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Purpose. This study examines the central nervous system (CNS) deliv-
ery of 2'-B-fluoro-2',3’-dideoxyadenosine (F-ddA) and 2’-B-fluoro-
2’,3’-dideoxyinosine (F-ddI), acid stable analogues of dideoxyadenos-
ine (ddA) and dideoxyinosine (ddI) having reduced susceptibility to
purine salvage pathway enzymes important in the metabolism of ddA
and ddl, adenosine deaminase (ADA) and purine nucleoside phospho-
rylase (PNP), respectively. Their CNS delivery compared to that for
ddI provides insight into the role of brain tissue ADA and PNP in
these processes.

Methods. Brain and cerebrospinal fluid (CSF) concentration-time pro-
files were obtained for F-ddI during and after intravenous infusions
of F-ddI, and for both F-ddA and F-ddI after F-ddA infusions in normal
rats or rats pre-treated with the ADA inhibitor 2’-deoxycoformycin
(DCF). Rate constants for CNS entry, efflux and metabolism were
estimated by computer fits using plasma concentration-time profiles
as the driving force functions.

Results. The CNS delivery of F-ddI did not differ significantly from
that for ddl. F-ddA, which is more lipophilic than F-ddI, provided
higher brain (= 8 X) and CSF (= 11 X) concentrations of total dideoxy-
nucleoside (F-ddA and F-ddl) compared to F-ddl. Deamination by
brain tissue ADA to form F-ddI reduced CNS levels of intact F-ddA
but provided higher brain parenchyma (5X) and CSF/plasma (3X)
ratios of F-ddI relative to F-ddI controls. Thus, F-ddA functions in
part as a CNS-activated prodrug of F-ddI. DCF pre-treatment inhibited
brain tissue ADA, abolishing the prodrug effect, and enhancing F-ddA
concentrations in both brain parenchyma (5X) and CSF (6X).
Conclusions. PNP metabolism does not appear to play a role in the
low CNS delivery of ddI. On the other hand, deamination of F-ddA
by brain tissue ADA is an important process, such that F-ddA functions
in part as a CNS-activated prodrug of F-ddI. Enhanced CNS uptake
of intact F-ddA can be achieved with ADA inhibition.

KEY WORDS: dideoxyadenosine; blood-brain barrier; adenosine
deaminase; purine nucleoside phosphorylase; inhibitor.

INTRODUCTION

AIDS dementia complex (ADC) is a neurological disorder
found in more than 60% of humans with AIDS characterized
by a progressive deterioration in mental function (1,2). The
pathogenesis of ADC is not well understood, however, cognitive
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improvement in children with symptomatic HIV infection
undergoing treatment with anti-HIV agents seems to correlate
with the cerebrospinal fluid (CSF)/plasma drug concentration
ratio (3-6), indicating the need for agents which readily enter
the central nervous system (CNS). Of the five reverse tran-
scriptase (RT) inhibitors approved by the United States Food
and Drug Administration, AZT and d4T have moderate CNS
uptake with CSF/plasma drug concentration ratios of 0.2-0.3,
while ddI, ddC and 3-TC exhibit very low CNS uptake, with
CSF/plasma ratios of less than 0.05 (3,5-7).

Although the reason for low CNS uptake of dideoxy-
nucleoside RT inhibitors is not well understood, metabolism
by salvage pathway enzymes localized within brain tissue may
play arole for some compounds. ddI, for example, is a substrate
for purine nucleoside phosphorylase (PNP) (8), high activities
of which are found in most mammalian cells, including erythro-
cytes and endothelial cells of the blood-brain barrier (BBB)
(9-11). 2’,3'-Dideoxyadenosine (ddA) and its more acid stable
analogue 2'-B-fluoro-2’,3'-dideoxyadenosine (F-ddA) (12,13)
are readily deaminated to ddI or 2’-B-fluoro-2’,3’-dideoxyinos-
ine (F-ddI) through the action of adenosine deaminase (ADA)
(14), which is also present at high concentrations in erythro-
cytes, intestinal mucosa, and the BBB (11,15,16).

