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Introduction: Active vaccination is an effective therapeutic strategy, capable of
decreasing the reinforcing and psychomotor effects of cocaine. Clinical studies
have shown that cocaine vaccines show an irregular generation of antibody
titers, which are rapidly reduced in the absence of reimmunization. The COC-TT
vaccine has demonstrated, in rodents, the production of high levels of anti-
cocaine antibodies, capable of reducing the cocaine-reinforcing effects, but the
adequate dose to obtain the highest antibody titers has not yet been determined,
as well as the kinetics of the decay of titers and the capacity to decrease the
locomotor activity induced by different doses of cocaine during the phase of
decay of titers, induction and expression of locomotor sensitization. The
objective of this study was to determine the optimal dose of the COC-TT
vaccine, the decay kinetics of anti-cocaine titers, and the efficacy of the
antibodies to decrease the locomotor activity induced by different doses
of cocaine.

Methods: Male Wistar rats were immunized with the COC-TT. A solid-phase
antibody-capture ELISA was used to monitor antibody titer responses after each
booster dose in vaccinated animals. The study used cocaine-induced locomotor
activity testing to evaluate the cocaine-psychomotor effects.

Results: The COC-TT vaccine could generate high levels of anti-cocaine
antibodies. These showed a gradual, dose-dependent decay kinetics of the
COC-TT vaccine and a rapid recovery in antibody levels after re-immunization.
Furthermore, the antibodies attenuated cocaine-induced locomotor activity
during the induction and expression of locomotor sensitization.

Discussion: These findings suggest that the COC-TT vaccine generates a robust

immunogenic response capable of reducing the reinforcing effects of cocaine,
which supports its possible future use in clinical trials in patients with CUD.

active vaccination, cocaine, antibodies, COC-TT vaccine, cocaine self-administration,
cocaine place preference
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1 Introduction

One of the most promising therapeutic strategies in the field of
cocaine use disorder (CUD) is active vaccination (1, 2). To date,
various vaccines against drugs such as cocaine (3), nicotine (4),
heroin (5), and other opioid drugs (6) have been developed and
evaluated for their efficacy, with relative success in animals (7) and
even in primates (8) and humans (9).

However, the main limitation of the use of this therapeutic
strategy in clinical trials is the irregularity of antibody production
(10-13). Clinical studies indicate that this depends on everyone, and
mention that a large percentage of these vaccinated patients show
modest specific antibody titers, with a very rapid decay curve
(9-15).

In the case of cocaine, a drug with a high addictive potential (16,
17), several vaccines have been developed with relative success (18-
23). These studies demonstrated that the anti-cocaine antibodies
generated by these vaccines can prevent cocaine from crossing the
blood-brain barrier (BB; 24-27) and decreased cocaine-induced self-
administration (23-26, 28-31), place-preference (32), and
locomotor activity (20, 21, 26, 33-40), in rodents.

Since human studies suggest that the production of specific
anti-cocaine antibodies is irregular and modest, and antibody titers
decay very quickly (9-15), a vaccine should be sought that generates
not only a large number of specific antibodies, but must also
demonstrate that antibody titers do not depend on constant
immunization, i.e., it must show a slow decay curve, such that the
antibodies can protect the patient for long periods; furthermore, it
must demonstrate that re-immunization can recover antibody levels
to levels similar to those shown during the vaccination period, and
finally, antibody titers must be sufficient to decrease the behavioral
effect of different doses of cocaine.

In this regard, in our laboratory, we previously reported the
efficacy of a cocaine-tetanus toxoid conjugate vaccine (COC-TT; 3).
This vaccine generated a robust immunogenic response,
characterized by high levels of anti-cocaine antibodies (1:
600,000). These specific antibodies were able to reduce the
cocaine-reinforcing effects, characterized by a decrease in cocaine
self-administration, cocaine place preference, and cocaine-induced
Fos protein expression, in rats (3).

It is important to mention that the COC-TT vaccine is the
optimization of the tetanus toxoid-conjugated morphine vaccine
(Mg-TT; 41-44).

In this sense, the M4-TT vaccine could generate high titers of
antibodies capable of capturing morphine, heroin, and their
metabolites (5, 41); furthermore, the studies by Anton et al., 2006,
showed that antibody levels generated by the M¢-TT vaccine slowly
decline and recover to values like those of the last immunization
after a re-boost (5). Thus, it is likely that the COC-TT vaccine will
show an immunogenic capacity like the Ms-TT vaccine, which
would make it a good candidate for clinical use.

The aim of this study was 1) to determine the decay curve of
anti-cocaine antibody titers generated by immunization with the
COC-TT vaccine. 2) to determine whether antibody titers displayed
during the decay phase of antibody titers decreased cocaine-induced
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locomotor activity during the decay phase. 3) to determine whether
antibodies generated by the COC-TT vaccine attenuate locomotor
activity induced by different doses of cocaine during the induction
and expression phase of locomotor sensitization and 4) to
determine whether cocaine-specific antibodies generated by the
COC-TT vaccine suppress the motor effects induced by binge
cocaine administration.

2 Methods
2.1 Subjects

Male Wistar rats (250-280 g) were used in this study. Four per
cage were housed in standard plastic rodent cages (57 cm X 35 cm X
20 cm) in a colony room at 21 + 2°C. and 40-50% humidity, under a
12-h light/dark cycle (lights on at 7:00 AM). Food was provided to
the animals ad libitum. Experiments were performed during the
light phase of the light/dark cycle (9:00 a.m. to 5:00 p.m.). The study
was approved by the Animal Care and Bioethics Committee of the
National Institute of Psychiatry in Mexico City, in accordance with
the Principles of Laboratory Animal Care, as outlined by the
National Institutes of Health in the USA.

2.2 Drugs

The government of Mexico, under strict regulatory controls,
donated cocaine hydrochloride to the National Institute of
Psychiatry. The acquisition of the drugs used in this study
followed the official standard (COFEPRIS- LC-0004-2003). Before
administration, cocaine hydrochloride was prepared. Cocaine was
dissolved in sterile saline solutions (0.9% NaCl, Sigma Aldrich) and
filtered through a 25-um syringe filter (Fisher Scientific,
Pittsburgh, PA).

