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Abstract

Cocaine is a psychostimulant with a high potential for abuse and addiction. Risk for cocaine use
disorder is driven, in part, by genetic factors. Animal models of addiction-relevant behaviors have
proven useful for studying both genetic and non-genetic contributions to drug response. In a
previous study, we examined initial locomotor sensitivity to cocaine in genetically diverse inbred
mouse strains. That work highlighted the relevance of pharmacokinetics in initial locomotor
response to cocaine but was limited by a single dose and two sampling points. The objective of the
present study was to characterize the pharmacokinetics and pharmacodynamics of cocaine and its
metabolites (norcocaine and benzoylecgonine) in 6 inbred mouse strains (1/LnJ, C57BL/6J,
FVB/NJ, BTBR T+ tf/J, LG/J, LP/J) that exhibit extreme locomotor responses to cocaine. Mice
were administered cocaine at one of 4 doses and concentrations of cocaine, norcocaine, and
benzoylecgonine were analyzed in both plasma and brain tissue at 5 different time points. Initial
locomotor sensitivity to cocaine was used as a pharmacodynamic endpoint. We developed an
empirical population PK model that simultaneously characterizes cocaine, norcocaine, and
benzoylecgonine in plasma and brain tissues. We observed interstrain variability occurring in the
brain compartment that may contribute to pharmacodynamic differences amongst select strains.
Our current work paves the way for future studies to explore strain-specific pharmacokinetic
differences and identify factors other than pharmacokinetics that are responsible for the diverse
behavioral response to cocaine across these inbred mouse strains.
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INTRODUCTION

Cocaine (COC) is the third most commonly used illicit drug in the United States (U.S.) after
marijuana and prescription pain relievers. According to the most recent National Survey on
Drug Use and Health, almost 1 million individuals in the U.S. meet the diagnostic criteria
for COC use disorder (CUD).! Recent data also suggests that COC use is increasing, and the
number of overdose deaths involving COC has risen approximately 18% from 2011-2016.23
There are currently no approved treatments for CUD, due in part to large gaps in our
knowledge about the underlying etiology of this devastating disorder. Studies aimed at
understanding the mechanistic etiologies underlying CUD are needed in order to decrease
negative clinical outcomes including accidental death, increased healthcare spending, lost
productivity and increased crime rates.*~/

There is a substantial body of literature supporting the role of genetics in substance use
disorders (SUD) including CUD.8® Human genome-wide association studies, or GWAS,
have started to identify regions of the genome associated with SUDs.1% However, GWAS can
be hindered by unknown environmental factors including previous and ongoing drug
exposures that prevent assessment of the early stages of the addiction cycle. Some of these
challenges can be overcome by using preclinical animal models, which allow for a more
direct measurement of the substance’s impact on an individual. One commonly used animal
model of drug sensitivity assesses initial locomotor activation following acute
psychostimulant administration.1! Initial subjective responses to psychostimulants predict
the progression from initial exposure to subsequent use of the psychostimulant in humans.
612,13 Therefore, research efforts examining initial drug sensitivity can help elucidate
potential mechanisms of addiction.

Individual differences in COC pharmacokinetics (PK) may be driven by inherited genetic
factors, and therefore could be used for predicting the risk of developing CUD.14 However,
the relationship between PK and behavioral effects of cocaine and its metabolites, as well as
the impact of genetic background on this relationship, are currently underexplored in both
humans and animal models.1®16 Studying panels of genetically diverse inbred mouse strains
is a powerful method for probing genetic and environmental variance that contribute to
complex behaviors. We previously examined initial locomotor sensitivity in response to
acute cocaine administration in 45 inbred mouse strains, and observed significant phenotypic
variation across strains that could be partially (~50%) attributed to genetics.1117 Brain
concentrations of COC and norcocaine (NOR) were heritable, varied across strains, and
were significantly correlated with locomotor activation'l. However, the level of correlation
suggested that locomotor response to COC was not fully explained by pharmacokinetic (PK)
parameters. This finding has been observed by others, albeit in far fewer genetic
backgrounds.18-22 While our previous study utilized a diverse panel of genetic backgrounds,
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it was still limited to a single dose and two sampling points post exposure.1 A more
comprehensive characterization of COC exposure and metabolism at multiple doses and
time points in multiple genetic backgrounds is absent in the literature. More complete PK
profiling is warranted in order to make definitive conclusions about the role of PK on
individual differences in locomotor response to COC.

In the current study, we characterized the PK of COC, its active metabolite, NOR, and major
inactive metabolite, benzoylecgonine (BZE), at four different doses and five time points
across a set of six inbred mouse strains that previously showed either high- or low-locomotor
response to acute COC.11.17 Our experimental design allows us to more fully investigate the
relationship between genetic background, PK and behavior.

MATERIALS AND METHODS

Animals.

