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A dihydropyridine-based chemical delivery system (CDS), intended to improve drug delivery to the
brain, was investigated with a series of analogues of the anticonvulsant stiripentol. In vitro experi-
ments demonstrated that the rates of hydrolysis of the corresponding pyridinium conjugates were
influenced markedly by small changes in the structure of the drug moiety to be released. Thus, allylic
esters were hydrolyzed rapidly to drug in all aqueous media, while the analogous saturated esters and
an allylic amide derivative were almost totally stable. The mechanism of hydrolysis, which is partic-
ular to this series of CDS conjugates, appeared to occur via ionization to a resonance-stabilized
carbocation intermediate. The same CDS compounds were investigated in vivo and compared to the
corresponding drugs after intravenous administration. Only those CDS compounds that were found to
hydrolyze in vitro released appreciable amounts of drug in vivo. Prolonged release of the drug from the
CDS in the brain could be demonstrated for these compounds, but the gain in the ratio of brain-
to-plasma AUC when the CDS was administered depended on the innate distribution characteristics
of the drug. Thus, the drug D3, which had a high brain-to-plasma AUC ratio, did not show an
improvement in this ratio when administered as CDS3. In contrast, stiripentol with a poor brain-
to-plasma AUC ratio showed a two- to threefold increase in this ratio when administered as a CDS.
These investigations highlight the need for a thorough understanding of the mechanism of drug release
and the importance of the pharmacokinetic properties of the drug in designing a carrier system for
delivery of drugs to the brain.

KEY WORDS: stiripentol; anticonvulsants; pharmacokinetics; drug targeting; in vitro/in vivo corre-
lation; chemical delivery system.

readily to the corresponding pyridinium species in a process

Many drugs whose desired site of action is in the central
nervous system have dose-limiting systemic side effects (1).
Some of these drugs do not penetrate the blood-brain barrier
easily and require high plasma concentrations in order to
generate effective concentrations in the brain (2). Others
have specific, undesirable pharmacological effects at rela-
tively low concentrations in the systemic circulation (3).

One approach which has been advocated to overcome
this problem of selective delivery of drugs to the brain is the
chemical delivery system (CDS) developed by Bodor (4).
According to the theory of this approach (5), the drug is
conjugated, through an ester or amide linkage, to a dihydro-
pyridine ring system. The heterocyclic moiety is oxidized
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which may occur throughout the body and is possibly en-
zyme mediated. The pyridinium conjugate is eliminated rap-
idly from the systemic circulation due to its positive charge.
In the brain, however, the charged pyridinium conjugate is
“‘locked in’” and so can be hydrolyzed slowly to release drug
selectively into the brain at a sustained concentration. The
CDS approach has now been investigated for a number of
different drugs, with varying degrees of success (6-10).

Previously, in studying the usefulness of this CDS ap-
proach, a single drug has been selected and different dihy-
dropyridine carriers have been attached in an effort to opti-
mize delivery to the brain. This is a useful approach for
studying the delivery of an existing drug to the brain, but it
provides a little information as to the characteristics which
make one drug a better candidate than another for CDS-
mediated delivery to the brain. The influence of the drug
moiety on the potential success of the CDS approach has not
been systematically investigated in these studies.

In the present study, a single dihydropyridine carrier
was used to form a CDS with each of a series of structurally
related anticonvulsants based on stiripentol (STP), a drug
currently undergoing clinical trials in Europe and the United
States (11). The oxidation and hydrolysis reactions of these
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CDS compounds were investigated in different biological
media in vitro. The results of these studies were compared to
the abilities of the CDS compounds to deliver the drug se-
lectively to the brain in vivo. The unconjugated drugs them-
selves served as references against which the distribution
and bioavailability of the carrier-delivered drug could be
measured.

The objectives of the study were to investigate the na-
ture of the relationship between rates of oxidation and hy-
drolysis in vitro and the performance of this series of CDS
conjugates in vivo. In particular, we wished to study the role
of the drug moiety itself in determining the chemical delivery
of native drug.

