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Abstract-A fluorinated derivative of an anticonvulsant y-butyrolactone [a-( 1 ,l-difluoroethyl)-a-methyl- 
y-butyrolactone; (u-DFCBL] was synthesized as a probe for NMR spectroscopic observation of the drug 
in brain tissue. The fluorinated compound is an efficacious anticonvulsant in mice, and inhibits the 
specific binding of [‘?S]r-butylbicyclophosphorothionate ([35S]TBPS) to mouse brain membranes with 
a concentration dependence similar to that of the non-fluorinated compound cu-ethyl-o-methyl-y 
butyrolactone. Quantitative ‘9F-NMR spectroscopic studies, coupled with chromatographic measure- 
ments of drug tissue concentration, showed that virtually all of the (u-DFGBL in brain was NMR- 
observable and that, following intraperitoneal injection, (Y-DFGBL rapidly achieved millimolar con- 
centrations in brain. The ‘!‘F-NMR spectra of a (u-DFGBL in brain and liver tissue were broad (l-2 ppm) 
and complex, exhibiting multiple chemical shift features. The major chemical shift features in these 
spectra were assi ned on the basis of differential extraction and comparison of ‘v spin-spin relaxation 
times (Trs) and t& . chemical shifts of (Y DFGBL in tissue to those in pure solvents. The major feature - 
at 10.4 ppm in the tissue spectra was assigned to a weakly polar, membrane-associated environment for 
the fluorinated compound, while the feature at 11.2 ppm was assigned to an aqueous environment for 
c~-DFGBL. The drug was in slow exchange between these two environments in brain. In addition, the 
feature at lowest field (9.7-9.8ppm) was identified as a water-soluble hydroxy-acid metabolite of (Y- 
DFGBL produced by the liver. These data indicate that y-butyrolactone anticonvulsants achieve high 
concentrations in brain, where they exist in several, largely membrane-associated, environments. These 
findings are consistent with the purported action of the y-butyrolactones as low-affinity modulators of 
y-aminobutyric acid-A channels. 

The a-substituted y-butyrolactones (CY-GBLs)O and 
y-thiobutyrolactones (CY-TBLs) are anticonvulsant 
agents that protect animals against seizures induced 
by both pentylenetetrazole (PTZ) and maximal 
electroshock [l, 21. Two lines of evidence suggest 
that these agents produce their pharmacological 
effects via interactions at the picrotoxin binding site 
of the y-aminobutyric acid (GABA) receptor/ 
chloride ionophore complex: First, the (Y-GBLs 
inhibit the specific binding of [35S]t-butyl- 
bicyclophosphorothionate ([35S]TBPS),aradioligand 
used to measure binding to the picrotoxin receptor 
[3], with tcso values in the range of 10m4 to lop3 M 
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0 Abbreviations: GBL, i-butyroiactone; TBL, y-thiobu- 
tyrolactone; (u-DFGBL, ru-(l,l-difluoroethyl)-cu-methyl-y- 
butyrolactone; TBPS, t-butylbicyclophosphorothionate; 
PTZ, pentylenetetraxol; (u-EMGBL, ru-ethyl-cu-methyl- 
y-butyrolactone; GABA, y-aminobutyric acid; CDv, 
convulsive dose in 97% of animals; ED~, effective dose in 
50% of animals; KS, concentration that inhibits the 
response by 50%; ED~, effective dose in 90% of animals; 
and rosa, toxic dose in 50% of animals. 

(4-61. Second, electrophysiological experiments 
demonstrate that these agents modulate chloride 
conductance through GABA receptor/ionophore 
channelsinvoltage-clampedspinalcordmotoneurons 
and hippocampal neurons [7-91. These elec- 
trophysiologic effects are observed at drug con- 
centrations of 10e6 to 10m4 M. 

Our continued interest in studying the phar- 
macological properties of the substituted lactone 
derivatives led to the synthesis of a fluorinated 
analog of cu-ethyl-cu-methyl-y-butyrolactone ((u- 
EMGBL). We now report the synthesis of 
this compound, CY-(l,l-difluoroethyl)-(~-methyl-y- 
butyrolactone ((Y-DFGBL), and its evaluation as an 
anticonvulsant and modulator of [35S]TBPS binding. 
The introduction of fluorine into the drug molecule 
provided a way to non-invasively observe the drug 
in tissue using NMR spectroscopy. In the current 
study we utilized “%NMR spectroscopy to examine 
several aspects of the pharmacology of the y 
butyrolactones. First, we measured brain con- 
centrations of (Y-DFGBL to examine its target-organ- 
specific pharmacokinetics. Second, we examined the 
metabolism of (u-DFGBL. Finally, by observing the 
chemical shifts of the diasterotopic fluorines of 
CY-DFGBL in conjunction with 19F relaxation 
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measurements, we made an initial characterization 
of some of the different chemical environments that 
this drug occupies in brain tissue. 

MATERIALSANDMETHODS 

Materials. cu-Acetyl-Lu-methyl-y-butyrolactone and 
diethylaminosulfur trifluoride (DAST) were pur- 
chased from the Aldrich Chemical Co. (Milwaukee, 
WI). Reagent grade and HPLC grade solvents were 
obtained from the Baxter Healthcare Corp. 
(Muskegon, MI). Deuterated NMR solvents were 
purchased from Cambridge Isotope Laboratories 
(Woburn, MA). TLC was performed on Analtech 
(Newark, DE) precoated silica gel GF plates 
(250 mm). The /I-EMGBL used as the internal 
standard in the GC determinations was synthesized 
in our laboratory [6] and exhibited satisfactory 
NMR, i.r. and mass spectroscopic data. 