Male mice from six inbred mouse strains (I/LnJ, C57BL/6J, FVB/NJ, BTBR T+ /fpr3tf/J,
LG/J, LP/J) were selected based on previously reported phenotypic differences in COC-
induced locomotor activation (n=395, Supplementary Table 1).1117 C57BL/6J and 1/LnJ
strains were classified as high responders, while BTBR T+ /tpr3tf/J, FVB/NJ, LG/J, and
LP/J as low responders to the locomotor activating effects of an acute 20 mg/kg cocaine
injection.11 Only male mice were tested for comparison to previously published data.23:24
All mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and allowed
to acclimate in ventilated caging (Tecniplast, Buguggiate, Italy) located in an animal holding
room in an AAALAC-accredited vivarium at the University of North Carolina for at least 10
days prior to testing. Mice were group housed (2—4 per cage) on a 12-h light/dark cycle
(lights on 0700 h) and received food (PicoLab Rodent Diet 20, Purina, St. Louis, MO, USA)
and water ad /ibitum. The mean age at the onset of testing was 67 days (+ 7.3 days). All
behavioral and PK experiments were conducted between 0800-1200 to minimize circadian
variation. Adequate measures were taken to minimize pain or discomfort and all procedures
were approved by the Institutional Animal Care and Use Committee at the University of
North Carolina.

Pharmacokinetic Analysis.

Drugs.—Cocaine hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
0.9% saline each day prior to testing. Either cocaine or vehicle control (0.9% saline) were
administered by intraperitoneal (IP) injection at a volume of 0.01 mL/g.

Pharmacokinetic Sampling—Drug naive mice were administered a single IP injection
of 5, 10, 30 or 40 mg/kg COC hydrochloride and were euthanized at 2, 5, 10, 30 or 60-min
post drug administration for collection of brain and blood samples. Each strain/dose/time
combination was assessed in biological triplicates (n=3 mice). Mice were anesthetized with
isoflurane, and blood was collected by cardiac puncture in an EDTA-coated syringe. Whole
blood was collected in EDTA-treated tubes, and the plasma separated from cells by
centrifugation at 1,500 x g for 10 minutes. The right brain hemisphere was also collected,
rinsed, weighed and frozen in dry ice. Brain tissue was homogenized at a ratio of 1-part
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tissue (mg) to 5 parts 0.5% acetic acid (UL) using a Precellys 24 bead mill homogenizer
(VWR, Radnor, PA). All samples were stored at —80 °C until mass spectrometry analysis
was conducted.

Sample Processing.—Cocaine and metabolites were extracted from plasma or brain
homogenate by protein precipitation in 200 pL acetonitrile/0.1% formic acid containing 50
ng/mL of each deuterated internal standard. Samples were vortexed for 1 minute and
centrifuged at 2,800 x g for 15 minutes. 100 uL supernatant was transferred to a sample vial
containing 200 pL of 0.1% formic acid. The calibration curve (1-5,000 ng/mL) and controls
(4, 40, 400, and 4,000 ng/mL) were prepared by spiking serial dilutions of the mixed
analytes into untreated mouse plasma or brain homogenate.

LC-MS/MS Measurement of Drug and Metabolite Concentrations—L.iquid
chromatography of COC, NOR, BZE and their deuterated internal standards was
accomplished using a Shimadzu LC-20AD liquid chromatograph with an Atlantis T3 (2.5
pum 2.1 x 50 mm) analytical column (Waters, Milford, MA). The mobile phase consisted of
0.1% formic acid in water (mobile A) and 0.1% formic acid in acetonitrile (mobile phase B).
Analytes were measured using a Thermo TSQ Ultra triple quadrupole mass spectrometer
(ThermoFisher Scientific, Waltham, MA) equipped with a heated electrospray ionization
source in the positive ion mode. Multiple reaction monitoring (MRM) mode utilized the
following transitions: COC (304.2->182.1), BZE (290.1->168.1), NOR (290.1->168.1),
COC-d3 307.1->185.1, BZE-d3 (293.1->171.1) and NOR-d3 (293.1->171.1).

Pharmacokinetic Analyses

Plasma and brain concentrations were expressed as ng/mL and ng/g, respectively. Three
mice were tested per dose and strain combination. Due to the need to euthanize individual
mice at each dose and sampling time in order to collect brain samples for COC, NOR, and
BZE measurements, the PK analysis was conducted as follows. Median values of plasma
and brain concentrations of COC, NOR and BZE from each of the three samples per strain,
dose and sampling time were calculated. For modeling and statistical analysis purposes, the
aggregate of the values across time for each combination of strain and dose was considered
as if coming from one mouse, which is denoted hereafter as a full profile mouse or FPM. A
similar analysis method has been used in previously published research.2526 A
representative sampling map is depicted in Figure 1.

All PK analyses were performed using Phoenix 8.1 (Certara, Princeton, NJ). Median
concentrations of biological triplicates for COC, NOR, and BZE in plasma and brain were
used for XY plot analysis. Non-compartmental analyses (NCA) for each combination of
dose and analyte were conducted on data aggregated across the 6 strains. The peak plasma
and brain concentrations (Cnax) of COC, NOR, and BZE, the time at which Cyjax Was
reached (Tmax), and the observed total exposure (AUC_jast) Were calculated. For the NCA
analyses, we considered a CV% value greater than 40% as an indication of high interstrain
PK differences. Although only one of our CV values was greater than 30%, we conducted an
analysis of variance (ANOVA) for each analyte in both brain and plasma to further examine
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interstrain variability. Details of the ANOVA are described below in the Statistical Methods
section.

Population PK modeling was performed first on the parent drug COC, and subsequently
adding compartments for its metabolites, NOR and BZE.2” The absorption rate constant
(Kg) was fixed at 0.71, based on previously reported COC bioavailability after
intraperitoneal administration.2® One-, two-, and three-compartment PK models with linear
or saturable metabolism from the plasma compartment were fit to the data. Sequentially,
both linear and nonlinear formation of BZE and NOR were tested in the model in a similar
manner. The Fisher’s scoring algorithm was utilized to determine the standard error of the
fixed effects for all parameters.2 All dose levels were simultaneously fitted to obtain a
single set of PK parameters. The final population PK model selection was made on the basis
of visual inspection of the diagnostic plots, Akaike Information Criteria (AlIC), and the log-
likelihood (=2LL).