MATERIALS AND METHODS

The five CDS compounds (CDS0, CDS1, CDS2, CDS3,
and CDS4), their corresponding quaternary pyridinium spe-
cies (Q0, Q1, Q2, Q3, and Q4), and the drugs to be released
from the CDS (STP, D!, D2, D3 and D4) (Fig. 1) were kindly
supplied by Biocodex Laboratories, Compiégne, France. Of
the CDS compounds, CDS0 and CDS2 were stable on stor-
age at —20°C. CDS compounds 1, 3, and 4 were received as
a mixture of regioisomeric dihydropyridines and other un-
identified compounds, as determined by HPLC with diode
array detection and by LC-MS. In each case, purification of
the desired 1,4-regioisomer was achieved by chromatogra-
phy on a neutral alumina column (containing less than 1%
water) using dry ether as eluent. The major (and least polar)
1,4-isomer was eluted first and was collected in a light-
protected flask cooled in liquid nitrogen. The solvent was
removed under reduced pressure and the resulting pale yel-
low oil was maintained under high vacuum until yellow rods
formed. The purity of this material (typically >94%) was
assessed by HPLC and the product stored at —70°C until

Basic Structure Side-chain Substituent

[e]
R= R=
N

|
CHy CHs

OR
o
< sTP cos-0 Qo
o
OR
o.
< D-1 cDs-1 o1
o
HNR
o
< D-2 CDS-2 a2
o
CHyQ OR
Ny
D3 cos-3 o3
CH,0
CHO OR
D4 cos4 o4

CH,0
Fig. 1. Structures and nomenclature of CDS compounds and their
corresponding quaternary and drug analogues.
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used. Upon exposure of the crystalline material to air, a
yellow oil re-formed and darkened rapidly. The identity of
the 1,4-regioisomer was confirmed by UV spectroscopy
(Amax = 356 nm, with no band at 260 nm) and by NMR
spectroscopy. All other chemicals were of reagent or HPLC
grade as appropriate. The rats used were adult, male
Sprague-Dawley, weighing 220 to 250 g.

Assays

All assays of CDS, quaternary pyridinium salts, and
drug analogues were performed by reverse-phase HPLC us-
ing a Waters or Beckman C18 column and precolumn. The
mobile phase was a mixture of acetonitrile and water, the
proportion of the organic component varying from 60 to 70%
and the flow rate from 1 to 1.5 ml/min as appropriate. For
assay of the quaternary compounds and for CDS2 and D2,
the aqueous component consisted of a 20 mAM phosphate
buffer, pH 7. Tetrabutylammonium dihydrogen phosphate (3
mM) and sodium 1-octanesulfonic acid (10 mAM) were in-
cluded in the mobile phase for assay of the quaternary com-
pounds. The wavelengths for detection were 264, 288, 268,
254, and 290 nm in order of the CDS number.

In Vitro Studies

Each of the CDS compounds was incubated for 4 hr at
37°C in buffer (pH 7.4), freshly prepared rat brain and liver
homogenates (4% in buffer), and whole rat blood (EDTA
used as anticoagulant). Samples of 100 pl were withdrawn
from the incubation medium at various time intervals and
added to 400 wl of acetonitrile. The resulting precipitate was
removed by centrifugation (Model 235B microcentrifuge,
Fisher Scientific, USA) and the supernatant was injected
directly into the HPLC system and assayed for the CDS and
for the corresponding quaternary and drug. Experiments
were performed in duplicate and average values used in cal-
culating rates of disappearance. Similar incubations were
performed with the quaternary compounds, when the me-
dium was assayed for the remaining quaternary and for the
corresponding native drug.

In addition, the mechanism of the hydrolysis reaction
was investigated by incubating Q0 and Q3 in unbuffered
H,'30 (Aldrich Co., 97 atom% excess ‘0). The pH of the
solution was 7.0. The mixture was allowed to react for 10
min at 37°C and extracted into ethyl acetate. The organic
extracts were separated and evaporated to dryness under
nitrogen. The drug in each case was derivatized with 50 pl
N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA,
Pierce Chemical Co., Rockford, IL) and analyzed by gas
chromatography-mass spectrometry (12).

In Vivo Studies

The day prior to the experiment, rats were anesthetized
with an intraperitoneal dose of ketamine and cannulated in
the jugular vein. The cannula was tested for patency imme-
diately before and after dosing.

