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Purpose. The purpose of this research was to characterize nipecotic acid pharmacokinetics in blood and
brain after intravenous (i.v.) and nasal administration of nipecotic acid and its n-butyl ester.
Methods. Nipecotic acid and its n-butyl ester were administered to rats i.v. and intranasally (n � 5
rats/drug per route), and nipecotic acid pharmacokinetics in blood were characterized. Nipecotic acid
concentration-time profiles were determined in blood by noncompartmental and compartmental meth-
ods. Nipecotic acid was also dosed i.v. and its n-butyl ester was dosed by nasal and i.v. routes, and brain
levels of nipecotic acid over the subsequent 4 h (n � 5 rats/time point per route) were assessed.
Results. The absolute systemic availability of nipecotic acid after nasal dosing was 14%. After i.v. and
nasal dosing of the n-butyl ester, nipecotic acid systemic availability was 97% and 92%, respectively.
Both i.v. and nasal administration of the n-butyl ester resulted in a significantly longer terminal half-life
and larger mean resident time and volume of distribution for nipecotic acid than was observed after an
i.v. nipecotic acid dose. Total brain exposure to nipecotic acid was not significantly different after nasal
and i.v. dosing of the n-butyl ester. However, the brain/blood nipecotic acid ratio declined significantly
with time after i.v. and nasal dosing of the ester prodrug. Nipecotic acid was not detectable in brain after
i.v. dosing of nipecotic acid.
Conclusions. The use of an ester formulation was crucial to delivering nipecotic acid to the brain.
Preliminary evidence strongly suggests ester hydrolysis is rate limiting to nipecotic acid brain delivery.
Once nipeoctic acid was formed, it displayed tissue trapping in brain. Parenteral dosing of nipecotic acid
esters is unnecessary for systemic or brain delivery of nipecotic acid and possibly other CNS active
zwitterion esters.
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INTRODUCTION

More than 30% of epileptic patients experience at least
one uncontrolled seizure per year; usually in outpatient set-
tings (1). Prodromal patients have no recourse but to simply
let the seizure take its course. Those patients who develop
status epilepticus must wait until they can be treated by i.v.
administration of an anticonvulsant by a trained health care
worker. A simple, rapidly active anticonvulsant treatment
that could be administered in an outpatient setting either by
the patient or those around them might offer these patients
greater hope for a more normal lifestyle and some added
protection from more serious brain damage (2–3).

Nasal drug administration might provide an alternative
to i.v. dosing for rapid delivery of anticonvulsants to the brain.
Although nasal therapy is limited, it remains an important
treatment niche (4,5). The ideal candidate for nasal therapy is
one that satisfies some of the following characteristics: 1)
rapid systemic delivery of a drug; 2) equivalence or near

equivalence to i.v. dosing when i.v. administration is the only
other effective means for drug administration; and 3) a
unique therapeutic benefit, unattainable by any other less
invasive route for drug dosing. Nasal products also should
exhibit some practical physicochemical properties: 1) excel-
lent water and good lipid solubility, and 2) good stability/
shelf-life. A previous effort to assess nasal anticonvulsant ad-
ministration was hampered by selection of oral anticonvulsant
agents that were not the most optimal candidates for nasal
dosing based on these criteria (6).

Many anticonvulsants work by elevating gamma amino
butyric acid (GABA; a major inhibitory neurotransmitter) in
the brain. Rac-nipecotic acid (Fig. 1) is a specific inhibitor of
the GABA reuptake pump in brain, but it is frankly a lousy
drug. Nipecotic acid does not penetrate the blood-brain bar-
rier easily due to its polarity even if given intravenously (7–
13). To overcome this delivery problem, the pharmaceutical
industry has used more lipid-soluble forms of nipecotic acid.
Lipophilic analogues of nipecotic acid, like Tiagabine, (14–16)
have been synthesized by adding very large bulky groups on
the nitrogen atom of nipecotic acid, to improve liphophilicity
and generate a more stable, orally effective anticonvulsant.
The disadvantages of that approach, however, are the slower
onset of drug action, the greater dependence on metabolism
for elimination, the associated potential for drug-drug inter-
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actions created by metabolism, and the possibility for broader
binding to less desirable targets by either the drug and/or its
liphophilic metabolite(s).