2.3 Synthesis of the COC-TT vaccine

The synthesis procedure of the COC-TT vaccine was performed
according to a method described elsewhere (Supplementary
Material; 3).

2.4 Immunization schedule

Prior to immunization, the TT and COC-TT vaccine were
adsorbed onto an aluminum hydroxide gel adjuvant (Pierce,
Rockford, IL, USA). 40 rats were immunized with the COC-TT
vaccine and 40 rats were immunized with the TT vaccine. Each of
the vaccines were administered to each animal subcutaneously (s.c.)
at four sites on the shoulders bilaterally (two inoculations/side), for
a total vaccine/COC-TT adjuvant dose of 100 pig/1 mg of aluminum
hydroxide (=100 ug/inoculation/animal/booster). To complete the
vaccination schedule, animals received 6 booster injections of COC-
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TT or TT vaccine, using the same unit dose and adjuvant, for 14 to
16 weeks (once every 14 days). Sera were obtained through
bleeding, fourteen days after each booster. Subsequently, the
serum was frozen at -20 °C until use.

2.5 Determination of serum antibody titers
via ELISA

A standard protocol was used to perform the determination of
serum antibody titers via ELISA (Supplementary Material).

2.6 Behavioral procedure

2.6.1 Behavioral sensitization procedure

A standard protocol was used to perform the sensitization
procedure (44). Briefly, for each animal, locomotor activity was
assessed in transparent Plexiglass activity chambers (50x50x30 cm)
linked to a PC. Each activity chamber was surrounded by a 16x16
photocell beam array located 3 cm from the floor surface to scan
locomotor activity (OMNIALVA, Instruments, Mexico). Photobeam
interruptions were automatically quantified with OABiomed software
(1.1) and analyses afterward. Locomotor activity was defined as the
interruption of consecutive photobeams (OMNIALVA, Mexico).

2.6.2 Procedure

The animals were habituated to the activity chambers in three
30-minute sessions and were randomly assigned to different
pharmacological treatment groups. Locomotor activity was
recorded for 30 minutes. The rats were returned to their home
cages after each experimental session had been completed.

2.7 Experimental procedures

The study used 240 male Wistar rats, which were assigned to
four experimental groups. For Experiment 1, we used 120 animals;
40 animals were used for experiment 2; 40 rats for experiment 3;
and 40 animals for experiment 4. Each experimental group received
a different pharmacological treatment.

2.7.1 Experiment 1

This experiment focused on determining the dose of the COC-
TT vaccine at which the highest anti-cocaine-specific antibody titers
were obtained. Additionally, the kinetics of decay and recovery of
anti-cocaine antibody titers were characterized in this experiment.
In addition, the effectiveness of specific antibody titers in decreasing
cocaine-induced locomotor activity during the expression phase of
locomotor sensitization, post-immunization (titer decay phase),
and recovery (memory) was determined.

This experiment was divided into five experimental phases.
Phase I, or the cocaine-induction phase, lasted 10 days. Phase II, or
the cocaine-extinction phase, lasted 85 days. This phase includes the
immunization phase which consists of 6 immunizations every 14
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days. Phase III, or the cocaine-expression phase, lasted 10 days.
Phase IV, or the post-immunization phase, lasted 270 days; This
includes the determination of the kinetics of decay of specific
antibody titers. Phase V, or the memory phase, lasted 60 days.
This phase includes a single immunization.

The saline groups received IP sterile saline solution (0.9% NaCl)
during the five phases. During the immunization phase, rats in the TT
groups received immunization with the TT vaccine, and animals in
the COC-TT groups received vaccination with the COC-TT vaccine.

Twelve groups of animals were tested—TT + SAL ;, (n = 10);
TT + SAL_y (n = 10); TT + COC.1 (n = 10); TT + COC_yo (n = 10);
COC-TT + SAL ;o (n = 10); COC-TT + SAL 4 (n = 10); COC-TT +
SAL.; (n = 10); COC-TT + SAL 4 (n = 10); COC-TT 50, + COC.
10 (n=10); COC-TT 5 + COC_4 (n = 10); COC-TT 50,5 + COC.
10 (0 =10); COC-TT .50, + COC_y (n = 10); COC-TT 4,4 + COC.
10 (n = 10); and COC-TT_ g5 + COC49 (n = 10).

The TT + SAL and COC-TT + SAL groups received daily saline
administration during the induction, extinction, expression, post-
immunization, and memory phases. During the extinction and
memory phase, rats in the TT group received immunization with
the TT vaccine, and animals in the COC-TT group received
vaccination with the COC-TT vaccine (Table 1).

In contrast, the TT + COC and COC-TT + COC groups
received cocaine during the induction, expression, post-
immunization, and memory phases. In the extinction phase, both
groups received daily saline. In the post-immunization and memory
phase, animals in the COC-TT 5. + COC.j; COC-TT 59, +
COC_405 COC-TT 50 + COC_195 COC-TT 5045 + COC_405 COC-
TT. 100ug + COC.1p5 and COC-TT jgoug + COC.4o groups were
administered cocaine only every 30 days. During the extinction
and memory phase, rats in the TT group received immunization
with the TT vaccine, and animals in the COC-TT group received
vaccination with the COC-TT vaccine (Table 1). 14 days after each
immunization serum samples were taken to assess antibody titers.
All groups received 6 immunizations, one immunization every 14
days. After each administration, locomotor activity was recorded
for 30 minutes for each animal (Figure 1).

2.7.2 Experiment 2

This experiment included two pharmacological phases. Phase I,
or the pre-induction phase, lasted 85 consecutive days. This phase
includes the immunization phase which consists of one
immunization every 14 days, totaling 6 immunizations. Phase II,
or the cocaine-induction phase, lasted 30 days (Figure 2A).

After three days of habituation, the TT + SAL and COC-TT +
SAL groups received a saline solution during the above two phases.
During the pre-induction phase, rats in the TT groups received
immunization with the TT vaccine, and animals in the COC-TT
group received vaccination with the COC-TT vaccine.