F-ddA is nearly 10-fold less susceptible than ddA to ADA
catalyzed deamination and its hydrolysis product, F-ddl, is not
a substrate for PNP (17). Moreover, approximately 5 and 20
fold higher concentrations of F-ddATP and F-ddADP were
obtained in a human T-cell line in vitro from F-ddA compared
to ddA controls (17). The acid stability and reduced deamination
rate of F-ddA coupled with the PNP resistance of its deamina-
tion product, F-ddI, and its ability to undergo a more direct
anabolic route to the active nucleotide intracellularly led to
the consideration of F-ddA as a potentially orally bioavailable
candidate for preclinical development as an anti-AIDS agent
(17). F-ddA may also provide advantages in CNS delivery, as
it is ~10 times more lipophilic than F-ddI (18). However, even
F-ddl, an isostere of ddI (13) with identical lipophilicity to ddI
(18) may exhibit improved CNS delivery in relation to ddI,
due to its PNP resistance. Although PNP is present at relatively
high levels in brain capillary endothelial cells (11), its possible
contribution as an enzymatic BBB for ddI has not been demon-
strated. Similarly, ADA localized in cerebral capillary endothe-
lial cells (11) may serve as an enzymatic BBB for F-ddA,
leading to the formation of F-ddI during its passage into the
brain (i.e., F-ddA may function as a CNS-activated prodrug of
F-ddI).

In this study, the brain and CSF concentrations of F-ddI
during and after intravenous (iv) F-ddI infusions, and of F-ddA
and F-ddI during and after F-ddA infusions in normal rats or
rats pre-treated with an ADA inhibitor, 2’-deoxycoformycin
(DCF), were determined. The CNS uptake and efflux of F-
ddI and ddI were compared to determine whether or not PNP
resistance provides an advantage in CNS delivery. F-ddA and
F-ddI concentrations in brain tissue and CSF after iv infusions
of F-ddA were then explored to test the hypothesis that the 10-
fold greater lipophilicity of F-ddA enhances its CNS uptake
compared to F-ddI and to ascertain the extent of bioconversion
of F-ddA to F-ddl in brain tissue. Finally, pre-treatment with
DCF was evaluated as a means of inhibiting ADA in brain
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tissue, thereby enhancing the CNS delivery of intact F-ddA.
The plasma pharmacokinetics of F-ddI and F-ddA with and
without DCF pre-treatment were reported previously (19).

MATERIALS AND METHODS

Chemicals and Reagents

F-ddA, F-ddI and DCF were provided by the National
Cancer Institute, National Institutes of Health (Bethesda, MD),
and were used as received. ddI was obtained from the National
Institute of Allergy and Infectious Diseases, National Institutes
of Health, and was used without further purification. All other
reagents were of analytical grade.

Experimental Designs

A total of 56 rats weighing 295 * 6 gm (mean = SEM)
were divided into 3 separate groups. In group 1 rats (n = 18),
brain tissue and CSF concentrations of F-ddI were determined
during and after 2 hour iv infusions of F-ddI (48 mg/kg/hr). In
group 2 animals (n = 18), brain tissue and CSF concentrations
of F-ddA and F-ddI were monitored during and after 2 hour
iv infusions of F-ddA (66 mg/kg/hr, dose estimated from prelim-
inary experiments to yield concentrations of F-ddI comparable
to those from a 48 mg/kg/hr F-ddI infusion) in the absence of
ADA inhibition. Finally, in group 3 animals (n = 20), brain
tissue and CSF concentrations of F-ddA and F-ddI were deter-
mined during and after 2 hour iv infusions of F-ddA (66 mg/
kg/hr) initiated 30 min after pre-treatment with DCF (1 mg/
kg). Plasma samples were also taken from the above groups
of animals and analyzed in a separate study (19).

Drug Infusion and Sampling Protocols

Male Sprague-Dawley rats obtained from Sasco Labora-
tories (Omaha, NE) were housed and cared for at the Animal
Resource Center, University of Utah, according to the USDA
Animal Welfare Act and the NIH Guide for the Care and Use
of Laboratory Animals. Abdominal aorta (AA) and inferior vena
cava (IVC) cannulas were implanted for drug administration and
collection of blood samples as described earlier (19).

The protocol for drug infusion and collection of plasma
samples has been described in a previous paper reporting the
pharmacokinetics of these compounds. After blood samples
were taken, rats were sacrificed to obtain CSF and brain tissue.
CSF samples were obtained by cisterna magna puncture using
a 24-gauge needle attached to silastic tubing (20). After with-
drawal of CSF, animals were quickly decapitated to obtain brain
tissue. Both CSF and brain samples were immediately frozen
in liquid nitrogen and stored at —70°C prior to HPLC analyses.

