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ABSTRACT
Cocaine use disorder currently lacks Food and Drug Adminis-
tration–approved treatments. In rodents, the glutamate trans-
porter-1 (GLT-1) is downregulated in the nucleus accumbens
after cocaine self-administration, and increasing the expression
and function of GLT-1 reduces the reinstatement of cocaine
seeking. The b-lactam antibiotic ceftriaxone upregulates GLT-1
and attenuates cue- and cocaine-induced cocaine seeking
without affecting motivation for natural rewards. Although cef-
triaxone shows promise for treating cocaine use disorder, it
possesses characteristics that limit successful translation from
bench to bedside, including poor brain penetration, a lack of
oral bioavailability, and a risk of bacterial resistance when used
chronically. Thus, we aimed to develop novel molecules that
retained the GLT-1–enhancing effects of ceftriaxone but dis-
played superior drug-like properties. Here, we describe a new
monocyclic b-lactam, MC-100093, as a potent upregulator of
GLT-1 that is orally bioavailable and devoid of antimicrobial
properties. MC-100093 was synthesized and tested in vitro and
in vivo to determine physiochemical, pharmacokinetic, and
pharmacodynamic properties. Next, adult male rats underwent
cocaine self-administration and extinction training. During

extinction training, rats received one of four doses of MC-
100093 for 6–8 days prior to a single cue-primed reinstatement
test. Separate cohorts of rats were used to assess nucleus
accumbens GLT-1 expression and MC-100093 effects on
sucrose self-administration. We found that 50 mg/kg MC-
100093 attenuated cue-primed reinstatement of cocaine seeking
while upregulating GLT-1 expression in the nucleus accumbens
core. This dose did not produce sedation, nor did it decrease
sucrose consumption or body weight. Thus, MC-100093 repre-
sents a potential treatment to reduce cocaine relapse.

SIGNIFICANCE STATEMENT
Increasing GLT-1 activity reliably reduces drug-seeking across
classes of drugs; however, existing GLT1-enhancers have side
effects and lack oral bioavailability. To address this issue, novel
GLT-1 enhancers were synthesized, and the compound with
the most favorable pharmacokinetic and pharmacodynamic
properties, MC-100093, was selected for further testing. MC-
100093 attenuated cued cocaine seeking without reducing
food seeking or locomotion and upregulated GLT-1 expression
in the nucleus accumbens.

Introduction
Approximately 1 million Americans meet the criteria for

cocaine use disorder (Center for Behavioral Health Statistics
and Quality, 2015). Although many cocaine users are able to
attain long periods of drug abstinence, approximately 85% of
users relapse, typically when exposed to cocaine-paired cues or
stress or after taking a small amount of the drug again
(O’Brien, 2003; Bossert et al., 2005; Epstein et al., 2006).

There are currently no Food and Drug Administration–
approved medications to reduce the risk of relapse. To develop
such medications, animal models of cocaine relapse are used
to understand the neurobiology underlying this behavior. The
extinction-reinstatement model of relapse allows animals to
self-administer intravenous cocaine in an operant chamber for
a number of weeks, followed by extinction training. During
extinction training, the operation (e.g., lever press) made to
previously obtain drug is no longer reinforced. Drug-seeking
typically declines over the course of 2 to 3 weeks, at which
time reinstatement testing is conducted. The same stimuli
that prompt relapse in humans (e.g., drug-associated cues,
stress, a drug “prime”) also prompt the reinstatement of the
drug-seeking response in animals. This model has been used
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extensively to determine the neurobiology mediating relapse
and identify compounds that attenuate relapse.
After 2 to 3 weeks of extinction training, at the time when

rats would be placed back into the operant chamber for a rein-
statement test, the expression and function of the major gluta-
mate transporter GLT-1 is decreased in a brain region critical
for reinstatement, the nucleus accumbens (NA) core (Knack-
stedt et al., 2010; Trantham-Davidson et al., 2012; Fischer et
al., 2013; LaCrosse et al., 2017; Kim et al., 2018). Some, but
not all, members of the b-lactam family of antibiotics increase
GLT-1 expression and function in a screen of more than 1000
Food and Drug Administration–approved compounds (Roth-
stein et al., 2005). Ceftriaxone is the most potent in this class
of antibiotics and has since been demonstrated to increase
GLT-1 function in animal models of many neurologic diseases,
including ischemia, Alzheimer disease, Parkinson disease,
amyotrophic lateral sclerosis, and addiction [for review, see
Soni et al. (2014), Tai et al. (2019), and Smaga et al. (2020)].
After cocaine self-administration, subchronic (5–7 days) cef-