Nipecotic acid lipophilicity can also be enhanced by ad-
dition of alkyl groups to the carboxylic acid to form nipecotic
acid ester prodrugs (7–13). The delivery of nipecotic acid to
the brain is improved by parenteral administration of these
prodrugs. Unfortunately, these esters are metabolized so rap-
idly in the body that parenteral dosing is the only means of
ensuring their effective delivery to the brain. Injection of
drugs has always limited their practical utility to extreme
medical conditions due to the dependence on skilled health
care workers, the pain associated with drug injections, and the
risk for infection with i.v. dosing. In spite of years of studying
ester prodrugs of nipecotic acid (7–13), none have ever
evolved into serious marketable therapeutic agents.

Nasal administration of CNS active esters of zwitterions
like nipecotic acid, however, has never been reported. An
simple n-butyl ester of nipecotic acid has a shelf-life in a
solution tolerated by the nasal cavity of 2 ± 1 years (17). This
ester also has good water and lipid solubility with a log
(octanol/water) partition coefficient (P) � 0.93 ± 0.10, vs. a
P � 0.0060 ± 0.0002 for nipecotic acid (17). Simple esters of
nipecotic acid have also been reported to be active anticon-
vulsants but only after subcutaneous and, to a lesser extent
intraperitoneal administration to mice and rats (7–10). The
purpose of this study was to assess nipecotic acid systemic and
brain availability in rats after the intravenous and nasal ad-
ministration of nipecotic acid and one of its stable esters,
n-butyl nipecotate.

MATERIALS AND METHODS

Materials

Rac-Nipecotic acid was obtained from Sigma (St. Louis,
MO, USA). Sodium pentobarbital (50 mg/ml) was obtained
from Abbott Labs (North Chicago, IL, USA). Saline (0.9%,
injectable) was purchased from Baxter Healthcare Corp.
(Deerfield, IL, USA). Butyl alcohol, bis(trimethylsily)trifluo-
roacetamide (BSTFA; derivatization grade), and trifluroace-
tic acid anhydride (99+%) were purchased from Aldrich
Chemical Company, Inc. (Milwaukee, WI, USA). Waters Oa-
sis MCX LP extraction columns (3 cc, 60 mg) were purchased
from Waters Corporation (Milford, MA, USA). Heparinized
caraway capillary tubes were purchased from Baxter Health-
care Corporation (McGraw Park, IL, USA). Polyethylene
tubing (I.D. 0.58 mm) was obtained from the Becton-
Dickinson Company (Sparks, MD, USA), and silastic tubing
(I.D. 0.50 mm) was obtained from Dow Corning Corporation
(Midland, MI, USA). A Hamilton syringe 10–100 �l was pur-
chased from Waters Corporation. A 200-�l positive displace-

ment pipette and pipette tips were purchased from Wheaton
(Midville, NJ, USA).

Synthesis of Nipecotic Acid n-Butyl Ester

The n-butyl ester of nipecotic acid was prepared accord-
ing to a previously reported method (7). The crystals col-
lected were filtered and recrystallized from an acetone-
petroleum ether mix (1/5, v/v). The structure and purity of the
final hydrochloride salt of the n-butyl nipecotic acid ester was
confirmed by NMR spectra (in CDCl3–�-9.66, 1H, s; �-4.08,
2H, t; �-3.51, 2H, dd; �-2.90, 3H, m; �-2.07, 3H, m; �-1.98, 1H,
s; �-1.57, 3H, m; �-1.34, 2H, m; �-0.90, 3H, t), GC-MS (single
peak and molecular ion; m/z 185), melting point (70–73°C),
and elemental analysis (C 54.17%; H 9.09%; N 6.32%; O
14.43%).

