
RESEARCH PAPER

Chronic treatment of (C)-methamphetamine-induced locomotor effects in rats using
one or a combination of two high affinity anti-methamphetamine monoclonal
antibodies

Michael D. Hambuchena, Daniela R€uedi-Bettschena,#, Melinda G. Gunnella, Howard Hendricksonb,
and S. Michael Owensa

aDepartment of Pharmacology and Toxicology, College of Medicine, University of Arkansas for Medical Sciences, Little Rock, AR, USA; bDepartment of
Pharmaceutical Sciences, College of Pharmacy, University of Arkansas for Medical Sciences, Little Rock, AR, USA

ARTICLE HISTORY
Received 22 December 2015
Revised 5 April 2016
Accepted 12 April 2016

ABSTRACT
We hypothesized that treatment of methamphetamine (METH) effects with a mixture of 2 high affinity
anti-METH monoclonal antibodies (mAb) with differing molecular recognition for METH-like structures
could increase efficacy compared to treatment with a single mAb. The antibodies studied were mAb7F9
(METH and amphetamine [AMP] KD D 7.7 and 270 nM) and mAb4G9 (16 nM and 110 nM, respectively) in a
50:50 mixture.
Adult male Sprague Dawley Rats were treated with iv saline or a loading dose of mAb7F9-mAb4G9
(141 mg/kg of each mAb) followed by 2 weekly doses (70.5 mg/kg total) on days 7 and 14. METH
challenge doses (0.56 mg/kg) were administered 4 hrs and 3 days after each mAb7F9-mAb4G9 treatment,
and 7 days after the final treatment (day 21). Locomotor activity (0–4 hrs) and serum METH and AMP
concentrations (at 5 hrs) were measured after each METH challenge. MAb7F9-mAb4G9 treatment
significantly reduced the duration of locomotor activity after 6 of the 7 METH doses (P < 0.05) and
significantly increased serum METH and AMP concentrations. Administering three-fold higher METH doses
(1.68 mg/kg) on days 24 and 28 showed mAb7F9-mAb4G9 treatment had negligible effects on the
duration of METH-induced locomotor activity.
These data were then compared to previous monotherapy data. While mAb7F9-mAb4G9 therapy inhibited
the effects of multiple METH challenge doses, the inhibition was not as profound or as long lasting as the
effects of mAb7F9 treatment alone. These data demonstrate the importance of both mAb affinity and
specificity in the production of effective, long-lasting anti-METH mAb therapies.
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Introduction

The use of multiple monoclonal antibodies (mAbs) against a
protein or viral disease target is often used to increase mAb effi-
cacy. For example, in primates, the ZMApp anti-Ebola virus
mAb cocktail which consists of 3 chimeric mAbs increases
survival from Ebola infection relative to monotherapy (i.e., one
mAb).1 In a humanized murine HIV model, treatment with
more than one mAb against multiple viral epitopes leads to a
substantial reduction in viral load for 60 days while the use of
monotherapy is less efficacious, less consistent, and demon-
strates a shorter duration of effect.2 In mice, mAbs against mul-
tiple ghrelin (a protein associated with obesity) epitopes result
in the antagonism of endogenous ghrelin-mediated effects
(i.e., decreased feeding), while monotherapy is ineffective.3

Use of mAb therapy has been proposed to treat (C)-meth-
amphetamine (METH) addiction and decrease METH toxicity.
High affinity anti-METH mAb bind METH in the serum and
extracellular fluid4,5 and are thought to both slow the entry and
decrease the accumulation of METH in the central nervous sys-
tem which decreases METH-induced behavioral effects.

Compared to large protein or multi-protein disease targets, the
METH molecule (149 g/mol) lacks the size and chemical com-
plexity to permit simultaneous mAb binding to more than one
unique epitope. Indeed, X-ray crystallography studies show
METH is completely engulfed in the METH mAb binding site,
without external exposure of different parts (or epitopes) of the
molecule.6 However, METH in solution exists in different rota-
tional conformations.7-9 For a given mAb with unique affinity
and specificity for METH, these potential differences in METH
configuration could lead to increases or decreases in in vivo
anti-METH mAb binding over time.