triaxone rescues GLT-1 expression in the NA core and attenu-
ates the reinstatement of cocaine seeking that is primed by
cues and cocaine (Sari et al., 2009; Knackstedt et al., 2010;
Fischer et al., 2013; LaCrosse et al., 2017; Bechard et al.,
2018, 2021). These effects persist weeks after the cessation of
ceftriaxone administration, indicating that short-term admin-
istration of ceftriaxone restores glutamate homeostasis in the
long term (Sondheimer and Knackstedt, 2011). Ceftriaxone
does not produce sedation or affect the consumption of regular
chow, sucrose, or sweetened condensed milk in rats or mice
(Knackstedt et al., 2010; Ward et al., 2011; Weiland et al.,
2015), indicating a specific effect on the motivation to seek
cocaine after a period of abstinence. Notably, both pharmaco-
logical and genetic inhibition of GLT-1 in the nucleus accum-
bens prevent ceftriaxone from attenuating relapse, indicating
a necessary role for this protein in mediating the effects of cef-
triaxone (Fischer et al., 2013; LaCrosse et al., 2017). In sup-
port of a crucial role for GLT-1 function in mediating relapse
to cocaine, other GLT-1 enhancers attenuate cocaine seeking.
Like ceftriaxone, chronic administration of propentofylline
attenuates both cue- and cocaine-primed reinstatement of
cocaine seeking (Reissner et al., 2014). Propentofylline also
restores GLT-1 expression in the nucleus accumbens, and the
attenuation of reinstatement is dependent on such upregula-
tion. Riluzole increases GLT-1 and attenuates cue- and
cocaine-primed reinstatement (Sepulveda-Orengo et al., 2018).
Although ceftriaxone has reliably been demonstrated to

attenuate cocaine seeking, it possesses qualities that limit its
translational potential. Chronic administration of antimicro-
bial agents such as ceftriaxone can induce antibiotic-resistant
strains of bacteria and undesirable side effects common to
many antibiotics (e.g., gastrointestinal distress). Furthermore,
ceftriaxone must be administered intraperitoneally or intrave-
nously and possesses low brain bioavailability. Interestingly,
in our hands, other b-lactam–containing compounds such as
cefazolin, clavulanic acid, amoxicillin, and Augmentin (the
combination of clavulanic acid and amoxicillin) do not attenu-
ate the reinstatement of cocaine seeking (Weiland et al., 2015;
Bechard et al., 2019). This is unfortunate, as these compounds
are orally bioavailable and would thus be a more attractive
potential treatment of cocaine use disorder. To address this
critical need, we developed additional drug-like b-lactam
derivatives with the goal of generating compounds devoid of

antimicrobial properties that enhance GLT-1 function upon
oral administration. Here, we report that one such compound,
MC-100093, fits these characteristics and reduces the rein-
statement of cocaine seeking.

Materials and Methods
Experimental Procedures

Animals. Adult male Sprague-Dawley rats were purchased from
Jackson Laboratory (pharmacokinetic studies) and Charles River
(cocaine and sucrose studies). Rats were housed in a temperature-con-
trolled vivarium at Temple University (pharmacokinetic studies) or
the University of Florida (cocaine and sucrose studies). Rats used for
the cocaine/sucrose studies were single-housed on a 12-hour reverse
light cycle with lights off at 7 AM. Animals received 20 g/day chow
and water ad libitum. All rats were acclimated for a minimum of 2
days before being placed on a pharmacokinetic study and 5 days for
cocaine/sucrose experiments. All animal procedures were approved by
the Institutional Animal Care and Usage Committees of Temple Uni-
versity and the University of Florida and were in accordance with
National Institutes of Health Guide for the Care and Use of Labora-
tory Animals.

Drugs. MC-100093 (Fig. 1) was prepared at Temple University
School of Pharmacy’s Moulder Center for Drug Discovery Research in
two steps using the synthesis described in US patent 9,975,879 and
obtained as a white powder (Abou-Gharbia et al., 2018). MC-100093
was dissolved in sterile 0.9% saline for in vivo administration. Cocaine
was generously provided by the National Institutes on Drug Abuse
Drug Supply Program (Research Triangle Institute, Research Triangle
Park, NC) and was dissolved in sterile 0.9% saline.

In Vitro Physicochemical/ADME Assays of MC-100093.
Aqueous solubility of MC-100093 at pH 7.4 was assessed using the
commercially available Millipore MultiScreen Solubility filter system
(Millipore, Billerica, MA). Analysis was performed by LC/MS/MS on a
Waters Xevo TQ using positive electrospray ionization. Assay accep-
tance criteria were 20% for all standards and 25% for the lowest level
of quantitation.

Microsomal stability was assessed by incubating MC-100093 at
37�C in the presence of human or rat liver microsomes and an nicotin-
amide adenine dinucleotide phosphate regenerating system according
to standard procedures (Yang et al., 2007). Phase II conjugative
metabolism was assessed in alamethicin-activated microsomes in the
presence of UDP glucuronosyltransferase cofactors according to stan-
dard procedures (Kilford et al., 2009). Microsomal protein content was
adjusted to give accurate rates of substrate consumption. Analysis
was performed by LC/MS/MS as described above.

Cytochrome P450 inhibition was assessed using the three major
human cytochrome P450 enzymes: 3A4, 2D6, and 2C9. Expressed
enzymes were used to minimize nonspecific binding and membrane
partitioning issues (McMasters et al., 2007). The 3A4 assay employed
testosterone as a substrate and was analyzed using LC/MS/MS tech-
nology as described above. The 2D6 and 2C9 assays use fluorescent

Fig. 1. Structures of ceftriaxone and MC-100093. The b-lactam moiety
is shown in red.
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substrates and were analyzed on an Envision plate reader (Perki-
nElmer, Waltham, MA).