Animals

Institutional animal care and use committee (IACUC)
approval was obtained prior to the initiation of this research
and during its execution. Male Sprague-Dawley rats weight-
ing 250–300 g (Harlan Sprague Dawley, Inc., Indianapolis, IN,
USA) were used throughout this research effort.

Animal Model and Operation

A previously described in vivo experimental technique
for nasal drug administration was used for this study (18).
Identical surgical procedures were performed on all rats, and
animals remained under anesthesia by intraperitoneal injec-
tion of pentobarbital (100 mg/kg) for the duration of these
studies. Two cannulae were implanted in the rat and exteri-
orized for attachment to a syringe (19–20). One cannula was
inserted into the jugular vein for i.v. drug dosing, and a second
cannula was inserted into the femoral vein and threaded into
the inferior vena cava for purposes of blood sampling. A
tracheotomy was performed on each rat and the nasal cavity
sealed.

Drug Administration and Sample Collection

Nipecotic acid and the n-butyl ester prodrug solutions
were prepared fresh at the appropriate concentration with
0.05 M phosphate buffer (pH 6.0). For nasal administration,
50 �l/300 g rat of drug solution was placed in the nostril (25
�l/each nostril) with a microsyringe. For intravenous admin-
istration, a sterile drug solution was prepared by filtration
(0.2-�m filter) and injected into the jugular vein cannula fol-
lowed by a 0.2–0.3 ml flush with sterile saline.

Nipecotic acid (10 mg/kg dose) was administered intra-
venously, and a 40 mg/kg dose was given intranasally (5 rats/
route) in random order for assessing nipecotic acid pharma-
cokinetics. In a separate experiment, nipecotic acid n-butyl
ester (5.8 mg/kg nipecotic acid equivalent dose) was admin-
istrated i.v. or intranasally (5 rats/route) in random fashion to
define nipecotic acid pharmacokinetics. For brain disposition
studies, 10 mg/kg of nipecotic acid was administered i.v., and
the ester dose was reduced to a 4.6 mg/kg nipecotic acid dose
equivalent. Rats were sacrificed at preselected times accord-
ing to a separate random study design. Preliminary work was
carried out in a small group of rats to initially define the
duration of blood sampling after each drug and the dose that

Fig. 1. Structure of nipecotic acid.
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produced a readily measured nipecotic acid blood level. The
pharmacologic activity of the ester prodrug (respiratory de-
pression) prevented the use of a larger dose equivalent of
nipecotic acid in anesthetized rats and was also responsible
for lowering the ester dose used for brain disposition work.

Blood samples (200 �l) were collected at time points: 0,
1, 3, 5, 10, 20, 30, 40, 60, 120, 240, and 360 min after the
administration of nipecotic acid, and at the continuing time
points of 480 and 600 min after administration of the n-butyl
ester for the initial pharmacokinetic studies. Blood samples
were immediately extracted and stored at –20°C, until ana-
lyzed (21). Rats were sacrificed at 5, 10, 20, 30, 60, 120, 180,
and 240 min after nasal and i.v. administration of the n-butyl
ester. Fewer time points than initially planned were evaluated
after i.v. administration of nipecotic acid because of an inabil-
ity to detect any nipecotic acid in those rat brains. Blood and
brain (minus olfactory bulb) were immediately collected from
each rat (n � 5 rats per time point) at the time of sacrifice.
Blood was processed as previously described (21). Brain was
cleaned of surrounding blood vessels, washed, weighed, and
homogenized in 4 parts phosphate buffer to 1 part brain tis-
sue. Duplicate 200 �l aliquots of brain homogenate were as-
sayed for nipecotic acid using the same assay used for the
blood (21).