We hypothesized that a 50:50 mixture of 2 different high
affinity anti-METH mAbs with different specificities for
METH-like molecules could increase efficacy over previously
reported single mAb therapy.10 To test this hypothesis, we
administered a mixture of equal parts mAb7F9 and mAb4G9
to male Sprague-Dawley rats (METH KD D 7.7 and 16 nM,
respectively; amphetamine [AMP] KD D 270 nM and
110 nM).11,12 Over a one-month period, we used METH-
induced behavioral and METH concentration measures to
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assess the efficacy of the anti-METH mAb mixture in clinically
relevant scenarios of chronic mAb treatment for METH addic-
tion. As part of this assessment, we also determined the poten-
tial consequences of missing or stopping mAb treatments, a
likely scenario for patients undergoing treatment for METH
addiction. Finally, we compared the mAb7F9-mAb4G9 treat-
ment to previously reported results of mAb7F9 monotherapy10

by assessing how continuously each treatment affected the
duration of action of METH-induced locomotor activity during
and after the mAb dosing regimens, as well as comparing each
treatments’ effect on METH and AMP concentrations. This
comparison showed the combination mAb7F9-mAb4G9 ther-
apy was much less effective than treatment with mAb7F9 alone.
Additionally, the results demonstrated the importance of affin-
ity and specificity as critical mAb properties for effective, long-
lasting anti-METH mAb function.

Results

MAb7F9-mAb4G9 dissociation constants (KD) for METH
and AMP

We characterized the combined KD of the 50:50 mixture of
mAb7F9 and mAb4G9. The KD value for METH determined
with the 50:50 mixture was 7.6 nM. This was essentially the
same value as previously reported for METH binding to
mAb7F9 (KD D of 7.7 nM), but was different from the 16 nM
KD value for mAb4G9.11,12 The Ki value for AMP binding with
the 50:50 mixture was 145 nM. This was similar to the reported
AMP binding with mAb4G9 (KD D 110 nM) rather than the
270 nM AMP KD value reported for mAb7F9.12 Because both
antibodies had higher affinity for METH than AMP, Ki values
of AMP binding determined using a [3H]-METH radioligand
are higher than KD values determined using a [3H]-AMP
radioligand.

METH-induced locomotor activity with increasing
METH doses

The effects of METH dose on locomotor response were deter-
mined to establish a model for assessing mAb effects on
METH-induced behavior. The distance traveled vs time after
METH administration for 4 different METH doses is shown in
Figure 1A. There were no significant differences (P < 0.05) in
total distance traveled between any of the 4 doses (Fig. 1B).
There were, however, significant dose-dependent increases in
the duration of METH-induced locomotor activity as the
METH dose increased (Fig. 1C).

Phase 1. MAb7F9-mAb4G9 effects on repeated 0.56 mg/kg
METH challenges on days 0–21

Over the first 21 days of the study, 7 METH challenge doses
were administered to assess the efficacy of chronic mAb treat-
ment. Efficacy was measured by analysis of locomotor activity
and serum METH and AMP concentrations in control and
treatment groups.

Representative plots of the average METH-induced distance
traveled over time during the Phase 1 studies (control vs,

mAb7F9-mAb4G9 treatments) are depicted in Figure 2. Similar
representative plots of rearing behavior are not shown. The aver-
age rearing activity in the vehicle treated animals was lower in
the current study than in the previous study with mAb7F9
alone,10 and mAb7F9-mAb4G9 treatment appeared to have less
effects on METH-induced rearing than treatment with mAb7F9
alone. Table 1 summarizes the measurements of METH-induced
locomotor activity in vehicle- and mAb-treated groups. Figure 3

Figure 1. METH effects on distance traveled and duration of locomotor activity
after 0.56–5.6 mg/kg increasing weekly METH doses in male rats (n D 8). (A) Dis-
tance traveled over time. Early data after METH dosing are depicted as a dashed
line. The solid line denotes the terminal phase of the horizontal distance traveled
data. These data were fit to a smoothing function for clarity. Curves for increasing
doses are plotted from left to right. (B) Total average distance traveled in meters
for each dose (§SD). (C) Average duration of action for each dose of METH induced
locomotion (§SD). The � denotes a statistically significant difference (P < 0.05)
from all other groups.

HUMAN VACCINES & IMMUNOTHERAPEUTICS 2241



shows the METH-induced distance traveled for vehicle and
mAb7F9-mAb4G9 treatments. Rearing plots are not shown, but
rearing behavior was not significantly decreased in the mAb7F9-
mAb4G9 group compared to controls in any measurement
interval.

MAb7F9-mAb4G9 induced changes in METH and AMP
serum concentrations compared to vehicle treatment are shown
in Figure 4.

