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Effective active vaccination against methamphetamine in female
rats

J.D. Nguyen?, P.T. Bremer?, C.S. Hwang?, S.A. Vandewater!, K.C. Collins2, K.M. Creehan?,
K.D. Janda?, and M.A. Taffel
1Department of Neuroscience; The Scripps Research Institute, La Jolla, CA, USA

2Departments of Chemistry, Immunology and Microbial Science, Skaggs Institute for Chemical
Biology; The Scripps Research Institute, La Jolla, CA, USA

Abstract

Background—Immunotherapies directed against methamphetamine (MA) abuse have shown
success in rodent models, however only a limited number of studies have investigated active
vaccination in female mice and none in female rats. It is critical to determine if potential
immunotherapeutic strategies generalize across sex, particularly for drugs that may produce
significant sex-differences on behavioral or physiological endpoints.

Methods—Female Wistar rats were initially vaccinated with keyhole-limpet hemocyanin (KLH)
or an anti-methamphetamine-KLH conjugate (MH6-KLH) three times over five weeks and
implanted with radiotelemetry devices to assess locomotor activity and body temperature
responses to MA. Rats were first exposed to MA via vapor inhalation (100mg/mL in propylene
glycol) and then by injection (0.25-1.0 mg/kg, i.p.) and vapor after a final vaccine boost.

Results—The MH6-KLH vaccine generated an increase in antibody titers across the initial 6-
week, 3 immunization protocol and a restoration of titer after a week 14 booster. Locomotor
stimulation induced by 0.25 mg/kg MA, i.p, in the KLH group was prevented in the MH6-KLH
group. MH6-KLH animals also exhibited an attenuated locomotor stimulation produced by 0.5
mg/kg MA, i.p. No group differences in locomotion induced by vapor inhalation of MA were
observed and body temperature was not differentially affected by MA across the groups, most
likely because vapor inhalation of MA that produced similar locomotor stimulation resulted in
~10-fold higher plasma MA levels.
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Conclusions—This study confirms the efficacy of the MH6-KLH vaccine in attenuating the
effects of MA in female rats.

Keywords

methamphetamine; vaccine; rat; female; vapor inhalation

1. INTRODUCTION

D-methamphetamine (MA) addiction is a public health problem; however, there are
currently no medications approved for the treatment of addiction and abuse disorders
involving MA. Immunopharmacotherapy, specifically through active immunization, has
been utilized as a method for the sequestration of drug molecules from the brain and for the
reduction of drug effects. By eliciting high-affinity drug-specific antibodies, anti-drug
vaccines have been developed as potential therapeutics (see (Kosten and Domingo, 2013;
Ohia-Nwoko et al., 2016; Skolnick, 2015; Zalewska-Kaszubska, 2015) for review), for
psychomotor stimulants such as MA and cocaine (Kosten et al., 2014) and even recently
emerged designer cathinones, such as alpha-pyrrolidinopentiophenone and 3,4-
methylenedioxypyrovalerone (Nguyen et al., 2016c). Multiple reports followed a seminal
demonstration that an anti-cocaine vaccine produced an attenuation of cocaine-stimulated
locomotor increases in male Wistar rats (Carrera et al., 1995). There have been at least four
programs investigating active anti-MA vaccines that have provided evidence of in vivo
efficacy of anti-MA vaccine in animal models (Byrnes-Blake et al., 2001; Duryee et al.,
2009; Miller et al., 2015; Miller et al., 2013b; Ruedi-Bettschen et al., 2013; Shen et al.,
2013). Specifically these studies have shown that vaccination is effective against MA-
induced suppression of food-maintained responding in male Sprague-Dawley rats (Ruedi-
Bettschen et al., 2013), produces initially increased self-administration of MA followed by
extinction in lever-trained male rats (Duryee et al., 2009; Miller et al., 2015) and delays the
acquisition of self-administration in behaviorally naive male rats (Miller et al., 2015).
Evidence for efficacy against locomotor stimulant effects of MA is mixed, with vaccines
attenuating effects of MA in wheel activity and spontaneous locomotion in rats (Miller et al.,
2013b) and mice (Shen et al., 2013) at some doses and a failure to protect against locomotor
activating effects of 3 mg/kg MA, i.p., in male rats (Byrnes-Blake et al., 2001) reported.