Pharmacodynamic Analyses

Our pharmacodynamic (PD) endpoint was defined as locomotor activation measured in
centimeters travelled post drug exposure. PD data and methods for assessing locomotor
response to COC are described previously.1! Briefly, mice were tested for locomotor dose
response to COC using a 3-day protocol. On Days 1-2, mice received an IP injection of
saline and were placed in an open-field apparatus (Med Associates ENV-515-16, Fairfax,
V/T) for 30 min. On day 3, mice received an IP injection of COC at one of the four doses (5,
10, 30, or 40 mg/kg) prior to being placed in the open field for 30 min. Distance travelled on
each day was measured in 5 min bins and summed to represent the total distance in the 30
min interval. Locomotor response to COC was stratified by strain and calculated by
subtracting the mean distance travelled after the second saline exposure (Day 2) from the
mean distance travelled after COC was administered (Day 3). These measures were used for
dose response analyses and NCA. The locomotor stimulation ratio was calculated by
dividing distance travelled by unit time (in cm/min) for each strain at each dose. The highest
ratio (Rmax), as well as the time at which Ryax Was achieved (Tmax-pp), Were also
calculated.

Statistical Methods

Due to the study design and the need to utilize the concept of an FPM, all statistical
summaries and analyses should be considered exploratory in nature. For the ANOVA, the
effects in the model were strain and dose. Because there was a single FPM for each
combination of strain and dose, it was not possible to include a strain by dose interaction
term in the model that examined PK parameters as primary analysis. Statistical significance
was reported if the ~value from the ANOVA was less than or equal to 0.05. In situations
where the overall ~-value for the strain effect was statistically significant, the ANOVA was
followed by the testing of pairwise differences of the strain means and associated P-values.
While our primary analysis is focused on the utilization of PK parameters, visual inspection
of the concentration data informed differences amongst the first 3 time points (0.03, 0.08,
0.17 hours). To address these potential differences in the timing of onset of drug exposure,
supplementary analyses were conducted by testing strain, time, and strain by time
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interaction effects for each analyte in brain and plasma. Each dose group was analyzed
separately. No adjustment was made for the multiplicity of testing as we consider these
results to be exploratory.

RESULTS

Non-compartmental Analysis

In plasma, both Cpax and AUCq_5st increased in a dose-dependent manner for COC, NOR
and BZE (Table 1), suggesting dose-dependent exposure. Mean Tax for COC, NOR, and
BZE were 2.0 min [range: 1.8 min-2.4 min], 6 min [5.4 min-7.8 min], and 34.5 min [26
min-40 min], respectively. Tyax for COC and NOR remained the same across the 4 dosing
groups, suggesting that the rate of gastrointestinal absorption of COC and NOR was
independent of dose. For both NOR and BZE, dose-normalized AUC |45t Values
demonstrated non-linear PK profiles in plasma, which informed the development of a model
describing their formation. The Cp,,x for NOR was < 5% that of COC, whereas Cp,x for
BZE was < 30% that of COC. Total NOR exposure (AUCq_jast) Was < 12% that of COC,
whereas the total BZE exposure was 33% greater than that of COC in the plasma. These data
are consistent with previous studies showing that BZE has a longer plasma elimination half-
life than both COC and NOR.3%:31 Qur data show that not only did BZE plasma
concentrations decline at a later time than both COC and NOR, but BZE concentrations
were still rising after 60 min (Figure 2).

In the brain, both AUCq_j5st and Cpay increased in a dose-dependent manner for COC, NOR
and BZE (Table 1), suggesting dose-dependent exposure. While T, for COC and NOR
remained the same across the 4 dosing groups, Tmax for BZE was not fully captured within
the experimental time at 60 min, as evidenced by the increasing concentrations of BZE in
the brain at the last sampling point (Figure 3). For both NOR and BZE, dose-normalized
AUC_|ast Values demonstrated non-linear PK profiles in the brain. These data informed the
development of a model describing their formation. Additionally, total NOR exposure
(AUCq_1ast) Was < 12% that of COC and total BZE exposure was < 6% that of COC in the
brain.

Development of the population PK model

The 24 FPM mice were used as subject input for the population PK model. An open, three-
compartment model was used to describe COC distribution in plasma and brain with a log-
additive error term.2! The model used a first-order conditional estimation extended least
squares (FOCE-ELS) approach and was constructed graphically to characterize the
relationships between parent COC and metabolite formation in both the plasma and brain
(Figure 4). Because our model is the first that describes all 3 analytes in both plasma and
brain, the initial parameter estimates for model fitting were estimated de novo and from
existing literature where possible2’. The final model revealed bidirectional movement of
both metabolites between the plasma and brain compartments. Notably, in the plasma, parent
COC underwent Michaelis-Menten kinetics to form NOR and BZE, which were then
distributed readily into the brain tissue.32:33 This finding was also supported by the
observation of nonlinear formation of both NOR and BZE in NCA. Our model suggests that
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brain concentrations of NOR and BZE are derived from the metabolites crossing the blood
brain barrier from plasma, as well as those formed from parent COC in the brain. Predicted
data overlay the observed data well, indicating that the model was a reasonable fit (Figure
5). Final estimates and CV% are shown in Table 2.

