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ABSTRACT: 2-(Phosphonomethyl)pentanedioic acid (2-PMPA) is a potent
and selective inhibitor of glutamate carboxypeptidase-II (GCPII) with efficacy
in multiple neurological and psychiatric disease models, but its clinical utility is
hampered by low brain penetration due to the inclusion of multiple acidic
functionalities. We recently reported an improvement in the brain-to-plasma
ratio of 2-PMPA after intranasal (IN) dosing in both rodents and primates.
Herein, we describe the synthesis of several 2-PMPA prodrugs with further
improved brain delivery of 2-PMPA after IN administration by masking of the
γ-carboxylate. When compared to IN 2-PMPA in rats at 1 h post dose, γ-(4-
acetoxybenzyl)-2-PMPA (compound 1) resulted in significantly higher 2-
PMPA delivery to both plasma (4.1-fold) and brain (11-fold). Subsequent time-
dependent evaluation of 1 also showed high brain as well as plasma 2-PMPA
exposures with brain-to-plasma ratios of 2.2, 0.48, and 0.26 for olfactory bulb,
cortex, and cerebellum, respectively, as well as an improved sciatic nerve to
plasma ratio of 0.84. In contrast, IV administration of compound 1 resulted in similar plasma exposure of 2-PMPA versus the IN
route (AUCIV: 76 ± 9 h·nmol/mL versus AUCIN: 99 ± 24 h·nmol/mL); but significantly lower nerve and brain tissue exposures
with tissue-to-plasma ratios of 0.21, 0.03, 0.04, and 0.04 in nerve, olfactory bulb, cortex, and cerebellum, respectively. In primates,
IN administration of 1 more than doubled 2-PMPA concentrations in the cerebrospinal fluid relative to previously reported levels
following IN 2-PMPA. The results of these experiments provide a promising strategy for testing GCPII inhibition in neurological
and psychiatric disorders.
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■ INTRODUCTION

Glutamate carboxypeptidase II (GCPII) is an extracellular
membrane-bound zinc metalloprotease that catalyzes the
hydrolysis of the neuropeptide N-acetyl-aspartyl-glutamate
(NAAG) to N-acetylaspartate (NAA) and glutamate.1 As a
major regulator of extracellular glutamate availability in the
brain,2 GCPII inhibition represents a promising drug target for
multiple diseases associated with disrupted glutamate homeo-
stasis including neuropathic pain,3−7 stroke,2 diabetic neuro-
pathy,8−10 schizophrenia,11 addiction,12−14 multiple sclero-
sis,15−17 and traumatic brain injury.18,19 Selective inhibitors of
GCPII have been shown to attenuate glutamate-mediated
excitotoxicity, and ameliorate these disease phenotypes in
preclinical models. These data were generated with structurally
distinct GCPII inhibitors including thiol-based, phosphinic acid

based, and urea-based compounds, providing convincing
evidence that GCPII mediates their effect. In addition, several
studies have demonstrated that administration of these
inhibitors in vivo is accompanied by the biochemical
consequences of GCPII inhibition, namely, a decrease in
brain glutamate and a concomitant increase in brain NAAG.
GCPII inhibition is thought to confer neuroprotection by
blocking the liberation of glutamate from NAAG as well as by
increasing NAAG itself which acts as an agonist at metabotropic
glutamate receptor subtype 3 (mGlu3), further diminishing

Received: March 24, 2017
Revised: June 26, 2017
Accepted: August 1, 2017
Published: August 1, 2017

Article

pubs.acs.org/molecularpharmaceutics

© 2017 American Chemical Society 3248 DOI: 10.1021/acs.molpharmaceut.7b00231
Mol. Pharmaceutics 2017, 14, 3248−3257

pubs.acs.org/molecularpharmaceutics
http://dx.doi.org/10.1021/acs.molpharmaceut.7b00231


glutamate release.20 The mechanism of efficacy has also been
confirmed by GCPII knockout mice that have been found to be
resistant to ischemic and inflammatory damage in the central
and peripheral nervous systems and less susceptible to
traumatic brain injury.19,21

Despite promising therapeutic potential, currently available
GCPII inhibitors, such as the phosphonate-based 2-
(phosphonomethyl)pentanedioic acid (2-PMPA), exhibit poor
pharmacokinetics due to the inclusion of highly hydrophilic
moieties, which are important for maintaining potency at
GCPII but impede membrane permeability and brain
penetration.22 Indeed, low oral bioavailability (F < 2%) and
brain penetration (brain/plasma ratio < 2%) of 2-
PMPA23,24necessitate very high systemic doses or direct brain
injection for efficacy. Previous structure−activity relationship
(SAR) efforts by our group and others have demonstrated that
the potency of 2-PMPA is dependent upon the zinc-chelating
properties of the phosphonate side chain combined with the
core glutarate structure that mimics glutamate in the active site
and promotes high affinity GCPII binding.25,26 Attempts to
substitute these functionalities in order to increase lipophilicity
and improve the physicochemical properties of the molecule
resulted in substantial loss of potency,25 suggesting that SAR
alone may not be sufficient to achieve significant improvement.
As an alternative means, intranasal (IN) administration has