In Vitro Rat Brain Homogenate Hydrolysis Rate of the
n-Butyl Ester

Healthy rats were killed, their brains excised, blood ves-
sels and tissue surrounding the brain removed, the brain
washed, weighed, and homogenized in 2 volumes of phos-
phate buffer (0.05M, pH 7.4) to 1 g of brain. Final dilutions of
this homogenate (1⁄2; 1⁄3; 1⁄4; 1/5; 1/7.5; 1/10) were used to assess
the linearity in nipecotic acid formation from the ester (50
�g/100 �l) as a function of brain homogenate (900 �l) con-
centration (total volume 1 ml). Samples were incubated for 30
min at 37°C and processed as before to assess nipecotic acid
formation.

Fresh rat brain was obtained and diluted to a final brain
homogenate concentration of 1 part brain/4 parts buffer and
used to assess the linearity in nipecotic acid formation with
time. Ester (50 �g/100 �l) was added to 900 �l of brain ho-
mogenate and incubated for 5, 10, 20, 30, and 60 min at 37°C
before processing to assess nipecotic acid formation with time
of incubation.

The maximal rate for ester brain hydrolysis was assessed
by taking 5 fresh rat brains and incubating the brain homog-
enate for 5 min at 37°C with 200 �g/100 �l of the n-butyl ester.
Samples were immediately processed and assayed for nipe-
cotic acid formation.

Data Analysis

Concentration-time profiles of nipecotic acid after i.v.
administration of nipecotic acid were evaluated by a noncom-
partmental method and also fit to a two-compartment model
with i.v.-bolus input. The blood concentration-time profiles of
nipecotic acid after nasal administration of nipecotic acid to
each rat were evaluated by a noncompartmental method with
extravascular input and also fit to a two-compartment model
with first-order and zero-order inputs by the same program.
The blood concentration-time profiles of nipecotic acid after

i.v. and nasal administration of the n-butyl ester were only
evaluated by a noncompartmental method with intravascular
and extravascular input, respectively, due to the complex na-
ture of the nipecotic acid blood concentration-time profile
(Fig. 2B).

The terminal half-life of nipecotic acid (t1⁄2) was calcu-
lated by dividing 0.693 by the terminal rate constant (�) ob-
tained from the fitted concentration-time data. Nipecotic ac-
id’s area under the blood concentration time (AUC) profile
was determined by the linear-trapazoidal method prior to
peak drug levels and the log-trapazoidal method after peak
drug levels with extrapolation to infinite time (Clast/�). The
area under the first moment curve (AUMC) for nipecotic acid
was determined by the linear-trapezoidal method with ex-
trapolation to infinite time (Clast/�

2). The systemic clearance
(Cl) after the intravenous nipecotic acid dose was determined
by Eq. (1):

Cl = Dose�AUC0−� (1)

Fig. 2. (A) Blood nipecotic acid levels after intravenous (10 mg/kg)
and nasal administration (40 mg/kg) of nipecotic acid (n � 5). (B)
The nasal (IN) and intravenous (IV) profiles of nipecotic acid after a
5.8 mg/kg nipecotic acid equivalent dose of the butyl ester (n � 5
rats/route). All values show the mean ± SD of the mean value.
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The volume of distribution at steady state (VSS) for the
intravenous nipecotic acid was determined from the Eq. (2):

VSS = Dose × AUMC��AUC�2 (2)

The systemic availability (F) was determined from Eq.
(3):

F1 = �Doseiv,NA × AUC1���Dose1 × AUCiv,NA� (3)

where AUC1 and Dose1 represent the AUC0-� and total dose
of nipecotic acid expressed in dose equivalents after the nasal
nipecotic acid and intravenous and nasal n-butyl nipecotic
acid doses. Statistical analysis was performed by a two-tailed
Student’s t test with the significance level set at � � 0.05.

The concentration-time profiles of nipecotic acid in brain
homogenate after iv and nasal ester administration were con-
verted to brain amount-time profiles. The amount-time pro-
files were then analyzed by a non-compartmental model with
extravascular input and fit to a two-compartment model with
first-order input. Brain and blood concentration-time points
and the brain/blood ratio at each time point were compared
by a two-way ANOVA with � � 0.05. All pharmacokinetic
parameters were fit using the WinNonlin program (Pharsight
Corp., Cary, NC, USA).