Pharmacodynamic analyses

Data for Ryax and total distance travelled per strain are shown in Table 3. For the high
responding 1/LnJ strain, Rmax Was achieved at 10 mg/kg, while total distance travelled over
the 30 min interval and Ryax both decreased at 30 mg/kg. These data suggest that 1/LnJ mice
reached a plateau for distance travelled between the 10 and 30 mg/kg doses. The high-
responder, C57BL/6J, achieved Ryax at 30 mg/kg, while the total distance travelled over the
30 min interval and Rpy,x both decreased at 40 mg/kg. These data suggest that response
saturation for C57BL/6J was between 30 and 40 mg/kg. Among these two high responding
strains, I/LnJ mice reached the maximum PD response at a lower dose than C57BL/6J mice.
Similar to the high-responding C57BL/6J strains, low responding FVVB/NJ mice also reached
maximal locomotor response at 30 mg/kg and locomotor activity decreased at the 40 mg/kg
dose. Even though these two strains both reached a plateau at 30 mg/kg in terms of
locomotor activity, the data reveal a 3-fold difference in total distance travelled for the two
strains. For the BTBR T+ tf/J low responding strain, Rmax increased substantially from the
10 to 30 mg/kg, and continued to increase at the 40 mg/kg dose, indicating that the dose
response maximum was not achieved. For the low responding LP/J strain, both Rynax and
total locomotor activity were lower in response to COC than the vehicle control. However,
after LP/J mice reached peak response at dose 30 mg/kg, the total distance travelled did not
increase further. This pattern was also observed in C57BL/6J and FVB/NJ stains. The LG/J
strain had virtually no locomotor response at all doses up to 30 mg/kg and achieved
maximum locomotor response at 40 mg/kg. However, this response was still 85% lower than
the locomotor response of 1/LnJ mice at 5 mg/kg.

PKPD analyses: Association between PK and initial locomotor activation

The PKPD relationships for COC and NOR are shown in Figure 6. Notably, C57BL/6J
reached maximum PD effect at dose 30 mg/kg whereas I/LnJ reached maximum PD effect at
a lower dose of 10 mg/kg in the brain. Both C57BL/6J and 1/LnJ were among the high
responding strains, yet exhibit different dose-response relationships. Interestingly, while the
other 4 strains exhibited either a plateau or decreased locomotor activation after Cpax Was
reached, the locomotor activity of LG/J and BTBR T+ /fpr31tf/J continued to increase. In
comparison with COC, PKPD trends are similar for NOR, with the exception that AUCq_jast
and Cax Were 10-fold lower.

Interstrain Analysis of Variance (ANOVA)

While the majority of the PK parameters from the NCA are consistent with low interstrain
differences, as evidenced by CV% values below 40% (Table 1), the inspection of plasma and
brain concentrations of COC, NOR, and BZE across strains suggest interstrain differences
might exist (Figures 2—-3). Our ANOVA yielded a statistically significant overall strain effect
for analytes in the brain compartment but not in plasma (Supplemental Table 2). We
examined pairwise strain comparisons for COC or metabolites at time points for which an
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overall strain effect was observed and identified statistically significant individual strain
differences (Table 4). Results from the supplementary ANOVA conducted on the first 3 time
points are shown in Supplemental Table 3. Although specific multiple comparisons weren’t
done when the effect was significant (£<0.05), differences can be viewed on the
corresponding plots (Supplemental Figure 1). These results should be interpreted as
descriptive in nature due to the sample size at each dose and time point.

Total distance travelled in 30 min was compared across strains and showed high interstrain
variability as expected based on our previous publications.1”-23 The P-value for the overall
distance travelled between strains was 0.0012. We examined pairwise comparisons from the
ANOVA and identified overlaps in significant interstrain differences for PK and PD (Table
4). We did not identify any overlaps corresponding to COC PK variability but several
included the active metabolite NOR. All of the NOR PK/PD overlaps included the high
responding C57BL/6J substrain in comparison with two low responding strains (FVB/NJ,
LG/J) and another high responding strain (I/LnJ) (Table 4).

DISCUSSION

This study is the first to utilize a population PK model to characterize COC, NOR and BZE
in both plasma and brain in mouse models with the goal of understanding the relationship
between PK and PD in genetically and phenotypically diverse inbred mouse strains.
Understanding the COC PK is important for interpreting its behavioral, or PD effects, and
identifying potential mechanisms for development of therapeutics. We characterized the PK
of COC across a range of doses in a series of inbred mouse strains that previously displayed
either high or low locomotor response to COC administration.11:17 Ours is the first study to
describe the PK of COC and its metabolites in this manner, and our experimental design
allowed us to more fully investigate the relationship between genetic background, PK, and
locomotor behavior of our mouse strains. We developed an empirical model that
simultaneously characterizes COC, NOR and BZE in plasma and brain tissue at multiple
time points and doses in six inbred mouse strains that differ for initial locomotor sensitivity
to COC. Specifically, we utilized plasma and brain concentrations of COC, NOR and BZE
to develop a population PK model. Existing studies have been limited to examining plasma
or analyzing brain samples without population PK modeling analysis.?1:34-37 \We believe our
model is the most comprehensive thus far, as it characterizes the metabolism of COC into
NOR and BZE in the plasma compartment, and the movement of the parent drug and
metabolites into the brain. Additionally, the model shows that COC also undergoes
metabolism into NOR and BZE in the brain compartment.