The TT + COC and COC-TT + COC groups received saline in
the pre-induction phase. In the induction phase received different
doses of cocaine (10, 20, or 40 mg/Kg). In the pre-induction phase,
rats in the TT groups received immunization with the TT vaccine
and the animals in the COC-TT group received the vaccination with
the COC-TT vaccine. After the administration of each treatment,
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TABLE 1 Description of the treatments (doses) that each experimental group received in experiment 1.

TREATMENT
Induction Immunization Expression Post immunization
TT + SAL_yo Saline Saline + TT Saline Saline Saline + TT
TT + SAL 4 Saline Saline + TT Saline Saline Saline + TT
TT + COC_yo Cocaine jomg Saline + TT Cocaine jomg Cocaine jomg Cocaine jomg + TT
TT + COC 4 Cocaine_4omg Saline + TT Cocaine 4omg Cocaine_4omg Cocaine 4omg + TT
COC-TT + SAL_j, Saline Saline + COC-TT Saline Saline Saline + COC-TT
COC-TT + SAL 4 Saline Saline + COC-TT Saline Saline Saline + COC-TT
COC-TT g + COC o Cocaine.jomg Saline + COC-TT g Cocaine_omg Cocaine.jomg Cocaine_jgmg + COC-TT 5¢
COC-TT 50y + COC49 Cocaine_4omg Saline + COC-TT g Cocaine_4omg Cocaine_4omg Cocaine_yomg + COC-TT 54
COC-TT_50yg + COC_yo Cocaine._jomg Saline + COC-TT 50 Cocaine_jomg Cocaine._jomg Cocaine_jgmg + COC-TT 50,4
COC-TT 505 + COC49 Cocaine 4omg Saline + COC-TT 50, Cocaine 4omg Cocaine 4omg Cocaine_4omg + COC-TT 504
COC-TT 1o0ug + Cocaine.gmg Saline + COC- Cocaine._jomg Cocaine jgmg Cocaine jopmg + COC-
COC_ o TT—IUO}Ag TT—!UO}Ag
COC-TT y90pg + Cocaine 4omg Saline + COC- Cocaine 4omg Cocaine 4omg Cocaine_4omg + COC-
COC.40 TT 100ug TT 100ug
the animals were immediately placed into the activity chambers, The saline groups received IP sterile saline solution (0.9% NaCl)
and the locomotor activity of each animal was recorded for 30  during the three phases. During the immunization phase, rats in the
minutes (Figure 2A). TT groups received immunization with the TT vaccine, and animals
in the COC-TT group received vaccination with the COC-
2.7.3 Experiment 3 TT vaccine.
This experiment was divided into three experimental phases. The animals of the cocaine groups received cocaine (10 mg/Kg)

Phase I, or the cocaine-induction phase, lasted 10 days. Phase I, or ~ during the induction. During the expression phase, the animals
the immunization phase, lasted 85 days. Phase III, or the cocaine- received different doses of cocaine (10, 20, or 40 mg/Kg). In the
expression phase, lasted 30 days (Figure 3A). immunization phase, cocaine was withdrawn and the groups

Extinction Phase

Induction Phase Immunization Phase Expression Phase Memory Phase

1-6 immunization Cocaine-1omg or 4omg

Post-Immunization Phase re_immunization
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Saline Administration 405 Days
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Saline Administration
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SAL (n=20)
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FIGURE 1
Experiment timeline.
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Antibody titer responses (to the sixth boost and 30 days after the last immunization) in rats immunized with the TT or COC-TT vaccine (B). Serum
samples were collected 14 days after each immunization. Mean titers (+ S.E.M.). *p < 0.01 Significant effects of the antibody titers generated by the
COC-TT vaccine to the 6th booster compared to the antibody titers generated by the TT vaccine in Wistar rats. COC-TT vaccine attenuated
cocaine-induced locomotor sensitization during the induction phase. Experiment Timeline (A). COC-TT vaccine given for 85 days decreased
cocaine-induced locomotor activity (C). Blue shading indicates the 10 days of administration of a 10 mg/kg dose of cocaine; yellow shading
indicates administration of 20 mg/kg of cocaine and green shading indicates administration of a 40 mg/kg dose of cocaine during the induction
phase. Mean locomotor activity (+ S.E.M.) by group (n = 10 animals per group) during the 30 days of the induction phase of locomotor sensitization
(D). *p < 0.01 significant effects of the cocaine treatment on locomotor activity, compared to the TT + SAL and the COC-TT + SAL groups. *p < 0.01
significant effects of the COC-TT group compared to the TT + COC group, at different doses of cocaine. **p < 0.01 significant effects between the
different doses of cocaine in the TT + COC and COC-TT + COC groups, as determined by three-way ANOVA followed by Tukey's tests.

received saline. The rats in the TT groups received immunization
with the TT vaccine and the animals in the COC-TT group received
the vaccination with the COC-TT vaccine. 14 days after each
immunization serum samples were taken to assess antibody titers.
All groups received 6 immunizations, one immunization every 14
days. After each administration, locomotor activity was recorded
for 30 minutes for each animal (Figure 3A).

2.7.4 Experiment 4

Experiment 4 characterized the effect of the COC-TT vaccine
on binge-pattern cocaine administration. It included three phases:
phase I, cocaine induction, which lasted 10 days; phase II, cocaine
extinction or the immunization phase, which lasted 85 days; phase
III, or the cocaine binge phase, which lasted 15 days (Figure 4A).

During phases I and II, the TT + SAL, the COC-TT + SAL, the
TT + COC, and the COC-TT + COC groups received the
treatments described in Experiment 3.

Frontiers in Psychiatry

In the cocaine binge phase, the TT + SAL and the COC-TT +
SAL groups received four daily administrations of sterile saline
solution (0.9% NaCl, i.p.), for 5 consecutive days. Each treatment
was given every 3 hours for 5 days; the first administration took
place at 10:00 A.M.

In the TT + COC and COC-TT + COC groups, the different
doses of cocaine (10, 20, 40 mg/Kg) were administered in a binge
pattern (4 daily administrations, once every 3 hours) for 5 days; the
first administration took place at 10:00 A.M. After the treatments,
locomotor activity was recorded for each subject for 30 minutes.