Chemical methodr. The i.r. spectra were obtained 
(neat) using a Perkin-Elmer 1710 FT-IR spectro- 
photometer. ‘H-, i3C- and ?F-NMR spectra 
were obtained on a Varian XL-300 multinuclear 
spectrometer equipped with a 5-mm probe. Samples 
were dissolved in CDC13 and chemical shifts reported 
as 6 values in parts per million (ppm). The 
chloroform resonance in proton (7.26ppm) and 
carbon (77.0ppm) spectra, and the difluo- 
romethylene group resonance of methoxyflurane 
(CHClrCF20CH3) in 19F spectra (0.00 ppm), were 
used as internal standards. The multiplicity of peaks 
is defined by s (singlet), d (doublet), t (triplet), q 
(quartet), and m (multiplet). The relative peak 
heights of the resonances are reported as integers after 
the multiplicity. High resolution mass spectroscopic 
(HRMS) data were recorded using a VGZAB-SE 
double-focusing mass spectrometer. Accurate mass 
assignments were made by manual peak matching 
against appropriate reference ions in the spectrum 
of perlluorokerosene. Reverse-phase, preparative 
HPLC was performed on a Waters Prep LC/System 
SOOA liquid chromatograph, using a PrepPAKJOO/ 
Cl8 cartridge and the product eluted with 3% 
acetone in water (0.2 L/min). 

Synthesis of a-DFGBL. cu-Acetyl-cu-methyl-y- 
butyrolactone (0.3 mmol) and DAST (0.3 mmol) 
were stirred in dichloromethane (100 mL) for 48 hr 
in a polyethylene bottle at room temperature [lo]. 
Water was added slowly and the organic phase was 
dried over magnesium sulfate and concentrated in 
vacua. The product was purified by preparative 
HPLC and extracted from the aqueous mobile phase 
with dichloromethane. The organic layer was dried 
over magnesium sulfate and concentrated to yield 
the product as a colorless oil. This oil was then 
vacuum distilled (b.p. = 42”; 0.2 mm Hg) to yield 
pure (> 99% by GC analysis) tr-DFGBL (22.9 g, 
48.4% yield): i.r. v,,,,, 1771 (C = 0), 1213 (CF,) 
1193 (CF,) cm-‘; ‘H-NMR 4.32 (m, 2H, y-CHr), 
2.79 (m, lH, #J-CHr), 2.08 (m, lH, @CHr), 1.79 (t, 
3H, -CH3, 3Jnr = 20 Hz), 1.39 (s, 3H, -CH,); 13C 
{*H}-NMR 176.7 (2m), 124.4 (t, lJcF = 245.2 Hz), 
65.4 (s), 49.4 (t, Jcr 
(m), 19.0 (t, *Jcr = 

= 26.2 Hz) 30.4 (m), 19.11 
26.8Hz); lsF-NMR -10.6 (m, 

lF, -CFr, *Jrr = 250 Hz, 3Jnr = 20 Hz), -10.2 (m, 

lF, -CFz, *JFF = 250 Hz, 3Jur = 20 Hz); HRMS m/ 
z 164.0636 (C7H1sF202 requires 164.0648). 

I- 

F CH3 

Hydrolysis of a-DFGBL. A solution of (u-DFGBL 
in 10% ethanolic KOH was heated gently until TLC 
indicated that no starting material remained. Water 
was added, the ethanol was evaporated off under 
reduced pressure, and the pH was adjusted to 7.5- 
8.0 with dilute HCl. The residue was lyophilized to 
afford the crude hydroxy-acid which was diluted in 
D20 for NMR analyses. 

Anticonvulsant testing and radioligand binding 
assay. Drug screening was performed using methods 
described by Swinyard and Woodhead [ll]. Briefly, 
the ability of (Y-DFGBL to protect 50% of animals 
from PTZ-induced seizures (EDGE) was tested in 
female CFl mice weighing 20-25 g (6 to &weeks- 
old). The test compound was suspended in 30% 
polyethylene glycol and injected in a volume of 
10 pL/g. The drug was administered i.p. 30 min prior 
to a challenge with a CDg7 (convulsive dose in 97% 
of animals) dose of PTZ (85 mg/kg). PTZ was 
dissolved in normal saline and administered i.p. in 
a volume of lOpL/g. Those mice which did not 
experience clonic seizures within 30 min of the 
convulsant challenge were considered protected. 
Vehicle-treated controls exhibited no signficant 
anticonvulsant activity. Neurotoxic effects were 
assessed using the rotorod toxicity test [12]. In this 
test, the mouse was placed on a l-inch diameter rod 
rotating at 6 rpm. The animal was considered toxic 
if it fell from the rotating rod twice during the lo- 
min testing period. The ability of the test compound 
to displace [35S]TBPS in radioligand binding assays 
(IC& was demonstrated using methods described 
previously [4,13]. The EDGE, ED~, -IQ,, (toxic dose 
in 50% of animals) and lcso values reported were 
determined by loglo probit analysis [14]. 

Preparation of adipose, liver and brain tissue 
samples. Brain samples for relaxation experiments 
were prepared by administering an ED~ dose 
(400 mg/kg, i.p. injection) of the drug to CFl strain 
mice. After 5 min, the animal was killed and the 
brain stem and cerebellum were removed by crude 
dissection. The remaining brain tissue was placed in 
a 1-mL syringe and injected through L No. 16 needle 
attached to polyethylene tubing into the bottom of 
a 5-mm NMR tube. The livers of the same animals 
were immediately excised and placed in an NMR 
tube using a similar technique. Finally, the 
retroperitoneal fat pads were dissected out of the 
same CFl mice and similarly placed in a 5-mm NMR 
tube. All samples were kept at 4” prior to NMR 
analysis. 
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Quantitation of (u-DFGBL in brain tissue using 
gas chromatography. For time-course experiments, 
a 275 mg/kg dose of a-DFGBL was administered 
i.p. into CFl mice and, at the appropriate times (2, 
10, 20 and 30min), the animals were killed. 
Quantitation experiments using various doses of test 
compound (100,175,250, 325 and 400 mg/kg) were 
also performed, and the animals were killed and 
decapitated after 30 min (time of convulsant 
challenge in that assay). The brain stem and 
cerebellum were removed by crude dissection and 
the remaining tissue was immediately frozen on dry 
ice and later weighed. To avoid loss of extraction 
solvents and/or test compounds due to evaporation, 
further sample preparation was performed in a cold 
room at 4”. The brains were homogenized manually 
for 3 min with 10 vol. (by tissue weight) of a 2:l 
mixture of chloroform and methanol containing 
50 PM BEMGBL as an internal standard. The 
homogenate was centrifuged for 30 min at 1500 g, 
and the lower phase was recovered and stored at 4” 
prior to GC analysis. Preliminary experiments 
ensured 100% recovery of the test compound. 
Analyses were performed with a Hewlett Packard 
5890A GC on an Ultra 1 capillary column (0.2 mm 
i.d., 0.1 pm film thickness, 25 m length). Helium 
was used as the carrier gas (1 mL/min) and splitless 
injection was employed. Operating temperatures 
were: injection port, 150”; detector, 280”; oven 
temperature, 80”; programmed 80-120” at 50”/min. 
The detector response ratio for the internal standard 
and the test compound was obtained and its linearity 
validated over the concentration range of 0.025 to 
0.225 mM. Brain concentration was determined from 
the ratio of the integration (HP 3393A integrator) 
of the flame ionization signal of the test compound 
and the internal standard with subsequent correction 
for detector response and tissue wet weight (specific 
gravity assumed to be 1.0). 