RESULTS

Pharmacokinetics of Nipecotic Acid After Intravenous and
Nasal Administration

The mean ± SD blood levels (n � 5 rats/route) of nipe-
cotic acid after its intravenous (10 mg/kg) and nasal (40 mg/
kg) administration are shown in Fig. 2A. The concentration-
time profiles were analyzed by a noncompartmental method
with appropriate input, and the pharmacokinetic parameters
determined from that noncompartmental approach. The
AUCs were 720 ± 80 �g min ml−1 for the intravenous dose
and 390 ± 60 �g min ml−1 for the nasal dose. The dose cor-
rected bioavailability after nasal administration was an esti-
mated 14%. The terminal half-life of nipecotic acid was simi-
lar after i.v. (75 ± 11 min) and nasal (71 ± 7 min) dosing. Table
I summarizes the relevant pharmacokinetic parameters after
both i.v. and nasal administration of nipecotic acid after cor-
rection for differences in the dose administered.

Pharmacokinetics of Nipecotic Acid After n-Butyl Ester
Intravenous and Nasal Dosing

The mean ± SD blood levels for nipecotic acid following
intravenous and nasal administration of the n-butyl ester (5.8
mg/kg nipecotic acid dose equivalents) are shown in Fig. 2B
(n � 5 rats/route). The peak level of nipecotic acid appears at
60 min. Analyzing the concentration-time profile in each rat
by a noncompartmental method results in mean nipecotic
acid AUCs of 410 ± 45 �g min ml−1 after i.v. and 390 ± 46 �g
min ml−1 after the nasal ester dose. The absolute systemic
availability of nipecotic acid after i.v. and nasal administration
of the n-butyl ester was 97% and 92%, respectively. The rela-
tive systemic availability of nipecotic acid for nasal to i.v.
n-butyl ester doses was 95%. Table II summarizes the phar-
macokinetic parameters for nipecotic acid after both i.v. and
nasal administration of the n-butyl ester. No significant dif-
ference was noted in any pharmacokinetic parameters of
nipecotic acid after ester administration by nasal and i.v.
routes.

Comparison of Pharmacokinetics of Preformed vs.
Nipecotic Acid Formed in Vivo

A two-tailed t test compared differences between nipe-
cotic acid half-lives, AUCs (corrected for dose), volume of
distribution, clearance, and mean resident time for nipecotic
acid administered i.v. vs. nipecotic acid formed from the i.v.
n-butyl ester to assess their significance. The results are sum-
marized in Table III. Nipecotic acid half-life and mean resi-
dence time were significantly longer and its volume of distri-
bution significantly larger after administration of the n-butyl
ester dose.

Nipecotic Acid Brain Levels After Nasal and Intravenous
Administration of the Ester

Mean ± SD nipecotic acid brain concentrations (�g/g
brain, excluding olfactory bulb) were not noticeably different
after intravenous or nasal administration of the ester prodrug
(Fig. 3). Peak brain levels of nipecotic acid were achieved in
10 min and fell below detectable levels after 3 h. Nipecotic
acid brain levels could be fit to a two-compartment model
with first-order input. The average pharmacokinetic param-

Table II. Comparison of Pharmacokinetic Parameters of Nipecotic
Acid After i.v. and Nasal Administration of n-Butyl Ester (5.8 mg/kg

Nipecotic Acid Equivalent Dose, n � 5 Rats/Route)

Parameters Unit

i.v. Nasal

p valueaMean SD Mean SD

Tmax min 60 0 60 0 —
Cmax ng/ml 1180 40 1140 40 0.10
t1/2, terminal h 6.2 1.4 5.9 1.6 0.35
AUCinf min �g/ml 410 45 390 46 0.22
Vz ml 2150 270 2060 300 0.32
Cl ml/min 4.1 0.5 4.1 0.4 1.00
MRTinf min 510 90 490 120 0.40
Fabsolute % 97 92

a Two-tailed t test: There is no significant difference in any pharma-
cokinetic parameter after i.v. and nasal administration of the n-butyl
ester.