Plasma protein binding and microsomal partitioning were measured
by equilibrium dialysis (Harvard Apparatus, Holliston, MA) under CO2

as previously described (Kochansky et al., 2008) and analyzed by LC/
MS/MS as described above. Permeability was assessed with a bidirec-
tional Madin-Darby Canine Kidney cell (transfected with multiple
Drug Resistance Protein-1) assay using standard procedures (Pastan et
al., 1988; Wang et al., 2005), commercially available cells, and 1 mM
substrate concentrations to minimize transporter saturation. The
Madin-Darby Canine Kidney (transfected with multiple Drug Resis-
tance Protein-1) cell line is also used to monitor p-glycoprotein efflux
liability. Results were analyzed by LC/MS/MS as described above.

In Vivo Pharmacokinetic Assessment of MC-100093. A total
of nine rats were used; three rats were used for each dosing regimen.
For intravenous and oral dosing, test compound was formulated in ster-
ile saline and dosed at 1 mg/kg, i.v., and 10 mg/kg, oral. A predose
plasma sample was collected prior to administration of MC-100093.
Blood samples (typically 100 ml) were collected at 0 (predose), 5, 15, and
30 minutes and 1, 2, 4, 8, and 24 hours; placed in tubes containing
EDTA; and centrifuged, and the plasma was frozen until LC/MS/MS
analysis. For measuring brain concentrations, a separate set of rats
(three rats per time point) were dosed intravenously (1 mg/kg), blood
samples were collected at the Tmax (0.1 hour), the animals were eutha-
nized with CO2, and brain samples were collected for analysis. Results
were analyzed by LC/MS/MS as described above. Pharmacokinetic
parameters were determined by noncompartmental or multicompart-
mental equations as appropriate using the WinNonlin program. Models
were compared using the Akaike Information Criteria (Akaike, 1974).
Pharmacokinetic parameters were compared for statistical significance
using paired t tests. Studies in adult male C57Bl6 mice were conducted
in the same manner, but three mice were used for each time point and
sacrificed after each blood draw. A total of 27 mice were used.

In Vitro Selectivity Assessment of MC-100093. MC-100093
was screened for its affinity at 43 G-protein–coupled receptors
(GPCRs) and transporters found in the brain as well as the cardiovas-
cular toxicity target Kv11.1 [human ether-a-go-go–related potassium
channel (hERG)] at a concentration of 10 mM through the NIMH Psy-
choactive Drug Screening Program (Besnard et al., 2012).

Antimicrobial Susceptibility Testing. Minimum inhibitory
concentration (MIC) testing was performed according to Clinical and
Laboratory Standards Institute guidelines (Wikler et al., 2018), as
described elsewhere (Eidem et al., 2015). Briefly, individuals wells of a
96-well microtiter plate were inoculated with �105 colony-forming units
of Staphylococcus aureus USA300, S. aureus RN8175, or Escherichia
coli C600N, containing 2-fold increasing concentrations of MC-100093
(0–512 mg/ml) and incubated for 18 hours in Mueller-Hinton broth. The
assays were also performed in the presence of 2.5% bovine serum albu-
min. The MIC was defined as the lowest concentration of test compound
at which there was no visible bacterial growth in the wells.

Glutamate Uptake Assay. Mouse astrocyte-neuron cocultures
were treated with MC-100093 (10 mM) for 72 hours prior to harvesting
for a tritiated glutamate uptake assay. Samples were incubated at
37�C for 10 minutes in Na1 buffer (5 mM Tris-HCl, pH 7.2, 10 mM
HEPES, 140 mM NaCl, 2.5 mM KCl, 1.2 mM CaCl2, 1.2 mM MgCl2,
1.2 mM K2HPO4, and 10 mM D-glucose). Glutamate uptake reaction
was started by incubating cells for 5 minutes at 37�C in Na1 buffer con-
taining 0.5 mM L-glutamate and 0.3 mCi L-[3H]glutamate (PerkinElmer)
per sample, followed by rapid washing twice with ice-cold Na1-free
assay buffer (5 mM Tris-HCl, pH 7.2, 10 mM HEPES, 140 mM choline-
Cl, 2.5 mM KCl, 1.2 mM CaCl2, 1.2 mM MgCl2, 1.2 mM K2HPO4, and
10 mM D-glucose). Cells were lysed with 0.1 N NaOH solution, and
radioactivity will be measured using a scintillation counter.

Cocaine Self-Administration, Extinction, and Reinstatement
Surgical Procedures. Rats were anesthetized using a mixture of

ketamine (87.5 mg/kg, i.p.) and xylazine (5 mg/kg, i.p.) and surgically

implanted with catheters in the jugular vein. Catheters (SILASTIC
silicon tubing, inner diameter 0.51 mm, outer diameter 0.94 mm; Dow
Corning, Midland, MI) were implanted in the jugular vein, secured
with 4-0 silk sutures, and threaded subcutaneously between the shoul-
der blades to exit via an incision in the back. Catheter tubing was con-
nected to a stainless steel cannula (Plastics One, Roanoke, VA)
embedded in a rubber harness (Instech, Plymouth Meeting, PA). The
harness was worn for the duration of cocaine self-administration.
Ketorolac (2 mg/kg, i.p.) was administered postoperatively and 4 days
after surgery for analgesia. The antibiotic Timentin (10 mg/kg) was
administered intravenously (0.1 ml) for 4 days postsurgery. Catheters
were flushed with 0.1 ml of heparinized saline (100 U/ml) before and
after each self-administration to ensure prolonged catheter patency.
Catheter patency was tested periodically with methohexital sodium
(10 mg/ml; Eli Lilly, Indianapolis, IN), which results in a temporary
loss of muscle tone.