Sample Preparation and HPLC Analysis

Frozen brain tissue was thawed, weighed and homogenized
in 1.5 ml water. Acetonitrile (12 ml) was added to precipitate
proteins and the samples were vortexed, centrifuged and re-
extracted with 0.5 ml water and 2 ml acetonitrile. The combined
supernatants were evaporated to dryness under nitrogen, recon-
stituted in 0.6 ml phosphate buffer (I = 0.02, pH 7.4 for F-ddI
samples or pH = 2.0 for F-ddA containing samples), and filtered
(0.45 pm nylon filters) before HPLC analysis. CSF samples
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were thawed, diluted if necessary and analyzed directly by
HPLC.

F-ddI and F-ddA in brain tissue or CSF were determined
by reverse-phase HPLC (Supelcosil LC-18S 5p column, 4.6
mm i.d. X 25 cm) with UV detection at 260 nm. Analyses of
F-ddI alone utilized mobile phases containing 4% methanol in
phosphate buffer (pH = 5.0; I = 0.02) for brain tissue or 8%
methanol in phosphate buffer (pH = 3; I = 0.02) for CSF
yielding retention volumes of 38 and 14 ml, respectively. Sam-
ples containing both F-ddI and F-ddA were analyzed using 4%
methanol with 0.01% tetrabutylammonium ion in phosphate
buffer (I = 0.01, pH = 4 for brain tissue, pH = 2.5 for CSF).
The retention volumes of F-ddI were 40 and 18 ml, while those
for F-ddA were 78 and 8 ml, respectively, in these mobile
phases. Recoveries of F-ddI from spiked brain and CSF aver-
aged 96 = 4% (mean * SD, n = 4) and 101 £ 2% (mean *
SD, n = 3), respectively. Recoveries of F-ddA were 97 = 3%
(mean = SD, n = 3) and 99 * 2% (mean * SD, n = 3) in
spiked brain and CSF samples, respectively.

Data Analyses

Plasma concentration-time profiles from groups 1--3 were
analyzed in a separate study (19). Parameters obtained from
these data were used to generate fitted plasma concentrations,
Cpiasma» Needed for the input function for CNS entry in the
equations below. CNS (i.e., brain parenchyma or CSF) concen-
tration-time profiles of F-ddI during and after F-ddI infusions
or literature data for ddI CNS concentration-time profiles during
and after ddI infusions (7) were analyzed using a compartmental
model as depicted for F-ddI in Eq. (1):

ng;’gd’ = kF—ddI CF—ddl —
dt in plasma

ka4 Ceng M
where k;, and k,,, are the apparent rate constants for entry and
efflux, respectively, of drug into and out of brain parenchymal
tissue or CSF and Ccys is the concentration of drug in either
CSF or brain parenchyma after correction for a vascular contri-
bution to the total drug concentration in brain tissue.

Compartmental models for F-ddI and F-ddA concentra-
tions in groups 2 and 3 allowed for the possibility of ADA
catalyzed deamination of F-ddA within the CNS via inclusion
of a first-order bioconversion rate constant, kapa, in Eqns. (2)
and (3). Using Eqns. (1)—(3), the concentration-time

dCEng™
= pF-ddA F—ddA - F—ddA F—
dr - kl’:l Cglasma - kgutddA CCNS ~KaDA CDCNguA
2
dcEig
— pF—ddl ~F-ddl - F—ddl £
o ki~ Gl — kb CERSY + kypa CENE™
3

profiles from all groups were fit simultaneously by nonlinear
regression analysis to determine a single set of self-consistent
parameters. Because some parameters were shared for more
than a single profile, the statistics were markedly improved by
this approach. Error estimates were also improved when the
parameters fitted were k,, and the transformed parameter
ki/kou rather than k;,. Assumptions necessary to treat the data
in this manner were the following: (a) the effective vascular
volume (V) within brain tissue is the same for all compounds;
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(b) the brain tissue distribution volumes of F-ddI and F-ddA
are identical; and (c) transport parameters for F-ddA and F-ddI
were unaffected by the presence of the other and unchanged
in DCF pre-treated rats. The areas under the fitted brain tissue
and CSF concentration-time profiles to the last time point
(AUC) were normalized to the plasma AUCs reported pre-
viously (19) to obtain AUCisuerplasma ratios. Statistical analyses
were performed using Student’s t-tests; p values of <0.05 were
considered statistically significant.