2.8 Statistical analysis

Data is expressed as means + S.E.M. SPSS software version 21.0
was used to perform all statistical analyses. The level of statistical
significance was set at p < 0.05.
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FIGURE 3

Antibody titer responses (to the sixth boost and 30 days after the last immunization) in rats immunized with the TT or COC-TT vaccine (B). Serum
samples were collected 14 days after each immunization. Mean titers (+ S.E.M.). *p < 0.01 Significant effects of the antibody titers generated by the
COC-TT vaccine to the 6th booster compared to the antibody titers generated by the TT vaccine in Wistar rats. COC-TT vaccine attenuated
cocaine-induced locomotor sensitization during the induction phase. Experiment Timeline (A). COC-TT vaccine given for 85 days during the
extinction phase decreased cocaine-induced locomotor activity (C). Blue shading indicates the 10 days of administration of a 10 mg/kg dose of
cocaine; yellow shading indicates administration of 20 mg/kg of cocaine and green shading indicates administration of a 40 mg/kg dose of cocaine
during the induction phase. Mean locomotor activity (+ S.E.M.) by group (n = 10 animals per group) during the 30 days of expression phase of
locomotor sensitization (D). *p < 0.01 significant effects of the cocaine treatment on locomotor activity, compared to the TT + SAL and the COC-TT
+ SAL groups. *p < 0.01 significant effects of the COC-TT group compared to the TT + COC group, at different doses of cocaine. **p < 0.01
significant effects between the different doses of cocaine in the TT + COC and COC-TT + COC groups, as determined by three-way ANOVA
followed by Tukey's tests. Inset shows the induction phase inset shows the induction phase *p < 0.01 significant effects of the cocaine treatment on
locomotor activity, compared to the TT + SAL and the COC-TT + SAL groups.

Experiment 1. Antibody titers were analyzed by one-way Antibody titers were analyzed by one-way repeated measures
repeated measures ANOVA, where the number of vaccinations =~ ANOVA, where the number of vaccinations (1-6 boost) was
(1-6 boost) was repeated measures, and the treatments (TT or  repeated measures, and the treatments (TT or COC-TT) were the
COC-TT) were the between-subjects factors. between-subjects factors.

Anti-cocaine antibody levels, in the post-immunization phase, The results for locomotor activity in each group during the
were analyzed by one-way repeated measures ANOVA, where the  experimental phase were analyzed with a three-way ANOVA used
days post-immunization (270 days) were repeated measures, and  with groups (saline and cocaine), treatment (TT and COC-TT
the treatments (TT or COC-TT) were the between-subjects factors. ~ vaccine), and cocaine doses (10, 20, or 40 mg/Kg), as between-

A two-way ANOVA repeated measures were used for analysis with  subjects factors, followed by a post hoc analysis (Tukey’s test).

groups (saline and cocaine) and treatment (TT and COC-TT vaccine) Experiment 4.

between-subject factors and the days post-immunization (270 days) as Antibody titers were analyzed by one-way repeated measures

repeated measures. In both cases, if there was a significant F valueinthe =~ ANOVA, where the number of vaccinations (1-6 boost) was

interaction, a Tukey test was performed for post hoc comparisons. repeated measures, and the treatments (TT or COC-TT) were the
Experiments 2 and 3. between-subjects factors.
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measures ANOVA followed by Tukey's tests.

A three-way ANOVA repeated measures were used for analysis
groups (saline and cocaine), treatment (TT and COC-TT vaccine),
and cocaine doses (10, 20, or 40 mg/Kg) as between-subject factors,
and the cocaine binge days as repeated measures.

3 Results
3.1 Experiment 1

Titers

As shown in Figure 5A, the TT group immunized with the TT
vaccine did not show an increase in anti-cocaine antibody titers. In
contrast, in general, the animals vaccinated with the COC-TT
(1,39) 89.247, p <
0.001) in anti-cocaine antibody titer measured by ELISA.

vaccine showed a progressive increase (F =

Tukey’s test found significant dose-dependent differences in the
antibody titers shown by the COC-TT groups compared to the TT
(p <0.001) group, from the second immunization. Furthermore, for
the doses of the COC-TT vaccine evaluated (20, 50, or 100 pg),
Tukey’s test found that the maximum anti-cocaine antibody
titer for the COC-TT groups was reached after the fourth booster
(p < 0.001).
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Additionally, post hoc analysis revealed differences in anti-
cocaine antibody titers shown by the COC-TT-jgo s + COC
group compared to the antibody level shown by the COC-TT 5,4
+ COC (p < 0.001) and COC-TT-5,5 + COC (p < 0.002) groups
from the third immunization. Furthermore, the statistical analysis
also found differences in anti-cocaine-specific antibody titers
between the COC-TT 50,5 + COC and COC-TT 5,4 + COC (p <
0.002) groups (Figure 5A).

Subsequently, the progressive decay in anti-cocaine antibody
titers in non-boosted immunized animals was characterized.
Antibody titers showed a significant dose- and time-dependent
(days) decay, reaching their lowest levels 270 days after the last
immunization (F = (1,36) 240.058, p < 0.001). After the significant
decay in antibody titers, a rapid recovery to peak levels was observed
30 days after a re-immunization.

Specific antibody titers displayed by the COC-TT g, + COC
group showed a significant decay from the first 30 days after the last
immunization compared to the decay of antibody titers displayed
by the COC-TT 50,5 + COC (p < 0.002) and COC-TT. ;g5 + COC
(p <0.001) groups. In contrast, the group immunized with 100 ug of
COC-TT vaccine showed a slow and gradual decline in titers,
showing significant differences from the groups immunized with
a dose of 20 (p < 0.001) or 50 ug (p < 0.001) of COC-TT vaccine.
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Antibody titer responses (to the sixth boost) in rats immunized with the TT or COC-TT vaccine. Time-course of the kinetics of decay and recovery of
titers of the anti-cocaine antibodies (A). Serum samples were collected 14 days after each immunization. Mean titers (+ S.E.M.). A slow and progressive
decay in antibody levels was observed after the last immunization and later rapidly recovered to maximal levels. *p < 0.01 Significant effects of the
antibody titers generated by the COC-TT vaccine to the 6th booster compared to the antibody titers generated by the TT vaccine in Wistar rats. **p <
0.01 significant effects between the different doses of COC-TT + COC. The COC-TT vaccine reduces locomotor activity induced by 10 (B) or 40 (C)
mg/kg of cocaine during the decay and re-immunization phase. Mean locomotor activity (+ S.E.M.) by group (n = 10 animals per group). *p < 0.01
significant effects of the cocaine treatment on locomotor activity, compared to the TT + SAL and the COC-TT + SAL groups. *p < 0.01 significant effects
of the COC-TT group compared to the TT + COC group, at different doses of cocaine. **p < 0.01 significant effects between the different doses of
cocaine inthe TT + COC and COC-TT + COC groups, as determined by two-way ANOVA repeated measures followed by Tukey's tests.