Cocaine Self-Administration, Extinction, and Reinstate-
ment Procedures. Rats were trained to self-administer cocaine (or
receive yoked-saline infusions) in a standard two-lever operant cham-
ber (Med Associates, St. Albans, VT), whereby presses on the active
lever resulted in the intravenous delivery of 0.35 mg cocaine/infusion.
A fixed ratio 1 schedule of reinforcement was employed, and each
drug infusion was paired with auditory (a 2900-Hz tone) and visual
cues (the illumination of a light over the active lever). Throughout the
2-hour self-administration session, presses on the inactive lever were
recorded but had no programmed consequence. Each infusion of
cocaine was followed by a 20-second time-out period, during which
time no drug was delivered. A yoked-saline control group (n 5 7)
received intravenous saline (0.9% physiologic saline) when their yoked
counterpart received cocaine. Rats continued in the self-administra-
tion phase until meeting a criterion of 10 or more cocaine infusions
per session for 12 sessions. This was done to ensure consistency with
other studies in our laboratory assessing the same dependent varia-
bles. Two rats were excluded from future testing as a result of cathe-
ter failure during self-administration. Upon completion of the operant
self-administration phase, rats began daily 2-hour extinction training
sessions, during which presses on the previously active lever no longer
produced infusions or cue presentation. Once animals experienced a
minimum of 10–12 extinction sessions and active lever pressing had
reached criteria (25% of self-administration levels), a subset of rats
underwent reinstatement testing (n 5 30), whereas the remaining
cocaine (n 5 14) and yoked-saline rats (n 5 7) were sacrificed for
Western blotting without reinstatement testing. For 6–8 days prior to
these endpoints, rats to be tested for reinstatement were administered
0, 25, 50, or 100 mg/kg MC-100093 (in 1 ml/kg sterile saline) after the
daily extinction session, in accordance with the timing of ceftriaxone
injections in our previous work (Knackstedt et al., 2010; Bechard et
al., 2018; Schwendt et al., 2018). The rats to be used for Western blot-
ting received either 0 (vehicle) or 50 mg/kg MC-100083. The number
of rats receiving each dose of MC-100093 is depicted in Figs. 2 and 3.
Rats that underwent a cue-primed reinstatement test were placed
into the self-administration chambers, and presses on the active lever
resulted in presentation of the cues previously associated with cocaine
infusions (light 1 tone) but no cocaine. MC-100093 was not adminis-
tered prior to the reinstatement test.

Locomotor Testing. To ensure that MC-100093 was not inducing
sedation and thereby inhibiting the reinstatement of cocaine seeking,
rats in the 0 and 50 mg/kg MC-10093 groups underwent locomotor
testing 48 hours after reinstatement testing. MC-100093 injections
continued in the days between reinstatement and locomotor testing
but were not given the day of the locomotor test. Behavioral activity
was measured in a photocell apparatus (San Diego Instruments, San
Diego, CA). Subjects were placed into the apparatus for a 60-minute
baseline period, during which time activity was monitored. Rats then
received a saline injection (1 ml/kg, i.p.) followed 60 minutes later by
cocaine (10 mg/kg, i.p.). Locomotion was recorded in 10-minute incre-
ments throughout the 240 minutes. Motor activity was quantified as
total distance traveled.
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Western Blotting. After 10–12 days of extinction training (and
MC-100093 or vehicle treatment), rats were rapidly decapitated
without anesthesia. The NA core was dissected on ice and homoge-
nized in sucrose buffer containing protease inhibitors. After spin-
ning at 1000g, the supernatant was retrieved and spun at 10,000g.
The resulting pellet was resuspended in sucrose buffer and prote-
ase inhibitors and spun at 10,000g. The supernatant was dis-
carded, and the resulting pellet contained the membrane (P2)
fraction and was suspended in 1% SDS in radioimmunoprecipita-
tion assay buffer. Protein content was measured using the bicin-
choninic acid assay. For Western blotting, proteins were separated
using 10% SDS-PAGE and transferred to polyvinylidene difluoride
membrane. Membranes were blocked in 5% milk and probed with
primary antibody against GLT-1 (EMD Millipore guinea pig
anti–GLT-1, 1:8000). Membranes were incubated with horseradish
peroxidase–conjugated secondary antiserum (Jackson ImmunoRe-
search Laboratory) at room temperature (anti-guinea pig, 1:5000).
Rabbit anti-calnexin (1:40,000) was used as a loading control.
Bands were visualized using ECL Plus (GE Healthcare). Band
density was quantified with National Institutes of Health Image J
software.