Table I. Mean Pharmacokinetic Parameters of Nipecotic Acid After
i.v. and Nasal Administration (n � 5 Rats/Route of Administration)

Parameters Unit

i.v. Nasal

p valueaMean ±SD Mean ±SD

Vc ml 93 26 86 21 0.47
t1/2 min 75 11 71 7 0.38
AUCinf min �g/ml 720 80 98b 15 0.0005
Vz ml 550 110 450 96 0.13
Cl ml/min 4.2 0.5 4.4 0.7 0.48
MRTinf min 82 9 78 3 0.21
Vss ml 349 75
F % 100 14

a Two-tailed t test: The only significant difference found was for the
dose-corrected area under the concentration-time profiles after in-
travenous and nasal doses of nipecotic acid.

b Dose corrected AUC � 391/4.
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eters obtained by fitting nipecotic acid brain concentrations
over time are provided in Table IV. A two-way ANOVA
found no significant difference in nipecotic acid brain concen-
trations with route of ester administration (F0.05,1,56 � 0.50,
significant F � 4.02).

The brain/blood ratio of nipecotic acid after administra-
tion of the ester by the intravenous and nasal routes was
similar at each time point (Table V). However, nipecotic acid
brain/blood ratio declined with time. Intravenous administra-
tion of nipecotic acid did not result in a detectable brain
concentration of the drug at any time point (Fig. 3).

Brain Hydrolysis of n-Butyl Nipecotic Acid Ester

The formation of nipecotic acid from the ester was linear
in fresh rat brain homogenate at homogenate concentrations
of up to 20% for a period of no more than 5 min. Under these
conditions, it was not possible to quantify nipecotic acid for-
mation over a range of ester concentrations for the purpose of
estimating both Vmax and Km for brain ester hydrolysis. Thus,

only the maximum rate of ester hydrolysis was determined
which is assumed to represent Vmax � 47 ± 31 ng min−1 g−1

brain (n � 5 rats), as the amount of metabolite formed (90–
300 ng) was far below the amount of ester added (20,000 ng)
to brain incubates. This rate can be interpreted as the Vmax if
brain binding of the ester is not rate limiting to nipecotic acid
formation, or as the maximal rate of hydrolysis under these
incubation conditions if binding is rate limiting for ester hy-
drolysis. We cannot distinguish between these two possibili-
ties.

DISCUSSION

The absolute systemic availability of nipecotic acid was
enhanced substantially by its administration as a nasal n-butyl
ester (92%) vs. nasal nipecotic acid (14%). This indicates
absorption from the nasal cavity was significantly improved
by administrating nipecotic acid as an ester prodrug than as
the more polar nipecotic acid. The systemic concentration-
time profiles for nipecotic acid after nasal and intravenous
administration of the ester prodrug were almost super-
imposable (Fig. 2B). This indicates a nasal nipecotic acid ester
formulation is effective in delivering nipecotic acid to the
blood. The less invasive nasal administration of nipecotic acid
esters may represent a more optimal approach for nipecotic
acid systemic delivery. The n-butyl ester disappeared from
blood and brain rapidly and fell below 100 ng/ml or 100 ng/g
brain after 10 min. The analytical method was never opti-
mized to follow the ester in biological fluids or tissues because
it was always assumed the prodrug ester would disappear
rapidly in vivo.

Nasal and intravenous n-butyl nipecotic acid resulted in
the death of rats when the nipecotic acid dose equivalents
approached the dose used for intravenous nipecotic acid ad-
ministration (10 mg/kg). In all cases, rats died of respiratory
arrest 10–15 min after n-butyl nipecotic acid administration.

