pg) was as effective in boosting antibody levels as the highest amount (300 pg, see Fig.
3). This suggests that as long as a minimum dose of vaccine is administered, an adequate
immunologic response will be reached. Further, antibody levels did not correlate with
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analgesic responses (data not shown). Although the antinociceptive tests were conducted at
week 7, prior to the second boost and when antibody levels were more modest, it is likely
that once a critical threshold of antibody production is reached, it will have similar
functional consequences. Indeed, we retested analgesic responses at week 23 after the
second boost, and the antinociceptive effect was not enhanced (data not shown).

We tested the functional effects of the KLH-6-SM vaccine by assessing its ability to reduce
morphine antinociception and morphine reward. Antinociception was tested with two
methods, tail flick and hot plate, and both responses were highly and significantly attenuated
in the vaccinated rats (see Fig. 6). The percent maximal percent effect (%MPE) of morphine
was decreased by two- to three-fold in both assays. These findings are in line with those
reported upon in a recent study that tested heroin and morphine vaccines in rats (Stowe et
al., 2011). In that study, a vaccine constructed against heroin fully blocked the effects of
heroin (1 mg/kg) in the hot plate test and a vaccine constructed against morphine resulted in
a partial blockade of this effect. Neither vaccine altered the antinociceptive effects of
oxycodone at a dose of 2.5 mg/kg. The antinociceptive tests conducted in the present study
utilized a modest dose of morphine (2 mg/kg).

Whether the KLH-6-SM vaccine would be effective with lower or higher doses of morphine
is not known. However, the KLH-6-SM vaccine is effective in reducing the place
conditioning effects of morphine, particularly at the 1 mg/kg dose. These results suggest that
the vaccine attenuates the rewarding effects of morphine. This finding is consistent with
prior studies showing that opioid vaccines reduce opioid self-administration in rats and
primates (Anton and Leff, 2006; Bonese et al., 1974; Stowe et al., 2011).

The reinforcing strengths of drugs are greater with shorter injection or infusion times (deWit
etal., 1992; Marsch et al., 2001; Woolverton and Wang, 2004). For example, rhesus
monkeys self-administer more cocaine intravenously if the infusion rate is shortened even
though the dose is held constant (Woolverton and Wang, 2004). Human drug users report
greater effects of morphine (e.g., “High”; “Drug effect”) with faster IV infusion rates
(Marsch et al., 2001). The reduction in morphine reward seen in the present study and the
attenuation of heroin self-administration reported in the prior studies are consistent with the
notion that an anti-opioid vaccine is effective because it slows the entry of the drug into the
brain. Indeed, we showed that morphine levels were significantly decreased in brains of the
KLH-6-SM vaccinated rats and there was a trend towards higher blood serum levels.

Current concepts that attempt to explain rewarding effects of drug actions of addictive
substances combine aspects of “rate” and equilibrium binding. The pharmacokinetics of
antibody-bound morphine and other heroin metabolites relate to metabolism, tissue
distribution, and elimination pathways of the drug, as well as to the intrinsic half-life of the
antibodies. The antibodies elicited by KLH-6-SM had specific binding to morphine, 6-AM,
3-GM, and 6-MG with nanomolar affinity (Table 1). This cross-reactivity is critically
important because heroin is rapidly converted to the pharmacologically active opiates, 6-
acetyl morphine (6-AM) and morphine (Inturrisi et al., 1983). Indeed, antibody binding
prolongs the terminal half-life of morphine in animals by 2—3-fold, but has little effect on its
metabolism (Hill et al., 1975).