Quantitation of a-DFGBL in brain tissue using 
19F-NMR. 19F-NMR experiments were performed at 
22-23” on a Varian-VXR multinuclear spectrometer 
operating at 470.3 MHz using a 5-mm probe. Tissue 
samples were prepared as follows: CFl mice were 
injected i.p. with a 275 mg/kg dose of the test 
compound, and decapitated at the appropriate times. 
The brain stem was removed by crude dissection 
and the remaining tissue placed in a 3-mL syringe. 
Using a 22-gauge needle, the brain tissue was 
injected through a rubber septum into a 3-mm 
capillary. The capillary was sealed with clay and 
inserted into a 5-mm NMR tube containing an 
external standard solution of 2:l ds-toluene:toluene 
containing 1.42 mM methoxyflurane. The external 
standard served as both a chemical shift and 
concentration reference. Quantitation of the flu- 
orinated drug in brain was performed as described 
by Evers et al. [15]. Briefly, the integration of the 
resonance of (u-DFGBL in brain was compared to that 
of the difluoromethylene group of methoxyflurane in 
the external standard solution. The ratio of the two 
integration values was then corrected for the different 
cross-sectional areas of brain tissue (3 mm capillary) 
and external standard solution (5-mm NMR tube) 
exposed to the magnetic field, to obtain the drug 
concentration in the sample capillary. Finally, 

differences in tissue sample preparation were 
corrected for by measuring the ratio of the water 
resonance in brain to that of the methyl group of 
toluene in the external standard solution. Since brain 
tissue is 84% water by volume [16], these values 
were normalized to the same ratio obtained from a 
capillary containing 84% water. To obtain adequate 
signal-to-noise ratios, 500 transients were obtained 
for fluorine spectra and 16 transients for proton 
spectra. 

Relaxation measurements. Longitudinal relaxation 
times (T,) were measured by the inversion-recovery 
method (180”~r-90”) [17] and reported values 
determined using a Varian software package. 
Transverse relaxation times (Tr) were determined 
using the Carr-Purcell-Meiboom-Gill pulse 
sequence (90”~r-(180”-2r)“) [18] with an interpulse 
delay of 1OOpec and an equilibration delay of 
greater than 3 times Tr. Data were plotted as the 
natural logarithm of signal intensity as a function of 
echo evolution time. The T2 values reported are the 
reciprocals of the negative slopes of the exponentials 
obtained from these plots. Exponential fitting of 
these curves was performed using the RS-1 software 
package on a VAX computer. Adequate signal-to- 
noise ratios were obtained by collecting 1200 
transients at each echo evolution time for brain and 
liver samples, 128 transients for fat tissue and 64 
transients for the solution studies. 

Preparation of brain homogenates. CFl mice were 
placed in a sealed chamber and deeply anesthetized 
with halothane in 100% oxygen. The animals were 
killed by decapitation, and the cerebral hemispheres 
and liver tissue were excised and weighed. The 
tissues were added to an equal volume of phosphate- 
buffered saline (PBS, pH7.4; 20% in D20) and 
homogenized in a Tekmar tissue homogenizer. The 
homogenates were kept at 4” until used (< 6 hr) and 
then were placed in 5-mm NMR tubes either neat, 
or following 1:4 dilution in PBS. (u-DFGBL was 
added to the homogenates (final concentration = 
1 mM) as a 100 mM solution in dimethyl sulfoxide. 

Isolation of the hydroxy-acid metabolite from brain 
and liver tissue extracts. A 400 mg/kg dose of a- 
DFGBL was administered i.p. to CFl mice. The 
animals were decapitated 5 min after the injection. 
The brain and liver were removed by crude dissection 
and each of the tissues was homogenized manually 
for 3-5 min with 10 vol. (by tissue weight) or a 4:2:1 
mixture of chloroform, methanol and water. The 
homogenate was centrifuged for 30 min at 1500g 
and the upper and lower phases from both brain and 
liver extracts were recovered and stored at 4”. The 
organic solutions were analyzed directly, while the 
aqueous solutions were lyophilized and resuspended 
in DrO for NMR analysis. 

RESULTS 

A fluorinated derivative of (u-EMGBL, (u-DFGBL, 
was synthesized and purified. Its structure was 
confirmed by ‘H-, r3C- and 19F-NMR spectroscopy 
and by mass spectrometry. Both the fluorinated drug 
and the parent drug were free of acute neurotoxic 
effects (maximum dose tested was 5OOmg/kg) as 
assessed by the rotorod neurotoxicity test. (u-DFGBL 
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Fig. 1. Pharmacological effects of wDFGBL. (A) Dose- 
response relationship for the anticonvulsant effect of (Y- 
DFGBL against PTZ-induced seizures. (u-DFGBL was 
injected i.p. 30 min prior to challenge with a CDT dose of 
PTZ (85 mg/kg). The ED% as determined by loglo probit 
analysis was ?45 mg/kg or l.Smmol/kg (95% fiducial 
limits of 216-278 mg/kg). (B) Concentration-dependent 
inhibition by (u-DFGBL of specific [“S]TBPS binding to 
rat cerebral cortical membranes. Each data point represents 
a mean value ( f SEM)) of four experiments each performed 
in quadruphcate. The data points are fitted to the equation: 
Min + (Max - Min)/(l + ((X/K,)-“)) whereX = thecon- 
centration of (u-DFGBL, rcwl = the half-maximally effective 
concentration of (u-DFGBL, and n is the Hill coefficient. 