been shown to improve central nervous system (CNS)
penetration of 2-PMPA24 and many other small molecules,
peptides, and biologics.27 Compounds administered IN reach
the CNS by bypassing the blood−brain barrier (BBB) through
initial absorption into the olfactory epithelium of the nasal
cavity prior to intracellular and/or interstitial diffusion through
the olfactory bulb (OB) to other brain regions and
cerebrospinal fluid (CSF).27 IN delivery also results in systemic
exposure by absorption through the nasal respiratory
epithelium.27 Recently, we demonstrated that IN administra-
tion of 2-PMPA significantly improved CNS exposure in
rodents as well as nonhuman primates.24 Although the brain
penetration of 2-PMPA was improved through the IN versus
systemic route, its diffusion across the olfactory epithelium and

throughout the brain was limited, perhaps by its extreme
hydrophilicity (cLogP = −1.54). Thus, we hypothesized that
lipophilic prodrugs of 2-PMPA could afford enhanced
permeability and tissue exposure, and further optimize delivery
of this compound to the CNS.
We recently employed a 2-PMPA prodrug strategy to

decrease its polarity and showed that we could improve its
oral availability by >20-fold in both rodents and dogs.23 Oral
administration of 2-PMPA prodrugs did not significantly
enhance brain exposure, however, likely due to metabolism of
2-PMPA prodrugs while traversing the gastrointestinal tract,
and in plasma, prior to BBB penetration. Thus, we
hypothesized that if we combined this prodrug strategy with
IN dosing, we could obtain high 2-PMPA CNS exposure. In the
present work, we synthesized five prodrugs of 2-PMPA
containing a single promoiety at the γ-carboxylic acid. We
subsequently tested the prodrugs for in vitro GCPII inhibition
and in vivo distribution at 1 h following IN dosing in rats. The
compound with the best brain penetration, γ-(4-acetoxyben-
zyl)-2-PMPA (compound 1), was then further characterized for
time-dependent delivery of 2-PMPA to plasma, various brain
regions, and peripheral nerve via both IV and IN routes. To
more closely reflect human nasal anatomy, nonhuman primates
were used to confirm the rodent findings using a brain targeted
IN device.24

■ EXPERIMENTAL SECTION
2-PMPA was synthesized internally by our laboratory as
reported previously.25 Reagents, such as LC/MS grade
acetonitrile and water (LC/MS grade) with 0.1% formic acid,
were obtained from Fisher Scientific (Hanover Park, IL). Drug-
free (blank) heparinized rat plasma was obtained from
Innovative Research Inc. (Plymouth, MN). All other chemicals
and reagents were purchased from Sigma-Aldrich (St. Louis,
MO).

Synthesis of 2-PMPA Prodrugs. The acetoxybenzyl (1)
and n-butyl (3) derivatives were prepared as shown in Scheme
1. Starting from common intermediate 623the benzyl group was
removed using palladium catalyzed hydrogenation to yield the

Scheme 1. Synthesis of Compounds 1 and 3a

aReagents and conditions: (i) Pd/C, H2 (balloon), THF, rt, 22 h. (ii) For 8a: n-butanol, DCC, DMAP, DCM, rt, 20 h. For 8b: 4-
(hydroxymethyl)phenyl acetate, PPh3, DIAD, 1 h, rt. (iii) TFA/DCM 1:1, 0 °C to rt, 3 h. (iv) TMS-Br, DCM, 0 °C to rt, 18 h.
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carboxylate 7. The carboxylate 7 was coupled to n-butanol
using DCC and DMAP to yield ester 8a, or Mitsunobu
coupling conditions were used with 4-(hydroxymethyl)phenyl
acetate to yield intermediate 8b. Ester 8a was deprotected using
bromotrimethylsilane (TMSBr) to yield the phosphonic acid 9a
in a quantitative yield, followed by acidic hydrolysis of the t-
butyl ester using trifluoroacetic acid (TFA) to yield the PMPA
prodrug 3. In a similar manner, ester 8a was deprotected using
TFA to yield the carboxylate 9b, which was then subsequently
converted to the phosphonic acid 1 using TMSBr. Prodrug 3
was prepared in total 69% yield over 4 steps; in the case of
prodrug 1, the overall yield was 31%.
Benzyl substituted prodrug 4 (Scheme 2) was prepared from

analogue 1028in three steps. Intermediate 10 was converted to
the 1-allyl-5-benzyl-2-PMPA diester 11 using Eschenmoser’s
salt, and 11 was then converted to the phosphonic ester 12
using diethyl phosphite and trimethylaluminum. Ethyl groups
in phosphonic ester 12 were removed by TMSBr, and
subsequently the allyl moiety was removed using Pd(PPh3)4
with phenylsilane as scavenger. Prodrug 4 was obtained in an
overall yield of 45%.
Prodrugs 2 and 5 were prepared from the common

intermediate 13, Scheme 3. Intermediate 13 was reacted with
Eschenmoser’s salt in benzyl alcohol to yield the 5-allyl-1-

benzyl-2-PMPA diester 14. The phosphonic ester 15 was
formed from compound 14 using diethyl phosphite and
trimethylaluminum. The allylic moiety of compound 15 was
deprotected to form the carboxylate 16 using Pd(PPh3)4 in the
presence of phenylsilane. The carboxylic acid 16 was then
condensed under basic conditions with either chloromethyl
isopropyl carbonate to form 17a or 1-bromooctane to form
17b. Esters 17a and 17b were subsequently deprotected with
TMSBr and palladium catalyzed hydrogenation to form
prodrugs 2 (35% overall yield) and 5 (25% overall yield),
respectively.
Detailed synthesis and characterization for each compound

and mass transitions used for LC−MS/MS analysis of prodrugs
1−5 are provided in the Supporting Information.