Construction of an effective anti-morphine vaccine involves several choices in the design of
the hapten and carrier protein. Studies of different morphine hapten linker sites to a carrier
protein have been conducted. For example, the morphine derivative 3-O-carboxymethyl-
morphine (Gross et al., 1974; VanVunakis et al., 1972) and the morphine-6-hemisuccinate
(Akbarzadeh et al., 1999; Anton and Leff, 2006; Bonese et al., 1974; Ma et al., 2006;
Wainer et al., 1972, 1973) used shorter spacer linker-arms of either 8 or 12 A in length,
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respectively, that linked morphine derivatives to BSA or KLH-protein carriers. Notably, the
3 hydroxyl construct did not bind well to the highly active opioid 6-GM. In contrast,
antibodies produced by the 6-SM hapten bind well to 6-GM and show a 10-fold lower
affinity to 3-GM, an inactive metabolite.

The morphine vaccine we evaluated, KLH-6-SM, has the hapten, 6-succinylmorphine,
linked to lysine groups on the protein. This hapten structure is similar to ones used in earlier
studies (Bonese et al., 1974; Wainer et al., 1973). In the current study, the hapten was
conjugated to KLH instead of BSA, as was used in earlier studies, because KLH has high
immunogenicity and has the potential to be used in humans. A previous report showed that a
vaccine constructed by linking 6-SM to a derivative of tetanus toxoid produced antibodies
and prevented the acquisition of heroin self-administration in rats. However, this vaccine
required four boosts over 60 days, and biweekly boosts over the period of a year in order to
keep adequate titers (Anton and Leff, 2006). Recently, Janda et al. found that the polyclonal
antibodies produced by a vaccine with a heroin-like hapten linked to KLH had micromolar
affinities to 6-acetyl morphine (6-AM), heroin and morphine, but were nonetheless able to
prevent the acquisition of heroin self-administration and the antinociceptive effects of heroin
in rodents. Conversely, antibodies generated by a morphine-like KLH-vaccine only had
adequate affinity for morphine and reduced binding for heroin, but no affinity for 6-acetyl
morphine; in addition, the morphine-like the vaccine was not effective for prevention of
heroin administration acquisition (Stowe et al., 2011). In comparison, our study has shown a
vaccination schedule that included three administrations was capable of producing high and
sustained anti-morphine antibody levels for 6 months in the rats. The vaccine construct we
employed is similar although not identical to those used in previous studies. However, we
believe this is the first report that examined the functional effects of a morphine vaccine
using conditioned place preference. This expands upon our recent study that tested an anti-
methamphetamine vaccine (Shen et al., 2013).

5. Conclusion

Anti-addiction vaccines have distinctly different mechanisms from current medications for
heroin and morphine abuse. They do not rely on inhibiting drug binding at specific receptors
within the brain; rather, the antibodies serve as pharmacokinetic antagonists, altering the
concentration—time course of drug in multiple organ systems, especially reducing drug
concentrations in the brain. We have shown that a morphine vaccine, KLH-6-SM is capable
of producing sustained anti-morphine antibody levels. Further, the functional consequences
of the vaccine are demonstrated by the reduction in the ability of morphine to support
conditioned place preference, have analgesic effects, and lower morphine brain levels. These
characteristics support its potential as a treatment agent for opioid dependence. A key test
regarding the potential therapeutic effects of this vaccine or any other construct for opioid
dependence will be investigating its ability to alter morphine or heroin self-administration
behavior.
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Abbreviations

CPP conditioned place preference

KLH keyhole limpet hemocyanin

BSA bovine serum albumin

6-SM 6-succinylmorphine

KLH-6-SM keyhole limpet hemocyanin-6-succinylmorphine
alum aluminum hydroxide gel

6-AM 6-acetyl morphine

3-GM morphine-3-glucuronide

6-GM morphine-6-glucuronide

EDC N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
sulfo-NHS N-hydroxysulfosuccinimide

ELISA enzyme-linked immunosorbent assay

GC-MS gas-chromatography coupled to mass spectrometry
IC50 50% inhibition of maximum binding

M PE maximal possible effect
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Fig. 1.

The structure shows the synthesis of keyhole limpet hemocyanin-6-succinyl morphine
(KLH-6-SM). The KLH-6-SM protein conjugate is produced by the reaction between 6-SM
and keyhole limpet hemocyanin or bovine serum albumin (BSA) using N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) and N-
hydroxysulfosuccinimide (sulfoNHS).
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Fig. 2.