Determining the behavioral or physiological targets that are most likely to be affected by
anti-MA vaccination in laboratory models would enhance the prospects for successful
clinical trials. Sex differences are one potential critical issue which may affect vaccine
effectiveness, yet these have not been well delineated in anti-drug vaccine development
efforts. Women may be at differential risk for drug dependence, for example,
methamphetamine dependence starts earlier in women (Rawson et al., 2005), MDMA
dependence occurs more frequently in women (Bruno et al., 2009; Uosukainen et al., 2015)
and discontinuation of cocaine is harder (DeVito et al., 2014). More generally, the escalation
of substance use and resistance to treatment is higher in women (\Westermeyer and
Boedicker, 2000). Alternately, cocaine dependent women may respond favorable to an
experimental drug where men do not (Fox et al., 2014). These observations reinforce the
recent United States National Institutes of Health policy position identifying a need for
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additional sex-difference comparisons across biomedical domains (Clayton and Collins,
2014) and show that study of potential immunotherapies in female animal models are
needed. Previous investigations of the effects of anti-MA vaccination found attenuation of
locomotor stimulation and place conditioning in female BALB/c mice (Haile et al., 2015;
Shen et al., 2013) but there have been no investigations of anti-MA vaccination in female
rats.

This study was therefore undertaken to determine if the efficacy of the MH6-KLH vaccine
(Miller et al., 2015; Miller et al., 2013b) extends to female rats. Experiments were conducted
to determine potential protective effects against methamphetamine-induced stimulation of
spontaneous locomotor activity after intraperitoneal injection. The vapor inhalation model
was selected in addition to parenteral injection because humans who are dependent on
methamphetamine use inhalation more than other routes of administration (Das-Douglas et
al., 2008; Heinzerling et al., 2010; Wood et al., 2008) and this route is not commonly tested
in nonhuman animal models.

2. METHODS

2.1 Subjects

Female (N=32) Wistar rats (Charles River, New York) were housed in humidity and
temperature-controlled (23+1 °C) vivaria on 12:12 hour light:dark cycles. Rats entered the
laboratory at 10 weeks of age. Vaccinated animals were 11 weeks of age on Week 0 of this
study and the animals used for pharmacokinetics were 13 weeks of age at the start of those
studies. Animals had ad libitum access to food and water in their home cages. All
procedures were conducted under protocols approved by the Institutional Care and Use
Committees of The Scripps Research Institute and in a manner consistent with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

2.2 Radiotransmitter Implantation

Rats were anesthetized with an isoflurane/oxygen vapor mixture (isoflurane 5% induction,
1-3% maintenance), and sterile radiotelemetry transmitters (Data Sciences International;
TA-F40) were implanted in the abdominal cavity through an incision along the abdominal
midline posterior to the xyphoid space as previously reported (Aarde et al., 2015; Miller et
al., 2013a; Wright et al., 2012). Absorbable sutures were used to close the abdominal muscle
incision and the skin incision was closed with the tissue adhesive. A minimum of 7 days was
allowed for surgical recovery prior to starting experiments. For the first three days of the
recovery period, an antibiotic Cefazolin (Hikma Farmaceutica, Portugal; 0.4 mg/kg, i.m. in
sterile water Day 1, s.c. Day 2-3) and an analgesic flunixin (FlunixiJect, Bimeda USA,
Oakbrook Terrace, IL; 2.5 mg/kg, s.c. in saline) were administered daily.

2.3 Drugs and Hapten

The D-methamphetamine HCI (MA) was obtained from the Drug Supply Program of the
U.S. National Institute on Drug Abuse. MA was delivered in propylene glycol (PG) vehicle
(at a concentration of 100 mg/mL) using e-cigarette-type cartridges for vapor inhalation
sessions conducted in an exposure chamber as described below (Section 2.6). Four 10-s
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vapor puffs were delivered with 2-s intervals every 5 minutes that resulted in use of
approximately 0.125 mL per 40 min exposure session. The chamber exhaust was vacuum
controlled to 1 L air per minute during puffs to ensure that vapor entered the chamber on
each device-triggering event. MA administered via intraperitoneal injection (0.25, 0.5, 1.0
mg/kg) was dissolved in physiological saline using an injection volume of 1 mL/kg. Dosing
is expressed as the salt in all cases. MA doses were tested in each rat in a randomized order
within the first vapor study and the i.p. study. The second vapor study, conducted a week
after the i.p. study, began with all rats first exposed to 40 min of MA (100 mg/mL)
inhalation. Next, the 20 minute PG and MA (100 mg/mL) studies were conducted in a
balanced order within the groups. There was a minimum 3—4 day interval between test days
for all MA studies.