Sucrose Self-Administration. Rats (n 5 6) were trained to self-
administer sucrose pellets (45 mg, BioServ) in a standard two-lever
operant chamber during daily 2-hour sessions. One press on the active
lever delivered one sucrose pellet. Rats were administered vehicle
(0.9% physiologic saline, 0.3 ml, i.p.) for the first 5 days of self-

administration and until lever presses were stable. After the fifth
sucrose self-administration session, rats received MC-100093 (50 mg/
kg, i.p.) once daily for 5 days. Injections occurred after the self-admin-
istration sessions, as in the cocaine experiments.

Statistical Analyses. GraphPad Prism (version 7.05) was used to
analyze the behavioral and Western blotting data. The a-value was set
at P # 0.05. Cocaine self-administration and extinction data (infusions,
active and inactive lever presses), weight, and locomotor behavior were
compared between groups using two-way repeated measures (RM)
ANOVAs with dose as the between-subjects factor and time as the
within-subjects factor. Active and inactive lever pressing during the
reinstatement test were compared with pressing during the average of
the last 3 days of extinction using a two-way RM ANOVA with dose as
a between-subjects factor and test as the within-subjects factor. For
Western blotting data, the integrated optical density of individual GLT-
1 bands was first normalized to calnexin optical density. These values
were then normalized to the saline-0 mg/kg control group by computing
the average density for the saline-0 mg/kg group on each gel and divid-
ing all samples on this gel by this average. This yielded a “percent con-
trol value,” and these values were compared between groups with a
one-way ANOVA. Sucrose self-administration was analyzed with an
RM one-way ANOVA on the daily sucrose self-administration, and a
paired-samples t test was also conducted to compare the total number
of sucrose pellets consumed prior to and during MC-100093 administra-
tion. Significant interactions or main effects from the one-way ANOVA
were followed up with Sidak’s multiple comparisons test.

Results
Physiochemistry and Pharmacokinetics. MC-100093

increased glutamate uptake in a neuron/astrocyte coculture

Fig. 2. MC-100093 inhibits relapse to cocaine seeking in a dose-depen-
dent manner. Rats were treated with MC-100093 (0, 25, 50, 100 mg/kg,
i.p.) for 6–8 days during extinction prior to a cue-primed reinstatement
test. (A) Rats later receiving 0, 25, 50, or 100 mg/kg MC-100093 did
not differ in the mean number of infusions attained during self-admin-
istration. (B and D) Rats later assigned to different doses of MC-
100093 did not differ in the number of active or inactive lever presses
during self-administration or extinction training. (C) Weight continued
to increase in all groups after the initiation of injections, indicating no
effects on motivation to consume chow. (E) All groups reinstated
cocaine seeking, evidenced by an increase in active lever pressing dur-
ing the cue-primed test relative to extinction (average of last 3 days).
Only the 50 mg/kg dose of MC-100093 attenuated active lever presses
during the cue-primed test. (F) No group differences in inactive lever
pressing were observed. *P < 0.05 relative to extinction. #P < 0.05 rela-
tive to 50 mg/kg.

Fig. 3. After cocaine self-administration and extinction training, MC-
100093 restores GLT-1 expression in the nucleus accumbens core. (A
and C) There were no differences in number of cocaine infusions
earned in rats later treated with 0 or 50 mg/kg MC-100093. There
were no differences in active (B) or inactive lever pressing (D) in rats
later treated with 0 or 50 mg/kg MC-100093. (E) Western blotting of
nucleus accumbens tissue revealed a decrease in GLT-1 membrane
expression in cocaine-extinguished rats that were treated with 0 but
not 50 mg/kg MC-100093. (F) Sample Western blots. "SA" 5 self-
administration. *P < 0.05 compared with saline-0 mg/kg.
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model [t(4) 5 3.23; P 5 0.0319]. MC-100093 is devoid of anti-
bacterial activity in representative Gram positive (S. aureus
USA300, S. aureus RN8175) and Gram negative (E. coli
C600N) strains. In a preliminary selectivity study, MC-100093
showed no activity in a panel of 43 GPCRs found in the brain
at concentrations up to and including 10 mM (NIMH Psychoac-
tive Drug Screening Program). This includes many of the
pathways thought to play a role in cocaine dependence and
reinstatement (Somaini et al., 2011) as well as the potential
cardiovascular toxicity targets hERG and serotonin 5-HT2b.
Table 1 provides a list of the targets that MC-100093 was
screened against.
In vitro ADME screening demonstrated that the physicochem-

ical properties of MC-100093 are consistent with marketed,
orally bioavailable drugs. MC-100093 is soluble in aqueous
media; virtually inactive at inhibiting the three major metabolic
cytochrome P450 enzymes responsible for drug-drug interaction
(Cyp3A4, 2D6, and 2C9); and metabolically stable in rat, mouse,
and human liver microsomes (see Table 2). The lack of in vitro
metabolism suggests that the pharmacokinetics of MC-100093
should be similar in the rat and mouse. Protein binding is rela-
tively low (35%), and the compound is not retained in membrane
lipids to a great extent (free, unbound fraction 5 83%). Taken
together, these properties are suggestive of acceptable pharmaco-
kinetic properties, and an in vivo PK assessment in rats (intrave-
nous and oral) has shown that this is indeed the case.
As shown in Tables 3 and 4, the compound is orally bioavail-