The points are fit with ICY = 3.1 mM and n = 1.32. 

also was found to be an effective anticonvulsant 
against PTZ-induced seizures. As shown in Fig. lA, 
the ED~ of a-DFGBL for preventing PTZ seizures 
was 1.5 mmol/kg (245 mg/kg). This value was very 
similar to the ED~,, of the non-fluorinated compound 
against PTZ seizures (2.0 mmol/kg or 259 mg/kg), 
indicating that fluorination has little effect on its 
anticonvulsant activity. 

Radioligand binding studies using 2 nM [35S]TBPS 
as the ligand for the picrotoxin site on the GABA* 
receptor showed that (u-DFGBL reduced specific 
TBPS binding in rat brain membranes with an tcso 
of 3.1 mM and a Hill coefficient of 1.3 (Fig. 1B). 
This reduction of TBPS binding by (u-DFGBL was 
due to an increase in the KD for TBPS binding, not 
to a change in the maximal number of TBPS-binding 
sites (data not shown). The effects of (u-DFGBL 
were similar to those of the non-fluorinated 

compound, a-EMGBL, which inhibits [35S]TBPS 
binding with an lcso of 2.3 mM [5]. These data are 
consistent with a competitive interaction between (Y- 
DFGBL and TBPS at the picrotoxin-binding site. 

To determine if the high tissue concentrations of 
wDFGBL required to alter TBPS binding and 
GABA channel function [19] are achievable in oioo, 
brain concentrations were measured after i.p. 
administration of 275 mg/kg of cx-DFGBL. To ensure 
that there was not a significant component of 
“NMR-invisible” fluorinated drug in brain, tissue 
concentrations measured by quantitative 19F-NMR 
spectroscopy were compared to concentrations 
measured by chemical extraction and GC. As shown 
in Fig. 2A, (u-DFGBL rapidly reached a peak brain 
concentration of approximately 2 mM following i.p. 
administration. There was no significant difference 
between the concentrations measured by GC and by 
NMR methods, indicating that virtually all of the 
drug in brain was observable by NMR. Brain 
concentrations decayed in a bi-exponential fashion. 
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Fig. 2. Brain concentrations of (u-DFGBL. (A) Time course 
of wDFGBL concentration in brain tissue following i.p. 
administration of 275 mg/kg as determined by ‘9F-NMR 
(0) and gas chromatography (0). Each time point 
represents the mean + SEM) of three determinations. Both 
data sets were well fit by the sum of two ex,ponentials. The 
NMRdatawasfit bytheequationy = 0.89e- .I” + 0.99e-“~“” 
and the GC data to y = O.%e-O.‘y’ + 1.15e-0~0”. (B) Brain 
concentrations of wDFGBL 30 min after i.p. administration 
of 100, 175, 250,325 and 400 mg/kg doses, as determined 
by gas chromatography. The data are fitted by linear 

regression. 
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There was a rapid reduction in brain concentration 
(time constant of approximately 5 min), consistent 
with a redistribution phase, followed by a slow 
elimination phase (time constant of about 100 min). 
Concentrations were maintained in the range of 
1 mM 30 min after i.p. administration, the time of 
anticonvulsant testing. Brain concentrations attained 
30 min after administration of different doses of the 
drug (100, 175, 250, 325, and 400 mg/kg) were also 
examined using the GC method. The brain 
concentration of a-DFGBL was a relatively linear 
function of dose administered (Fig. 2B). 

To examine the chemical environments in which 
(u-DFGBL resides in tissue, 19F-NMR spectra of (Y- 
DFGBL in several tissues and solvents were 
examined. Spectra of the drug in brain, liver and 
adipose tissue following in vivo drug administration, 
and in aqueous (0.9% NaCl) and chloroform solution 
are shown in Fig. 3. The chemical shifts of the 
diastereotopic fluorines were compared to that of 
the difluoromethylene of methoxyflurane (CHClz- 
CFz-0-CHs) to quantify the effects of electronic 
environment on chemical shift. In an aqueous 
solution, the resonances were centered at - 10.4 and 
-11.7 ppm. In contrast, the fluorines of (u-DFGBL 
in chloroform solution experienced a more similar 
magnetic environment as evidenced by chemical 
shifts of - 10.2 and - 10.6 ppm. Spectra of (u-DFGBL 
in several other weakly polar solvents (acetone, 
dimethylacetamide, dimethylformamide) were simi- 
lar to that obtained in chloroform; the fluorine 
resonances were between - 10.1 and - 10.5 ppm and 
the diasterotopic fluorines had similar (A < 0.2 ppm) 
chemical shifts (spectra not shown). In highly non- 
polar solvents (hexane, decane) resonances of the 
two fluorines were separated by < 0.3 ppm, but had 
chemical shifts between -10.5 and -11 ppm (not 
shown). The drug in adipose tissue showed a 
single dominant feature (centered at approximately 
- 10.2 ppm), which closely resembled the spectrum 
obtained in chloroform. This pattern suggests that 
LU-DFGBL occupies a weakly polar environment in 
this tissue. 

The spectra of (w-DFGBL in brain and liver tissue 
were far more complex than the spectra obtained in 
solvents and in adipose. The features were broad 
(~1,~ = 470 Hz) and complex in shape with multiple 
chemical shift resonances. The prominent peak 
centered at - 10.4 ppm in both liver and brain suggests 
a weakly polar, “chloroform-like” environment for 
the drug in both tissues. In addition to this major 
feature, the brain spectrum showed significant peaks 
at -11.2 and -9.8 ppm. The liver spectrum showed 
a major peak at -9.7 ppm, but no resolvable features 
at > -11.0 ppm. These chemical shifts suggest either 
that the drug exists in multiple chemical environments 
in the tissues (drug exchanges slowly between these 
environments on the NMR time scale), and/or that 
metabolites of the drug are present in tissue. 

While chemical shift anisotropy can contribute to 
line broadening of fluorine features in a membrane 
environment [20], the broadness of the fluorine 
features in the tissue spectra could be explained in 
several other ways. The most likely explanation is 
that the drug is immobilized by its interaction with 
the tissue producing a short Tz and a broad feature. 