-

The timeline of procedures is shown by week beginning with the primer immunization
(week 0) when rats were administered either the morphine vaccine (100 yg KLH-6-SM; n =
27) or the carrier protein (KLH) in order to serve as non-vaccinated controls (n = 27). The
first vaccine booster of the same amount was given at week 3. The CPP study was
conducted between weeks 4 to 6 and the hot plate and tail flick tests were conducted at week
7. At week 16, three vaccine amounts (100, 200, or 300 ug) were administered (n = 9/
amount) as the second boost. Finally, morphine content was determined using GC-MS from

blood and brain samples obtained at week 26.
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Fig. 3.

Mean (£S.E.M.) anti-morphine antibody concentrations (ug/ml) in sera obtained from
vaccinated rats over weeks are shown. All rats were immunized and boosted at week 3 with
100 pg of KLH-6-SM. The second boost was given at week 16 using 100 pg (open circle, n
=9), 200 pg (open square, n =9), or 300 ug (solid square, n = 9) of vaccine (arrows indicate
weeks of boosts). There was no group difference in antibody levels, £> 0.10, although
concentrations decreased significantly from weeks 18 to 24, £< 0.0001.
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Results from the competitive inhibition ELISA using sera samples obtained from 22-week
vaccinated rats show that the anti-morphine antibodies displaced binding to morphine and
other heroin metabolites. Antibody binding to the ELISA plate coated with bovine serum
albumin-6-succinylmorphine (BSA-6-SM) was inhibited by pre-incubation of increasing
doses of morphine, 6-acetyl morphine (6-AM), morphine-3-glucuronide (3-GM), and
morphine-6-glucuronide (6-GM). In contrast, the anti-morphine antibodies did not recognize
the dissimilar compound, xylocaine.
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Morphine conditioned place preference (CPP) by morphine training dose (0, 1, and 2 mg/kg)
is shown for the non-vaccinated (open squares) and vaccinated (closed squares) groups. CPP
is defined as the difference in time (seconds) spent on the morphine-paired side on the test
day relative to the baseline session. Mean (xS.E.M.) CPP was minimal in groups trained
with 0 mg/kg morphine but increased significantly in the naive, non-vaccinated groups
trained with 1 or 2 mg/kg morphine, A< 0.05 (*). Morphine CPP conditioned with 1 mg/kg
was attenuated in vaccinated rats compared to non-vaccinated control rats, < 0.05 (#).
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Fig. 6.

The morphine-induced antinociception was measured by tail flick and hot plate tests at week
7, with the tail-flick test performed first. Morphine (2 mg/kg) was administered 30 min prior
to the tests. Data shown are the mean (xS.E.M.) Maximal Possible Effect (MPE; %). The
morphine-induced antinociception was attenuated in vaccinated rats in both tests compared
to non-vaccinated control rats, 7s < 0.05.
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Table 1

The I1C50 (concentration that produced 50% inhibition of maximum binding) values of antibody responses to
morphine and morphine-related compounds are shown. Values were derived by non-linear fit analysis.

Compound 1C50 (nM)
Morphine 19.3
6-acetyl morphine (6-AM) 11.2

Morphine-6-glucuronide (6-GM)  60.3
Morphine-3-glucuronide (3-GM)  614.7
Xylocaine NDZ

'ZICSO value could not be determined by non-linear fit analysis.
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Table 2

Mean (=S.E.M.) morphine content determined using GC-MS in brain and blood of control, non-vaccinated
rats (n = 9) and vaccinated rats (n = 7) obtained 60 min after morphine (4 mg/kg; SC) administration.

Region Control Vaccine

Brain (ng/g) * 2324204  176+6.1

Blood (ng/mi) ** 3854£337 517.3+652

P<0.05.

*:

A
P<0.08.
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