After re-immunization, the antibody levels displayed by the COC-
TT groups showed significant differences between the different doses (p
< 0.001) but not between antibody levels displayed at the last
immunization and those displayed after re-immunization (p = 0.96).

These latest data confirm the efficacy of the COC-TT vaccine in
inducing immune humoral memory to cocaine and indicate that the
most effective dose of the COC-TT vaccine is 100 pg.

Cocaine locomotor activity: Titers decay

After the last immunization, 10 or 40 mg/kg of cocaine was
administered every 30 days to groups of animals immunized with
different doses of the COC-TT vaccine, to associate antibody titers
with the decrease in cocaine-induced locomotor activity.

In relation to the 10 mg/kg cocaine dose, animals in the TT +
COC 4y group showed a sustained increase (two-way repeated
measures ANOVA; groups by treatment by doses interaction F=
(1, 54) 491.708 p < 0.0001) in cocaine-induced locomotor activity
during the 270 days of evaluation compared to the activity shown by
the TT + SAL (p < 0.001) and COC-TT + SAL (p < 0.001) groups.

In contrast, groups immunized with different doses of the COC-
TT vaccine (20, 50, or 100 ng) showed a gradual increase in
cocaine-induced locomotor activity. Tukey’s test found significant
differences in cocaine-induced hyperactivity shown by the TT +
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COC ;, group from 30 days onwards compared to the locomotor
activity shown by the COC-TT g4 + COC_j, (p < 0.002), COC-TT.
soug T COC.1g (p < 0.001), and COC-TT.;40u + COC_14 (p < 0.001)
groups (Figure 5B).

Furthermore, post hoc analysis revealed differences between COC-
TT vaccine doses. Tukey's test found significant differences in cocaine-
induced locomotor activity shown by the COC-TT oy + COC_yg
group at 90 (p < 0.003), 120 (p < 0.003), 150 (p < 0.002), 210 (p <
0.003), 240 (p < 0.003), and 270 (p < 0.002) days post-immunization
compared to cocaine-induced locomotor activity shown by the COC-
TT 5045 + COC.1g, and COC-TT ;94 + COC.yo groups. However,
statistical analysis found no differences in cocaine-induced
hyperactivity between the COC-TT 50, + COC_jp, and COC-TT.
100ug + COC.qg (p = 0.86) groups over the 270 days of evaluation.

As mentioned above, re-immunization restored antibody levels
in the groups immunized with 20, 50, or 100 pug of COC-TT
vaccine, however, the post hoc test revealed differences in the
cocaine-induced locomotor activity shown by the COC-TT 5, +
COC_;y group between the last immunization and the re-
immunization (p < 0.001). However, no differences were found in
the COC-TT 50,4 + COC.14, and COC-TT.;ggug + COC_ o (p = 0.98)
groups at both phases (Figure 5B).
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When 40 mg/kg of cocaine was administered, the TT + COC 4
and COC-TT g + COC_4 groups showed a rapid increase (two-
way repeated measures ANOVA; groups by treatment by doses
interaction F= (1, 54) 8.393 p < 0.005) in cocaine-induced
locomotor activity compared to that shown by the TT + SAL (p <
0.001) and COC-TT + SAL (p < 0.001) groups. In addition, Tukey’s
test found significant differences in cocaine-induced hyperactivity
shown by the TT + COC_49 and COC-TT g5 + COC_4 groups with
respect to that shown by the COC-TT 5 + COC_g0 (p < 0.001) and
COC-TT_jgoug + COC.yp (p < 0.001) groups over the 270 days of
evaluation. However, no difference was found between the TT +
COC_40 and COC-TT 59y + COC_yg (p = 0.97) groups (Figure 5C).

Additionally, the post hoc test found significant differences in
the cocaine-induced locomotor activity shown by the COC-TT 50,4
+ COC.4 group compared to that shown by the COC-TT_jgo,q +
COC 49 (p < 0.002) group over the 270 days of recording. However,
Tukey’s test revealed significant differences in the cocaine-induced
locomotor activity shown by the TT + COC_49 and COC-TT 5, +
COC_4 groups compared to that shown by the COC-TT 5oy +
COC_4 (p <0.001) and COC-TT- g + COC_49 (p < 0.001) groups
over the 270 days of evaluation.

After re-immunization, statistical analysis found no differences
in cocaine-induced hyperactivity shown by the COC-TT 5,4 +
COC 49 (p = 0.92) group during the last immunization compared to
that shown at re-immunization. However, it did reveal differences
in locomotor activity shown by the COC-TT_sp,g + COC_y9 (p <
0.003) and COC-TT_;goug + COC.40 (p < 0.003) groups between the
last immunization and the re-immunization (Figure 5C).

3.2 Experiment 2

Titers

TT group immunized with the TT vaccine did not show an
increase in anti-cocaine antibody titers. In contrast, the animals
immunized with the COC-TT vaccine showed a progressive
increase (F = (1, 19) 18.644, p < 0.001) in anti-cocaine antibody
titer measured by ELISA (Figure 2B).

Tukey’s test found significant differences in the antibody titers
shown by the COC-TT groups compared to the TT (p < 0.001)
group, from the second immunization. Additionally, Tukey’s test
found that the maximum anti-cocaine antibody titer for the COC-
TT groups was reached after the fourth booster (p < 0.001).