-y++@f+ ,& 
-7 -9 -II -13 -15 ppm 

Fig. 3. WNMR spectra of a-DFGBL in chloroform (A), 
saline (B), adipose tissue (C), liver tissue (D) and brain 
tissue (E) recorded at 11.74 tesla on a Varian VXR 
multinuclear spectrometer operating at 470.3 MHz. All 
spectra are referenced to the difluoromethylene group of 
methoxyflurane. Representative parameters used in 
obtaining these spectra were as follows: 9 pet pulse (90” 
Rip angle); 0.4 set acquisition time; interpulse delay > 3 
times Tr; 2Hx exponential line broadening for solution 

spectra and 20 Hx line broadening for tissue spectra. 

Alternatively, the broadness could be explained by 
exchange broadening resulting from chemical 
exchange of the drug between multiple environments 
in the tissue. To examine the basis for the broad 
tissue features, and to determine whether the various 
chemical shift resonances were experiencing different 
motional environments, 19F relaxation studies were 
performed. Both longitudinal (Tr) and transverse 
(T,) relaxation measurements were made of CY- 
DFGBL in brain and liver. For purposes of 
comparison, Tr and T2 were also measured in 
adipose tissue and in chloroform and aqueous 
solution. 

All Tr determinations were mono-exponential and 
showed no detectable variation in T, between the 
various chemical shift components of the drug 
resonances. As shown in Table 1, Tr values were 
markedly shorter in brain and liver than in the other 
preparations studied. 

Tz measurements of (u-DFGBL in adipose, 
chloroform and aqueous solutions were all charac- 
terized by mono-exponential signal decay, with T2 
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Table 1. Longitudinal (T,) and transverse (Tr) relaxation 
times of wDFGBL in brain tissue, liver tissue, adipose 

tissue, and chloroform and saline solutions 

Sample 
J-1 

(set) 
T2 

(msec) 

Saline 3.2 >300 
CHCI, 3.1 >300 
Adipose tissue 2.1 170 
Liver tissue 1.5 4 

40 
Brain tissue 1.0 3 

32 

T, measurements were made using the inversion recovery 
technique. The T2 values were determined using the Carr- 
Purcell-Meiboom-Gill pulse sequence. 

values greater than 170 msec (Table 1). The spin- 
echo decay curves of CY-DFGBL in brain and liver 
were non-linear (Fig. 4, left panel) and were well 
characterized by the sum of two exponential 
components (Table 1). The two T2 values derived 
from exponential fitting of these decay curves 
indicated that two motionally distinct types of 
fluorines are present in these tissues. Examination 
of spectra obtained at various delay times in the 
spin-echo sequence showed that different fluorine 
resonances observed in brain (Fig. 4, right panel) 
and liver (not shown) had different Tz values. 

5 10 15 20 25 

Echo Evolution Time hSOC) 

Specifically, the feature at lowest field (-9.8 ppm) 
had a long T1, whereas the more highly shielded 
features (-10.4 and - 11.2 ppm) had short T2 values. 
This indicates that either CY-DFGBL exists in two 
segregated environments, characterized by distinct 
chemical shifts and Tzs, or that this drug is 
metabolized to a compound that experiences a less 
motionally-restricted environment. 

Production of a metabolite seemed a likely 
possibility since blood and liver lactonases are known 
to metabolize y-lactones [21]. The resulting hydroxy- 
acid would be expected to have different fluorine 
chemical shifts than the intact lactone. It would also 
be expected to be water soluble and, therefore, to 
be cytosolic and have a longer Tr. To test this 
hypothesis, water-soluble and chloroform-soluble 
compounds were differentially extracted from brain 
and liver tissue; 19F spectra of these extracts were 
compared to spectra of CY-DFGBL and to an authentic 
sample of the expected hydroxy-acid metabolite. 
Results of these experiments are shown in Fig. 5. 
Aqueous extracts of both liver and brain produced 
19F spectra that were virtually identical to those of 
the authentic hydroxy-acid sample. This indicates 
that the resonances at -9.6 to -9.8 ppm in the tissue 
spectra likely were due to a water-soluble metabolite 
of wDFGBL. The organic extracts of brain and 
liver revealed ‘9F spectra virtually identical to those 
of wDFGBL in chloroform. (N.B. small differences 
between the spectra of organic tissue extracts and 
CY-DFGBL in chloroform were due to methanol in 

Fig. 4. r9F-NMR spin-spin relaxation (Tr) measurements of o-DFGBL in adipose, liver and brain 
tissue. Measurements were made using the Carr-Purcell-Meiboom-Gill pulse sequence with an 
interpulse delay of 100 wee, and an equilibration delay of greater than 3 times T,. (Left panel) 19F 
spin-echo decay curves for a-DFGBL in tissues. Signal intensities are plotted on a natural log scale as 
a function of echo evolution time. Data from adipose tissue (A) are well fit to a mono-exponential 
decay with a Tr value of 170 f 10 msec. Data from liver (W) and brain (0) are well fit by the sum of 
two ex 

R” 
nentials. For liver the curve is fit to y = 236e- “3.9 + 4Oe-‘IN; for brain the data are fit to y = 

210e-’ .* + 40~“~~. (Right panel) ‘%NMR spectra of wDFGBL in brain tissue obtained at various 
echo evolution times using the spin-echo pulse sequence used to measure T2. The echo evolution times 

corresponding to spectra 1 through 5 are 0.4, 6, 10, 16 and 26 msec, respectively. 
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A n BRAIN 

-RS -9.5 -10.5 -11.5 -12.5 -13.5 ppm 

Fig. 6. r9F-NMR spectra of (u-DFGBL in homogenates of brain (A) and liver (B) tissue. At the top of 
each panel are the spectra of tissue excised from animals that had been administered 275 mg/kg of (Y- 
DFGBL i.p. Tissues from the animals receiving in uiuo (u-DFGBL were homogenized in an equal 
volume (w:v) of PBS. Spectra of these homogenates are shown in #2 panels. Homogenates were also 
prepared from animals that had received no drug; these homogenates were prepared on a 1:l:w:v basis 
with PBS and in some cases diluted an additional 4-fold with PBS (dilute homogenate). (u-DFGBL was 
exogenously added to the homogenates at a final concentration of 1 mM. Spectra of undiluted 
homogenates are shown in #3 panels, and of dilute homogenates in #4 panels. All I’? chemical shifts 

are referenced to the difluoromethylene group of methoxytlurane. 

the extraction solution.) This -indicates that the 
multiple broad features in the tissue spectra were 
not due to drug metabolites (assuming that all 
metabolites were fully extracted) and probably were 
the consequence of different chemical environments 
within the tissues. 