able (F% 5 28%) in the rat; has excellent exposure when
dosed at 1 mg/kg, i.v., and 10 mg/kg, oral; and has a moderate
half-life that is likely elimination-driven rather than metabo-
lism-driven, and exposure to the brain is substantially higher
than for ceftriaxone when administered intraperitoneally in
the mouse [14% brain penetration (Table 4) for MC-100093
versus 1% for ceftriaxone] (Granero et al., 1995). Additional
PK studies in mice (25 mg/kg, i.p.; Table 3) demonstrated that

the compound can be successfully administered in animal
studies. Brain exposure in this study was also significantly
higher than that observed for ceftriaxone (14�), and the meta-
bolic half-life is sufficient to support in vivo studies.
To rule out the possibility that the effect of MC-100093 on

cocaine reinstatement was not the result of off-target activity
known to be involved in animal models of cocaine reinstate-
ment, we screened our compound for affinity at 43 GPCRs
and transporters (Table 1) through the NIMH Psychoactive
Drug Screening Program (Besnard et al., 2012). MC-100093
showed no appreciable affinity for these targets as well as the
cardiovascular toxicity target hERG (Kc11.1) at a concentra-
tion of 10 mM.
Cocaine Self-Administration, Extinction, and Rein-

statement. We assigned rats to receive one of four doses of
MC-100093 during extinction training such that the groups
had similar prior cocaine intake and lever-pressing histories.
Two-way RM ANOVAs revealed no main effects of dose or
dose � time interactions for infusions (Fig. 2A) and active
(Fig. 2B) or inactive (Fig. 2D) lever presses during cocaine
self-administration. There was a main effect of time for the
number of infusions attained [F(11, 275) 5 20.33, P < 0.0001]
during self-administration. There were also main effects of
time for active lever presses [F(11, 275) 5 51.83, P < 0.0001]
and inactive lever presses [F(23, 598) 5 7.97, P < 0.001] during
self-administration and extinction. We compared body weight
for the 6 days prior to initiating MC-100093 injections and the
7 days of injections (Fig. 2C), finding no effect of dose and no
dose � time interaction. There was a main effect of time on
weight [F(12, 300) 5 75.02, P < 0.0001], as weight increased
over the 13 days for all groups, indicating that MC-100093 did
not affect motivation to consume regular chow. Reinstatement
of cocaine seeking is defined as the resumption of an extin-
guished drug-seeking response. Thus, we compared lever
pressing during extinction (average of the last 3 days) to that

TABLE 1
MC-100093: receptor binding results from psychoactive drug screening program. All tests run at 10 mM. All results < 10% inhibition of standard
ligand binding at 10 mM.

Adrenergic Benzodiazepine (Bz) Dopamine Gamma Amino Histamine

Butyric Acid
a-1A Rat brain BZ D1 H1
a-1B Peripheral BZ D2 GABA-A H3
a-1D D3
a-2A D4
a-2B D5
a-2C DA transporter
b-1
b-2
b-3
NE transporter
Muscarinic Opioid Serotonin Sigma Potassium

Channels
M1 d 5-HT1A s-1
M2 k 5-HT1B s-2 Kv11.1 (hERG)
M3 m 5-HT1D
M4 5-HT1E
M5 5-HT2A

5-HT2B
5-HT2C
5-HT3
5-HT5A
5-HT6
5-HT7
5-HT transporter
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during the cue-primed test. For active lever presses (Fig. 2E),
we found a dose � time interaction [F(3, 26) 5 3.754, P < 0.05]
and a main effect of time [F(1, 26) 5 113.90, P < 0.001]. Post
hoc tests showed that although all groups reinstated (P < 0.05
comparing extinction to reinstatement lever pressing), the
dose of 50 mg/kg attenuated active lever pressing relative to
the treatment groups receiving 0 and 25 mg/kg. There was no
dose � time interaction for inactive lever presses, as inactive
lever pressing remained low throughout extinction and test
(Fig. 2F).
Western Blotting. Upon detecting that the dose of 50 mg/

kg MC-100093 attenuated reinstatement, we ran a separate
cohort of rats through self-administration and extinction for
the purposes of assessing the effects of this dose on GLT-1
expression in the NA core at the time in which rats would be
placed into the chamber for a reinstatement test. This was
done because we have previously assessed GLT-1 expression
after extinction training but in the absence of a reinstatement
test (Knackstedt et al., 2010). In this cohort of rats, there was
an effect of time on infusions [F(11, 143) 5 2.406, P < 0.01; Fig.
3A]. Although there was no effect of dose and no dose � time
interaction on infusions, we verified no group differences in
cocaine intake by comparing the total number of infusions
earned with an unpaired t test, finding no differences (Fig.
3C). There was a main effect of time on both active [F(21, 273) 5
5.232, P < 0.001; Fig. 3B] and inactive [F(21, 273) 5 2.681, P <
0.0001; Fig. 3D] lever presses during self-administration and
extinction. However, there was neither a main effect of dose
nor a dose � time interaction for these variables. Nucleus
accumbens membrane GLT-1 expression differed by group
[F(2, 17) 5 3.482, P 5 0.05; Fig. 3E], with post hoc tests

showing that the cocaine-vehicle (0 mg/kg) group displayed
reduced expression relative to the yoked-saline control group
(P < 0.05). The cocaine group that received 50 mg/kg MC-
100093 did not display a reduction in GLT-1 expression, indic-
ative of a restoration of expression.
Locomotor and Sucrose Self-administration Con-