Phase 2. MAb7F9-mAb4G9 effects on a 1.68 mg/kg METH
challenge dose 10 and 14 days after discontinuation of
mAb therapy (study days 24 and 28)

Ten and 14 days after the end of mAb treatment, the rats were
administered a 3-fold higher METH dose (1.68 mg/kg) to test
the remaining functional capacity of the mAb. We estimated
this METH dose was about an 8- and 12-fold excess to the
available METH binding sites on days 10 and 14 (respectively).

Figure 5 shows average distance traveled over time after
METH administration. The best-fit line to the terminal distance
traveled data in vehicle- and mAb7F9-mAb4G9-treated ani-
mals had an r2 D 0.86 and 0.92 (respectively) on day 24 and an
r2 D 0.72 and 0.84 (respectively) on day 28. The best-fit line
equations were y D ¡0.159x C 47 and y D ¡0.112x C 31 on
day 24 and y D ¡0.127x C 40 and y D ¡0.106xC32 in vehicle-
and mAb7F9-mAb4G9-treated animals respectively. Due to
poor linearity of the rearing data points in the terminal phase
of rearing activity, we did not attempt to fit a best-fit line to the
terminal phase of the rearing data points.

Table 2 shows total (4-hrs) and 1-hr interval METH-
induced distance traveled and rearing data from the Phase 2
experiments. In the mAb7F9-mAb4G9-treated rats, the indi-
vidual METH-induced locomotion in 3 of 7 rats on day 24 and
2 of 7 rats on day 28 decreased to saline treatment induced
baseline values during the measurement period. This return to
baseline values was only achieved in one of 8 vehicle-treated
animals on both day 24 and 28.

Two of 7 mAb treated rats achieved saline baseline rearing
activity on both days 24 and 28. Three of 8 and one of 8 vehi-
cle-treated rats reached baseline rearing activity on days 24 and
28, respectively.

Five hours after 1.68 mg/kg METH administration, serum
METH concentrations were significantly elevated in the mAb7F9-
mAb4G9-treated rats compared to the vehicle-treated rats on day
24 (162 § 80 vs 21 § 5 ng/ml) and day 28 (90 § 54 vs 18 §
4 ng/ml, P<0.05). Serum concentrations of AMP were signifi-
cantly elevated in the mAb-treated rats relative to the vehicle-
treated rats on day 24 (37 § 15 vs 17 § 8 ng/ml, P < 0.05) but
not on day 28 (25 § 12 vs 15 § 6 ng/ml, P D 0.05). Whole brain
METH and AMP concentrations (not corrected for METH in the
serum in brain tissue) were not significantly different between
groups (79 § 22 vs 96 § 44 and 103 § 25 vs 145 § 65 ng/g,
respectively). These data are reported as the mean§ SD.

Figure 2. Profile of average distance traveled after 0.56 mg/kg METH challenge
doses in control (open circle) and mAb7F9-mAb4G9 (closed circle) treated rats
(CSD). Each measurement was collected in 4 min bin intervals, and the average
value of these intervals for each group is reported. The METH-induced distance
traveled before vehicle or mAb7F9-mAb4G9 administration (baseline) is shown in
the top panel. The next 4 panels show the change in distance traveled over time
in mAb7F9-mAb4G9 vs. vehicle-treated rats throughout the first 21 days of the
study. The first mAb dose (mAb #1) was on day 0, the second mAb dose (mAb #2)
was on day 7, and the final mAb dose was day 14 (mAb #3). Other time points are
reported relative to mAb dosing. The average percentage decrease in total dis-
tance traveled in mAb7F9-mAb4G9 compared to vehicle-treated rats is indicated
by the downward pointing arrow and the percentage decrease compared to
vehicle-treated rats.
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Because the combined treatment with mAb7F9-mAb4G9
was not as effective as the use of mAb7F9 alone, we also com-
pared the current data set with the key findings from the report
of monotherapy with mAb7F9 only.10 See Figure 6 for a com-
parison of day 28 serum and brain METH concentrations and
duration of locomotor activity between mAb7F9-mAb4G9-
and mAb7F9-treated animals.

Discussion

We hypothesized that treatment of METH pharmacological
effects with a mixture of 2 high affinity anti-METH monoclonal
antibodies (mAb) with differing molecular recognition of the
METH-like structure could increase efficacy compared to treat-
ment with a single mAb. Both anti-METH mAbs chosen for
our studies were generated from vaccinations with the same

METH-like hapten, but with differing carrier proteins (See
Figure 1 in Hambuchen et al. 2015).13 While both mAb7F9 and
mAb4G9 have relatively high affinity for METH (KD D 7.7 vs
16 nM, respectively), they differ in their absolute affinity for
METH analogs like AMP and (C)-3,4-methylenedioxyme-
thamphetamine (MDMA).11,12,14 Due to these differences in
affinity and specificity for METH analogs, we reasoned that the
use of these 2 unique mAb binding sites might provide the
potential for enhanced in vivo METH binding, leading to bene-
fits in therapeutic efficacy. Indeed, the affinity measurement of
the 50:50 mAb combination was reflective of the of the rela-
tively higher METH affinity of mAb7F9 and the relatively
higher AMP affinity of mAb4G9.