To confirm that neither the -10.4ppm nor 
the -11.2 ppm feature represents an (u-DFGBL 
metabolite, and to determine the anatomic locus of 
lactonase activity, lQF spectra were obtained of (Y- 
DFGBL added to homogenates of brain and liver 
tissue. These spectra were compared to those of intact 
(unhomogenized) tissue and tissue homogenates 
prepared following in vivo drug administration. 
Figure 6A shows spectra of (u-DFGBL in intact brain 
tissue and in brain homogenates. The spectrum in 

intact brain showed lYF resonances at -9.6 to 
-9.8 ppm, -10.3 to -10.5ppm and -11.2 to 
-11.4 ppm; the resonance centered at -10.4 ppm 
dominated the spectrum. These features were also 
observed in the 1:l homogenate of brain prepared 
following in vivo drug administration. The spectra of 
CY-DFGBL exogenously added to brain homogenate 
showed the major peaks at -10.4 and -11.3 ppm, 
but only a very minor peak at -9.6 ppm. When this 
homogenate was diluted to 1:4 with PBS, the 
spectrum resembled that of (u-DFGBL in water; the 
features at -10.5 and - 11.4 ppm were of equal 
height and the feature at -9.6 to -9.8 ppm was not 
observable. Figure 6B shows spectra of CY-DFGBL 
in intact liver tissue and liver homogenates. In the 
spectrum from intact tissue there were two, relatively 
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equal, major peaks centered at -9.5 ppm and 
- 10.3 ppm. Spectra of homogenates prepared either 
following in vivo drug administration or with ex vivo 
addition of drug were virtually identical. The two 
major peaks observed in intact tissue remained; 
additionally a smaller feature at -11.2 ppm and a 
very small peak at -11.7 ppm were observed. The 
spectra of (u-DFGBL added to dilute (1:4 in PBS) 
liver homogenate contained features at -9.6, -9.8, 
-10.0, -10.5, -11.4, and -11.9ppm. This is 
consistent with superimposed spectra of (u-DFGBL 
and its hydroxy-acid metabolite in water. 

DISCUSSION 

Our studies of the pharmacological properties of 
(u-DFGBL demonstrated that this compound retains 
both anticonvulsant activity and the ability to inhibit 
TBPS binding at concentrations very similar to those 
observed for the unfluorinated compound. These 
results indicate that the changes in electronic and/ 
or lipophilic character introduced by fluorination do 
not alter binding affinity or anticonvulsant potency 
significantly. 

i9F-NMR spectroscopy initially was utilized to 
demonstrate that (u-DFGBL could be observed in 
brain following in vivo administration, and to 
measure brain concentrations of the drug. Prominent 
i9F-NMR features were observed in spectra of 
all tissues examined, demonstrating high tissue 
concentrations of NMR-observable drug. The 
virtually identical GC and NMR determinations of 
brain drug concentration demonstrate that there was 
no significant “NMR silent” compound. This is 
important since high affinity binding of drug 
molecules to large macromolecules could produce a 
very short ‘?? T2 value and, therefore, an 
unobservable signal. The absence of “NMR silent” 
wDFGBL indicates either that a very small 
proportion of drug molecules in brain is bound to 
proteins, or that bound molecules are observable by 
virtue of their rapid exchange with other, observable, 
environments. This latter possibility is plausible, 
since the low affinity of these drugs for the picrotoxin 
site may imply a very short lifetime in the bound 
state. 

As shown in Fig. 2A, (u-DFGBL rapidly entered 
the CNS following peripheral administration, and 
reached millimolar peak concentrations. At the time 
of anticonvulsant testing, 30 min after peripheral 
administration, brain concentrations remained in the 
range of 0.5 to 1.5 mM (Fig. 2B). Are these brain 
concentrations high enough to produce the free drug 
concentrations required to produce effects on 
GABA* channels in vitro? If one assumes that 15% 
of brain volume is comprised of membrane (the 
brain is approximately 84% water by volume [16]) 
and that the membrane/water partition coefficient 
for (u-DFGBL is 5 (similar to anticonvulsant 
barbiturates [22]), then a brain concentration of 
1 mM would correspond to a free concentration of 
0.63 mM. This is the same order of magnitude as 
the concentrations required to reduce TBPS binding 
and potentiate GAB A-gated chloride currents [ 191. 
It is thus plausible that the effects of (Y-DFGBL and 
other y-butyrolactones on GABA currents that have 

been observed in vitro can account for the 
anticonvulsant effects of these drugs in vivo. 

19F-NMR spectroscopy was also used to examine 
the metabolism of wDFGBL in vivo and to 
characterize the various chemical environments for 
ar-DFGBL in tissue. Each of the three tissues 
examined had a unique and complex ‘V spectrum 
(Fig. 3), indicating that (u-DFGBL exists in a variety 
of NMR-discernible, tissue-specific environments. 
The simplest of the tissue spectra examined was that 
of adipose. The relatively long I!? Tr in this tissue 
makes it unlikely that the drug is in the highly 
ordered environment of a lipid bilayer. It is most 
likely that the spectrum of a-DFGBL in adipose 
reflects partitioning of the drug into triglyceride 
micelles within the adipocytes. The chemical shift of 
(u-DFGBL (-10.4 ppm for both fluorines) indicates 
that the drug resides in a weakly polar environment 
in this tissue. These data suggest that the drug 
preferentially resides near the polar head groups 
rather than deep within the hydrophobic core of the 
micelles. 

The spectra of (Y-DFGBL in both liver and brain 
tissue contained a resonance at -9.6 to -9.8 ppm. 
This feature was distinguished from other features 
in the spectra by its longer T2 value (32-40 msec), 
suggesting a water-soluble metabolite of a-DFGBL. 
Spectra of the aqueous extracts of brain and liver 
were virtually identical to the lsF spectra of a pure 
sample of the hydroxy-acid derivative of (u-DFGBL 
(Fig. 5). This provides strong evidence that the -9.6 
to -9.8 ppm features in the tissue spectra represent 
an hydroxy-acid metabolite of (u-DFGBL. To 
determine the site of metabolite production, 
homogenates of brain and liver were incubated with 
(Y-DFGBL, and examined by rsF-NMR spectroscopy. 
These studies showed that the hydroxy-acid was 
produced in liver, but not in brain (Fig. 6). Lactone 
hydrolysis is most likely an enzymatic process since, 
first, metabolism of a-DFGBL was tissue specific. 
Second, incubation of the hydroxy-acid with liver 
homogenate resulted in significant production of the 
lactone (ring closure), whereas spontaneous ring 
closure did not occur at either pH6.8 or pH9.0. 
While it is unclear whether the hydroxy-acid 
metabolite of (Y-DFGBL has any pharmacologic 
activity or toxicity, the hydroxy-acid of (Y-EMGBL 
is not active in a hippocampal slice model of seizure 
activity [23]. 