Dosing solutions of the CDS compounds and of the cor-
responding drug were prepared in PEG 400 at a concentra-
tion to allow a dosing volume of 2 ml/kg. All dosing solutions
were assayed for stability and content before and after use.
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CDS?2 proved to be unstable in PEG 400 and therefore CDS2
and D2 were administered in DMSO at a dosing volume of
0.5 ml/kg. The CDS compounds were administered at doses
of 20 to 60 mg/kg (107 to 162 pmol/kg) to each of five or six
animals. The corresponding drugs were administered at
doses of 6 mg/kg (23.6 to 25.8 pmol/kg) to another five or six
animals. Doses were chosen to provide similar plasma con-
centrations of the drug following administration of the CDS
or of the drug itself, based on preliminary experiments. In
addition, CDS0 was administered at a dose of 100 mg/kg (272
pmol/kg) and STP at 15 mg/kg (64 wmol/kg). The doses were
administered over approximately 1 min and the cannulae
were flushed with saline immediately thereafter. At 5- to
20-min intervals after dosing, blood samples were withdrawn
from the jugular cannulae. The initial portion which was con-
taminated with saline was discarded. The anticoagulant used
was EDTA. Blood samples were centrifuged for 10 min and
the resulting specimens of plasma were frozen at —20°C for
subsequent analysis.

At various times after dosing, the animals were decap-
itated. The brain was removed, rinsed clean of blood, and
sliced sagitally. One-half of the brain was weighed and ho-
mogenized with 4 vol of methanol. The homogenate was
spun in a microcentrifuge for 2 min and 100 pl of the super-
natant injected directly onto the HPLC. The time from de-
capitation to assay typically was less than 10 min.

Plasma was assayed by adding 100 pl of each sample to
200 pl of acetonitrile and 10 pl of the internal standard so-
lution (N-propyl-m-bromicinnanamide, 10 pg/ml). The mix-
ture was vortexed, then spun in a microcentrifuge, and 100
.l of the supernatant was injected into the HPLC. Brain and
plasma were assayed for the CDS and for the corresponding
quaternary species and drug. Standards were prepared in
blank brain homogenate, prepared as for the samples, or in
blank rat plasma. The assays had coefficients of variation of
5 to 10%, with lower limits of detection of approximately 1
uM for the CDS and Q compounds and for D1 and 0.1 pM
for the other drugs.

Data Analysis

First-order rate constants were calculated for the disap-
pearance of the substrates (CDS or quaternary species) in
vitro and for the appearance of the corresponding products
(quaternary species or native drug). These rate constants
were used, where possible, to calculate half-lives for the
processes of oxidation and hydrolysis.
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For each administration of drug or CDS, data from all
rats were pooled to provide brain concentrations from single
animals and average plasma concentrations (n = 2 to 6) for
the different chemical species at various times after admin-
istration. A bi- or monoexponential model, as appropriate,
was fitted to the pooled brain and plasma data. The terminal
rate constant was used to calculate a half-life for the different
species in brain and plasma. The area under the concentra-
tion-time curve (AUC) for CDS and drug in brain and
plasma was calculated using the trapezoidal rule, extrapo-
lating to infinity. The fraction of the total AUC beyond the
last sample time was less than 30% in all cases. The ratio of
AUC in brain to that in plasma was calculated for each drug
when administered as the CDS or as the native drug itself.
Also, the AUC for the drug in plasma was used to calculate
the fraction of the dose of each CDS which was converted to
the drug in the body. This fraction is a measure of the bio-
availability of the drug in the systemic circulation when ad-
ministered as the CDS.

RESULTS

The results for each CDS, quaternary species, and cor-
responding native drug are described separately in this sec-
tion. Comparisons among the CDS compounds and among
the different native drugs are made in the Discussion.

CDS0, Q0, STP

In Vitro. CDS0 decomposed relatively slowly in buffer
(Table I), and only 13% could be accounted for as STP after
4 hr at 37°C. QO could not be detected as an intermediate
because it was very unstable in buffer (half-life = 0.3 min)
and underwent quantitative hydrolysis to STP. CDS0 disap-
peared more rapidly in liver and brain homogenates and af-
forded a higher yield of STP than was the case in buffer,
indicating that the oxidation reaction may have an enzymatic
component in these tissues.