GCPII Enzymatic Activity. The potency of each 2-PMPA
γ-ester prodrug 1−5 in inhibiting GCPII was determined using
a radioenzymatic activity assay as previously described.29

Briefly, recombinant human GCPII protein was purified and
incubated with 3H-NAAG (radiolabeled on the terminal
glutamate) prior to separation of cleaved glutamate by ion
exchange chromatography, which was subsequently measured
by liquid scintillation. Increasing concentrations of each 2-
PMPA prodrug were dissolved in 10% DMSO and coincubated
with the radioenzymatic assay mixture to determine their IC50
values.

Plasma Stability of 2-PMPA Prodrugs. For stability
studies, naive plasma from rat and humans was used. Prodrugs
(10 μM) were spiked in each plasma matrix and incubated in an
orbital shaker at 37 °C. At predetermined times (0 and 60
min), 100 μL aliquots of the mixture in duplicate were removed
and the reaction was quenched by addition of three times the
volume of ice cold acetonitrile spiked with the internal standard
(losartan 0.5 μM). The samples were vortex mixed for 30 s and
centrifuged at 12000g for 10 min. Fifty microliters of the
supernatant was diluted with 50 μL of water and transferred to
a 250 μL polypropylene vial sealed with a Teflon cap. Prodrug
disappearance was monitored over time using liquid
chromatography and tandem mass spectrometry (LC−MS/
MS). Briefly, prodrugs were analyzed on a Thermo Scientific
Accela UPLC system coupled to an Accela open autosampler
on an Agilent C18 (100 × 2.1 mm i.d.) UPLC column. The
autosampler was temperature controlled and operated at 10 °C.
The mobile phase used for the chromatographic separation was
composed of acetonitrile/water containing 0.1% formic acid
and had a flow rate of 0.5 mL/min for 4.5 min using gradient
elution. The column effluent was monitored using a TSQ
Vantage triple-quadrupole mass spectrometric detector, equip-
ped with an electrospray probe set in the positive ionization
mode. Samples were introduced into the ionization source
through a heated nebulized probe (350 °C). Disappearance of

Scheme 2. Synthesis of Compound 4a

aReagents and conditions: (i) Eschenmoser’s salt, allyl alcohol, 70 °C, 21 h. (ii) Diethyl phosphite, Al(CH3)3, DCM, 0 °C to rt, 16 h. (iii) (1) TMS-
Br, DCM, 0 °C to rt, 18 h; (2) phenylsilane, Pd(PPh3)4, THF, rt, 1 h.

Scheme 3. Synthesis of Compounds 2 and 5a

aReagents and conditions: (i) Eschenmoser’s salt, BnOH, 70 °C, 21 h.
(ii) Diethyl phosphite, Al(CH3)3, DCM, 0 °C to rt, 16 h. (iii)
Phenylsilane, Pd(PPh3)4, THF, rt, 1 h. (iv) For 17a: POC-Cl, Nal,
K2CO3, acetonitrile, rt to 50 °C, overnight. For 17b: C8H17Br, Nal,
K2CO3, acetonitrile, rt to 50 °C, overnight. (v) (1) TMS-Br, DCM, 0
°C to rt, 18 h; (2) Pb/C, H2 (balloon), THF, rt, 22 h.
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prodrugs was measured from ratio of peak areas of analyte to
IS.
Rodent Studies. All rodent studies were reviewed and

approved by the Johns Hopkins Institutional Animal Care and
Use Committee in compliance with the Association for
Assessment and Accreditation of Laboratory Animal Care
International (AAALAC) and the Public Health Service Policy
on the Humane Care and Use of Laboratory Animals (PHS
Policy). Studies were conducted using 6−8 week old, 200−250
g, male, outbred Wistar rats (Envigo, Indianapolis, IN). Animals
were housed in individually ventilated cages (Allentown Caging
Equipment, Allentown, PA) with ad libitum access to
autoclaved rodent chow (Envigo, Teklad, Indianapolis, IN)
and filtered reverse-osmosis-treated water.
Pharmacokinetic Evaluation of 2-PMPA Prodrugs

Following IN Administration in Rats. An initial pharmaco-
kinetic screen (n = 3 rats/group) was conducted by dosing 2-
PMPA or prodrugs (10 mg/kg or molar equivalent, IN) prior
to collecting plasma and OB for bioanalysis 1 h later. IN
administrations were performed per previously described
methods with minor modifications.24 Briefly, rats were
anesthetized with 1−1.5 mL (IP) of 10% chloral hydrate and
kept under anesthesia throughout the entire experiment. To
prevent drainage, the nasal cavity was isolated by transecting
the trachea; the lower part of the trachea was cannulated to
allow air breathing. Rats were then given 10 μL of the
experimental compound solution per nostril using a micro-
syringe connected to a 1.5 cm PE-10 tube, over a period of 5−
10 s. The rats were maintained under anesthesia for the entire
duration of the experiment until sacrificed. Based on the initial
screening data, compound 1 was selected for full pharmaco-
kinetic evaluation (n = 3 rats/time point) by collecting plasma
and tissues (OB, cortex, cerebellum, and sciatic nerve) at 0.25,
0.5, 1, 2, 3, 5 h following IN administration. For collection of
tissues, animals were euthanized with CO2, and blood samples
were collected in heparinized microtubes by cardiac puncture.
Tissues were dissected and immediately flash frozen (−80 °C).
Plasma was prepared by centrifugation immediately after
collection of blood samples. All samples were stored at −80
°C until bioanalysis of 2-PMPA and intact prodrug as described
below.
Evaluation of Compound 1 Following IV Adminis-