METH-induced locomotor activity was a primary measure
of chronic anti-METH mAb effects. Drugs that inhibit METH-
induced locomotor activity have also been shown to inhibit

Table 1. Analysis of distance traveled data to determine time of peak effect and duration of action after 0.56 mg/kg METH challenge doses in vehicle- and mAb7F9-
mAb4G9 treated rats in Phase 1 studies.

Time of Peak Effect (min § SD) Duration of Action (min § SD)

Day
Vehicle or
mAbDose #

Time of METH Challenge
after Vehicle or mAb Vehicle mAb Vehicle mAb

¡4 Pre-treatment Baseline 35 § 10 42 § 20 134§ 37 140§ 40
0 1 4 hr post 44 § 35 15 § 16 124 § 38 61 § 19a

3 3 day post 48 § 27 27 § 16 129 § 31 90 § 9a

7 2 4 hr post 37 § 9 18 § 21 132 § 39 73 § 12a

10 3 day post 60 § 30 20 § 13a 164 § 31 105 § 26a

14 3 4 hr post 44 § 33 24 § 11 146 § 47 74 § 27a

17 3 day post 54 § 33 35 § 18 165 § 52 106 § 31a

21 7 day post 69 § 51 37 § 13 172 § 67 141 § 38

aStatistical significance compared to time-matched vehicle controls (P < 0.05).

Figure 3. Average distance traveled after 0.56 mg/kg METH challenge doses in vehicle- (open circles, n D 8) vs. mAb7F9-mAb4G9 treated rats (closed circles, n D 7)
throughout the Phase 1 studies (days 0–21) (CSD). Panel A shows total measurements over 4 hrs on each experimental day including the vehicle and mAb with saline or
METH administrations. Measurements are shown in progressive 1 hr intervals in Panels B-E. The � denotes statistical significance compared to time-matched vehicle con-
trols (P < 0.05). The differences between vehicle and mAb treated rats on days 3 and 10 in panel A were not significantly different, but showed P values of 0.06 and 0.07,
respectively.
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METH effects in conditioned place preference15 and self-
administration16 assays. During the development of this model
of chronic treatment, we had to consider the effects of METH-
induced stereotypy on horizontal motion. After high doses of
stimulant, the effects are predominately repetitive stereotypic

behaviors with limited horizontal motion. Over time this tran-
sitions into predominately horizontal motion, which is the pre-
dominate locomotor activity found with lower doses of
METH.17 In addition, stereotypy-induced suppression of stim-
ulant-induced locomotion occurs with repeated dosing (even at
low doses).18 This can complicate the analysis of mAb-induced
effects on each METH dose, especially in studies in which
METH is repeatedly administered.

To better understand the implication of these changes for
our experiments, we studied locomotor effects in a control
group of rats following 4 escalating METH doses (Fig. 1). Sur-
prisingly, despite the log difference between the 0.56 and
5.6 mg/kg METH doses, there was no significant difference in
total distance traveled for any of the 4 METH doses (Fig. 1B).
This apparently stable response at different METH doses was
likely a product of the increasing suppression of early locomo-
tion as the METH dose increased, which resulted in a METH
dose-dependent delay in maximal locomotor activity (Fig. 1A).
Importantly, the duration of the end of METH-induced loco-
motor activity was progressively longer as the METH dose
increased and considerably less variable between rats than the
total distance traveled measurements (Fig. 1C). Accordingly,
there were significant differences (P < 0.05) in duration of
locomotion between all doses. This phenomena is similar to
that reported in the 1987 study by Segal et al.19 In their study,
rats were administered a 1.75 mg/kg AMP dose and divided
into groups based on whether or not stereotypy suppressed the
measured locomotor activity. Regardless of the activity being
suppressed or not, the duration of the resulting activity appears
to be similar between the groups.