Mass spectral analysis of the product of hydrolysis of
QO in H,'80 revealed that the STP had incorporated one
atom of %0, which was present at the same level of enrich-
ment as the medium. Thus, the hydrolysis of Q0 to STP and
trigenolline appears to proceed via a resonance-stabilized
carbocation intermediate (Fig. 2), rather than by nucleo-
philic attack at the ester carbonyl group. A similar phenom-
enon has been observed with the hydrolysis of other allylic
esters (13).

Table 1. In Vitro Disappearance Haif-Lives and Percentage Yield of Quaternary or Drug for Different CDS Compounds in Various Media®

CDSO0 CDS1 CDS2 CDS3 CDS4
Yield Yield Yield Yield Yield
Ly, Ly, "{2 ”{2 Ly,

Medium (min) Qo STP (min) Q1 Dl (min) Q2 D2 (min) Q3 D3 (min) Q4 D4
Buffer 234 0 12.7 300 20.2 0 7.8 34.2 0 192 0 25.8 210 46.8 0
Blood 624 0 13.9 474 32.7 0 18.4 50.4 0 318 0 13.2 786 339 0
Liver 48 0 29.2 72 89.7 0 7.0 75.2 0 84 0 42.7 48 57.4 0
Brain 120 0 23.0 120 62.9 0 7.8 70.7 0 96 0 29.5 108 72.5 0

2 Yield, after 4 hr of incubation, expressed as a percentage of the quantity of CDS originally present. Buffer pH 7.4, fresh rat blood, and
liver and brain homogenates (4% in buffer), all at 37°C.
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Quaternary species Carbocation
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Fig. 2. Mechanism of hydrolysis of allylic ester quaternary com-
pounds via carbocation to release drug and trigenolline.

In Vivo. CDSO0 penetrated the brain readily and yielded
a brain-to-plasma AUC ratio of 1.04 at 40 mg/kg and 2.35 at
100 mg/kg. Its half-life in plasma also varied with dose (Table
II). The corresponding quaternary QO could not be detected
in either brain or plasma following administration of CDSO0,
since it appears that this intermediate hydrolyzes almost in-
stantaneously in vivo to release STP. Figures 3 and 4 dem-
onstrate that CDSO0 provided a sustained concentration of
STP in both brain and plasma. The half-life of STP in brain
and plasma was longer when CDS0O was administered than
when STP itself was administered (Table III). Also, the ratio
of brain AUC to plasma AUC for STP was greater following
administration of CDS0. The percentage of the dose of CDS0
which was available in the systemic circulation as STP was
13% (100 mg/kg or 272 pmol/kg) or 20% (40 mg/kg or 109
pmol/kg) (Table III).

The doses of STP were chosen to approximately match
STP plasma concentrations following administration of
CDS0. The dose-normalized AUC values for STP in both
plasma and brain were equal (data not shown) at the two
doses of STP and the clearance and half-life values in Table
III show no signs of nonlinearity in the kinetics or distribu-
tion of this drug over the concentration range studied.

CDSI1, Q1, D1
In Vitro. CDS1 disappeared slowly in buffer and blood,

Table II. Pharmacokinetic and Brain Distribution Parameters for
CDS Compounds and Their Quaternary Metabolites (Q)

CDS

Q.
Dose 1y, (plasma) 1, (brain) Brain/plasma 1, (plasma)

CDS (pmol/kg) (min) (min) AUC ratio (min)“®
CDS0O 109 30.3 36.1 1.04 —
CDS0 272 69.4 29.4 2.35 —
CDSI1 112 66.0 46.5 1.36 58.7
CDS2 113 79.7 11.8 0.96 69.5
CDS3 162 38.1 24.4 1.94 —
CDS4 107 31.6 6.24 1.07 52.4

% Q0 and Q3 could not be quantified in plasma or brain due to their
rapid hydrolysis to release STP and D3, respectively. Although
Q1, Q2, and Q4 could be measured in brain, the concentrations did
not decline during the sampling period and a half-life could not be
determined. Therefore only plasma half-life values are shown.
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Fig. 3. Concentration-time profiles in plasma (a) and brain (b) of
CDSO0 and STP after administration either of 40 mg/kg (109 pmol/kg)
of CDSO0 or of 6 mg/kg (25.6 pmol/kg) of STP. Plasma data are
means, with error bars for standard deviations, for plasma samples
at that sampling time.

but more rapidly and to give a higher yield of Q1 in brain and
liver homogenates (Table I). Q1 was stable in all media ex-
amined and no D1 was detected in incubations with either
CDS1 or Q1.