tration in Rats. For IV studies, compound 1 was administered
as a single IV dose. The dosing solution was prepared on the
day of the experiment in 50 mM HEPES buffered saline, and
pH was adjusted to 7.4 before injection. At various time points
following drug administration (0.25, 0.5, 1, 2, 3, 5 h post dose),
animals (n = 3 per time point) were euthanized with CO2,
blood samples were collected in heparinized microtubes by
cardiac puncture, and tissues (OB, cortex, cerebellum, and
sciatic nerve) were dissected and immediately flash frozen (−80
°C). Plasma was prepared by centrifugation immediately after
collection of blood samples. All samples were stored in −80 °C
until bioanalysis.
Evaluation of 2-PMPA Prodrugs Following IN Admin-

istration in Nonhuman Primates. All nonhuman primate
studies were reviewed and approved by the Johns Hopkins
Institutional Animal Care and Use Committee in compliance
with AAALAC, the PHS Policy, and the Animal Welfare Act,
Regulations and Care Policies. Studies were conducted using
three healthy nine-year-old male rhesus macaques (Macaca
mulatta) weighing an average of 8.9 kg (range of 8.3−9 kg).
Animals were maintained on a 14:10 h light:dark cycle and

provided a commercial macaque diet (Envigo, Teklad,
Indianapolis, IN) with ad libitum access to filtered reverse-
osmosis-treated water and fresh enrichment (fruit/vegetables)
supplemented daily. Animals were singly housed while on study
to monitor behavior and clinical health following drug
administration.
Animals were anesthetized with ketamine 20 mg/kg

intramuscularly, intubated, and maintained under isoflurane
inhalant anesthesia for intranasal drug administration and
subsequent blood and CSF collection. Compound 1 was
administered as an aqueous solution (87.5 mg/mL and pH
adjusted to 7.4) via IN delivery employing a drug delivery
device (Kurve Technology, Bothell, WA), designed to deliver
drugs to the olfactory region to maximize transport to the CNS.
The device was actuated for a period of 4 min in one nostril
(depositing 600 μL). The nosepiece was cleaned with a mist of
air, and then the same procedure was performed in the second
nostril (600 μL). Total dose delivered was 2.5 mg/kg 2-PMPA
equivalent. CSF (target of 100 μL) was obtained at 0.5 and 1 h
post dose using a 1.5 in. spinal needle placed in the intrathecal
space of the cisterna magna. Whole blood was obtained at 30
min post dose using a peripheral saphenous vein catheter.
Plasma separated using low speed centrifugation at 1500g for
10 min was flash-frozen on dry ice. Plasma and CSF samples
were stored at −80 °C until bioanalysis.

Bioanalysis of 2-PMPA. Quantification of analytes in
plasma and brain tissues was performed after protein
precipitation by LC−MS/MS analysis as previously described.24

Briefly, standard curves were prepared in naive plasma and
brain tissues ranging from 10 to 50,000 nM. For extraction of 2-
PMPA, plasma samples were thawed on ice, and then 50 μL of
the calibration standard or sample was transferred into silanized
vials. Three hundred microliters of methanol with internal
standard was added to each plasma sample for protein
extraction, followed by mixing and centrifugation at 12000g
for 10 min. The supernatant was then transferred and
evaporated to dryness at 40 °C under a gentle stream of
nitrogen. Brain samples were diluted 1:5 w/v with methanol,
stored at −20 °C for 1 h, and then homogenized.
Homogenized brain samples were vortex mixed and centrifuged
as above; 100 μL of the supernatant was mixed with 100 μL of
internal standard in methanol, and then evaporated to dryness.
2-PMPA samples and standards were derivatized using N-

tert-butyldimethylsilyl-N-methyltrifluoroacetamide with 1% tert-
butyldimethylchlorosilane (MTBSTFA + 1% TBDMSCl), to
enable reverse phase chromatography, as described previ-
ously.24 Briefly, samples and standards were reconstituted in
100 μL of acetonitrile with vortex mixing followed by 50 μL of
MTBSTFA and were set to react at 60 °C in a water bath for 30
min. Upon completion of the reaction the samples were then
centrifuged again at 10,000 rpm at 5 °C for 2 min. An aliquot of
100 μL of supernatant was transferred to 250 μL of
polypropylene autosampler vials sealed with Teflon caps and
analyzed via LC−MS/MS. Separation of the analyte was
achieved using a Waters X-terra, RP18, 3.5 μm, and 2.1 × 50
mm. The mobile phase was composed of 0.1% formic acid in
acetonitrile and 0.1% formic acid in H2O with gradient elution.
Chromatographic analysis was performed on an Accela UPLC
and a TSQ vantage mass spectrometer. The [M + H]+ ion
transitions of derivatized 2-PMPA at m/z 683.0 → 551.4 and
that of the internal standard at m/z 669.0 → 537.2 were
monitored.
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Bioanalysis of Intact Prodrugs. For quantification on
intact prodrugs in plasma and brain, extraction of the prodrugs
from the tissues was done by protein precipitation with
methanol containing losartan as internal standard. Following
extraction and evaporation of organic, the residue was
reconstituted in acetonitrile/water (70:30 v/v) and subjected
to liquid chromatography/tandem mass spectrometry (LC−
MS/MS).
Briefly, quantification was performed in multiple reaction

monitoring (MRM) mode using mass transitions in Table S1.
Chromatographic analysis was performed using an Accela
ultrahigh-performance system consisting of an analytical pump,
and an autosampler coupled with a TSQ Vantage mass
spectrometer (Thermo Fisher Scientific Inc., Waltham, MA).
Separation of the analyte was achieved at ambient temperature
using an Agilent Eclipse Plus column (100 × 2.1 mm i.d.)
packed with a 1.8 μm C18 stationary phase. The mobile phase
used was composed of 0.1% formic acid in acetonitrile and
0.1% formic acid in water with gradient elution, starting with
10% organic linearly increasing to 99% at 2 min, maintaining at
99% (2−2.5 min), re-equilibrating to 10% by 2.7 min, and
maintaining 10% organic until the end of the run. The total run
time for each analyte was 5 min.
Analysis of 2-PMPA in Nonhuman Primate CSF