Methamphetamine hapten (MH6) was coupled with a keyhole limpet hemocyanin (KLH)
carrier protein and administered (100 micrograms per immunization) in formulation with the
Sigma Adjuvant System® as previously reported (Miller et al., 2013b).

2.4 Vaccination Procedure

Rats (N=8 per group) were vaccinated during weeks 0, 2, 5 and 14. For vaccination, MH6-
KLH or KLH was added to adjuvant to create a 0.5 mL vaccine for each rat, which was
administered across three sites (0.2 mL s.c. in the nape; 0.2 mL s.c. in the hind quadriceps;
0.1 mLi.p.).

2.5 Immunologic Assays

For characterization of anti-MA antibody titers, rats were anesthetized with an isoflurane/
oxygen vapor mixture (isoflurane 5% induction, 1-3% maintenance), and blood was
collected from the jugular vein during weeks 1-6, 14, 20 and 30. Antibody titer was defined
by the dilution required to achieve a 50% signal using enzyme-linked immunosorbent assay
(ELISA) with a Biomek 4000 liquid handling robot. 96-well assay plates were coated with
25 pg/well MH6-BSA conjugate and blocked with skim milk. Twelve 1:1 rat plasma
dilutions were added to the plate starting at 1:200 and allowed to incubate for 2 h. Following
a wash step, goat anti-rat HRP 1gG (SouthernBiotech) at 1:10,000 dilution was incubated in
the plates for 18 h at 4 °C. After a second wash step the plates were developed using a
3,3’-5,5"-tetramethylbenzidine (TMB) substrate kit (Thermo Pierce) and 2 M H,SO, as a
stopping solution. The well absorbance values were read at 450 nm and normalized to the
highest value for each sample in GraphPad Prism version 6, followed by curve fitting with
log(inhibitor) vs. normalized response — variable slope to find the midpoint titer. One
individual sample was unavailable in Week 6 and one animal was lost to the study prior to
the Week 14, 20 and 30 time-points; the values were replaced with the group average for the
time point for statistical analysis.

2.6 Inhalation Apparatus

Sealed exposure chambers were modified from the 259mm X 234mm X 209mm Allentown
rat cage to regulate airflow and the delivery of vaporized drug to rats using e-cigarette type
devices as has been previously described (Nguyen et al., 2016a; Nguyen et al., 2016b). A

custom e-cigarette cartridge-triggering unit (Model SSV-1; La Jolla Alcohol Research, Inc;
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La Jolla CA) was controlled by MedPC IV software (MedAssociates, St Albans, VT) to
deliver vapor puffs as scheduled. The chamber air was vacuum controlled by a chamber
exhaust valve (i.e., a “pull” system) to flow room ambient air through an intake valve at 1 L
per minute. This functioned to ensure that vapor filled the chamber on each device triggering
event, i.e., the vapor stream was integrated with the ambient air stream once triggered.

2.7 Radiotelemetry Measures of Locomotor Activity and Body Temperature

Locomotor activity and temperature data were collected while animals were housed in clean
standard plastic home-cages (thin layer of bedding) in a dark testing room (dim red-light
illumination), separate from the vivarium, during the (vivarium) dark cycle. Radiotelemetry
transmissions were collected via receiver plates (Data Sciences International; RPC-1) placed
under the cages as described in prior investigations (Aarde et al., 2013; Miller et al., 2013a;
Taffe et al., 2015; Wright et al., 2012).