Table III. Comparison of Pharmacokinetic Parameters of Nipecotic
Acid After an i.v. Dose of Nipecotic Acid (NA; 10 mg/kg) and the
n-Butyl Ester (B-NA; 5.8 mg/kg Nipecotic Acid Equivalent Dose,

n � 5 Rats/Drug)

Parameters Unit

Dosing NA Dosing B-NA

p valueaMean SD Mean SD

t1/2, terminal min 75 11 370 84 0.003
AUCinf/D min �g/ml 420 44 410 45 0.42
Vz ml 550 110 2150 270 0.0005
Cl ml/min 4.2 0.5 4.1 0.5 0.38
MRTinf min 82 9 512 90 0.0008

a Two-tailed t test: Significant differences between these dosage
forms were noted in the half-life, volume of distribution, and mean
resident time of nipecotic acid.

Table V. Brain-to-Blood Ratio (ng/g Tissue to ng/m Blood) for Nipe-
cotic Acid After Intravenous (i.v.) and Nasal Administration of the
n-Butyl Ester (4.6 mg/kg Nipecotic Acid Equivalents; n � 3 Animals

per Time Point)

Time (min) 5 10 20 30 60 120 180

i.v. Brain/blood 1.23 1.17 0.78 0.45 0.17 0.20 0.11
± SD 0.21 0.16 0.13 0.05 0.03 0.05 0.10

Nasal Brain/blood 1.11 1.06 0.88 0.51 0.18 0.18 0.08
± SD 0.31 0.22 0.16 0.04 0.04 0.05 0.07

Differences between the nasal and i.v. dose were not significant based
on a two-way ANOVA, with � � 0.05, p � 0.27.

Fig. 3. Brain concentrations of nipecotic acid after an intravenous
and nasal dose of the butyl ester (4.6 mg/kg nipecotic acid equivalent
dose of the ester). Nipecotic acid was also administered by the intra-
venous and nasal routes but could not be detected in the brain at any
time point (values are plotted on the x-axis). All values show mean ±
SD of the mean value.

Table IV. Comparison of Brain Pharmacokinetic Parameters Based
on Mean Brain Concentrations of Nipecotic Acid After n-Butyl Ester

Dosing by the Nasal and Intravenous Routes

Parameter Unit i.v. Nasal

Vbrain g 0.94 0.68
Amax ng/g brain 413 392
t1/2 min 83 75
AUC0-� min �g/g 36 31
Clearance g brain/min 0.0174 0.0198
MRT min 111 92

Wang, Hussain, and Wedlund560



This adverse outcome and the timing of its onset was unaf-
fected by the route of ester administration. The effect from
the ester on respiration in anesthetized rats was so problem-
atic it was necessary to allow the rat limited recovery from
surgical anesthesia prior to administering the ester. Acute
dosing of the ester returned the rat to a state of surgical
anesthesia within 10 min after both nasal and intravenous
administration.

The timing of this pharmacological effect correlates well
with peak levels of nipecotic acid in brain, but not blood. Peak
blood levels of nipecotic acid were not reached until 1 h after
administration of the n-butyl ester (Fig. 2B). Nipecotic acid is
a potent inhibitor of the GABA reuptake pump, and GABA
is a major inhibitory neurotransmitter in the brain. Esters of
nipecotic acid do not bind to the GABA reuptake pump and
should not result in respiratory inhibition. Moreover, the ef-
fect appears more closely correlated with peak nipecotic acid
appearance in brain, not peak n-butyl ester brain levels. No
rats ever died from nipecotic acid injected intravenously, even
when the nipecotic acid dose was twice the amount used in
this study (20 mg/kg). This observation no doubt reflects the
poor penetration of iv administered nipecotic acid across the
blood brain barrier (Fig. 3).