Cocaine locomotor activity Induction

The TT+ SAL and the COC-TT + SAL groups showed no significant
increases in locomotor activity (p = 0.99). As shown in Figure 2C, the
injection of different doses of cocaine (10, 20, or 40 mg/Kg) generates a
dose-dependent increase in cocaine-induced locomotor activity during
induction (three-way ANOVA; in the groups by treatment by doses
interaction, F (2,120) = 16.286, p < 0.0001) phase compared to the TT +
SAL (p <0.001) and the COC-TT + SAL (p <0.001) groups. In addition,
the post hoc test found no differences in locomotor activity between the
TT + SAL and COC-TT + SAL groups (p = 0.96).

Tukey’s test revealed significant differences in locomotor
activity induced by a dose of 10 mg/kg compared to hyperactivity
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induced by a dose of 20 (p <0.003) or 40 (p <0.001) mg/kg of
cocaine; it also found differences between locomotor activity
induced by 20 and 40 (p <0.002) mg/kg of cocaine, during the
induction phase (Figure 2D).

In contrast, the COC-TT group showed a long-term attenuation
in cocaine-induced locomotor activity in the induction phase
compared to the TT + COC group. In this sense, the post-hoc
analysis found differences in the locomotor activity induced by 10,
20, or 40 mg/kg of cocaine shown by the COC-TT group with
respect to that shown by the TT + COC group, at the corresponding
doses (p < 0.001). Figure 2D showed that Tukey’s test did not find
differences in the locomotor activity induced by the administration
of 10 mg/kg of cocaine to the COC-TT group compared to that
shown by the COC-TT + SAL (p = 0.94) and TT + SAL (p = 0.97)
groups. In contrast, a dose of 20 or 40 mg/kg of cocaine generated
differences in cocaine hyperactivity with respect to the TT + SAL (p
< 0.002) and COC-TT + SAL (p < 0.002) groups.

In addition, statistical analysis revealed dose-dependent differences
in the COC-TT + COC group when comparing locomotor activity
induced by 20 or 40 mg/kg cocaine with hyperactivity induced by 10
mg/kg cocaine; the post-hoc test found significant differences (p <
0.002). Furthermore, the Tukey test revealed differences in the COC-
TT + COC group between doses of 20 and 40 mg/kg (p < 0.003)
cocaine (Figure 2D). These findings suggest that the COC-TT vaccine
produces a long-term attenuation of the induction of cocaine
locomotor sensitization generated by different doses of cocaine.

3.3 Experiment 3

Titers

TT group immunized with the TT vaccine did not show an
increase in anti-cocaine antibody titers. In contrast, the animals
immunized with the COC-TT vaccine showed a progressive
increase (F = (1,19) 18.640, p < 0.001) in anti-cocaine antibody
titer measured by ELISA (Figure 3B).

Tukey’s test found significant differences in the antibody titers
shown by the COC-TT groups compared to the TT (p < 0.001)
group, from the second immunization. Additionally, Tukey’s test
found that the maximum anti-cocaine antibody titer for the COC-
TT groups was reached after the fourth booster (p < 0.001).

Cocaine locomotor activity:

Expression

As shown in the above experiment, cocaine significantly increased
locomotor activity during the induction (Three-way ANOVA; groups
by treatment by doses interaction; F(2, 120) = 0.011 p = 0.98) phase.

In this experimental phase, Tukey’s test revealed differences in
locomotor activity when the TT + COC and COC-TT + COC
groups were compared to the TT + SAL (p < 0.0001) and COC-TT
+ SAL (p < 0.0001) groups.

As shown in Figure 3C, a dose of 10 mg/Kg, 20 mg/Kg, or 40
mg/Kg of cocaine significantly increased locomotor activity during
the expression (Three-way ANOVA; groups by treatment by doses
interaction; F(2, 120) = 26.834 p < 0.001) phase in the rats
immunized with the TT vaccine compared to the TT + SAL (P <
0.001) and COC-TT + SAL (P < 0.001) groups.
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Statistical analysis revealed significant differences in the
cocaine-induced locomotor activity shown by the TT + COC
group dosed with 10 mg/Kg of cocaine compared to when this
group was administered 20 or 40 mg/Kg of cocaine (p < 0.002).
Additionally, Tukey’s test revealed differences in hyperactivity
induced by 20 mg/kg cocaine compared to that generated by 40
mg/kg (p < 0.002) cocaine (Figure 3D). In contrast, the post hoc test
found no differences in locomotor activity between the TT + SAL
and COC-TT + SAL groups (p = 0.98).

Regarding the group immunized with the COC-TT vaccine;
daily administration of different doses of cocaine (10, 20, or 40 mg/
kg) to rats previously vaccinated with the COC-TT vaccine did not
increase locomotor activity significantly (Figure 3D).

Tukey’s test found significant differences in the locomotor
activity induced by 10, 20, and 40 mg/Kg of cocaine in the COC-
TT + COC group compared to the locomotor activity shown by the
TT + COC group dosed with 10 mg/Kg (p < 0.001), 20 mg/Kg (p <
0.001), or 40 mg/Kg (p < 0.001) of cocaine (Figure 3D).

Furthermore, post-hoc analysis found differences in locomotor
activity induced by the different doses of cocaine in the COC-TT +
COC group compared to the locomotor activity shown by the TT +
SAL (p < 0.002) and COC-TT + SAL (p < 0.002) groups.

Finally, Tukey’s test revealed differences in the cocaine-induced
locomotor activity shown by the COC-TT + COC group when
dosed with 20 mg/Kg of cocaine compared to the locomotor activity
induced by 40 mg/Kg (p < 0.002) of cocaine. But no differences were
found between 10 mg/kg and 20 mg/kg (p = 0.95) of
cocaine (Figure 3D).

This finding suggests that the vaccination with the COC-TT
vaccine during the extinction phase results in long-term attenuation
of the expression of cocaine-induced locomotor sensitization.

3.4 Experiment 4

Titers

TT group immunized with the TT vaccine did not show an
increase in anti-cocaine antibody titers. In contrast, the animals
immunized with the COC-TT vaccine showed a progressive
increase (F = 1,19) 18.601, p < 0.001) in anti-cocaine antibody
titer measured by ELISA (Figure 4B).

Tukey test found significant differences in the antibody titers
shown by the COC-TT groups compared to the TT (p < 0.001)
group, from the second immunization. Additionally, the Tukey test
found that the maximum anti-cocaine antibody titer for the
COC-TT groups was reached after the fourth booster (p < 0.001).