Sessions started with a 30-minute interval in the recording cage to determine a pre-treatment
baseline of activity and temperature. For the inhalation exposure, rats were placed in the
chamber, in pairs, for 40 min and then returned to their individual recording cages.
Intraperitoneal injection sessions were conducted in the recording chamber only, with the
drug administered after the baseline interval. The three telemetry samples taken prior to
moving the rat to the inhalation chamber or prior to injection were used as the pre-treatment
baseline for data analysis. Primary analysis focused on the average activity rate and body
temperature in 30 min intervals as derived from the primary 5 min sampling bins. Inhalation
data are timed to the initiation of vape session thus the “60 min” time bin reflects the
average of 3—-4 samples collected after return to the recording chamber following the 40 min
vapor exposure. All subsequent time bins reflect the average of 6 five-min samples. Any
missing body temperature data (e.g., due to radio interference or animal’s location within the
chamber at the time of sampling) was interpolated across preceding and succeeding recorded
values. One MH6-KLH animal was excluded from the first vapor challenges (N=7) and two
from the i.p. and final vapor challenges (N=5) due to transmitter failure. Two KLH animals
were excluded from the final 20 minute vapor inhalation challenge due to transmitter failure.

2.8 Evaluation of Plasma Methamphetamine Content

Female Wistar rats (N = 16) received MA via vapor inhalation (12.5 or 100 mg/mL) or i.p.
injection (0.25 or 1.0 mg/kg) and blood was obtained at 60 or 120 min by acute venipuncture
under gas inhalation anesthesia. One month elapsed between the vapor and i.p. collections.
Groups of N=4 were studied at each dose and time point within route of administration and
each animal participated in one inhalation and one i.p. treatment condition. The blood
samples were stored on ice, then centrifuged at 10-13,000 rpm for ten minutes. The plasma
was collected and stored at —20 °C until analysis by LCMS.

(x)-Methamphetamine- a5 (a5-MA) in a 1 mg/mL solution of methanol was purchased from
Cerilliant (Cerilliant Corp., Round Rock, TX). On the day of plasma analysis, 20 uL of
plasma sample was added to a 40 pL aliquot of acetonitrile, containing 1 pg/mL
concentration of a5-MA as an internal standard. The samples were vortexed and then
centrifuged at 14,000 rpm for ten minutes. A 40 uL aliquot of supernatant was removed for
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LCMS analysis. A 5 L aliquot of each sample was injected into an LCMS system and
passed through an Agilent Zorbax 300SB-C8 5 urn column. The samples were run using
Solvent A: 0.1 % formic acid and Solvent B: 0.1% formic acid in acetonitrile as the mobile
phase solvents on a gradient method (0—-4 min, 10-100% Solvent B, 4-9 min, 100% Solvent
B) with a flow rate of 0.5 mL/min, followed by a 4 min wash phase at 5% Solvent B.

Peaks of deuterated and non-deuterated masses were extracted using the Extract lon function
on Agilent LC/MSD ChemStation and the area under the peaks were integrated. Non-
deuterated peaks were normalized against their o5-MA peaks and quantified for their plasma
concentration. A standard curve for MA with a5-MA was generated using blank rat plasma
that was spiked with known concentrations of MA (0-5 pg/mL) and diluted with a 40 pL
aliquot 1 pg/mL a5-MA in acetonitrile, and treated the same as described above for plasma
samples. Three of the four 0.25 mg/kg i.p. samples (t = 2 h), as well as one 0.25 mg/kg i.p.
sample at t = 1 h, were below the limit of detection for the method. These data were not
excluded from analysis because inclusion of the data did not significantly influence the
trends observed across routes of administration, dosing, or time after exposure.

2.9 Data Analysis

3. Results

3.1 Titers

Antibody titer data were analyzed with repeated-measure one-way Analysis of Variance
(rmANOVA) with post-hoc multiple comparisons analysis using the Tukey procedure. The
locomotor activity and body temperature data were analyzed with rmANOVA with an initial
omnibus 2-way with Group/Dose as a between-subjects factor and Time Post-initiation
(vapor) or Post-injection (i.p.) as the within-subjects factor. Significant ANOVA findings in
the i.p. study were followed with 2-way ANOVA within-group with Dose and Time Post-
injection as repeated-measures factors. Follow-up analysis of the average activity rate for
each hour after i.p. injection included Dose as a repeated-measures factor and Group/Hour
as a between-subjects factor. Significant effects on the ANOVAS were further examined with
Tukey (within group) or Sidak’s (between group) post-hoc analysis. The criterion for
significant results was P < 0.05 and all analyses were conducted using Prism 6 or 7 for
Windows (v. 6.02 or v. 7.00; GraphPad Software, Inc, San Diego CA).