During model development, we observed that the I/LnJ strain showed a substantial increase
in the brain COC exposure at the 30 mg/kg dose compared to the other strains
(Supplemental Figure 2). During model optimization, we tested our PK model with and
without the I/LnJ strain data. The model without the I/LnJ strain data showed improved CV
% (Table 2) and we concluded that this model might be better suited to explain the
mechanisms of COC disposition. Due to our limited sample size (h=4 FPM), we could not
develop a full population PK model which included the I/LnJ strain. Future experiments can
be designed to include more 1/LnJ mice with a wider range of COC dosing to optimize
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subject input for the development of the population PK model. Overall, however, the
diagnostic plots (Figure 5, Supplemental Figure 3—4) show that the model is a reasonable
approximation of COC distribution in plasma and brain and the processes related to
metabolite formation. We acknowledge that our model was limited by the number of strains
and included only responders that were representative of either high or low in the previous
publication. Inclusion of additional strains with more diverse PD responses to COC may
yield different results.

The estimated brain volume of distribution was highest for COC (Table 2), suggesting that
the parent drug has the highest degree of brain penetration compared to either NOR or BZE.
This observation is consistent with previous studies in both animal models and humans38:39
Our data also indicate that COC concentrations drop rapidly in the plasma, while the model
also suggests that the parent drug is both readily metabolized and enters the brain. We
cannot exclude the possibility that the low volume of COC in the plasma might also be
attributed, in part, to unexplored mechanisms not accounted for in our model. For example,
mechanisms of disposition in other tissue compartments that were not quantified in our
studies. More specifically, our model shows that COC distributes into other tissue
compartments in addition to the brain compartment.

Our final model establishes that BZE achieves higher plasma concentrations in mice than
both COC and NOR (Table 2). The estimated parameters are consistent with the
concentration versus time plots (Figure 2) showing that BZE has a greater plasma
concentration than COC and a longer elimination half-life than COC and NOR. Human
studies have also shown that BZE has a longer elimination half-life than both COC and
NOR, hence the use of BZE as a surrogate for COC drug screening.%-42 Evidence from the
literature regarding the ability of BZE to cross the blood brain barrier has been
equivocal#344 although previous studies have detected low levels of BZE in the brain.45-47
Our final model suggests that BZE can cross the blood brain barrier*>-47 but whether BZE is
transported or diffuses into the brain or results from cocaine metabolism in the brain is still
unknown. Our data suggest that BZE in the brain results from both transport or diffusion
from the periphery and COC metabolism in the brain. Future experiments utilizing
peripheral administration of BZE could answer the question of whether this metabolite has
the ability to cross the blood brain barrier.

One limitation for our PK model is data scarcity. Due to serial euthanization, only one FPM
per dose per strain was available as individual subject data in developing the population PK
model. The use of a FPM imposed limits such that only one FPM per dose and strain
combination was available for analysis. Therefore, PK results should be viewed as
descriptive in nature since formal dose response analyses across strains were not possible.
Although data were scarce due to the experimental design, the diagnostic plots (Figure 5,
Supplemental Figure 3—-4) showed that the model was a reasonable approximation of COC
distribution and the processes related to NOR and BZE metabolite formation. Future studies
that involve more dose groups in these six strains are warranted to more accurately explain
COC distribution and metabolism. Nevertheless, this PK model provides a platform for
developing future PD models connecting the brain compartment directly with the PD
responses.
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One of the main goals of our study was to examine the role of PK on individual differences
in COC-induced locomotor activation in inbred mice strains with stable genetic
backgrounds. Although we observed considerable similarities in PK profiles of COC, NOR,
and BZE over the course of 60 min post-COC injection (Figure 2-3), we did detect
interstrain PK differences. Our observations support the effects of genetic background on
COC PK as reported in previous studies.*849 Further study is needed to determine if the
differences we observed are real, or artifacts of the large number of statistical comparisons
that were performed. Pairwise comparisons identified strains that exhibited significant
differences in analyte concentrations in the brain. We detected statistically significant PK
differences between high vs. low responders and also high vs. high and low vs. low
responders (Table 4), suggesting that the relationship between PK and locomotor activation
is not necessarily linear.

Comparisons for which both PK and PD were significant mostly involved the non-active
metabolite, BZE (Table 4). However, several significant PK/PD pairwise comparisons were
observed for the active metabolite, NOR. NOR is a lipophilic metabolite that crosses the
blood brain barrier and, like COC, inhibits dopamine reuptake albeit with reduced potency.
42,5051 previous studies have found that administration of NOR by various routes does not
increase locomotor activity in rats.>2:53 However, NOR has been found to decrease
locomotor activity in the inbred mouse strain BALB/cBy>* most likely due to its anesthetic
effects.>0 We also noted that all of the statistically significant NOR comparisons involved
the C57BL/6J strain (Table 4). C57BL/6J mice have higher levels of NOR compared to other
inbred strains (Supplemental Figure 5). However, for all inbred strains, including C57BL/6J,
the concentrations of NOR in the brain are still 6-15% that of COC (Table 1). We also noted
an interesting pattern in NOR concentration in the supplementary ANOVA. At all doses, we
observed a significant strain effect for NOR levels in the brain whereas COC levels were
only significantly different at the 5 and 40 mg/kg doses. Regardless, we observed no strain
differences greater than 10-fold (Supplemental Figure 1). These observations along with
evidence from the literature suggest that strain differences in NOR are unlikely to fully
explain locomotor differences between inbred strains. However, additional experiments that
involve direct administration of the metabolite are warranted to accurately establish the
magnitude of a PK difference that is relevant and assess the contribution of NOR in terms of
locomotor activation in these genetically diverse mice.