trols. After subchronic administration of vehicle (0 mg/kg) or
50 mg/kg MC-100093, rats were tested for spontaneous and
cocaine-induced locomotion. A main effect of time [F(23, 276) 5
15.08, P < 0.0001; Fig. 4A] was observed, but no effect of dose
and no dose � time interaction were detected. Thus, both
groups exhibited similar spontaneous and cocaine-induced loco-
motion. To determine whether MC-100093 decreases the moti-
vation to seek a natural reward, a within-subjects assessment
of sucrose self-administration during vehicle and 50 mg/kg MC-
100093 was conducted. A one-way ANOVA with RM on time
found a significant main effect [F(2.666, 13.33) 5 5.243, P < 0.05].
Post hoc tests found that several days, both prior to and during
MC-100093 treatment, were greater than intake on day 5 (Fig.
4B). The first MC-100093 injection was administered after
sucrose self-administration session on day 5, and thus the
decrease in intake on day 5 was not due to this drug. A paired-
samples t test conducted on the total number of sucrose pellets
consumed found a significant increase in the number of pellets
consumed during MC-100093 treatment relative to the 5 days
of vehicle treatment [t(5) 5 3.227, P < 0.05; Fig. 4B, inset].

Discussion
We entered into a drug discovery project with the goal of

identifying more potent, more selective drugs than ceftriaxone

TABLE 2
Properties, in vitro screening and in vitro ADME results for MC-100093

Structure MW TPSA Log P Glutamate Uptake S. Aureus
USA3000

S. Aureus
RN8175

E. Coli
C600N

IC50 % Ctrl MIC (mg/ml)

fx1 269.17 72.88 �1.35 0.1 mM 123.5% >256 >256 >256
CYP3A4 CYP2D6 CYP2C9

MLM HLM
IC50 (nM) Sol.(mM) RLM t1/2 (min.) Protein binding Membrane partitioning

10,000 5650 10,000 >10,000 60 60 57 35% 0.83

t1/2, half-life. Sol: solubility; Ctrl: control; RLM: rat liver microsomes; MLM: mouse liver microsomes; HLM: human liver microsomes.

TABLE 3
Rat PK for MC-100093

Route Dose Cmax Tmax AUCtot t1/2 CL VZ Vss F

mg/kg mg/ml h mg*h/m h L/h L L %
Intravenous 1 5.78 0.1 1.89 0.9 0.2 0.2 0.14
Oral 10 4.17 1.5 5.26 1.8 1 3.2 4 28%

t1/2, half-life; Auctot: Total Area Under the Curve; CL: Clearance; VZ: apparent volume of distribution during terminal phase; Vss: steady state volume of
distribution.

TABLE 4
Mouse PK for MC-100093 after intraperitoneal dosing

Dose Cmax Tmax AUCtot t1/2 CL VZ Vss Brain/Plasma

mg/kg lg/ml h mg*h/m h L/h L L %
25 11.5 0.5 17.13 4.2 0.04 0.26 0.1 14

t1/2, half-life.
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that also possess reduced antibiotic activity. Our efforts led to
the design and synthesis of MC-100093, a novel b-lactam
derivative that does not possess antimicrobial properties. The
molecule’s stereoselective synthesis is short, straightforward,
and high-yielding. MC-100093 is structurally distinct from the
b-lactam antibiotics reported to enhance GLT-1 uptake (Roth-
stein et al., 2005). It is a monocyclic monobactam, whereas the
antibiotics found to possess GLT-1–enhancing effects possess
the bicyclic penicillin or cephalosporin scaffolds. MC-100093
displays many physicochemical and in vitro ADME properties
expected of a good drug candidate (Table 1). The molecule is
highly soluble in aqueous media (>10,000 mM). It is stable to
cytochrome P450–mediated oxidative metabolism in both
mouse and human liver microsomes. It does not show any
appreciable inhibition of the three major metabolizing liver
cytochrome P450 enzymes, CYP3A4, CYP2D6, and CYP2C9,
which suggests that there is a low potential for causing drug-
drug interactions. Importantly, MC-100093 shows no antimi-
crobial activity against representative Gram positive and
Gram negative strains of bacteria at concentrations up to 256

mg/ml. Use of the compound would not lead to the develop-
ment of bacterial resistance, which is one of the issues with
ceftriaxone that precludes its long-term use as an antiaddic-
tive agent. MC-100093 showed no affinity for 43 GPCRs and
transporters at a concentration of 10 mM, including a several
targets (e.g., dopamine, acetylcholine, AMPA, j-opioid) known
to have effects in models of cocaine dependence and reinstate-
ment (Somaini et al., 2011). Although the list is not exhaus-
tive, those data, coupled with the fact that MC-100093 does
not meet the pharmacophoric requirements for other known
mechanisms that show activity in cocaine reinstatement mod-
els such as orexin antagonism (Roecker et al., 2016), suggest
that MC-100093 is not acting through these mechanisms to
prevent cue- and cocaine-induced reinstatement.
MC-100093 also displays superior in vivo pharmacokinetic