These behavioral control data from the METH dose escala-
tion study support our use of METH-induced locomotor activ-
ity as a consistent, reliable measure of METH-induced duration
of action and mAb inhibition of these effects. They also demon-
strated the need to analyze discrete time intervals (e.g., 60–
120 min) for determining METH duration of action,
rather than comparing total locomotor activity (i.e., total dis-
tance traveled) as a primary endpoint.

The study showed by all measures that the combination
therapy with mAb7F9-mAb4G9 was not better than mAb7F9
alone. Like mAb7F9 monotherapy,10 mAb7F9-mAb4G9 treat-
ment significantly reduced the duration of METH-induced
locomotion during Phase 1 of the studies on days 0–17 (Fig. 3C
and Table 1, duration), but unlike mAb7F9 these beneficial
effects ceased by day 21 which was one week after the final
mAb administration.

The mAb7F9-mAb4G9 combination compared to mAb7F9
monotherapy also appeared to have a lesser effect on the
METH-induced locomotion immediately after METH adminis-
tration.10 In the chronic mAb7F9 monotherapy study, most
time of peak locomotor activity values appeared significantly
earlier than those in the vehicle treated group. The earlier peak
activity with mAb7F9 treatment is likely due to the inhibition
of the locomotor suppressing METH effects that occur just
after a 0.56 mg/kg dose (Fig. 1A, Fig. 2 vehicle). This finding
(except for day 10) did not occur in the animals treated with
the combination therapy (Fig. 2, Table 1 left column).

There were not significant reductions in rearing behaviors in
the mAb7F9-mAb4G9 treated group compared to control. This

Figure 4. Average serum METH (circles) and metabolite AMP (squares) concentra-
tions 5 hrs after the 0.56 mg/kg METH dose in vehicle- (open symbols) and
mAb7F9-mAb4G9-treated (filled symbols) rats. The � denotes statistical significance
compared to time-matched vehicle controls (P < 0.05).

Figure 5. Average distance traveled over time after a 1.68 mg/kg METH dose (3-
fold greater than Phase 1) in vehicle- (open circle, n D 8) and mAb7F9-mAb4G9-
treated (closed circle, n D 7) rats on day 24 and day 28 in Phase 2 studies (CSD). A
best-fit linear regression line was fit to to the terminal phase distance traveled-
time data points. This line was used to show the direction of the accumulating
data and exactly where it intersected the time axis to estimate the time of the end
of METH-induced horizontal distance traveled.
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was likely due to both the large variation in the rearing behav-
ior values in the vehicle control group and the apparent lower
effects on rearing produced by the combination treatment. In
contrast, MAb7F9 alone produced significant reductions in
rearing behavior on days 0–17.10

During Phase 2 of the study (days 24 and 28), the important
differences between mAb7F9-mAb4G9 combination therapy
and mAb7F9 monotherapy were even more pronounced. The
mAb7F9-mAb4G9 combination caused only a modest 5%
reduction in the duration of action of the 1.68 mg/kg METH
dose (Fig. 5). In the previous study with mAb7F9, the duration
of locomotor activity resulting from the increased METH dose
on days 24 and 28 was decreased by 27% and 31%, respec-
tively.10 Compared to vehicle- and mAb7F9-mAb4G9-treated
rats, more mAb7F9-treated rats returned to baseline rearing
and distance traveled values during the 4 hr study period. Addi-
tionally, there was a significant reduction of rearing behavior
compared to vehicle-treated rats in the last hour of the day 24
and 28 METH challenges in the mAb7F9-treated rats10 that
was not found in the combination-treated rats (Table 2).

Differences were also found between the 2 studies in the
METH and AMP metabolite concentrations 5 hrs after METH
dosing. As suggested by the behavior measures, the combina-
tion therapy did not have enhanced effects on METH binding.
Like mAb7F9 monotherapy during Phase 1,10 mAb7F9-
mAb4G9 significantly elevated both METH and AMP metabo-
lite concentrations (Fig. 4) compared to vehicle-treated animals
after each METH challenge on days 0–21, and it did so in a
similar pattern to simulated mAb concentrations resulting
from weekly mAb administration (See Hambuchen et al. 2014
Fig. 1B). Due to mAb4G9’s higher affinity for AMP, the combi-
nation therapy appeared to result in higher AMP concentra-
tions than mAb7F9 treatment alone at all Phase 1 time points.
This change is consistent with data from previous studies of
pharmacokinetic effects of mAb4G9 monotherapy.12 It is also
possible that mAb7F9, through high affinity binding of METH,
is showing greater inhibition of metabolic conversion of METH
to AMP.