The antibody titer for the female group (N=8) inoculated with the MH6-KLH vaccine were
analyzed across the 9 blood samples obtained across the experiment (Figure 1) and the
ANOVA confirmed a significant effect of time [F (2.172, 15.21) = 3.76; P<0.05]. The Tukey
post-hoc test confirmed that antibody titer was significantly higher in Weeks 4 and 20
relative to Week 1, higher in Weeks 20 and 30 compared with Week 14 and lower in Week
30 compared with Week 20.

3.2 Locomotor Activity and Body Temperature- Vapor

Exposure to vaporized MA (100 mg/ml) increased locomotor activity in MH6-KLH and
KLH vaccinated rats (Figure 2). The ANOVA confirmed main effects of group [F (3, 26) =
10.56; P = 0.0001], of time [F (7, 182) = 44.08; P < 0.0001] and of the interaction of group
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with time [F (21, 182) = 10.55; P < 0.0001]. The post-hoc test confirmed that activity
differed significantly from the baseline activity rate following MA inhalation in MH6-KLH
(60-210 minutes after vapor initiation) and KLH (60-180 minutes) groups and 180 minutes
after PG inhalation in the MH6-KLH rats. Activity also differed between vehicle and MA
inhalation conditions for the MH6-KLH (60-210 minutes after vapor initiation) and KLH
(60-120 minutes after vapor initiation) groups. The post-hoc test further confirmed that
activity differed between the MH6-KLH and KLH vaccine groups following MA exposure
at 210 min after the start of inhalation.

The body temperature was increased by inhalation of MA (100 mg/ml) and decreased by PG
vehicle (Figure 2). The ANOVA confirmed main effects of group [F (3, 26) =4.30; P < 0.05],
of time [F (7, 182) = 57.04; P < 0.0001] and of the interaction of group with time [F (21,
182) = 3.56; P < 0.0001]. The post-hoc test confirmed body temperature following
inhalation of MA (100 mg/ml) was significantly increased compared with baseline in both
KLH (60-90 min) and MH6-KLH (60-90 min) rats and temperature was significantly
decreased relative to baseline following inhalation of PG vehicle in KLH (120-240 min) and
MH6-KLH (150-240 min) rats. In addition, the post-hoc test confirmed that temperature
was higher in the MA versus the PG inhalation condition for MH6-KLH (150, 210 minutes)
and KLH (120 minutes) groups.

3.3 Locomotor Activity and Body Temperature- i.p. injection

The injection of MA increased locomotor activity in both groups (Figure 3) as was
confirmed by the omnibus ANOVA in which activity rate was significantly affected by the
Group/Dose factor [F (7, 44) = 4.41; P<0.001], by time post-injection [F (8, 352) = 58.83;
P<0.0001] and by the interaction of factors [F (56, 352) = 4.32; P<0.0001]. MA significantly
increased activity rate in KLH rats (Figure 3) as was confirmed by significant main effects of
dose [F (3, 21) = 18.33; P < 0.0001], of time [F (8, 56) =64.86; P < 0.0001] and of the
interaction of dose with time [F (24, 168) = 5.444; P < 0.0001] in the within-group ANOVA.
The Tukey post-hoc test confirmed that the activity rate was significantly increased
compared to PG vehicle following 0.25 mg/kg, 0.5 mg/kg (30-150 minutes after injection)
and 1.0 mg/kg (30-210 minutes). The activity rate was also increased in MH6-KLH rats
following intraperitoneal injection (Figure 3) as was confirmed by the follow-up within-
subjects ANOVA finding of significant main effects of dose [F (3, 12) = 13.09; P = 0.0004],
of time [F (8, 23) =16.43; P < 0.0001] and of the interaction of dose with time [F (24, 96) =
3.103; P < 0.0001] on activity. The Tukey post-hoc test further confirmed that the activity
rate of MH6-KLH rats was significantly increased compared to PG vehicle only after the 0.5
mg/kg (30-60 minutes) and 1.0 mg/kg (30-240 minutes) doses, but not after the 0.25mg/kg
dose.