RESULTS

CNS Delivery of FddI After FddI Infusion (Group 1)

Semilogarithmic plots of the F-ddI brain tissue concentra-
tions (Cppin) and CSF concentrations (Cegg) normalized to the
steady-state plasma concentration (C; ¢ piasma) versus time during
and after a 120-min infusion of F-ddI (group 1) are shown in
Fig. 1. Cyain and Cegr for F-ddI increased slowly with infusion
time, approaching but not reaching steady-state during the 120-
min infusions. At 120 min, brain tissue and CSF concentrations
were only 3.3 £ 1.1% and 1.1 = 0.1% (mean * SD, n = 2),
respectively, of plasma concentrations. The solid lines in Fig.
1 represent computer fits of the pooled data and the parameters
generated are listed in Table 1.

Also displayed in Fig. 1 are the profiles for Cpin/C 5. piasma
and Cesp/Cs 6. plasma veErsus time for ddlI, determined previously in
these laboratories (7,21). The concentrations of ddI in brain
and CSF reached steady-state within 30 min of the start of
infusions, attaining plateau values of 4.3 + 2.6% (n = 5) and
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Fig. 1. Brain (A) and CSF (B) concentration-time profiles (mean *
SEM, n = 2) of F-ddI (®) and ddI (O) obtained after 120-min infusion
of F-ddI or ddI in rats. Concentrations were normalized to steady-state
plasma concentrations. Solid lines show the computer fit of the pooled
data according to eqns. [1-3].
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1.6 = 1.2% (n = 3) of plasma ddI concentrations, respectively.
The solid lines in Fig. 1 represent computer fits of the pooled
data. Table 1 lists the parameters generated from these fits. The
most reliable parameter for comparing CNS uptake is the k;. /Koy,
ratio. These values were the same for ddI and F-ddI indicating
that PNP mustnot play an importantrole in the CNS uptake of ddI.

Table 2 summarizes the steady-state tissue/plasma concen-
tration ratios for both ddI and F-ddI in brain tissue and CSF.
These ratios are compared in Table 2 to the computer fitted
Kin/Koy 1atios and to AUCue/AUCu5ma ratios. The kin/koy
ratios match the steady-state CSF/plasma concentration ratios
closely, confirming that steady-state was indeed attained. The
brain tissue/plasma concentration ratios exceed k;/k,. due to
the vascular contribution within brain tissue. The fitted value
of the vascular space within brain tissue is 2.3% of the brain
tissue volume.

CNS Delivery of F-ddA and F-ddI During and After
F-ddA Infusions

The CNS delivery of F-ddA administered iv and its conver-
sion in vivo to F-ddI by ADA in the systemic circulation and
in the CNS were examined in group 2. Concentration-time
profiles of F-ddA and F-ddI formed in vivo after F-ddA infu-
sions are shown in Fig. 2. The steady-state concentrations of
intact F-ddA in brain tissue and CSF after an iv infusion of F-
ddA were 5 * 1% and 9 = 2%, respectively, of the steady-
state plasma concentration. However, the concentrations of F-
ddl in the CNS exceeded those of F-ddA itself, indicating
significant bioconversion of F-ddA to F-ddl. After correcting
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Fig. 2. Brain (A) and CSF (B) concentration-time profiles (mean *
SEM, n = 2) of F-ddA (0) and F-ddI (®) formed in vivo after
120-min infusion of F-ddA infusion (66 mg/kg/hr) in rats. Solid
lines show the computer fit of the pooled data according to eqns.
(1-3).
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Table 1. Kinetic Parameters Obtained from Nonlinear Regression Analysis of the Pooled Brain Tissue and CSF Concentration vs. Time Data
for ddI After 120-min ddI Infusion (125 mg/kg/hr), F-ddI After 120-min F-ddI Infusion (48 mg/kg/hr), and F-ddA and F-ddI After 120-min
F-ddA Infusion (66 mg/kg/hr) in Normal or DCF Treated Rats

Tissue Parameter® ddI F-ddI F-ddA

Brain kin/Koue (X10%) 14+ 04 0.9 = 0.2 83 0.7
Kou® 0.11 = 0.03 0.024 * 0.004 0.020 + 0.004
Kapa NA¢ NA¢ 0.042 * 0.006
Kapa(with DCF)? ND? ND“ ND¢
V(%) 23+ 0.2 23 +02 23+02

CSF kin/Koue (X10%) 1.4 £ 02 1.03 = 0.07 20 £ 2
Kou® 0.10 = 0.02 0.17 = 0.03 0.035 * 0.006
Kapa? NA® NAS® 0.058 + 0.009
kapa(with DCF)? NA® NA® 0.0032 + 0.0007

¢ Value of estimate = SD of estimate.

