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Abstract
We are investigating treatments for cocaine abuse based on viral gene transfer of a cocaine
hydrolase (CocH) derived from human butyrylcholinesterase, which can reduce cocaine-
stimulated locomotion and cocaine-primed reinstatement of drug-seeking behavior in rats for
many months. Here, in mice, we explored the possibility that anti-cocaine antibodies can
complement the actions of CocH to reduce cocaine uptake in brain and block centrally-evoked
locomotor stimulation. Direct injections of test proteins showed that CocH (0.3 or 1 mg/kg) was
effective by itself in reducing drug levels in plasma and brain of mice given cocaine (10 mg/kg,
s.c., or 20 mg/kg, i.p). Administration of cocaine antibody per se at a low dose (8 mg/kg, i.p.)
exerted little effect on cocaine distribution. However, a higher dose of antibody (12 mg/kg) caused
peripheral trapping (increased plasma drug levels), which led to increased cocaine metabolism by
CocH, as evidenced by a 6-fold rise in plasma benzoic acid. Behavioral tests with small doses of
CocH and antibody (1 and 8 mg/kg, respectively) showed that neither agent alone reduced mouse
locomotor activity triggered by a very large cocaine dose (100 mg/kg, i.p.). However, dual
treatment completely suppressed the locomotor stimulation. Altogether, we found cooperative and
possibly synergistic actions that warrant further exploration of dual therapies for treatment of
cocaine abuse.

1. INTRODUCTION
In vivo drug-interception by antibody-binding or enzymatic destruction is emerging as a
potential treatment for substance abuse, through preventing addiction relapse in recovering
users who re-encounter their drug of choice [1,2]. Two reasons make cocaine abuse a
promising target for such approaches. First, vaccines that elicit high-affinity antibodies
against this drug have been developed [3] and one such vaccine has already shown
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measurable efficacy in clinical trial [4]. Second, several enzymes that rapidly hydrolyze
cocaine and serve as another type of cocaine interceptor have been engineered from human
butyrylcholinesterase [5–8]. One such cocaine hydrolase (CocH) accelerates cocaine’s
metabolism and sharply curtails its actions in mice and rats [9]. We are now investigating
possible synergistic actions of CocH with anti-cocaine antibodies in reducing drug access to
the central nervous system. Prior in vitro work has shown that enzymatic destruction of
cocaine continues efficiently even when a large fraction of the drug is antibody-bound [10].
Thus, antibody and enzyme should cooperate to protect the brain from repeated exposures to
cocaine, an action that may prove therapeutically advantageous. We recently presented
evidence for this concept from rodent studies involving an anti-cocaine vaccine and CocH
delivery by gene transfer [11]. The present mouse experiments were designed to test the
concept further with pharmacokinetic measures of cocaine uptake into plasma, distribution
into brain, and metabolic release of benzoic acid after direct administration of anti-cocaine
antibody and CocH protein. We also determined the relative ability of the same agents to
suppress cocaine-induced locomotor hyperactivity, a classic behavioral effect of cocaine in
rodents.

2. MATERIALS AND METHODS
2.1 Drug and biological sources

Cocaine HCl was obtained from NIDA (National Institute on Drug Abuse, Bethesda MD).
Purified CocH, a quadruple mutant of human butyrylcholinesterase (A199S/S287G/A328W/
Y332G) first reported by Pan et al [7], was produced in the form of a C-terminal fusion with
human serum albumin in clonal lines of stably transfected Chinese hamster ovary cells (D.
LaFleur, Cogenesys Inc.). The enzyme was purified on DEAE Sepharose followed by ion
exchange chromatography as described elsewhere [10] and was stored at −80°C until used.

2.2 Animals
Balb/c male mice obtained at 6 to 7 weeks of age from Harlan Sprague Dawley (Madison
WI) were housed in plastic cages with free access to water and food (Purina Laboratory
Chow, Purina Mills, Minneapolis, MN, USA) in rooms controlled for temperature (24 °C),
humidity (40–50%), and light (light/dark, 12/12-h with lights on at 6:00 a.m.). The animal
use protocol (A4309) was approved by the Mayo Clinic Institutional Care and Use
Committees. All experiments were conducted in accordance with the Principles of
Laboratory Animal Care in AAALAC-accredited laboratories.