Samples. Analysis of 2-PMPA in CSF samples was done as
described previously, with minor modifications. Briefly, stand-
ard curves were generated in blank nonhuman primate CSF.
Calibration curves were constructed in the range of 50−10000
nM. Samples were analyzed by LC−MS/MS. Samples (20 μL)
were injected and separated on an Agilent 1290 LC equipped
with an Agilent Eclipse Plus C18 column (2.1 × 100 mm)
packed with 1.8 μm stationary phase. The mobile phase
consisted of 0.1% formic acid in water and 0.1% formic acid in
acetonitrile with an isocratic elution at 2.5% organic. Analytes
were detected with an Agilent 6520 QTOF mass spectrometer
in negative mode using [M − H]−ions for 2-PMPA (225.0163)
and internal standard (325.1043). Calibration curves were
generated in an analogous manner as described above with a
correlation coefficient >0.99.
Pharmacokinetic Analysis of 2-PMPA. Mean plasma and

tissue concentrations of 2-PMPA were analyzed using non-
compartmental method as implemented in the computer
software program Phoenix WinNonlin version 6.4 (Certara
USA, Inc., Princeton, NJ). The maximum plasma concentration
(Cmax) and time to Cmax (Tmax) were the observed values. The
area under the plasma concentration time curve (AUC) value
was calculated to the last quantifiable sample (AUClast) by use
of the log−linear trapezoidal rule. The tissue to plasma
partition coefficients were calculated as a ratio of mean AUCs
(AUC0−t,tissue/AUC0−t,plasma).
Statistical Analysis. For single time point studies,

compound concentrations were statistically compared by one-
way ANOVA with Dunnett’s post hoc test for 2-PMPA and
Tukey’s post hoc test for intact prodrugs. Comparison of Cmax
values between IV and IN routes for each corresponding tissue
was performed by t test. The method of Bailer was used to
estimate the variance of AUClast based on the mean
concentration at each time point.30,31 To determine whether
there was a significant difference between exposure as expressed
by AUCs of IV versus IN plasma, brain, and nerve tissue, a
pairwise comparison was performed using a Z test.32 The a
priori level of significance for all analyses was defined as p <
0.05.

■ RESULTS
Relative to 2-PMPA, Compounds 1−5 Showed

Enhanced Lipophilicity, Nanomolar GCPII Inhibitory
Potency, and Differential Plasma Metabolic Lability.
Five different prodrugs using 4-acetoxybenzyl (PAB), iso-
propoxycarbonyloxymethyl (POC), n-butyl, benzyl, and n-octyl
promoieties added at the γ-carboxylate of 2-PMPA were
synthesized (Schemes 1−3) to yield compounds 1, 2, 3, 4, and
5, respectively. All prodrugs exhibited an increase in lip-
ophilicity (cLogP = from −0.39 to 2.6) compared to 2-PMPA
(cLogP = −1.54). Moreover, all 5 prodrugs displayed
nanomolar potency as GCPII inhibitors (1−20 nM) (Table
1). When incubated in rat and human plasma, compounds 1

and 2 were metabolically labile (<40% remaining at 60 min),
and compound 4 was moderately stable, while compounds 3
and 5 were stable with >50% remaining following 1 h
incubation. (Table 1).

Relative to 2-PMPA, IN Delivery of Compound 1 in
Rats Showed Enhanced 2-PMPA Plasma and Olfactory
Bulb Delivery. In an initial pharmacokinetic screening study,
compounds 1−5 were delivered IN to rats, and plasma and OB
were collected 1 h post dose. Relative to 10 mg/kg IN 2-PMPA,
a 10 mg/kg molar equivalent dose of compound 1 led to
substantially higher concentrations of 2-PMPA in both the
plasma (4.1-fold; 47 ± 7.5 nmol/mL versus 11.5 ± 2.2 nmol/
mL) [F5,12 = 40.05, p < 0.0001] (Figure 1A) and OB (11-fold,
68 ± 23 nmol/g versus 6.1 ± 1.5 nmol/g) [F5,12 = 14.69, p <
0.0001] (Figure 1B). Compound 2 also resulted in an
approximate 2-fold increase in 2-PMPA concentrations in the
plasma (22.7 ± 2.9 nmol/mL), but similar OB levels (4.3 ± 2.1

Table 1. GCPII Activity, Lipophilicity, and Plasma Stability
of γ-Protected 2-PMPA Prodrugs
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nmol/g). Compounds 3, 4, and 5 exhibited similar or lower 2-
PMPA concentrations in the plasma and OB.
Intact prodrug quantification showed that compounds 1 and