Cocaine binge

Experiment 4 characterized the effect of the COC-TT vaccine
on binge-pattern cocaine administration. Vaccination with the
COC-TT vaccine decreases the locomotor activity caused by a
binge-like pattern of cocaine administration (three-way repeated
measures ANOVA; groups by treatment by doses interaction F= (1,
108) 14.161 p < 0.0001).

During the administration of 10 mg/kg of cocaine, the statistical
analysis did not find differences in the locomotor activity shown by
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the COC-TT + COC group compared to the activity shown by the
TT + SAL (p = 0.98) and COC-TT + SAL (p = 0.75) group, during
the first and second cocaine administration. However, from the
third administration, the Tukey’s test revealed significant
differences in locomotor activity between the COC-TT + COC
group and the TT + SAL (p < 0.002) and the COC-TT + SAL (p <
0.002) groups (Figure 4C).

Additionally, at a dose of 20 and 40 mg/kg of cocaine, the post
hoc test found differences in the COC-TT + COC group from the
first administration with respect to the TT + SAL (p < 0.001) and
COC-TT + SAL (p < 0.001) groups.

Additionally, the post hoc test found differences between the
COC-TT + COC and TT + COC groups from the first
administration of cocaine (p < 0.001) at a dose of 10, 20, or 40
mg/Kg of cocaine (Figure 4C).

These results suggested that the cocaine vaccine was able to
significantly decrease locomotor activity induced by a binge-pattern
cocaine administration.

4 Discussion
Immune response

In this study, we found a) dose-dependent differences in anti-
cocaine antibody levels at the sixth immunization; b) different dose-
dependent decay kinetics of the COC-TT vaccine; ¢) we found that
the speed of recovery of antibody titers at each dose of COC-TT
vaccine evaluated was similar; and d) a gradual dose-dependent
increase in locomotor activity induced by different doses of cocaine,
during the decay kinetics evaluation stage, dependent on COC-TT
vaccine dose.

As shown in Figure 5A, at all three COC-TT vaccine doses
tested, anti-cocaine antibody titers showed a gradual increase,
reaching anti-cocaine antibody levels in the range of ~1:350,000
to 1:650,000 by the sixth immunization depending on the COC-TT
vaccine dose tested. These results are in line with previous reports
indicating that rodents immunized with 20 or 50 ug—— as the
and 200 ug of PDD-
GNE or dAd5-GNE vaccines showed a gradual, vaccine dose-

lower dose

as the upper dose

dependent increase in antibody levels, reaching peak antibody
levels at a vaccine dose of 200 ug (21, 26, 27, 31, 32, 45).
However, differences in anti-cocaine antibody titers were found
between the GNE-FLiC and COC-TT vaccines. In the case of the
GNE-FLIiC vaccine, the maximum antibody levels were reached at a
dose of 50 pg (47, 48), whereas the maximum antibody titers
produced by the COC-TT vaccine were reached at a dose of 100 pg.

On the other hand, differences in anti-cocaine antibody titers
shown at the last immunization between the COC-TT vaccine and
the pioneer anti-cocaine vaccines, at equivalent doses, which were
synthesized with conventional carrier proteins such as BSA or KLH,
were found. Vaccines such as GNC-KLH (34), COC-BSA (23), and
SNC-KLH38 (46), showed anti-cocaine antibody titers of =~ 1:
15,000 to 1: 80,000. Even a vaccine such as SNC-rCTB, which
was evaluated in humans, showed antibody levels of =1: 2,400 (13).
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Thus, the difference in the vaccine dose at which the maximum
antibody level is achieved is likely due to the carrier protein from
which the vaccine was synthesized. In fact, the development of a
new generation of cocaine vaccines called self-adjuvating cocaine
vaccines has recently been reported. These vaccines were
synthesized with new generation carrier proteins—dendrimeric
peptides, adenoviruses, or nanoproteins (3, 21, 26, 27, 46-48),
which were able to generate high antibody titers (8, 19, 20, 32, 47).

The dAd5GNE and dAd5GNC vaccines, for example, were
synthesized with an adenovirus as carrier proteins, which allowed
expands the number of hapten binding sites, generated a range of
anti-cocaine antibody titers from 1: 300,000 to 1: 900,000 (21, 26,
46). Instead, the conjugates GNE-FliC, CocKFE8, GNE-PDD, and
GNE-calix[n]arene (UFMG-V4N2) were constructed from nano
scaffolds or nanoparticle platforms (flagellin, KFE8 peptide, PDD
dendrimers, and calix[n]arene). Immunization with these vaccines
generated high levels of anti-cocaine antibodies, in the range of =~
1:500,000 to 1:700,000 (8, 19, 20, 32, 47). However, an important
limitation of the use of these nanoparticle platforms is the long
regulatory path that they must comply with to be used in any
clinical trial. This limitation is not present in the COC-TT vaccine
and all vaccines synthesized with tetanus toxoid (33, 48, 49), a
carrier protein approved for human use.

Regarding the decay kinetics, to our knowledge there are no
reports on this matter; this would be the first scientific report
showing the decay kinetics of anti-cocaine antibody titers.

This suggests that 100 ug of COC-TT vaccine produces the
maximum level of anti-cocaine antibodies and may be considered
the optimal dose in immunization protocols in future preclinical
and clinical studies. This observation is consistent with
experimental reports indicating that the anti-cocaine vaccine dose
generally used in immunization protocols is 100 ug (8, 14, 20, 25,
31, 38, 45, 50).

What we found in this study was a gradual decrease, dependent
on the dose of the COC-TT vaccine, in the levels of anti-cocaine
antibodies. A dose of 20 pg of the COC-TT vaccine shows a faster
decay kinetics than that found at a dose of 100 pg of the COC-TT
vaccine, where the decay kinetics are very slow. The differences
found between the doses of the COC-TT vaccine could be due to the
amount of haptens that were coupled to the carrier protein,
however, other types of studies are required to determine the
haptenization index and confirm this hypothesis. The important
thing is that this result suggests that the COC-TT vaccine generates
long-term protection not dependent on constant re-immunizations.