2.3 Sample Collection
Blood samples (< 100 μl) for enzyme and antibody determination were collected at
appropriate intervals, by cheek poke with a 21-gauge mouse-bleeding lancet, into tubes with
separating gel for red cell removal (Fisher Scientific, Pittsburgh, PA. Bleeding was stopped
with a sterile gauze pad applied with modest compression. Plasma separated by
centrifugation for 10 min at 8000 g was used fresh or stored at −20 °C pending analysis for
cocaine, metabolite, antibody and CocH enzyme levels. Brain samples harvested
postmortem at selected intervals were homogenized in 10 volumes of 10 mM sodium
phosphate, pH 7.4 with 0.1% Tween-20, and centrifuged along with blood samples.

2.4 Preparation of antibody and vaccine
Anti-cocaine antibodies were elicited as previously described [3], by a vaccine consisting of
a norcocaine adduct conjugated to keyhole limpet hemocyanin (KLH). The vaccine (5.7 mg/
kg, 100 μg / mouse) was injected along with 1.5 g of alum (Sigma), into the upper thigh of
each hind leg (80 μl per site). At three weeks a booster immunization was given in the same
dose. At four weeks, levels of specific anti-cocaine antibodies were determined with a
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cocaine-binding assay. For this purpose, diisopropylfluorophosphate (DFP, 10−5 M) was
added to plasma aliquots and 5 min were allowed for inactivation of hydrolytic enzymes.
Samples were then incubated 50 min with 3H-cocaine in near saturating concentration (5
μM). Subsequently, 50 μl aliquots were centrifuged on a Sepharose spin-column (1000 × g
for 4 min), and 30 μl of the void volume fraction was mixed for scintillation counting in 4
ml “BioSafe” fluor (RPI Inc, Mt Prospect IL). Validation experiments showed that > 80% of
the sample protein passed into the collection tube (including IgG with bound cocaine), while
> 98% of free cocaine remained on the column. Assay signals (counts per min), proportional
to IgG concentration over a wide range, were calibrated with reference to a standard of
purified anti-cocaine IgG. For in vivo experiments (see below), calibrated antisera were
delivered directly by i.v. injection.

2.5 Injections of cocaine, antiserum, and enzyme
Trace quantities of 3H-labeled cocaine (5 μCi per mouse) were injected i.p. or s.c. (10 or 20
mg/kg, with sample collection at 5, 15, or 45 min) or i.v. (0.1 mg/kg with sample collection
at 2 min. Protein pretreatments were a) CocH (0.3. 1, 2 or 4 mg/kg), and b) cocaine
antiserum (“AB”, equivalent to 8 or 12 mg/kg IgG). Initially AB and CocH were both given
i.v. After finding that i.p. and i.v. injections gave similar plasma levels of cocaine hydrolase
activity and specific anti-cocaine IgG from 1 hour onward, we switched to i.p. protein
administration followed 1 or 2 hours later by cocaine.

2.6 Assay of cocaine hydrolase activity and cocaine drug levels
Cocaine hydrolase activity in 50-μl aliquots of plasma or brain supernatant was assayed by
incubating 30 min with 3H-cocaine (50 nCi, 18 μM) and partitioning liberated 3H-benzoic
acid into toluene-fluor for scintillation counting [12]. A related procedure determined levels
of 3H-cocaine and benzoic acid [13], with DFP added to halt enzymatic breakdown. A
validation experiment confirmed that the assay signal was not affected by the presence or
absence of anti-cocaine IgG in test samples. Native mouse BChE activity was assayed in
DFP-free samples by a radiometric method [14] using 1 mM 3H-acetylcholine as substrate
and 10−5 M BW284c51 as an acetylcholinesterase inhibitor.

2.7 Locomotor Apparatus and Procedure
Cocaine-induced locomotion in mice was assessed in sound-insulated rectangular activity
chambers from Med Associates Inc, St Albans, VT USA (27-cm W x 27-cm L x 20-cm D)
with continually running fans and infrared lasers and sensors. Beam breaks (2-min bins over
60 min) were converted automatically to distance travelled (cm) and recorded on a computer
with Med-PC software Version 4.0. Untreated mice and mice immunized 5 weeks earlier
with KLH-norcocaine vaccine were habituated by the following procedure. Before entering
the locomotor chamber (time zero) each animal received i.p. saline (6.7 ml /kg). A second
saline injection was given at 1 hour, and locomotor activity was recorded for another hour.
After three days of habituation, acute pretreatments were administered in a series of
similarly timed i.p. injections: 1) at time zero, saline or enzyme (CocH, 1 mg/kg) and / or
anti-cocaine antiserum (AB, 12 mg/kg); and 2); at 60 min, cocaine hydrochloride (40 or 100
mg/kg).