2 were very low/undetectable in both plasma (0.27 ± 0.18 and
3.34 ± 1.34 nmol/mL, respectively) [F4,10 = 7.58, p = 0.0045]
(Figure 1C) and OB (<0.1 nmol/g and 5.69 ± 1.24 nmol/g,
respectively) [F4,10 = 5.62, p = 0.0123] (Figure 1D). Intact
compound 3 was detectable at significant levels in plasma
(29.25 ± 3.06 nmol/mL) and low levels in OB (5.10 ± 2.18
nmol/g). Compounds 4 and 5 were both detectable at elevated
levels in plasma (31.64 ± 4.98 and 60.59 ± 24.47 nmol/mL,
respectively) and OB (73.37 ± 21.50 and 127.18 ± 44.08
nmol/g, respectively).
Relative to IV Administration, IN Delivery of Com-

pound 1 to Rats Resulted in High Brain Exposure of 2-
PMPA. Given that compound 1 looked most promising in the
screening study, it was chosen for a full pharmacokinetic
evaluation. Compound 1 (10 mg/kg 2-PMPA equivalent dose)
was delivered IN or IV in rats, and plasma and tissues (OB,
cortex, cerebellum, and sciatic nerve) were collected at
predetermined time points. Concentration time profiles for
intact prodrug and liberated 2-PMPA are shown in Figure 2 for
IN (panels A and B) and IV (panels C and D) administration,
respectively. Pharmacokinetic parameters are summarized in
Table 2. Following IN administration, compound 1 delivered
peak 2-PMPA concentrations (Cmax) of 90 ± 13 nmol/g, 34.4
± 23 nmol/g, and 22.4 ± 6.6 nmol/g to the OB, cortex, and
cerebellum, respectively (Figure 2A) at 30 min post IN
administration (Tmax). Compound 1 also afforded excellent
plasma levels of 2-PMPA with a Cmax of 152 ± 42 nmol/mL
(Figure 2A). AUC0−t in plasma, OB, cortex, and cerebellum
were 99 ± 24 h·nmol/mL, 217 ± 23 h·nmol/g, 30 ± 10 h·

nmol/g, and 26 ± 5 h·nmol/g, respectively, resulting in brain-
to-plasma ratios (AUC0−t,brain/AUC0−t,plasma) of 2.2, 0.48, and
0.26 for OB, cortex, and cerebellum, respectively (Table 2). In
the sciatic nerve, compound 1 delivered 2-PMPA at a Cmax of
28.2 ± 8.4 nmol/g and AUC0−t of 84 ± 25 h·nmol/g (Figure
2A, Table 2) resulting in a high peripheral nerve to plasma ratio
of 0.84.
Intact prodrug 1 was quantifiable in plasma with a Cmax of 22

nmol/mL (Figure 2B) and AUC of 8.04 h·nmol/mL. The
exposures from the intact prodrug in plasma were almost 17-
fold lower than 2-PMPA. No intact prodrug was quantifiable in
the brain or sciatic nerve at any time point.
Following IV administration, compound 1 delivered 2-PMPA

in plasma with a Cmax of 87 nmol/mL (Figure 2C). In selected
brain regions, compound 1 delivered peak 2-PMPA concen-
trations (Cmax) of 1.2 ± 0.0 nmol/g, 2.8 ± 0.9 nmol/g, and 2.0
± 0.3 nmol/g to the OB, cortex, and cerebellum, respectively
(Figure 2C) at 15 min post IV administration (Tmax). Overall
exposures of 2-PMPA from compound 1 in plasma were high
(76 ± 9 h·nmol/mL) but substantially lower in OB, cortex, and
cerebellum (2.7 ± 0.3 h·nmol/g, 3.3 ± 0.5 h·nmol/g, and 3.2 ±
0.3 h·nmol/g, respectively), resulting in low brain-to-plasma
ratios (AUC0−t,brain/AUC0−t,plasma = 0.03−0.04; Table 2). In the
sciatic nerve, compound 1 delivered 2-PMPA at a Cmax of 12 ±
4 nmol/g and AUC0−t of 15.8 ± 16 h·nmol/g (Figure 2C,
Table 2) resulting in a peripheral nerve to plasma ratio of 0.21.
Intact prodrug 1 was quantifiable at low levels in plasma with a
Cmax of 0.2 nmol/mL (Figure 2D). No intact prodrug was
quantifiable in the brain or sciatic nerve at any time point,
confirming rapid biotransformation.

Figure 1. Relative to 2-PMPA, IN delivery of compound 1 in rats showed enhanced 2-PMPA plasma and olfactory bulb delivery at 1 h post dose. 10
mg/kg (equivalent 2-PMPA) doses of compounds 1−5 were administered IN to rats. Plasma and olfactory bulb were extracted 1 h later, and 2-
PMPA was quantified via LC−MS/MS. Compound 1 showed the best improvement, delivering 2-PMPA at concentrations greater than 4-fold and
11-fold higher in (A) plasma and (B) olfactory bulb (OB), respectively, versus administration of equivalent IN doses of 2-PMPA.Compounds 3−5
liberated lower concentrations of 2-PMPA in both plasma and OB, and compound 2 liberated lower concentrations of 2-PMPA in OB.
Concentrations of intact prodrug were highest for compounds 4 and 5 in (C) plasma and (D) OB. By contrast, intact compound 1 was undetectable
in plasma and OB. Data are presented as mean ± SEM (n = 3/group). Compound concentrations compared by one-way ANOVA with Dunnett’s
post hoc test for 2-PMPA: ***p < 0.001, ****p < 0.0001 versus 2-PMPA. Tukey’s post hoc test for intact prodrug: *p < 0.05, **p < 0.01.
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Statistical analysis showed no significant difference in the
plasma exposure (based on AUC values) of 2-PMPA following
either IN or IV administration of compound 1.