As in Phase 2 of the mAb7F9 study,10 there was a significant
mAb-induced elevation in serum METH concentrations on
days 24 and 28 compared to vehicle, and the combination ther-
apy additionally increased AMP concentrations on day 24.
Despite the elevations of serum METH and AMP, mAb7F9-
mAb4G9 treatment did not result in reductions in brain con-
centrations of either METH or AMP on day 28 (the final day).
However, mAb7F9 treatment produces significant reductions
in brain METH concentrations compared to vehicle treatment
(Fig. 6). This significant change in brain concentrations is con-
sistent with the substantial reduction in the duration of

Table 2. Analysis of distance traveled (from Figure 5) and number of rearing events (plots not shown) after a 1.68 mg/kg METH challenge dose in vehicle- and mAb7F9-
mAb4G9-treated rats in the Phase 2 studies. This table shows the analysis of the total distance traveled data from 0–240 min after METH dosing as well as the analysis of
the sequential 1 hr interval data over the 4 hrs of measurement.

Distance traveled (in meters§ SD)

0–240 min (Total) 0–60 min 60–120 min 120–180 min 180–240 min

Day Vehicle mAb Vehicle mAb Vehicle mAb Vehicle mAb Vehicle mAb

24 586 § 202 650§ 235 117 § 67 130§ 46 88 § 62 199 § 68a 190 § 58 207 § 84 191 § 81 116 § 73
28 526 § 212 585§ 183 77 § 50 100§ 33 48 § 30 124 § 30 a 204 § 88 220 § 81 197 § 82 140 § 77

Number of rearing events (§ SD)

24 552 § 269 852§ 301 158 § 139 317§ 84 97 § 87 222§ 86b 143 § 59 183 § 90 154 § 57 130 § 77
28 509 § 208 755§ 288 98 § 93 189§77 51 § 42 160§ 91b 176 § 78 236 § 81 184 § 71 170 § 93

aStatistical significance compared to time-matched vehicle controls (P < 0.05)
bP D 0.06.

Figure 6. Average day 28 METH serum (Panels A and B) and brain (Panels C and D)
concentrations in mAb7F9-mAb4G9- (Panels A and C) and mAb7F9-treated rats
(Panels B and D) (§SD). All data for mAb7F9 alone are from a previously reported
study from our group.10 The � denotes statistical significance compared to time-
matched vehicle-treated controls (P < 0.05). The percent reduction in the brain
concentration values denotes the mAb-induced reduction in brain concentration
compared to vehicle treated controls in each study. The lowest arrows and values
denote the percentage reduction in the duration of METH-induced locomotion in
the vehicle- and mAb-treated groups.
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METH-induced locomotion. The modest, not significant
reduction in brain METH concentrations produced by
mAb7F9-mAb4G9 is consistent with the modest reductions in
METH duration of action on day 28. This highlights the impor-
tant relationship between reductions in brain METH concen-
trations and reductions in behavioral effects in anti-METH
mAb studies. An elevation of serum METH concentrations is
not a reliable measure of changes in anti-METH effects. Note
that these total brain concentrations underestimate the true
reductions in brain concentrations since total brain METH
concentrations (brain plus blood) do not correct for the effects
of high METH concentrations in the blood stream due to mAb
binding of METH.

MAb7F9’s higher affinity for METH and the presence of a
50% greater dose of mAb7F9 in the monotherapy studies is
likely the major reasons for the greater efficacy of mAb7F9
alone. MAb4G9 pharmacokinetics are not likely a contributing
factor, as the concentration time curve of mAb7F9 and
mAb4G9 binding METH in rat serum is virtually identical
over a 2 week period.5 Considering the greater AMP binding
with mAb7F9-mAb4G9 and overall lesser effects of the combi-
nation therapy on METH-induced behaviors, it is likely that
the increased AMP metabolite formation in male rats20,21 has
negligible effects on overall METH actions. Furthermore, it is
also possible, as suggested by Laurenzana et al.,12 that the
AMP metabolite is partially inhibiting the binding of METH
to mAb4G9. Nevertheless, the contribution of AMP (as a
metabolite of METH) would be less of a concern in humans
because only »14% of a METH dose is converted to AMP,22