2.8 Statistical Analysis
Travel distance served as the primary dependent measure of locomotor activity in the
present study. Analysis of variance (ANOVA) compared locomotor activity among groups
during the cocaine challenge. Post hoc analyses used Fisher’s least significant difference
procedure following a significant interaction between factors. Similar statistical analysis was
applied to pharmacokinetic data. The criterion for statistical significance was p<0.05.
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3. RESULTS
3.1 Effect of antibody and enzyme on plasma and brain cocaine

Three separate experiments were performed to determine how effectively anti-cocaine
antibody and CocH enzyme reduce brain uptake of cocaine by sequestration or destruction
in the blood (respectively), and whether their actions would be additive or even synergistic.
First, mice (n = 7 per group) received i.v. CocH (1 mg/kg) and/or AB (8 mg/kg) followed 5
min later by 3H-cocaine (0.1 mg/kg, i.v.). Plasma and brain samples were collected after a
further 2-min delay. The results (data not shown) revealed that CocH by itself reduced
plasma cocaine levels by 95% and brain levels by 51% (p < 0.01 for both effects). The AB
treatment (yielding 0.6 ± 0.1 μM of cocaine-specific IgG in plasma) caused a 330% increase
in plasma cocaine (p < 0.01) but no effect on brain levels. The combined treatment, AB +
CocH, reduced brain cocaine levels to 41% of control but this effect was not significantly
different from that of CocH alone.

To better balance antibody and enzyme effects, mice in a second experiment were pretreated
(i.v. as before) with the same 8-mg/kg dose of AB but a smaller dose of CocH (0.3 mg/kg),
separately or together. Five min later 3H-cocaine (20 mg/kg i.p) was injected. After another
15 minutes, blood and brain samples were collected for analysis. To reduce variability,
cocaine levels were expressed as a percentage of total measured radiolabel. By this metric,
enzyme alone cut plasma and brain cocaine levels by about 50% (p < 0.01) and elevated
plasma benzoic acid almost 3-fold (Fig. 1). Again AB on its own had weaker effects. It did
not significantly reduce brain uptake of cocaine or change cocaine levels in the blood), but
when given along with CocH, AB greatly enhanced the enzyme-induced rise in plasma
benzoic acid (p < 0.02), suggesting increased cocaine destruction in the periphery.

In the third experiment, mice were given 50% more AB (12 mg/kg, i.p. instead of i.v., 2 hr
beforehand) and 50% less cocaine (10 mg/kg, s.c.). Under these conditions antibody on its
own did exert a clear effect. In particular, plasma cocaine levels 5 min after 3H-cocaine
injection were nearly 3-fold higher in AB-treated mice than in saline-pretreated mice (p <
0.005), and at 45 min they were still twice the control levels (Table 1). This outcome implies
a degree of peripheral drug trapping even though cocaine uptake was not significantly
reduced in brain samples taken at the same time (data not shown). Nonetheless, it was clear
that antibody binding of cocaine did not hinder enzyme-mediated hydrolysis in the blood
stream but may have actually enhanced it. Thus, in the dual-treated mice, plasma cocaine
dropped to approximately the same levels seen in the mice that received CocH without AB.
Since the mice that received AB alone showed cocaine levels about twice those in saline
controls, the impact of CocH in dual-treated animals must have been about twice as great as
in the absence of AB. For example, at 45 min, the cocaine level in saline-treated mice was
1.6 μM, while in mice given 4 mg/kg CocH it was 0.19 μM, a net difference of 1.4 μM. On
the other hand, mice given AB alone showed a cocaine level of 3.1 μM, while mice given
AB+4 mg/kg CocH showed a level of 0.17, for a net difference of 2.9 μM. Such effects
were consistent across CocH dose levels and sampling times and they were statistically
significant (p < 0.05). In our view, they indicate that more cocaine was destroyed in the
periphery as a result of antibody binding.