The summary analysis of the activity in the first two hours after injection (Figure 4)
confirmed significant main effects of MA dose [F (3, 66) = 47.73; P<0.0001] and of the
Group/Hour factor [F (3, 22) = 4.89; P<0.01]. The post-hoc analysis confirmed that the KLH
group’s activity was elevated relative to the vehicle (0.25-1.0 mg/kg) and 0.25 mg/kg (0.5
1.0 mg/kg) conditions the first hour. The MH6-KLH group’s activity was only increased
relative to the vehicle after the 0.5-1.0 doses and relative to the 0.25 mg/kg condition after
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the 1.0 mg/kg dose in the first hour. Activity rates in the second hour were elevated in the
KLH group after 1.0 mg/kg (vs Vehicle or 0.25 mg/kg) and 0.5 mg/kg (vs Vehicle) and in
the MH6-KLH group after 1.0 mg/kg (vs Vehicle, 0.25 or 0.5 mg/kg).

The body temperature of the rats was also altered by injection of MA (Figure 3). The
omnibus ANOVA confirmed significant effects of the time post-injection [F (8, 352) =
47.21; P<0.0001] and by the interaction of factors [F (56, 352) = 1.96; P<0.0005], but not of
the Group/Dose factor. Follow-up ANOVA confirmed significant effects of time post-
injection and the interaction in both KLH [F (8, 56) = 21.78; P<0.0001, F (24, 168) = 2.48;
P<0.0005] and MH6-KLH groups [F (8, 32) = 18.6; P<0.0001, F (24, 96) = 2.22; P<0.005].
The post-hoc analysis of the temperature confirmed that the KLH group’s temperature was
elevated relative to the baseline after the 0.25 mg/kg (30 minutes post-injection), 0.5 mg/kg
(30-60 minutes) and 1.0 mg/kg (30 minutes) MA doses but not after vehicle. Similarly, body
temperature was elevated relative to the vehicle condition in the KLH animals following
injection of 0.5 mg/kg (30-120 minutes) and 1.0 mg/kg (90-150 minutes) MA, i.p. The
post-hoc analysis of the MH6-KLH group confirmed that body temperature was elevated
relative to the baseline 30 min after 1.0 mg/kg MA and relative to the vehicle condition after
the 0.25 mg/kg (180 minutes), 0.5 mg/kg (60-90, 180 minutes) and 1.0 mg/kg (30-210
minutes) MA doses.

3.4 Locomotor Activity and Body Temperature- Vapor Il

Exposure to vaporized MA (100 mg/mL) for 40 minutes decreased locomotor activity, while
a 20-minute exposure increased locomotor activity, in MH6-KLH and KLH vaccinated rats
(Figure 5). The analysis of the 40-minute MA inhalation confirmed main effects of group [F
(1, 11) = 6.50; P<0.05] and of time [F (7, 77) = 3.68; P<0.005], but not of the interaction of
factors, on activity. The post-hoc test confirmed activity was significantly different from the
60-minute time point for the 120-180 minute time points within the KLH group. No
individual time point differences were confirmed within the MH6-KLH group or between
groups. Analysis of the 20-minute study confirmed main effects of group/dose [F (3, 18) =
6.03; P<0.01], of time [F (8, 144) = 17.67; P<0.0001] and of the interaction of group with
time [F (24, 144) = 4.27; P<0.0001]. The post-hoc test confirmed that activity differed
significantly between PG and MA inhalation within MH6-KLH (30-180 minutes after vapor
initiation) and KLH (30-120 minutes) groups. No significant individual time point
differences were confirmed between groups following either PG or MA inhalation.

Body temperature was also significantly altered by the inhalation of MA (Figure 5). The 40
min inhalation condition significantly increased body temperature [main effect of time; F (7,
77) = 15.03; P<0.0001] in both groups with the post-hoc test confirming significant
differences from baseline for KLH (60-90 minutes post-initiation) and MH6-KLH (60
minutes) groups. The analysis of the 20 minute inhalation study confirmed significant main
effects of Time Post-Initiation [F (8, 144) = 27.99; P<0.0001] and the interaction of Time
Post-Initiation with the Group/Dose factor [F (24, 144) = 1.71; P<0.05]. The Tukey post-hoc
test confirmed that temperature was increased 30 minutes after the initiation of vapor in both
PG and MA conditions for both groups. In addition, temperature was higher in the MH6-
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KLH group following MA inhalation compared with the PG inhalation condition (120-210
minutes after vapor initiation).