Another important observation, and one for which we found no
previously reported evidence, is related to the speed with which
re-immunization induces the production of anti-cocaine antibodies.
This was not dose-dependent; the three doses of the COC-TT vaccine
reached maximum antibody levels like those observed at the sixth
immunization, at the same speed (14 days after immunization),
suggesting that the COC-TT vaccine is effective in inducing a
humoral immune memory response to cocaine.

Regarding the effectiveness of anti-cocaine antibody titers
during the decay phase, at a dose of 10 mg/kg of cocaine, the
antibody levels produced by the three doses (20, 50, or 100 ug) of
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COC-TT vaccine evaluated were sufficient to significantly decrease
long-term cocaine-induced locomotor activity. This suggests that
anti-cocaine antibody titers in a range of =~ 1:200,000 to 1:450,000
are sufficient to decrease hyperlocomotion induced by 10 mg/kg of
cocaine. However, this range of antibody titers was not effective in
decreasing locomotor activity induced by 20 mg/kg of cocaine. As
shown in Figure 5C, the level of anti-cocaine antibodies elicited by a
20 pg dose of COC-TT vaccine (= 1:200,000 to 1:300,000) was not
effective in attenuating locomotor activity induced by 20 mg/kg of
cocaine. In contrast, anti-cocaine titers ranging from = 1:350,000 to
1:600,000 were effective in reducing hyperlocomotion induced by 20
mg/kg of cocaine.

We have not found similar reports in the literature, so this is the
first time that the long-term effectiveness of a cocaine vaccine in
attenuating locomotor activity induced by different doses of cocaine
has been reported. And suggests that an anti-cocaine antibody
window of = 1:350,000 to 1:600,000 is sufficient and effective to
decrease locomotor activity induced by doses of up to 20 mg/kg of
cocaine. And supports the use of a dose of 100 pug of COC-TT
vaccine, as the dose that induces the best immunological and
immunoprotective effects.

Cocaine locomotor sensitization

As shown in Figures 2, 3, immunization with 100 pug of COC-
TT vaccine produced anti-cocaine antibody levels in the range of ~
1:650,000 to 1:700,000. This result is in line with anti-cocaine
antibody levels generated with tetanus toxoid-based vaccines.
Kimishima et al. showed that their GNE-TT and GND-TT
vaccines generated antibody levels in the range of = 1:400,000 to
1:700,000 (33, 48).

Pioneering studies reported that anti-cocaine antibody levels
induced by the GNC-KLH vaccine (= 1:25,000) were effective in
decreasing locomotor activity induced by 15 mg/kg cocaine (34, 35).
Similarly, vaccination of rodents with the SNC-KLH, GNF-KLH,
GNCF-KLH, GNE-KLH, GNT-KLH, and GNE-FliC vaccines,
which produced antibody levels ranging from 1:13,000 to
1:30,000, decreased locomotor activity induced by 5 or 10 mg/kg
cocaine (36, 37, 40, 51, 52). On the other hand, vaccines producing
antibody titers between 1:120,000 to 1:720,000 such as dAd5GNE,
dAd5GNC, or SNC-rCTB vaccines were able to decrease
hyperlocomotor activity induced by 15 mg/kg of cocaine (21, 26,
38). In this sense, the decrease in locomotor activity induced by 10
mg/kg of cocaine, described in this study, is consistent with the
results previously described by these studies.

Interestingly, Kimishima et al. reported that immunization of
mice with the GND-TT and GNE-TT vaccines, which produced
anti-cocaine antibody titers in the range of 1:200,000 to 1:350,000,
showed a decrease in locomotor activity induced by 10 and 20 mg/
kg of cocaine (33, 48). These results are in line with the results
reported in this study, where rats vaccinated with the COC-TT
vaccine showed a significant decrease in the locomotor effect
induced by 10 or 20 mg/kg of cocaine. It suggests that a very
important structural element of the GND-TT, GNE-TT, and COC-
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TT vaccines to induce high levels of anti-cocaine antibodies capable
of decreasing the locomotor effects induced by different doses of
cocaine is the carrier protein (tetanus toxoid). This hypothesis is
supported by the observation found in this study where the anti-
cocaine antibody titers produced by the COC-TT vaccine are
effective in decreasing the locomotor activity induced by cocaine
doses of up to 40 mg/kg. This result is also novel since we have not
found any reports in the literature indicating that the anti-cocaine
antibody titers produced by any cocaine vaccine can decrease the
hyper locomotor activity induced by doses higher than 20 mg/kg
of cocaine.

Another important fact, which is also not referenced in the
literature, with which to compare the efficacy of the COC-TT
vaccine, is the efficacy shown by the anti-cocaine antibodies
produced by the COC-TT vaccine to decrease the induction and
expression of locomotor sensitization induced by different doses of
cocaine (10, 20 or 40 mg/kg cocaine).

In this sense, the fact that the COC-TT vaccine can attenuate
both phases (induction and expression) of locomotor sensitization
and given that behavioral sensitization has been shown to be an
important factor in the development of drug addiction because of its
important role in the relapse in drug use (53, 54), then suggests that
the COC-TT vaccine could decrease the percentages of relapses to
cocaine use and supports its possible use in humans.

Cocaine binge

Another very important piece of evidence, which we also found
no evidence for in the literature, is the observation that anti-cocaine
antibodies produced by immunization with the COC-TT vaccine
decreased locomotor activity induced by a binge pattern of
cocaine administration.

Cocaine is frequently consumed in intermittent cycles of
repeated dosing, or “binges,” which produce changes in mood
and cocaine craving and cardiovascular and subjective effects (55—
57). Additionally, it has been reported that escalation of a pattern of
cocaine binge administration in rats and humans produces obvious
signs of psychosis, and toxicity, including ataxia, convulsions,
lethargy, and eventual death (58-60). Thus, an additional
therapeutic advantage provided by the COC-TT vaccine would be
its ability to reduce cocaine-induced psychosis and toxicity in binge
administration and could even reduce the deaths caused by the toxic
effects of cocaine consumption during binge administration.

However, to validate its use in humans, further preclinical,
toxicity, and biological safety studies are still required, but the
evidence presented in this study supports its possible use in
clinical protocols.
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