Our data support a time-dependent relationship between brain concentrations of COC and
locomotor activation. In general, locomotor activity corresponds to COC concentrations in
the brain over time (Figure 6, Supplemental Figure 6-8). This relationship has also been
observed in other studies.5”>8 We also observed dose-dependent locomotor responses that
differ across inbred strains. For example, the I/LnJ strain shows a peak locomotor response
at 10 mg/kg but locomotor activity does not increase further at 30 and 40 mg/kg even though
brain concentration of COC continues to increase (Figure 6). Conversely, LG/J mice show
almost no locomotor response to cocaine at any dose even though their brain concentration
of COC increases in a dose-dependent manner.

The rate at which psychostimulants enter the brain is an important factor in addiction
liability in humans. Addiction liability is increased in individuals who take COC via routes
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of administration that result in a more rapid delivery of the drug to the brain.1® Thus,
interstrain differences in the rate at which COC enters the brain might correspond with its
behavioral effects. We observed no interstrain differences in the rate at which COC enters
the brain in our population (Figure 3). We note that IP administration of COC corresponds
more closely to intranasal or oral routes of administration in humans®®56 and results in
slower rates of exposure and decline compared to IV drug administration.

Although our previous study concluded that high- and low-responders also show differences
in IV COC self-administration,” the role of PK in the rewarding and reinforcing effects of
cocaine cannot be established based on the data presented here. The psychomotor stimulant
theory of addiction proposed by Wise and Bozarth in 1987 suggested that locomotor
activation and positive reinforcement induced by psychostimulants are homologous.>®
However, a positive relationship between psychostimulant-induced locomotor activation and
drug reinforcement and reward behaviors such as IV drug self-administration and
conditioned place preference has not been supported across all studies.®? In fact, in our
previously published study, we determined that inbred strain differences in cocaine-induced
locomotor activation could predict some drug reinforcement behaviors but not others and
that the relationship varied across different genetic backgrounds.1” For example, low
responding LG/J mice acquire and maintain responses for COC in a self-administration
paradigm at a level that is similar to that exhibited by high-responding strains.1” However,
direct comparisons are difficult based on the different routes of administration used for
locomotor activation and drug self-administration studies. Additional studies utilizing
different protocols for drug delivery and different genetic backgrounds are required to more
fully understand the relationship between PK and the rewarding reinforcing effects of
cocaine.

Based on our previously published results and the data presented herein, we can conclude
that the extreme locomotor differences in response to cocaine observed in these inbred
mouse strains can be partially attributed to the PK differences of COC and NOR in the brain.
However, the behavioral effects of COC likely result from other mechanisms. These
mechanisms might include differences in dopaminergic transmission,61:62 changes in other
monoamine neurotransmitters,53:64 or interactions between monoaminergic and other
pathways.5% Genetic analyses can be used to identify mechanisms underlying strain
differences. Genetic mapping studies are underway in our laboratory, and by other groups, to
elucidate the biological mechanisms that bring about variation in drug response. In addition,
strain differences in mechanistic pathways may also have non-genetic origins. Identifying
both genetic and non-genetic mechanisms that contribute to drug response is a worthwhile
endeavor that would significantly advance our understanding of CUD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PK sampling schema.

Strain A is a representative strain. A total of 4 COC doses were administered
intraperitoneally (5, 10, 30, and 40 mg/kg). Mice from all dosing groups were euthanized at
5 different time points (2, 5, 10, 30, and 60 min) for quantification of COC, NOR, and BZE
concentrations in plasma and brain.
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Figure 2. XY plotsfor COC, NOR and BZE in plasma.

Each of the 12 graphs represents concentration versus time for the various analyte (COC,
NOR, and BZE) and dose combinations. Each line on the graph corresponds to an individual
FPM and each data point on the line represents the concentration of the corresponding
analyte in plasma (mg/L) at the specific time (0.03, 0.08, 0.17, 0.5 and 1-hr) post COC
injection at dose indicated. Median concentrations from the biological triplicate were used

for each strain, dose, and time combination.
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Figure 3. XY plotsfor COC, NOR and BZE in brain.
Each of the 12 graphs represents concentration versus time for the various analyte (COC,

NOR, and BZE) and dose combinations. Each line on the graph corresponds to an individual
FPM and each data point on the line represents the concentration of the corresponding
analyte in the brain (ng/g) at the specific time (0.03, 0.08, 0.17, 0.5 and 1-hr) post COC
injection at dose indicated. Median concentrations from the biological triplicate were used
for each strain, dose and time combination.
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tIjigure 4. Model used to describe COC and metabolites, NOR and BZE, in plasma (PL) and

rain (BR).