5 min~h

¢ Not applicable.

4 Not determined (F-ddI not detected).

¢ Shared between ddI, F-ddI and F-ddA.

for a vascular contribution (2.3% of the total brain tissue vol-
ume), the brain parenchyma/plasma and CSF/plasma concentra-
tion percentages of total dideoxynucleoside (F-ddA and F-ddl)
were 7.7% and 12.1%, respectively, =8 and ~11 fold higher
than the values obtained for F-ddl after F-ddI infusion.

The solid lines in Fig. 2 show computer fits of Egs. [2]
and [3] to the pooled data. Parameters obtained from these fits
are listed in Table 1. The parameter values indicate that F-ddA
is converted to F-ddI with apparent first-order rate constants
of 0.042 * 0.006 min~! and 0.058 £ 0.009 min~! in brain tissue
and CSF, respectively. While these values are not significantly
different from each other as judged by their 95% confidence
intervals they are statistically different from zero (p < 0.05).

Fig. 3 displays the brain tissue and CSF concentrations of
F-ddI normalized to the steady-state plasma F-ddI concentration
formed in vivo after F-ddA infusions. Similar profiles for F-
ddlI after F-ddI infusions (group 1) are also shown in Fig. 3.
The ratios Cbrain/CsAs. plasma» Cpa.renchyma/Cs.s. plasmas and CCSF/Css.
plasma fOr F-ddI after F-ddA infusion are approximately 2-, 5-
and 3- fold higher, respectively, than those obtained from infu-
sions of F-ddl, again suggesting that bioconversion of F-ddA
to F-ddI in the CNS was significantly greater than zero. Thus,

F-ddA functions in part as a prodrug of F-ddI for enhancing
the delivery of F-ddI to the CNS.

Effect of DCF Treatment on CNS Delivery of FddA

The concentration-time profiles for F-ddA and F-ddI
formed in vivo after F-ddA infusions in normal (group 2) or
DCEF treated (group 3) rats are shown in Fig. 4. The solid lines
in Fig. 4 represent computer fits of the pooled data using Egs.
[2] & [3]. Fitting all data sets both with and without ADA
inhibitor resulted in dramatic improvement in parameter esti-
mates (Table 1), particularly in the estimates of ko, and kapa
for F-ddA. DCF pre-treatment was highly effective in inhibiting
brain tissue ADA, as F-ddI could no longer be detected in brain
tissue from DCF pre-treated rats. The higher sensitivity of the
F-ddI assay in CSF allowed the detection of low levels of F-
ddlin CSF (Fig.4), making possible the estimation of an apparent
bioconversion rate constant after DCF pre-treatment. The value
obtained (Table 1) suggests that approximately 94% of the brain
tissue ADA activity was abolished by DCF pre-treatment.

Table 2 summarizes the steady-state tissue/plasma concen-
tration ratios for both F-ddI and F-ddA in brain tissue and CSF
both with and without DCF pre-treatment. (In DCF pre-treated

Table 2. Parameters for Measuring the Extent of CNS Uptake of ddI After 120-min ddI Infusion (125 mg/kg/hr), F-ddI After 120-min F-ddI
Infusion (48 mg/kg/hr), and F-ddA and F-ddI After 120-min F-ddA Infusion (66 mg/kg/r) in Normal or DCF Treated Rats

F-ddI F-ddA
Tissue Parameter ddI After F-ddI After-FddA No DCF After DCF
Brain Cos bruin/Ces. plasma (%) 4+1 3308 7=*1° 50+ 0.5 7+ 1°
Cs.s. purcnchymu/cs'.s. plasma (%) 1.7 =1 1.0 £ 08 4.7 = lb 2705 47 = lh
Kin/Koue (X 10%)¢ 1.4 =04 09 *+0.2 09 = 0.2 83 =07 83 = 0.7
AUC,io/ AUC sma (%) 38 3.1 8.8 3.3 9.4
CSF C.s.cs#/Cos. plasma (%) 1.6 = 0.7 1+ 0.1 34+ 04 9+ 1 17.6 = 0.8*
Kin/Kou (X 102)¢ 1.4 = 0.2 1.03 £ 0.07 1.03 £ 0.07 20+ 2 20 £ 2
AUCcs¢/AUC 1050 (%) 1.4 1.1 4.1 5.0 18.8

4 Value = SEM (n = 2-6).
b Concentration at 120 min did not reach steady-state.
¢ Determined from pooled data.
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Fig. 3. Brain (A) and CSF (B) concentration-time profiles (mean =
SEM, n = 2) of F-ddI obtained after 120-min infusion of F-ddI (m)
or F-ddA (®) in rats without ADA inhibition. Concentrations were
normalized to steady-state plasma concentrations of F-ddI. Solid lines
show the computer fit of the pooled data according to eqns. (1-3).