19F spectra of both liver and brain also had 
resonances in the area of - 10.2 to -10.4 ppm. These 
features were produced by the parent compound 
and not by a drug metabolite, since ‘v spectra of 
organic extracts of these tissues were virtually 
identical to spectra of pure (u-DFGBL in chloroform 
(Fig. 5). Based on the similarity of the chemical shift 
of the -10.3 ppm feature to those of (u-DFGBL in 
chloroform and in adipose, it is likely that the 
-10.3 ppm feature represents a weakly polar 
environment for the drug. Unlike the -10.3 ppm 
feature in adipose tissue, the corresponding features 
in brain and liver were characterized by short (3- 
4msec) Tr relaxation times, suggesting a highly 
structured environment. A likely assignment for 
these features is a weakly polar region of the lipid 
bilayer, such as the area adjacent to the glycerol 
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backbones of phospholipids. It is unlikely that the 
drug resides in the hydrophobic core of the membrane 
since highly nonpolar solvents produce lsP chemical 
shifts in the region of -10.5 to -11.0 ppm. 

The lsF spectrum of CY-DFGBL in brain contained 
a feature at -11.2 ppm that was not observed in the 
other tissue spectra. Based on its chemical shift, it 
seems likely that this feature represents one of the 
diastereotoipic fluorines of CY-DFGBL in a polar 
environment. (The other fluorine would be buried 
under the -10.3 ppm feature.) Since it is expected 
that half of the CY-DFGBL in brain should be in the 
aqueous phase (assuming that brain is 16% 
membrane by volume and that the membrane/water 
partition coefficient for a-DFGBL is 5), it is likely 
that this feature represents CY-DFGBL in water 
(cytosol and extracellular fluid). This aqueous drug 
must be in rapid exchange (on the relaxation time 
scale) with membrane-associated drug since the 
-11.2 ppm feature was characterized by a T2 value 
of 3 msec (identical to the T2 of the -10.3 ppm 
feature), and not the > 300 msec that would be 
expected of an aqueous site. This indicates that the 
lifetime (ra) of membrane-associated drug must be 
much shorter than the T2 process (re < 3 msec) [24]. 
The exchange rate must, however, be slow relative 
to the chemical shift difference between membrane- 
associated and aqueous LY-DFGBL, since features 
corresponding to the two environments had chemical 
shifts identical to those observed in pure solvents. 
This requires that: 

t,.Aw*l 

where Aw is the chemical shift difference between 
the two features [24]. Since Aw was 2650 rad set-‘, 
this means that ra must be S 370j~ec. Thus, the 
lifetime of (u-DFGBL in brain membranes (ra) must 
be between 300 psec and 3 msec. 

Why was the feature at - 11.2 ppm seen in brain 
but not in liver? Neither Tz measurements nor 
chemical shift data provided any evidence of free CY- 
DFGBL in liver. This suggests that the free 
concentration of drug must be low in liver, 
probably because of extensive partitioning into lipid 
membranes. A small feature at -11.2ppm in the 
liver spectra may be obscured by the large, broad 
-10.4 ppm feature. 

How do the NMR-characterized environments for 
LU-DFGBL in brain tissue relate to the anticonvulsant 
effects of the drug? Based on the data from this 
study, it is plausible that free concentrations of CY- 
DFGBL in brain are sufficiently high to produce 
effects on GABA-gated chloride conductances. 
While there is no evidence to support the preferential 
involvement of a specific NMR-defined environment 
in the pharmacologic effect of CY-DFGBL, polar 
environments have been implicated in the actions of 
a variety of lipophilic drugs. For example, 
dihydropyridines have been shown to concentrate at 
the hydrocarbon core/water interface in biological 
membranes [25] and to diffuse along this plane [26]. 
Interactions in this plane might be a preferred path 
of access to the dihydropyridine binding site at the 
extracellular membrane surface [27]. Interactions 
with polar regions of the membrane have also been 

suggested as an important mechanism for optimizing 
ligand conformation and orientation for receptor 
binding [28-301. The y-butyrolactones are thought 
to interact at the picrotoxin binding site on the 
GABAA receptor. Picrotoxin is an uncharged but 
polar molecule that is likely to bind at a site at or 
near the aqueous/membrane interface. It is inter- 
esting to speculate that the weakly polar environ- 
ment for W-DFGBL observed in brain may be an 
important pathway for presentation of the drug to 
its binding site. 

Acknowledgements-The authors wish to thank Dr. 
Katherine Holland and Ann McKeon for assistance with 
the animal testing and radioligand binding assays. We also 
wish to thank Dr. Andre d’Avignon for helpful discussions. 
This work was supported by grants from the Lucille P. 
Markey Charitable Trust to Washington University 
(D.F.C.), and NIH grants GM-37846 (A.S.E.), NS14834 
(D.F.C.) and 5-T32-NSO7129 (D.J.C.). Assistance was also 
provided by the Washington University High Resolution 
NMR (NIH 1 SlO RR00204 and the Monsanto Co.) and 
Mass Spectrometry (NIH RRO0954) Facilities. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