3.5 Plasma Methamphetamine after Vapor Inhalation or Intraperitoneal Injection

A standard curve was generated using the ratio of peak area of drug analyte to the internal
standard (a5-MA) versus concentration (Figure 6A). Linearity of the curve was confirmed by
a correlation coefficient greater than 0.990. MA plasma concentrations were determined
using the six point standard curve. This analysis found that the mean plasma MA levels
observed depended on dose, route of administration and time since administration (Figure
6B,C). Notably, the concentrations of MA in plasma were an order of magnitude greater
after inhalation exposure (100 mg/mL) compared with i.p. injection (1.0 mg/kg). In all
treatment conditions there was a substantial decrease in MA plasma concentration from the
first to the second hour ranging from a 50% reduction in the 100 mg/mL inhalation
condition to a 65% reduction in the 0.25 mg/kg, i.p., condition. The three-way ANOVA
confirmed main effects of Route of Administration [F (1, 1) = 18.74; P<0.0005], of Dose [F
(1, 1) = 7.84; P<0.01] and of the interaction of Route with Dose [F (1, 1) = 6.06; P<0.05].
Follow-up one-way ANOVA within route of administration confirmed main effects of Dose
for vapor inhalation [F (1, 12) = 6.96; P<0.05] and i.p. injection [F (1, 12) = 5.06; P<0.05]
and a significant effect of Time Post-Injection for i.p. injection [F (1, 12) = 5.81; P<0.05].

4. Discussion

These findings show that the vaccine previously shown to alter locomotor and
thermoregulatory responses to methamphetamine (MA), as well as to alter intravenous self-
administration of MA, in male rats (Miller et al., 2015; Miller et al., 2013b) is also
efficacious in attenuating locomotor stimulation induced by MA in female rats. Protection
against the locomotor stimulation produced by intraperitoneal administration of MA in
female rats was dose dependent, with a complete attenuation of locomotor elevation at the
0.25 mg/kg dose and a partial protection at 0.5 mg/kg. The fact that protection in MH6-KLH
rats was present at low doses and could be overcome at high doses, in an essentially
monotonic relationship, accords well with the mechanism of action of anti-drug vaccination.
It contrasts, however, with a prior study of mouse locomotor activity in which the anti-MA
vaccine resulted, curiously, in an enhanced locomotor response to low dose MA and a
protective effect at high doses (Shen et al., 2013). The mechanisms underlying such biphasic
effects are as yet unknown but interpretation of the results of the present study is much more
straightforward in comparison.

The lack of protection against vapor-inhalation effects of MA was most likely because of the
high MA dose that was delivered, as indicated by the plasma exposure data (Figure 6). The
inhalation conditions for this study were originally selected based on the behavioral effects
observed in a prior study in which intracranial self-stimulation reward thresholds and
locomotor activity responses were similar across i.p. injection (0.5-1.0 mg/kg) and vapor
inhalation (12.5-100 mg/mL; 30-40 minutes) methods of delivering MA (Nguyen et al.,
2016a). Similar to those prior behavioral findings the maximum locomotor stimulation
observed in this study after MA vapor inhalation was within the range produced by the i.p.
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injection of MA. Nevertheless, the analysis of plasma MA levels showed that almost an
order of magnitude higher MA exposure was obtained by vapor inhalation of MA (12.5, 100
mg/mL; 40 minutes) compared with i.p. injection (0.25, 1.0 mg/kg) in unvaccinated rats at
the point in time post-administration when activity was maximal. Since either the 12.5 or
100 mg/mL inhalation concentration used for the plasma study resulted in blood levels in
excess of levels found after injection of the highest i.p. dose used in the telemetry study (for
which no group differences were observed), it is unsurprising that no vaccine group
differences were found in the inhalation challenges. Although the similar magnitude of
behavioral effects does not seem to correlate with peak plasma levels, it is likely that the
time-course differences associated with inhalation over 40 min versus a single i.p. injection
resulted the more-similar behavioral profile.