250

animals, F-ddA concentrations did not quite reach steady-state
(Fig. 4). The ratios reported are those determined at the 120
min time points.) As described previously for ddI and F-ddI,
these ratios are compared in Table 2 to the computer fitted k;,/
Koy ratios and to AUC;50,o/ AUC jjasma ratios. The kiy/kq,, ratios
for F-ddA are significantly greater than the steady-state CSF/
plasma concentration ratios in rats not pre-treated with DCF,
while those for F-ddl are smaller than the steady-state CSF/
plasma concentrations, reflecting the effects of ADA metabo-
lism. Similar patterns hold in brain tissue after allowing for the
2.3% vascular contribution to the brain tissue/plasma percent-
ages. DCF pre-treatment resulted in 120 min CSF/plasma con-
centration ratios approaching the k; /k,,, ratios. Similarly, brain
tissue/plasma concentration ratios approached k;./k,,, after cor-
rection for the brain tissue vascular term.

In group 2, the steady-state concentrations of F-ddA in
brain tissue and CSF after an iv infusion of F-ddA in DCF
untreated rats were 0.8 = 0.2 p.g/gm in brain tissue and 1.3 =
0.1 pg/ml in CSFE, respectively. In comparison, as shown in
Fig. 4, the concentrations of F-ddA in the brain and CSF after
a 120 min. iv infusion of F-ddA in DCF treated rats were 3.2
+ 0.5 pg/gm brain and 8.3 = 1.4 pg/ml CSF, respectively,
though not yet at steady-state. Thus, DCF administration
increased Cupin, Cparenchymas and Cegp for F-ddA at 120 min by
4+ 1,5=*2and 6 = 1 fold, respectively. The effects of ADA
inhibition on Cpns Cparenchyma» and Cegr normalized to Cg
plasma for F-ddA are displayed in Fig. 5 (panel A). Also shown
(panel B) are calculated values of the enhancement of F-ddA
levels at 120 min in various tissues due to ADA inhibition.
These comparisons illustrate that the substantial increases in
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Fig. 4. Brain (A) and CSF (B) concentration-time profiles (mean *
SEM, n = 2) of F-ddA (open symbols) and F-dd! (filled symbols)
after F-ddA infusion (66 mg/kg/hr) in normal (circles—O, @) or DCF

treated (diamonds— <, 4) rats. Solid lines show the computer fit of
the pooled data according to eqns. (1-3) .

F-ddA concentrations in the CNS were primarily due to ADA
inhibition in plasma, which increased plasma F-ddA concentra-
tions by 2.9 fold. Inhibition of brain tissue ADA further elevated
brain parenchymal and CSF concentrations of F-ddA by 1.8
and 2.0-fold, respectively.

DISCUSSION

CNS Delivery of F-ddI and ddI—The Role of PNP

Previous studies in this laboratory have shown that at
steady-state the CNS concentrations of ddI are very low relative
to plasma concentrations (7,21). Plausible reasons for the appar-
ent exclusion of ddI from the brain and CSF are: (a) metabolism
of ddl in brain tissue; and (b) active transporters/efflux pumps
(7). ddI is susceptible to PNP catalyzed glycosidic bond cleav-
age, resulting in the formation of inactive hypoxanthine. We
have previously shown that enzymatic degradation of ddI by
PNP accounts for approximately 70% of the total systemic
clearance of ddI in rats (19). Since high activities of PNP are
also found in endothelial cells of the BBB (11), we speculated
that PNP might account for the reduced steady-state concentra-
tions of ddI in the CNS.