When compared to IV delivery, IN administration of 1
improved Cmax delivery of 2-PMPA to nervous tissues including
OB (t4 = 4.42, p = 0.0115), cerebellum (t4 = 5.35, p = 0.0059),
and sciatic nerve (t4 = 3.02, p = 0.0393). Statistical analysis
based on AUC comparison for each corresponding tissue
between the IV and IN routes showed no significant difference
in the plasma exposure (p > 0.5), but significant differences (p
< 0.05) in brain and sciatic AUC of 2-PMPA following IN
administration of compound 1 versus the IV route.

IN Delivery of Compound 1 to Nonhuman Primates
Resulted in 1:1 CSF/Plasma Ratio of 2-PMPA. IN delivery
of compound 1 (2.5 mg/kg 2-PMPA equivalent dose) in rhesus
macaques (Macaca mulatta) resulted in significant 2-PMPA
exposure in the plasma and CSF (Figure 3A,B). Specifically, at
30 min post dose compound 1 delivered 0.2 ± 0.06 nmol/mL
and 0.3 nmol/mL 2-PMPA in CSF and plasma, respectively,
resulting in a CSF/plasma ratio of greater than unity.
Concentrations of the intact prodrug 1 in CSF were 0.2
nmol/mL, but were undetectable in plasma.

■ DISCUSSION

In the present study, we demonstrate that brain, peripheral
nerve, and systemic exposure of the GCPII inhibitor 2-PMPA
can be improved using a prodrug strategy combined with the
IN route of administration. These findings have important
implications for the future treatment of neurological and
psychiatric disorders. 2-PMPA has demonstrated efficacy in

Figure 2. IN delivery of compound 1 to rats resulted in high brain and peripheral 2-PMPA exposures versus the IV route, which delivered high
peripheral exposures but low brain exposures. (A) Compound 1 administered IN in rats delivered significant concentrations of 2-PMPA to CNS and
sciatic nerve, achieving high tissue-to-plasma ratios. (C) Compound 1 administered IV (10 mg/kg equivalent dose) showed high plasma and
moderate sciatic nerve 2-PMPA levels but low brain exposures achieving low brain-to-plasma ratios in all brain regions. Intact prodrug concentrations
in the plasma following IN (B) and IV (D) were low and variable. No intact prodrug of compound 1 was measured in CNS or sciatic nerve. Data are
presented as mean ± SEM (n = 3/group).

Table 2. Mean ± SEM Pharmacokinetic Parameters of 2-
PMPA in Plasma, Brain, and Sciatic Nerve Following 10 mg/
kg Equivalent IN or IV Administration of Compound 1 to
Ratsa

route tissue
Tmax
(h)

2-PMPA Cmax
(nmol/mL)

2-PMPA
AUC0−t (h·
nmol/mL)

tissue/
plasma
ratio

IN plasma 0.25 152 ± 42 99 ± 24 1
olfactory 0.5 90 ± 13* 217 ± 23* 2.2
cortex 0.5 34.4 ± 23 30 ± 10* 0.48
cerebellum 0.5 22.4 ± 6.6** 26 ± 5* 0.26
sciatic nerve 2 28.2 ± 8.4* 84 ± 25* 0.84

IV plasma 0.25 87 ± 12 76 ± 9.0 1
olfactory 0.25 1.2 ± 0.0 2.7 ± 0.3 0.03
cortex 0.25 2.8 ± 0.9 3.3 ± 0.5 0.04
cerebellum 0.25 2.0 ± 0.3 3.2 ± 0.3 0.04
sciatic nerve 0.25 12 ± 4 15.8 ± 16.0 0.21

aTissue-to-plasma ratios are calculated from mean total AUC tissue
versus AUC plasma for each route. Comparison of Cmax from the IN
route for each tissue (n = 3) was performed by t test, *p < 0.05, **p <
0.01, versus the IV route for corresponding tissue. Comparison of
AUC from IN for each tissue was conducted using Bailer’s SEM
method versus AUC from the IV route each corresponding tissue, *p <
0.05.
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many animal models of neurological disorders wherein
abnormal glutamatergic transmission has been implicated,33

but its clinical translation has been hindered by poor
pharmacokinetic properties including low brain and nerve
exposures. Recently, we reported that 2-PMPA brain
penetration can be improved by using an IN route of
administration.24 In another report, we showed that prodrugs
of 2-PMPA could improve oral bioavailability.23 The current
results expand on these findings, showing that additive
improvement of 2-PMPA brain and nerve delivery can be
achieved by pairing these two approaches.
The prodrug strategy has been successfully employed for

other drugs with poor brain penetration and low bioavail-
ability.34−36 For example, esterification of the carboxylic acid on
L-DOPA has produced prodrugs with greater levels of CNS
exposure following IN delivery.34 Using a similar approach,
with the intent of enhancing permeability to biological
membranes and further improving brain penetration after IN
dosing, we strategically masked the glutarate γ-carboxylic acid
functionality on 2-PMPA with PAB, POC, n-butyl, benzyl, and
n-octyl promoieties to obtain ester prodrugs.
The resulting compounds 1−5 were then tested for GCPII