REFERENCES 

Khmk WE, Covey DF and Ferrendelli JA, Anti- 
convulsant properties of (Y-, y-. and a;y-substituted y- 
butyrolactones. Mol Pharmacol22: 438-443, 1982. 
Levine JA, Ferrendelli JA and Covey DF, Alkyl- 
substituted thiolo-, thiono-, and dithio-y-butryo- 
lactones: New classes of convulsant and anticonvulsant 
agents. J Med Chem 29: 1996-1999, 1986. 
Sauires RF. Casida JE. Richardson M and Saederun 
E: [35S]t-Butylbicyclophosphorothionate binds with 
high affinity to brain-specific sites coupled to y- 
aminobutyric acid-A and ion recognition sites. Mof 
Pharmacol23: 326-336, 1983. 
Levine JA, Ferrendelli JA and Covey DF, Convulsant 
and anti-convulsant gammabutyrolactones bind at the 
picrotoxinin/t-butylbicyclophosphorothionate (TBPS) 
receptor, Biochem Pharmacol34: 4187-4190, 1985. 
Holland KD, McKeon AC, Covey DF and Ferrendelli 
JA, Binding interactions of convulsant and anti- 
convulsant y-butyrolactones and y-thiobutyrolactones 
with the picrotoxin receptor. J Pharmacol Exp Ther 
254: 578-583, 1990. 
Canney DJ, Holland KD, Levine JA, McKeon AC, 
Ferrendelli JA and Covey DF, Synthesis and structure- 
activity studies of alkyl-substituted y-butyrolactones 
and y-thiobutyrolactones: Ligands for the picrotoxin 
receptor. J Med Chem 34: l-1467, 1991. 
Baker K, Yang J, Covey DF, Clifford DB and Zorumski 
CF, aSubstituted thiobutyrolactones potentiate 
GABA currents in voltage-clamped chick spinal cord 
neurons. Neurosci Lett 87: 133-138, 1988. 
Holland KD, Ferrendelli JA, Covey DF and Rothman 
SM, Physiological regulation of the picrotoxin receptor 
by y-butyrolactones and y-thiobutyrolactones in 
cultured hippocampal neurons. J Neurosci 10: 1719- 
1727, 1990. 
Holland KD, Yoon KW, Ferrendelli JA, Covey DF 
and Rothman SM, y-butyrolactone antagonism of the 
picrotoxin receptor: Comparison of a pure antagonist 
and a mixed antagonist/inverse agonist. Mol Pharmacol 
39: 79-84, 1991. 
Middleton WJ, New fluorinating reagents: Dial- 
kylaminosulfur fluorides. J Org Chem 40: 574-578, 
1975. 
Swinyard EA and Woodhead JH, Experimental 
detection, quantification, and evaluation of anti- 



l%-NMR study of a fluorinated anticonvulsant in brain tissue 959 

convulsants. In: Antiepileptic Drugs (Eds. Woodbury 
DM, Penry JK and Pippenger CE), 2nd Edn, pp. lll- 
126. Raven Press, New York, 1982. 

12. Dunham NW and Miya TS, A note on a simple 
approach for determining neurological deficits in rats 
and mice. .l Am Pharm Assoc 47: 208-209, 1957. 

13. Triffiletti RR, Snowman AM and Snyder SH, 
Barbiturate recognition site on the GABA/ 
benzodiazepine receptor complex is distinct from the 
picrotoxinin/TBPS recognition site. Eur J Pharmacol 
106: 441-447, 1985. 

14. Finney DJ, .Probit Analysis, 3rd Edn. Cambridge 
Universitv Press. London. 1971. 

15. Evers AS, Berkowitz BA and d’Avignon DA, 
Correlation between the anaesthetic effect of halothane 
and saturable binding in brain. Nature 328: 157-160, 
1987. 

16. Lowry OH, Hastings AB, McCay CM and Brown AN, 
Histochemicalchanges associated with aging. .I Gerontol 
1: 345-357, 1946. 

17. Vold RL, Waugh JS, Klein MP and Phelps DE, 
Measurement of spin relaxation in complex systems. J 
Chem Phys 48: 3831-3832, 1968. 

18. Meiboom S and Gill D, Modified spin-echo method 
for measuring nuclear relaxation times. Rev Sci Instrum 
29: 688-691, 1958. 

19. Yoon K-W, Canney DJ, Covey DF and Rothman SM, 
Modulation of the picrotoxin receptor by fluorinated 
ethyl. methvl-butvrolactones. J Pharmacol EXD Ther 
256 248-255, 19%. 

20. Ho C. Dowd SR and Post JFM. ‘v NMR investieations 
of membranes. Curr Top Bioenerget 14: 53-95:1985. 

21. Fishbein WN and Bessman SP, Purification and 
properties of an enzyme in human blood and rat liver 

microsomes catalyzing the formation and hydrolysis 
of y-lactones. J Biol Chem 241: 4842-4847, 1966. 

22. Seeman P, The membrane actions of anesthetics and 
tranquilizers. Pharmacol Rev 24: 583-655, 1972. 

23. Ferrendelli JA, McKeon AC and Klunk WE, Effects 
of alkyl-substituted y-butyrolactones and succinimides 
on the evoked and snontaneous activitv of hinnocamnal 
slices in vitro. Exp~Neurol82: 663-674, 1983. - 

24. Dwek RA. Relaxation. In: Nuclear ManneticResonance 
in Biochemistry, pp. 37-47. Clarendoi Press, Oxford, 
1973. 

25. Herbette LG, Chester DW and Rhodes DG, Structural 
analysis of drug molecules in biological membranes. 
Biophys J 49: 91-94, 1986. 

26. Chester DW, Herbette LG, Mason RP, Joslyn 
AF, Triggle DJ and Koppel DE, Diffusion of 
dihydropyridine calcium channel antagonists in cardiac 
sarcolemmal lipid multibilayers. Biophys .l 52: l&21- 
1030, 1987. 

27. Striessnig J, Murphy BJ and Catterall WA, Dihydro- 
pyridine receptor of L-type Ca*’ channels: Identification 
of binding domains for [3H)(+)-PN200-110 and [3H]- 
azidopine within the cul subunit. Proc Nat1 Acad Sci 
USA 88: 10769-10773, 1991. 

28. Behling RW and Jelinski LW, Importance of the 
membrane in liaand-receptor interactions. Biochem 
Pharmacol49: 4%54, 19%. 

29. Sargent DF and Schwvzer R. Membrane linid nhase as 
catilyst for peptide-receptor interactions. Proc Nat1 
Acad Sci USA 83: 5774-5778, 1986. 

30. Behlina RW. Yamane T. Navon G and Jelinski LW, 
Confo&ation of acetylcholine bound to the nicotinic 
acetylcholine receptor. Proc Nat1 Acad Sci USA 85: 
6721-6725, 1988. 