The two analogues, F-ddI and ddI have nearly identical
physico-chemical properties, except for their acid lability and
susceptibility to PNP. Marquez et al noted that the van der
Waals radius of fluorine (1.35 A) closely resembles that of
hydrogen (1.20 A), so substitution of fluorine for hydrogen
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Fig. 5. Steady-state concentrations of F-ddA in brain, brain-paren-
chyma and CSF normalized to plasma concentration of F-ddA after
F-ddA infusion in normal (mean * SEM, n = 6, filled bars) or DCF
treated (mean * SEM, n = 2, shaded bars) rats (A). Brain/plasma and
brain-P/plasma ratios were statistically higher in DCF treated rats than
that obtained in normal rats with p < 0.1 (*) while the CSF/Plasma
ratio was found to be higher at p < 0.05 (**). Panel B shows the
enhancement in concentrations of F-ddA in plasma, brain, brain-P and
CSF due to DCF treatment.

should minimally perturb receptor or enzyme binding (13).
Moreover, F-ddI and ddI have virtually identical octanol/water
partition coefficients (18). Thus a comparison of the CNS deliv-
ery of F-ddI (a non-PNP substrate) with that of ddI may reveal
the role of PNP in restricting the entry of ddI into the CNS.

As shown in Fig. 1, the brain/plasma and CSF/plasma
concentration ratios of F-ddI and ddI appear to approach the
same steady-state value, within experimental error, suggesting
that PNP localized in brain tissue does not play an important
role in the CNS uptake of ddI, in contrast to its importance in
the systemic elimination of ddl. The brain tissue and CSF
concentrations of ddI reached steady-state within 30 min after
the start of ddI infusions, more rapidly than F-ddI, while the
decline in the CNS concentrations of F-ddI after the termination
of infusions was slower than for ddI (Fig. 1). These apparent
differences, however, reflect primarily differences in plasma
pharmacokinetics (19).

Consistent with the above finding that PNP within the
BBB does not limit the CNS entry of ddl, the k;./k,,, ratios for
F-ddI were not significantly different (Table 2). Johnson and
Anderson have previously suggested that PNP, though present
at relatively high activities in bovine brain capillary endothelial
cells would not likely constitute an enzymatic BBB for ddI
because of the relatively low V,,./K,, for ddI in the presence
of this enzyme (11). The similarities in the CNS delivery of
F-ddI and ddI appear to support this contention.
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CNS Delivery of F-ddA—Bioconversion to F-ddI by
Brain Tissue Localized ADA

The CNS uptake of dideoxynucleosides seems to correlate
qualitatively with their octanol-water partition coefficients, with
the moderately lipophilic agent AZT (Poctanol/waer = 1.0) exhib-
iting moderate CNS uptake while ddI (P,cianot/waer = 0.06) and
ddC (Pycianot/waer = 0.05) exhibit low CNS entry (3,5-7). F-
ddA (Pocianot/warer = 0.60) is approximately 10-times more lipo-
philic than F-ddI and hence might be expected to exhibit much
higher CNS uptake. However, the CNS uptake of intact F-ddA
may be decreased substantially if it is converted to F-ddI by
ADA localized in the brain tissues. Substantial levels of ADA
exist in brain tissue, with particularly high activities in endothe-
lial cells of the BBB(11,15,16). Although F-ddA has a lower
Vmax and larger K, than ddA, leading to a V,,,/K,, which is
at least 10-fold smaller than that for ddA (18), it has nevertheless
been shown to be rapidly converted to F-ddI in the systemic
circulation (19).

Fig. 5 shows that the CNS uptake of F-ddA is low, with
only 5% and 9% of the plasma concentration of F-ddA present
in the brain tissue and CSF, respectively, at steady-state (120
min). As shown in Fig. 2, however, the concentrations of F-
ddI in brain tissue exceeded those of F-ddA itself. Substantial
F-ddI concentrations were also found in CSF though less than
the concentration of F-ddA. Elevated tissue/plasma ratios of F-
ddI in both brain tissue and CSF when F-ddA, rather than F-
ddl, was the drug infused suggests that bioconversion occurs
not only in the systemic circulation but in brain tissue as well.
Due to possible bioconversion of F-ddA to F-ddl by ADA
localized in the CNS, the sum of F-ddA and F-ddI concentra-
tions in the CNS after F-ddA infusions needs to be considered
in assessing the effect of the increased lipophilicity of F-ddA
on its CNS uptake. After 120 min-infusions, the total dideoxy-
nucleoside (F-ddA plus F-ddI) brain parenchyma/plasma con-
centration and CSF/plasma concentration ratios were ~8 and
~11 fold higher than those obtained for F-ddI after F-ddI
infusions. These findings are consistent with the expected effect
of lipophilicity in enhancing the CNS uptake of F-ddA.