The extremely slow time to reach a peak nipecotic acid
blood concentration was unexpected based on the rapid dis-
appearance of the n-butyl ester from blood and brain (below
100 ng/ml after 10 min). There are two possible reasons
for the delay in peak nipecotic acid blood concentrations.
One possibility is the ester is rapidly distributed and tightly
bound to tissues that slowly release the ester into blood where
it is rapidly hydrolyzed to nipecotic acid. Alternatively, the
n-butyl nipecotic acid ester may be rapidly distributed and
hydrolyzed throughout the body, but nipecotic acid formed in
tissues is trapped and only slowly transported/released back
into blood. Tissue trapping has been reported for similar
types of polar metabolites (22–24) and could explain the com-
plex concentration-time profile for nipecotic acid seen after
administration of the n-butyl ester. The longer terminal half-
life (5.9 h vs. 1.2 h), larger volume (2200 ml vs. 550 ml) and
longer mean residence time (8.5 h vs. 1.4 h) for nipecotic acid
formed in vivo vs. preformed nipecotic acid (Table III) are
consistent with a drug affected by tissue trapping (22–24).
This hypothesis is further supported by the declining brain/
blood ratio of nipecotic acid seen after administration of the
ester (Table IV). For lipophilic drugs, a constant tissue/blood
ratio is expected after drug distribution. A declining tissue/
blood ratio indicates drug movement between tissue and
blood is not a passive, but rather a restricted process.

Total brain levels of nipecotic acid were not significantly
different whether the ester prodrug was administered by the
nasal or intravenous routes. The olfactory bulb was purposely
eliminated from these brain measurements to avoid biasing
the outcome due to an expected higher olfactory bulb nipe-
cotic acid concentrations after nasal dosing (25–29). Drug de-
livery to the olfactory bulb would not be anticipated to pro-
vide any substantial anticonvulsant protection. The similarity
in nipecotic acid total brain concentrations was somewhat
surprising since the earliest measured n-butyl ester concen-
trations in brain tissue were actually higher after the i.v. ester
(3.2 �g/g brain) compared with the nasal ester dose (1.9 �g/g
brain). However, the maximal rate of ester hydrolysis in total
rat brain homogenate studies suggests nipecotic acid forma-

tion is extremely slow (assumed Vmax � 47 ng min−1 g−1

brain). If the n-butyl ester can be hydrolyzed at only a maxi-
mal rate of 47 ng min−1 g−1 brain tissue, and ester concentra-
tions fall from over 1 �g/g brain to below 100 ng/g total brain
after 10 min, nipecotic acid formation (assuming a zero-order
process over the first 10 min) would quickly decline after 10
min as ester levels become undetectable. Peak brain nipecotic
acid levels are estimated to reach about 470 ng/g brain by 10
min assuming a zero-order rate process based on in vitro brain
homogenate data. Actual peak nipecotic acid brain levels av-
eraged 413 and 392 ng/g brain at 10 min after i.v. and nasal
administration of the ester, respectively. The total brain levels
of ester and nipecotic acid suggest the ester prodrug distrib-
utes into and then out of the brain with only a portion of the
ester actually converted to nipecotic acid in brain. The simi-
larity in total brain nipecotic acid levels with route of ester
administration is not really due to equivalence in brain deliv-
ery of the ester prodrug but rather appears to result from an
ester hydrolysis in rat brain that is rate limiting for nipecotic
acid brain delivery.

The terminal rate constant for nipecotic acid disappear-
ance from brain tissue was 0.008–0.009 min−1. It is notable the
rate constant for GABA elimination from the brain is 0.0714
min−1 (30).

This implies GABA may be transported with an effi-
ciency about 10 times greater than that of nipecotic acid,
assuming a similar volume of distribution for both zwitteri-
ons.

CONCLUSIONS

Nasal dosing of the n-butyl ester of nipecotic acid pro-
vides a viable approach for delivering nipecotic acid zwit-
terions to the brain. A pharmacological response (rats
stopped breathing and died) was observed only after dosing
the ester, but not after i.v. nipecotic acid administration.
There was no significant difference in nipecotic acid total
brain levels after i.v. or nasal ester dosing, suggesting the
nasal route is as effective as the i.v. route for delivery of
nipecotic acid to the total brain via this ester. There was
strong evidence to suggest nipecotic acid formed in vivo from
the ester may undergo tissue trapping. Tissue trapping in the
brain may provide a unique advantage for esters of CNS ac-
tive zwitterions by providing a mechanism for prolonged resi-
dence of the pharmacologically active zwitterions in brain
tissue.
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