An alternative potential explanation for the difference between the initial vapor-inhalation
and the i.p. result may be a low titer during the initial vapor study, given that no direct
evidence for the titer levels were obtained during the initial study. Nevertheless, the antibody
titer was confirmed to be high in the blood samples drawn at the end of the i.p. challenges
where efficacy against MA was observed. The vapor inhalation was repeated within a week
and there were again no group differences identified (this time with 20 or 40 minutes of
inhalation). Thus it may be the case that protection against vapor inhalation of MA might be
observed in vaccinated animals with inhalation parameters that resulted in a plasma MA
level more similar to that found after 0.25 mg/kg, i.p..

Although this study only focused on spontaneous locomotor activity as measured by
radiotelemetry, active stimulant doses of MA have been shown to alter other motor behaviors
including, but not limited to, wheel running activity and stereotypy. The doses tested in both
routes of administration were congruent with doses previously tested in our lab that elicit
behavioral changes indexed by those measurements (Miller et al., 2015; Nguyen et al.,
2016a). In conclusion, this study therefore confirms the efficacy of the MH6-KLH anti-
methamphetamine vaccine in female rats for the first time, which supports continued
development of such approaches for eventual human therapeutic use.
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Highlights
. Active immunization produces antibodies which can sequester drug in the
blood
. Such anti-drug immunotherapy has not been broadly tested in female rats
. A vaccine prevented methamphetamine-induced hyperlocomotion in female
rats
. The MH6-KLH candidate vaccine is therefore effective in both sexes

Drug Alcohol Depend. Author manuscript; available in PMC 2018 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nguyen et al.

Midpoint Titer

3,000,000

2,500,000

2,000,000

1,500,000

1,000,000

500,000

0 4

Figure 1.

Page 14

* #

ﬂ #§
MA vapor § MAi.p. vaporll
| I—
10 15 20 25 30
Week

Mean (N=8; £SEM) antibody titer for female Wistar rats treated with the MH6-KLH vaccine
(as indicated by vertical arrows). The timing of methamphetamine (MA) challenge
experiments are indicated in shaded bars. A significant difference from week 1 is indicated

by #, from week 14 by # and from week 20 by 8.
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Figure 2.
Mean (£SEM) activity rates and body temperature for MH6-KLH (N=7) and KLH (N=8)

female rats after inhalation of PG or d-methamphetamine (100 mg/mL in PG) vapor. A
significant difference from both the baseline and PG vehicle is indicated by the open
symbols and from the baseline by the gray shaded symbols. A significant difference between
groups is indicated by & and between PG and MA inhalation within-group by #. Base= pre-
inhalation baseline.
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Figure 3.

Base 30 60 90 120 150 180 210 240
Minutes Post-Injection

Mean (£SEM) activity rates for KLH (N=8) and MH6-KLH (N=5) female rats after
administration of the Vehicle or d-methamphetamine (0.25, 0.5, 1.0 mg/kg, i.p.). Significant
differences from the baseline and vehicle within group are indicated by the open symbols,
from the baseline (only) by the gray shaded symbols and from the vehicle by *.
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Mean (£SEM) activity rates for KLH (N=8) and MH6-KLH (N=5) female rats after
administration of the Vehicle (\Veh) or d-methamphetamine (MA; 0.25, 0.5, 1.0 mg/Kkg, i.p.)
are directly compared for the first two hours. Significant differences from the \ehicle and
0.25 mg/kg within Group and Hour are indicated by §, from Vehicle (only) by # and from

the 0.5 mg/kg condition by &.
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20 minutes

Base 30 60 90 120 150 180 210 240

Minutes After Vapor Initiation

Mean activity rates and body temperature for MH6-KLH (N=5) and KLH (N=6-8) female
rats after inhalation of PG (20 minutes) or d-methamphetamine (100 mg/mL in PG; 40 or 20
minutes) vapor. Bars indicate SEM. A significant difference from both the baseline and PG
vehicle within group is indicated by the open symbols and from the baseline (only) by the
gray shaded symbols. A significant difference from the PG within group is indicated by *
and a significant difference from the 60 minute time point within-group by #. Base= pre-

inhalation baseline.
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Figure 6.
A) Standard curve generated for MA using blank plasma samples and known concentration

of drug (0 — 500 ng/mL). Mean (N=4; £SEM) Concentrations of MA in plasma 1 and 2
hours after B) i.p. injection and C) vapor inhalation. Plasma concentrations were determined
by LCMS analysis. A significant effect of dose is indicated by *.
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