A significant portion of F-ddI present in the CNS after F-
ddA infusion may have come from F-ddI formed systemically,
where approximately 58% of administered F-ddA has been
shown to convert to F-ddI in rats. This contribution needs to
be factored out from the contribution of brain tissue bioconver-
sion of F-ddA in interpreting the elevated CNS concentrations
of F-ddI. Using Eqns. [2] & [3], the values of kypa in Table
1 were obtained. These values are significantly greater than
zero, confirming than F-ddA — F-ddI bioconversion occurs in
brain tissue. Estimates of kapa appear to be smaller than that
for F-ddA systemic hydrolysis (0.087 min~!) reported pre-
viously (19), though of similar magnitude.

Several strategies have been proposed to increase the CNS
delivery of anti-AIDS nucleoside RT inhibitors, including the
prodrug approach (22), chemical-delivery systems (23,24) and
others. Of these, lipophilic ADA activated prodrugs such as
the 6-halogenated congeners of 2',3’-dideoxypurine nucleo-
sides seem to be among the most promising for the delivery
of ddI to the brain. Due to the relatively high ADA activity in
rat brain tissue (which is also the case in human brain tissue),
iv infusions of 6-Cl-2’,3’-dideoxypurine, an ADA activated
prodrug of ddlI, resulted in a 10-fold increase in brain parenchy-
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mal concentrations of ddI relative to a ddI control infusion
(22,25). F-ddA would be expected to function similarly as a pro-
drug of F-ddI with enhanced CNS delivery as it is also an ADA
substrate and approximately 10-fold more lipophilic than F-ddI.

The brain-, brain parenchyma- and CSF/plasma concentra-
tion ratios of F-ddI after F-ddA infusion were found to be
about 2-, 5- and 3-fold higher than those obtained after F-ddI
infusions, clearly indicating that F-ddA is acting as a CNS-
activated prodrug of F-ddlI.

CNS Uptake of F-ddA and FddI After F-ddA Infusion
in DCF-Treated Rats

The conversion of dideoxynucleoside RT inhibitors to their
triphosphates is essential for their termination of viral DNA
helix synthesis (26-28). There are two routes of formation of
ddATP or F-ddATP from ddA or F-ddA: direct phosphorylation
or an indirect pathway involving intracellular deamination fol-
lowed by monophosphate formation, reamination and ultimate
conversion to F-ddATP or ddATP. The conversion of dideoxy-
nucleosides to their active triphosphates is slow (29) and must
compete with other elimination pathways. Due to these catabolic
routes and competition with other nucleosides for phosphoryla-
tion, very low concentrations of ddATP are generated intracellu-
larly. Since F-ddA is less susceptible to ADA-catalyzed
deamination than ddA, about 5-fold higher concentrations of
F-ddATP were found in MOLT-4 cells relative to ddA controls
(17). Significant further enhancement in the intracellular F-
ddATP concentrations has been achieved in MOLT-4 cells by
treatment with DCF, a potent inhibitor of ADA, at concentrations
sufficient to inhibit primarily extracellular ADA (14). These find-
ings suggest that increasing F-ddA concentrations in poorly
accessible tissues, such as the CNS, may lead tohigher concentra-
tions of F-dd ATPintracellularly. We were also interested ininhib-
iting ADA to better estimate the CNS influx and efflux rate
constants of F-ddA and F-dd], since k,,, for F-ddA was found to
be highly correlated (inverse correlation) with kapa in group 2
experiments making a reliable estimate of both parameters diffi-
cult to obtain.

As shown in Table 2, at 120 min the brain tissue/plasma
and CSF/plasma concentration ratios of F-ddA in DCF treated
rats increased to 7% and 18%, respectively, 1.4-fold and 2.0-
fold higher than in normal rats. DCF administration increased
the F-ddA concentrations in brain tissue, brain parenchyma and
CSFby4 = 1,5 £ 2 and 6 = 1 fold, respectively, while
reducing F-ddI concentrations to nearly undetectable levels.
These findings indicate nearly complete inhibition of ADA and
imply that combinations of F-ddA with an ADA inhibitor may
provide significant advantages in reducing the clinical dosage
required to achieve antiviral effect, providing that adequate
safety can be realized and that F-ddA is in fact the preferred
agent for CNS delivery.
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