compared to the 34–48% conversion to AMP found in male
rats.20,21

While the replacement of half the mAb7F9 dose with
mAb4G9 increased the AMP binding activity, this therapeutic
strategy did not increase the overall METH binding or clini-
cally relevant beneficial anti-METH effects as hypothesized.
Differences in pharmacokinetic properties of the antibodies
were unlikely a contributor since mAb7F9 and mAb4G9 have
very similar pharmacokinetic properties.5 These data empha-
size the importance of mAb affinity and specificity for the tar-
get ligand. These data do not rule out the possibility that 2 or
more unique anti-METH mAbs with more favorable METH
binding properties (i.e., �7.7 nM KD for METH and low affin-
ity for metabolites) could potentially result in enhanced anti-
METH effects. Except for cost, the use of anti-METH mAb
has advantages over the use of an active vaccine for chronic
treatment of METH addiction. Anti-METH mAb treatment
can produce immediate beneficial effects, instead of waiting
2–3 months for the immune response to rise to maximum lev-
els.13 With mAb treatment, substantially higher anti-METH
antibody concentrations can be achieved. Finally, mAb treat-
ment will be effective in immune compromised individuals,
unlike vaccines.

Overall, these studies provide preclinical evidence in a
chronic mAb administration model that mAb7F9 is a superior
treatment option compared to mAb7F9-mAb4G9 or mAb4G9
alone. This is due to mAb7F9’s longer functional duration,
more continuous anti-METH effect during administration, and
greater effect on METH disposition than mAb4G9. These data
provide additional support for the choice of chimeric mAb7F9

for clinical trials as an addiction therapy (ClinicalTrials.gov
identifier: NCT01603147).11,23

Materials and methods

Drugs, chemicals, and supplies

(C)-Methamphetamine hydrochloride was obtained from the
National Institute on Drug Abuse. The LC-MS/MS standards
(§)-METH, (§)-AMP, and (§)-1-phenyl-1,2-dideutero-2-
[trideuteromethyl]aminopropane (METH-d5) internal stan-
dard in methanol were purchased from Cerilliant. All doses
and standards were calculated as free base. All other reagents
and supplies were purchased from Sigma Chemical Company
or Thermo-Fisher Scientific, unless otherwise stated.

Anti-METH monoclonal antibodies

The production of endotoxin free mAb7F9 and mAb4G9 is
previously described.14,24,25 MAb7F9 is a murine IgG1 isotype
mAb (k light chain) with a KD of 7.7 nM for METH and
270 nM for AMP.11,12 MAb4G9 is a murine IgG2b isotype
(k light chain) with a KD 16 nM for METH and 110 nM for
AMP.12,14 The affinity of the combined mAb7F9 and mAb4G9
mixture for METH was determined by a previously reported
bead-based radioimmunoassay.11 This radioimmunoassay was
performed in the same manner as the assays used to generate
the previously mentioned values. The t1/2 of mAb4G9 in
Sprague-Dawley rat serum is 6.9 days, and the values for
mAb7F9 were assumed to be similar.5,26

Animals

Non-catheterized male Sprague Dawley rats (n D 8) and jugu-
lar vein catheterized male Sprague-Dawley rats (n D 16) were
purchased from Charles River Laboratories (Wilmington, MA).
Studies for the determination of METH dose vs. locomotor
response were performed in the non-catheterized rats. The
catheterized rats were used for the vehicle- and mAb-treatment
studies. Rat care was as previously described, except that non-
catheterized rats were housed 2 per cage.10 Rat acclimation to
the experimental environment and pre-conditioning with
0.56 mg/kg METH doses (to stabilize the possible effects of tol-
erance and sensitization) was performed as previously
described.10 All experiments were conducted in accordance
with the NIH Guide for Care and Use of Laboratory Animals,
and with the approval of the University of Arkansas for Medi-
cal Sciences Institutional Animal Care and Use Committee.

Behavioral studies

Behavioral studies were performed as previously reported.10

Briefly, for studies of locomotor activity following increasing
METH doses (0.56–5.6 mg/kg), rats were placed in the open-
top 60 £ 45 £ 40 cm behavioral chambers for one hr prior to
METH administration. Rats were administered a saline dose
and video recorded for 4 hrs to obtain baseline locomotor activ-
ity measurements with Ethovision 8 software (Noldus Informa-
tion Technology, Inc.). After weekly s.c. METH injections, rat
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movement was recorded for 4 hrs after the 0.56 mg/kg METH
dose, 8 hrs after the 1.68 mg/kg and 3.0 mg/kg doses, and
10 hrs after the 5.6 mg/kg dose.