COC,(NO)R, and BZE were each presented in a population PK model, with COC undergoing
Michaelis Menten kinetics in plasma forming NOR and BZE. All COC, NOR, and BZE
undergo bidirectional transport process entering and exiting the brain. NOR and BZE are
also formed in the brain from COC entered through the plasma. Abbreviations and
definitions: Cpi_ nor, NOR concentration in plasma; Vp nor, NOR volume of distribution
in plasma; Qp_nor-BrRNOR: NOR flow rate between plasma and brain; Clp NoR, out: NOR
clearance from plasma; Vmaxyogr, maximum rate of NOR formation from COC in plasma;
Kmnor, Michaelis-Menten constant for NOR formation in plasma; Cgr NoR. CONcentration
of NOR in the brain; Vgr Nor. Volume of distribution of NOR in the brain;
Kgrcoc-BrNOR: formation rate constant of NOR from COC in the brain; Qp|_coc-tissue:
flow rate of COC between plasma and tissue; Clp; coc, out» COC clearance from plasma;
CpL, coc, COC concentration in plasma; Vp coc, COC volume of distribution in plasma;
QpLcoc-Brcoc: flow rate of COC between plasma and brain; Cgr, coc, COC concentration
in the brain; Vpr coc, COC volume of distribution in the brain; Kgrcoc-sreze, formation
rate constant of BZE form cocaine in the brain; Cgr gzg, concentration of BZE in the brain;
VEgR, BzE, Volume of distribution of BZE in the brain; Qp| gze-grBzE, flow rate of BZE
between plasma and brain; Cp|_gzg, concentration of BZE in plasma; Vp|_ gzg, volume of
distribution of BZE in plasma; Clp_gzE, out, Plasma clearance of BZE; Vmaxgzg, maximum
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rate of BZE formation from cocaine in plasma; Kmgzg, Michaelis-Menten constant for BZE
formation in plasma.
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Figure 5. PK modéd diagnostic plots.
Predicted concentrations of COC, NOR and BZE in plasma and brain are depicted with a

line and observed data were overlaid on top of as dots. X-axis is independent variable
plotted against the Y-axis showing individually predicted dependent variables
(concentrations).
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Figure 6. PKPD comparison across 6 strain for COC and NOR in the brain. Individual plots
show

PK and PD relationships for each strain. In each panel, the PK of COC and NOR are
measured as AUC and Cax and plotted against the PD endpoint, mean distance travelled in
30 min. All 4 dosing groups are stratified by strain and represented on the curve with the
first data point representing 5mg/kg and the 2", 3 and 4t data point representing 10, 30
and 40 mg/kg dosing groups, respectively. A: relationship between brain AUC of COC and
mean distance travelled in 30 min; B: relationship between brain Cmax of COC and mean
distance travelled in 30 min; C: relationship between brain AUC or NOR and mean distance
travelled in 30 min; D: relationship between brain Cmax of NOR and mean distance
travelled in 30 min.
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Table 1.
Non-compartmental analysis of plasma and brain concentrations.
Major PK parameters for COC, NOR, and BZE in plasma and brain.
Non-compartmental Analysis
Do AUCo,aq DoseAll\ng;lasJized Corax Dose l\ar]:alized T
Source  (mg/kg (hr*mg/L) (hr*mg/L) (mglL) (mglL) ®

) Mean CV%  Mean CV%  Mean CV%  Mean CV% Mean CV%
5 0165  7.78 0.0330 778 0620 1752 0.124 1752 0.0300  0.00

coc 10 0440 3677  0.0440 3677 151 3807 0.151 3807 0383 5325
30 197 3732 0.0658 3732 876  66.37 0.292 66.37  0.0300 0
40 224  24.38 0.561 2438 981 6152 0.245 6152 00300 0
5 00176 17.03  0.00351 17.03 00387 5148  0.00774 5148  0.0933 67.99
10 0.0380 2874  0.00380 2874 00778 2396  0.00779 2396 00933 67.99

PLASMA  NOR

30 0152 27.66  0.05008 2766 0314 3674  0.0105 3674 0133 13597
40 0214 2506  0.00535 2506 0510 4051  0.0127 4051  0.0867 5245
5 0393 2846  0.0786 2846 0514 27.26 0.103 2726 0612 5343

- 10 0837 2683  0.0837 2683 104 3008 0.104 3008 0445 3027
30 262 3037  0.0872 3037 324 3176 0.108 3176 0667 3873
40 289 1714 00723 17.14 354 1841  0.0884 1841 0583  34.99
5 0686 2151 0.137 2151 157 4036 0.314 4036 0125  39.44
10 132 17.92 0.132 1792 310 2222 0.310 2222 0110 4225

coe 30 522 224 0.174 224 943  23.44 0314 2344 0185 237
40 740 1515 0.185 1515 154  39.19 0.385 3919 0110 4225
5 00366 4202  0.00733 4202 00977 4296  0.0195 4296 0125  39.44
10 0.0969 3539  0.00969 3539 0205 3651  0.0205 3651 0110 4225

BRAIN  NOR

30 0470 3286  0.0157 3286 0858 4830  0.0286 4830 0170 0.0
40 0800 3059  0.0200 3059 148 4030  0.0369 4030 0155  23.70
5 00252 614  0.00504 614 0038 1150  0.00760 1150 075 3849
10 00506 21.08  0.00506 2108 00756 2046  0.00756 2046 100 0.0

BzE 30 0158 2415  0.00528 2415 0253 2276  0.00842 2276 100 0.0
40 0209 2620  0.00522 2620 0327 3262  0.00818 3262 100 0.0
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Table 2.