parameters in rats compared with ceftriaxone (Table 2) (Gra-
nero et al., 1995). Although MC-100093 is more hydrophilic
(log P 5 �1.35) than compounds normally expected to display
good intestinal permeability (log P 1–3) (Pajouhesh and Lenz,
2005), the compound does display reasonable oral bioavailabil-
ity in rats (28%; Table 2). In contrast, ceftriaxone is not orally
bioavailable and must be administered intramuscularly or
intravenously to humans. MC-100093 penetrates the central
nervous system better than ceftriaxone, displaying a brain/
plasma ratio of 14% in mice (Table 4) compared with 1% for
ceftriaxone (Nau et al., 2010). Thus, MC-100093 represents an
orally bioavailable GLT-1 enhancer that penetrates the central
nervous system better than ceftriaxone.
Treatment with MC-100093 (10 mM) enhanced uptake of

glutamate into astrocytes in a mouse neuron/astrocyte cocul-
ture model to a maximum of 123.5% over control values, with
an IC50 value 5 0.1 mM. Treatment with ceftriaxone showed a
similar maximal effect on enhancement of glutamate uptake
(130.2%) but was 10-fold less potent than MC-100093, giving
an IC50 5 1.4 mM. When administered to rats with a prior his-
tory of cocaine self-administration, 50 mg/kg MC-100093
restored the expression of NA core GLT-1. Although ceftriax-
one has been demonstrated to increase GLT-1 expression and
glutamate uptake in cell culture, a number of studies have
reported that when ceftriaxone is administered to healthy
rodents, it is unable to upregulate GLT-1 in the nucleus
accumbens [for review, see Smaga et al. (2020)]. Thus, we did
not screen MC-1000093 for its ability to increase GLT-1 pro-
tein expression in cocaine-naïve rats. This will be addressed in
future work.
MC-100093 displayed an inverted u-shaped dose-response

function for the ability to attenuate cue-primed reinstatement
of cocaine seeking, with the 50 mg/kg dose showing efficacy
and the 25 and 100 mg/kg doses not affecting reinstatement.
The effective dose of MC-100093 in these models was signifi-
cantly lower than that seen with ceftriaxone in rats (100–200
mg/kg, i.p.) (Sari et al., 2009; Knackstedt et al., 2010). The
inverted u-shaped dose response is not uncommon in operant
models as well as other behavioral and learning/memory mod-
els. The exact causes for this phenomenon are not completely
understood, but one hypothesis involves system plasticity and
the attempt of the system to restrict the magnitude of the
response within pre-established control values (Calabrese,
2008). For example, here, 100 mg/kg MC-100093 may increase
GLT-1 to supraphysiologic levels, which would decrease basal
(pre-reinstatement) glutamate levels further, producing addi-
tional postsynaptic glutamate receptor adaptations (LaCrosse

Fig. 4. Subchronic MC-100093 does not produce sedation or decrease
sucrose self-administration. (A) MC-100093 does not alter spontaneous
(0–60 minutes) or cocaine-induced locomotion (120–240 minutes). (B)
MC-100093 treatment began after the 2-hour sucrose self-administra-
tion session on day 5. Rats increased sucrose consumption during treat-
ment with MC-100093, indicating that its effects on cocaine seeking
are not due to motivational deficits. *P < 0.05 relative to day 5. ^P <
0.05 paired samples t test.
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et al., 2017) and thus greater reinstatement of cocaine seek-
ing. To our knowledge, ceftriaxone doses higher than 200 mg/
kg have been not been tested in the cocaine reinstatement
model in rats, and thus it is not known whether the same
inverted u-shaped curve would be observed for ceftriaxone.
Thus, like ceftriaxone, MC-100093 attenuates cue-primed

relapse to cocaine seeking without reducing motivation to con-
sume regular chow or sucrose pellets or affecting body weight
(Weiland et al., 2015). We found no effect of MC-100093 on
spontaneous or cocaine-induced locomotion. We have previ-
ously reported that in both cocaine-experienced and cocaine-
naïve rats, subchronic ceftriaxone (200 mg/kg, i.p.) increases
spontaneous locomotion relative to vehicle-treated rats
(Knackstedt et al., 2010; Schwendt et al., 2018). In both of
these reports, locomotor testing occurred 24 hours after the
final ceftriaxone injection, indicating a long-term effect on loco-
motion. When locomotion was assessed in the home cage,
8 days of ceftriaxone (200 mg/kg, i.p.) similarly increased spon-
taneous locomotion (Bellesi et al., 2012). Here, the same dose
of MC-100093 that attenuated reinstatement (50 mg/kg) did
not alter spontaneous or cocaine-induced locomotion. While
this indicates that sedation was not the cause of the attenua-
tion in cocaine seeking during the cue test, it also indicates
that the neurochemical effects of MC-100093 are not identical
to those of ceftriaxone.
The data presented here indicate that MC-100093 is a

strong candidate for a medication to reduce cocaine relapse,
with advantages over the antibiotic ceftriaxone. Future work
will examine whether MC-100093 exerts the same effects on
neurobiology underlying cocaine relapse as does ceftriaxone,
such as normalization of NA core physiology, surface gluta-
mate receptor expression, and glutamate release and reuptake
(Trantham-Davidson et al., 2012; LaCrosse et al., 2017).
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