inhibitory activity. While not as potent as 2-PMPA (IC50 = 300
pM),33 all five prodrugs exhibited low nanomolar IC50 values
(IC50 = 1−20 nM). This finding was not unexpected as
previous SAR studies with other 2-PMPA analogues showed
that the γ-carboxylate position could be modified with
moderate loss of activity.23 All five prodrugs also exhibited
increased cLogP values versus 2-PMPA, suggesting enhanced
lipophilicity that could improve brain penetration after IN
administration. We next tested the in vivo stability of
compounds 1−5 after IN administration in rats. The benzyl
and alkyl chain ester promoieties present in compounds 4 and
5, respectively, conferred the highest cLogP values and
promoted increased distribution of the intact prodrugs into
the OB and plasma relative to equimolar doses of 2-PMPA.
However, these prodrugs were too stable and failed to liberate
2-PMPA, resulting in low 2-PMPA plasma and brain
concentrations. Shortening of the alkyl chain promoiety in
compound 3 resulted in lower cLogP and reduced OB
penetration, although distribution into the plasma remained
high. Like compounds 4 and 5, compound 3 was also found to
be too stable in vivo, failing to liberate significant concentrations
of 2-PMPA. By contrast, IN administration of compound 1, γ-
PAB-2-PMPA, readily released high concentrations of 2-PMPA

in the OB and plasma concomitant with a complete
disappearance of the parent prodrug.
Given the favorable profile of compound 1, a full time-

dependent pharmacokinetic analysis after IN and IV admin-
istration in rats was performed. Following IN administration,
compound 1 resulted in high 2-PMPA exposures in multiple
brain regions and sciatic nerve as well as plasma. Encouragingly,
IN administration of compound 1 resulted in significant 2-
PMPA exposures in the cortex, a site of action with potential
therapeutic importance for several neurological and psychiatric
disorders in which GCPII is implicated. Despite being more
distal to the OB dosing site, compound 1 also surprisingly
delivered high concentrations of 2-PMPA to the cerebellum.
This parity may be due to the ability of compound 1 to
permeate the blood−brain barrier from systemic circulation and
distribute evenly into the CNS both directly from the olfactory
bulb and from the periphery. Indeed, compound 1 exhibits
enhanced distribution into the plasma via the respiratory
epithelium, which may be similarly mediated by improved
lipophilicity and cellular permeability. In fact, plasma exposure
was higher (99 h·nmol/mL) for 1 relative to equivalent 2-
PMPA administration both by IN and intraperitoneal (IP)
routes (79.1 and 77.1 h·nmol/mL, respectively) as previously
shown.24 In addition to improving brain exposure, compound 1
also increased peripheral nerve delivery of 2-PMPA, resulting in
a sciatic nerve to plasma ratio of 0.84, the therapeutic target for
utility of GCPII inhibition in neuropathic and inflammatory
pain. Notably, this represents a significant improvement (7-
fold) over free 2-PMPA, which achieved a sciatic nerve to
plasma ratio of 0.12 following an equivalent dose.37 When
compared head to head with the IV route, IN administration of
compound 1 in rats showed similar systemic exposure of 2-
PMPA, but provided enhanced nervous tissue exposure.
Specifically, the levels of 2-PMPA in the OB, cortex,
cerebellum, and sciatic nerve following IV dosing was 40-,
4.5-, 4-, and 5-fold lower as compared to IN administration.
The brain/plasma ratio following IV administration ranged
between 0.03 and 0.04, similar to what we have previously
reported for the systemic IP route.37

Although the study results are promising, rodent and human
olfactory anatomy differs in key ways that complicate direct
translation of the rodent findings. For example, rodent olfactory
epithelium covers a broader region of the nasal cavity than that
of humans.27 We therefore conducted a pilot study using a
device specifically designed for targeting the olfactory

Figure 3. IN delivery of compound 1 to nonhuman primates resulted in 1:1 CSF/plasma ratio of 2-PMPA. (A) Time course of 2-PMPA delivery to
plasma after IN administration of compound 1 to nonhuman primate shows that the prodrug resulted in delivery of high nM concentrations of 2-
PMPA and significant systemic exposure. (B) At 30 min post dose, compound 1 achieved CSF delivery of high nM 2-PMPA, resulting in a CSF/
plasma ratio of near unity, indicative of favorable distribution into the CNS. Data are presented as mean ± SEM (n = 3) for plasma and as mean for
CSF (n = 2).
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epithelium in nonhuman primates which possess nasal anatomy
very similar to that of humans.38 When administered IN to
primates, compound 1 (2.5 mg/kg) delivered 2-PMPA
concentrations of 0.296 ± 0.002 μM to the CSF at 30 min
post dose. We had shown previously that IN administration of
2-PMPA (30 mg/kg) to primates led to 1.5 μM in the CSF.24

Although not performed as a head-to-head comparison, the
increased CSF exposure of 2-PMPA delivery by IN compound
1 (>2-fold) relative to equimolar IN 2-PMPA supports the
rodent findings. Although CSF exposure is not equivalent to
brain exposure, it is often used as a surrogate compartment for
CNS penetration in nonhuman primates, a practice supported
by recent preclinical findings of comparable drug concentration
measurements when sampled from either CSF or brain
interstitial fluid in a within-subjects study design.39 In addition,
CSF is a clinically relevant tissue compartment, lending higher
translational value to the present results.

■ CONCLUSIONS

These findings support the hypothesis that the CNS can be
preferentially targeted by combining prodrug delivery with IN
administration. By pairing these two approaches we have
demonstrated additive improvement in brain delivery of a
highly active GCPII inhibitor. Collectively, our findings support
the potential clinical utility of administering 2-PMPA prodrugs
IN for the treatment of nervous system disorders. More
broadly, the results of this study indicate that prodrugs with
enhanced lipophilicity can be delivered IN to improve CNS
exposures of highly hydrophilic compounds.
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