PK model final parameter estimates

Page 24

Without 1/LnJ strain

Parameter Definition

Estimate CV%
Clpicoc (mL/h) Clearance of cocaine in plasma 110x 1072 | 20.02
CLpgze (ML/h) Clearance of benzoylecgonine in plasma 4.32 9.39
CLpinor (ML/h) Clearance of norcocaine in plasma 2.24 18.67

Kgrcoc-sraze (Mg/(g*h))

Formation rate of benzoylecgonine from cocaine in the brain

2.07x1072 24.97

Kgrcoc-arnor (MA/(g*h))

Formation rate of norcocaine from cocaine in the brain

1.52x1072 24.64

Kmgze (mg/mL)

Concentration of benzoylecgonine when the rate of non-linear formation was at half its

maximum value in plasma

3.50 12.94

Kmyor (Mg/mL)

Concentration of norcocaine when the rate of non-linear formation was at half its

maximum value in plasma

1.32x104 20.71

QpLcoc-Breoc (ML/N)

Flow rate of cocaine from plasma to brain

5.82 6.22

QPLCOC-tissue (ml—/h)

Flow rate of cocaine from plasma to tissue

1.22 13.31

QpLezE-BRBZE (ML/N)

Flow rate of benzoylecgonine from plasma to brain

1.40x1072 68.07

QpLNOR-BRNOR (ML/N)

Flow rate of norcocaine from plasma to brain

4.02x1071 25.98

VpLcoc (ML)

Central volume of distribution for cocaine

1.46x1072 22.3

Vereoc (9) Degree of penetration of cocaine in the brain 1.93 4.62
Vggreze (9) Degree of penetration of benzoylecgonine in the brain 7.35%x1071 25.89
Vernor (9) Degree of penetration of norcocaine in the brain 2.64x1072 27.35

VCOC-tissue (ml—)

Volume of distribution of cocaine in the tissue

4.11x1072 22.77

Vimaxaze (h71) Maximal saturable metabolism rate of benzoylecgonine in plasma 6.88x10 9.91
Vmaxnor (17D Maximum saturable metabolism rate of norcocaine in plasma 7.5%102 20.27
VpLgze (ML) Volume of distribution of benzoylecgonine in plasma 3.25 7.41

VpLnor (ML)

Volume of distribution of norcocaine in plasma

5.89x1071 27.49
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Descriptive results of dose response stratified by strains.

Stratified by strain, major PD parameters are summarized for ambulatory movement in relation to time from
0-30 min post cocaine injection at dose indicated. Values were adjusted for saline administration by

Table 3.

subtracting the mean distance travelled for animals in the saline group.

Strain (r%’/f(%) T(”r“naix:;f’ CV% (cri;“r;?n) cvy, 1ot 30 (mcm)DiS‘ance CV%
5 10 3689 39923  26.22 5788.7 83.87
. 10 5 3227 121173  19.05 19820.39 38.95
30 10 3590 113287 1653 16277.36 48.32
40 15 5774 10783  19.93 18122.33 54.23
5 5 5356 14323  37.98 3273.18 86.82
cermLe; 10 5 5671 44141  39.99 9036.48 56.50
30 15 3392 123641 2381 28610.7 30.28
40 15 3059 113542  27.27 27040.53 39.05
5 15 6719 11923 1806 2678.24 64.81
- 10 30 5666 38295 3124 8888.3 71.42
30 10 2875 59429 57.16 12628.77 94.71
40 30 4016 47675  44.99 9647.44 95.83
5 5 9626 13426  65.78 1664.85 241.18
srerrey 0 2 8055 23285  40.29 2227.07 153.37
30 20 4972 60526  54.44 13238.46 75.22
40 20 5256 67358  56.10 15027.21 83.32
5 5 9917 3064  67.39 -2364.42 95.44
Lo 10 2 8265 14674 6701 -432 1104.34
30 2 9360 14525 7096 -600.81 665.26
40 2 8488 12737 8209 865.08 744.69
5 > 8418 2078 3595 -1657.83 4712
10 15 4931 10355  77.40 476,67 742.99
LY 30 15 3429 59538  40.20 11649.02 61.66
40 10 5736 53476 5267 10829.67 92.31
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Table 4
Overlapping PK and PD pairwise comparisons.

Significant pairwise strain comparisons for PK are shown along with significant and overlapping PD
comparisons (/talicized). Significant PK differences between strains in the same PD response group (i.e. high
vs high, low vs low) are shaded grey.

PK Analyte and Parameter Strain A Strain B | Difference | PK P-value | PD P-value
C57BL/6J FVB/NJ 0.64 0.00766 0.02265
Brain NOR Cpax C57BL/6J 1/LnJ 0.71 0.00407
C57BL/6J LG/ 0.64 0.00768 0.00010
BTBR T+tf/J LP/J -0.09 0.03810
C57BL/6J LP/I -0.09 0.04600 0.00340
Brain BZE Cpax FVB/NJ LGA -0.12 0.01070
FVBI/NJ LP/ -0.14 0.00350
vLnJ LP/I -0.10 0.01970 0.01141
C57BL/6J LG/ -0.05 0.03920 0.00010
FVB/NJ LGl -0.07 0.00318 0.01620
Brain BZE AUC, a4 FVBI/NJ LP/ -0.07 0.00468
vLnJ LG/ 0.02 0.00765 0.00031
LnJ LP/I -0.06 0.01130 0.01141
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