3.2 Reduced locomotor activation in presence of antibody and enzyme
Further investigation of additive or synergistic effects of enzyme and antibody utilized a
model of cocaine-induced hyper-locomotion. Cocaine was administered to mice that had
received AB (12 mg/kg, i.p) or CocH (1 mg/kg, i.p.) one hour before, or had been
vaccinated with KLH-norcocaine (tests were run 4 to 6 weeks after initial immunization--see
Methods). Two different cocaine challenges were given. The first was a strong but sub-toxic
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dose (40 mg/kg, i.p.), which in unprotected animals caused sustained hyper-locomotion for
the entire 60 min of observation. In this case, CocH at 1 mg/kg completely prevented the
drug-induced locomotion, while neither AB nor vaccine in isolation had a significant effect
(data not shown). A second challenge delivered a frankly toxic dose of cocaine, 100 mg/kg
i.p (Fig. 2). Unprotected mice and mice pretreated only with antibody became incapable of
locomotion, owing to extreme motor weakness and a fixed pattern of head-bobbing and
other stereotypic behaviors (repetitive movements without ambulation). Mice pretreated
only with CocH or only with vaccine did not show such stereotypy. Instead they exhibited
dramatic cocaine-induced hyper-locomotion, just like the unprotected animals given 40 mg/
kg. In other words, their response reflected stimulation rather than toxicity. In contrast, dual-
treated mice (given either vaccine or AB in addition to CocH) showed neither stereotypy nor
excess locomotion. Rather, they continued their moderate exploratory activity from before
cocaine exposure. This outcome can also be viewed as a synergistic action of the antibody-
based and enzyme-based treatment modalities combining to prevent any observable,
centrally-mediated effect of the stimulant drug.

4. DISCUSSION AND CONCLUSIONS
Antidrug antibodies (including monoclonal antibodies) and vaccines have been developed
against many substances of abuse, including nicotine [15], cocaine [16,17],
methamphetamine [18], heroin [19,20], and other substances [21]. They pose a relatively
small risk to the recipient, and they act to sequester drugs in the peripheral circulation,
thereby preventing access to brain reward centers. Signs of altered drug pharmacokinetics in
previous studies include increased area under the concentration-versus-time curve in plasma,
with corresponding decreases in distribution of drug to the brain [22,23]. The scope of the
present work did not permit full-scale analysis of such phenomena, but the biochemical
results are in line with previous work with drug-specific antibodies in demonstrating a
degree of drug-trapping in the circulation and signs of enhanced drug metabolism in the
periphery.

To the best of our knowledge only two other studies, both from our laboratories, have tested
dual treatments involving a drug-metabolizing enzyme as well as anti-drug antibodies. The
outcomes of those studies also supported complementary or synergistic actions of the
combined treatment modalities. The first study [11] focused on locomotor behavior in rats
treated singly or in combination with CocH delivered by viral gene transfer and/or AB
elicited by vaccination. Although antibody levels after vaccination (~10 μM) were much
higher than those achieved in the present work after direct injection (~ 1 μM), the effect on
cocaine-induced locomotion was still modest. In contrast, vector-generated CocH (also
about 10-times more abundant than in the present study) again reduced that effect on its own
after the first exposure to cocaine. Of great interest, dual treatment (vaccine plus vector) was
stronger in two respects. First, it completely suppressed initial responses to cocaine and,
second, it impaired the locomotor sensitization that typically accompanies repeated cocaine
exposure [24].

The most compelling evidence for synergy between antibody and enzyme-based treatments,
however, emerged from a second set of experiments focused on severe liver damage in mice
exposed to a near fatal cocaine dose, of 120 mg/kg [25]. In that case, whereas single
administration of AB and CocH caused only minor reduction in cocaine-induced hepatic
necrosis, dual treatment abolished all signs of toxicity. We regard these outcomes as strong
support for further development of a complementary therapy for cocaine abuse based on the
generation of effective antibodies and drug-metabolizing enzyme in vivo.
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Research Highlights

• Small amounts of cocaine hydrolase reduce cocaine levels in mouse plasma and
brain

• Anti-cocaine antibody can sequester cocaine in plasma

• Antibody plus hydrolase enhance cocaine metabolism and reduce brain drug
levels
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Fig 1.
Mice were given i.p. cocaine, 20 mg/kg, 5 min after i.v. treatment with saline (n = 7), AB (8
mg/kg, n = 6), CocH (0.3 mg/kg, n = 6), or CocH + AB (n= 7). Tail vein blood samples were
drawn 15 min later. Statistical significance: * (p < 0.01 vs saline and AB-treated groups; †(p
< 0.01 vs saline, AB-only, and CocH-only group).
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Fig 2.
Cocaine-induced locomotor activity. One group of mice were given only saline (“untreated”,
n =12). The other groups were challenged with cocaine 100 mg/kg i.p., 1 hr after the
following i.p. pretreatments (all 1 hr beforehand, except vaccine): enzyme (CocH, 1 mg/kg,
n = 10), antibody (AB, 8 mg/kg, n = 8, data not shown), vaccine (Vac, n = 11), antibody plus
enzyme (AB + CocH, n = 12), and vaccine plus enzyme (Vac + CocH, n = 6). Statistical
significance: **(p < 0.01 vs CocH-only treatment).
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