In the mAb7F9-mAb4G9 treatment studies, each mAb was
administered separately due to different protein formulation
requirements (pH 7.3 for mAb7F9 and 6.5 for mAb4G9). The
141 mg/kg mAb7F9 i.v. loading dose was administered first,
followed immediately by the 141 mg/kg i.v. mAb4G9 loading
dose. Each mAb was administered over 0.75 min. The subse-
quent 70.5 mg/kg maintenance doses for mAb7F9 and
mAb4G9 were administered on days 7 and 14 in a similar man-
ner over 0.4 min. Animals were matched into groups based on
baseline day ¡4 measurements. The 0.56 mg/kg METH dose
was used in Phase 1 because it produced reproducible activity
in preliminary studies with limited initial suppression of loco-
motion. It also allowed us to increase the dose 3-fold on days
24 and 28 and measure the majority of the activity during the
4 hr study period.

The mAb7F9-mAb4G9 study started with 16 rats (8/group).
All METH doses were administered i.v. unless otherwise noted.
A single rat in the mAb7F9-mAb4G9 treatment group was
excluded from the study due to catheter failure prior to the final
mAb administration. Due to catheter failure later in the studies,
2 rats in each group were administered s.c. (instead of i.v.)
METH toward the end of Phase 1 of the study (which lasted
21 days), and on day 24 in Phase 2 of the studies. Four animals
in each group required s.c. METH administration on day 28.
We included data from these animals in the final analysis since
we have previously determined that the results from s.c. and i.
v. METH dosing produce a similar pattern and magnitude of
locomotor effects.10,27

We justified the use of sc METH after catheter failure based
on 3 factors. First, data from Gentry et al. (2004)27 shows
METH-induced duration of activity data resulting from i.v. or
s.c. routes in Sprague Dawley rat are not statistically different at
0.3 and 1 mg/kg METH doses, but are different at the 3 mg/kg.
Second, we re-analyzed the rat locomotor activity data on days
0, 24, and 28 by grouping results from vehicle treated rats that
received i.v. and s.c. administrations, and rats that received
only i.v. administration. Based on these data, there appeared to
be 2 clusters of rat locomotor responses. We found that the low
responders on days 24 and 28 were already the low responders
on day 0, and the high responders on days 24 and 28 were
already the high responders on day 0. Thus these data strongly
suggested the inherent activity of the individual rats was the
main cause of the difference in response, and not the route of
administration. Third, the METH brain concentrations on day
28 were not significantly different between different routes of
administration.

METH and AMP metabolite concentrations

Blood was collected from the tail vein 5 hrs after METH admin-
istration on days 0–24. On day 28, rats were decapitated under
isoflurane anesthesia for collection of trunk blood and brain
tissue 5 hrs after METH administration. Paw pinch and respi-
ration frequency were used to assess depth of anesthesia as a
measure of adequate pain relief. Collected tissues were stored
at ¡80�C.

Analysis of METH and AMP serum and brain concentra-
tions was performed by liquid chromatography coupled to
tandem mass spectrometry (LC/MS-MS).13 For the current
studies, the initial steps of the extraction procedure were modi-
fied to assure maximum recovery of METH and AMP in the
presence of high mAb concentrations. This involved equilibrat-
ing each 25 ml aliquot of tissue sample with 25 ml of 100 ng/ml
METH-D5 internal standard prior to the addition of 50 ml of
ice cold 20% trichloroacetic acid, and then mixing under refrig-
eration to precipitate proteins. Afterward, 1 ml of LC/MS-MS
loading buffer (100 mM NaPO4, pH 8.1) was added. This mix-
ture was then transferred to a Strata X-C 33 mM Polymeric
Strong Cation solid phase extraction column (Phenomenex).
The remaining steps for LC/MS-MS analysis were as previously
described. The lower and upper limit of quantification for
METH and AMP was 1 and 1000 ng/ml, respectively. All meas-
urements of METH and AMP standards were within § 20% of
the predicted values.

Statistical analysis

Comparisons of total distance traveled and duration of action
measurements between 0.56, 1.68, 3.0, and 5.6 mg/kg METH
doses were determined with a one-way repeated measures
ANOVA using Bonferroni’s post-hoc test using Graphpad
Prism 6.0 (Graphpad Software). As described previously,10

comparisons of serum concentrations and behavioral measure-
ments between the mAb7F9-mAb4G9- and vehicle-treated
groups were performed using a 2-way repeated measures
ANOVA and a Bonferroni adjustment of P-values with the
Stepdown Bonferroni method in proc multtest using SAS 9.3
(SAS Institute). Data from this analysis was presented as the
mean § standard deviation. Comparisons of brain concentra-
tions between mAb7F9-mAb4G9- or mAb7F9- and vehicle-
treated groups were made with a student’s t-test. A significance
level of P < 0.05 was used for all statistical analyses.
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