In Vivo. CDSI1 penetrated the brain readily and gener-
ated a high concentration of the quaternary QI (>20 nmol/g)
which remained relatively constant during the period of sam-
pling (Fig. 5b). In plasma, the concentration of Q1 declined
in parallel to that of CDS1. No DI could be detected in the
brain and only a trace quantity of D1 could be detected in
early plasma samples (Fig. 5a). The percentage of the dose of
CDSI1 converted to DI in the systemic circulation was esti-
mated to be 3.3% (Table III).

When administered as such, D1 was detectable in only
the earliest brain sample, although detectable levels were
present in plasma throughout the sampling period (data not
shown; pharmacokinetic parameters in Table III).

CDS2, Q2, D2

In Vitro. CDS2 underwent rapid oxidation in all media
studied (#,, < 20 min), with a similar disappearance half-life
in buffer and tissue homogenates. The yield of Q2 in the
biological media was higher than that in buffer (Table I). Q2
was stable in all media and no hydrolysis to D2 could be
detected.
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Fig. 4. Concentration-time profiles in plasma (a) and brain (b) of
CDS0 and STP after administration either of 100 mg/kg (272
pmol/kg) of CDSO or of 15 mg/kg (64 pmol/kg) of STP. Plasma data
are means, with error bars for standard deviations, for plasma sam-
ples at that sampling time.

In Vivo. CDS2 could be measured in plasma throughout
the sampling period but was not detectable in brain after 1 hr
(Fig. 6). The decline of Q2 concentrations in plasma was in
parallel to the decline of CDS2. In the brain, Q2 rapidly
attained high levels (>>100 nmol/g) which did not fall during
the period of observation. D2 could not be detected in the
brain after administration of CDS2 and was detectable in
only a few plasma samples. Nearly 4% of the dose of CDS2
was converted to D2 in the systemic circulation (Table IIT),
as estimated from these sparse data.

When D2 itself was administered, the brain-to-plasma
AUC ratio was nearly 3 (data not shown; pharmacokinetic
parameters in Table III).

CDS3, Q3, D3

In Vitro. CDS3 behaved in a similar fashion to CDSO,
disappearing more rapidly and with a higher yield of D3 in
liver and brain homogenates than in buffer or blood (Table
I). Q3 disappeared rapidly from buffer (half-life = 1.2 min)
and was converted quantitatively to D3. The mechanism of
the hydrolysis reaction was the same as that for Q0 (Fig. 2),
in that the D3 released from CDS3 in a medium enriched
with H,'®0 was labeled with one atom of '*0.

In Vivo. CDS3 penetrated the brain readily, with a

Boddy et al.

brain-to-plasma AUC ratio of nearly 2 (Table II). As for QO,
the quaternary Q3 was not detectable due to its instability.
When CDS3 was administered, sustained levels of D3 were
obtained in both brain and plasma (Fig. 7). The brain-
to-plasma AUC ratio was greater than unity but only slightly
greater than the corresponding ratio when the drug itself was
administered (Table III). Approximately 10% of the dose of
CDS3 was available in the body as D3, based on plasma
data.

When administered as such D3 was present in the brain
at similar concentrations to those in plasma, but levels of D3
declined more rapidly in the former tissue (Fig. 7).

CDS4, Q4, D4

In Vitro. CDS4 behaved in a similar fashion to CDSI1,
disappearing more rapidly and with a higher yield of Q4 in
liver and brain homogenates than in buffer or blood (Table
I). Q4 was stable in all media studied and no D4 was detect-
able.

In Vivo. CDS4 was eliminated very rapidly from the
body and was not detectable in either brain or plasma 1 hr
after administration. The quaternary Q4 declined in parallel
with CDS4 in plasma, but persistently high levels were ob-
served in the brain (Fig. 8). When CDS4 was administered,
D4 could be detected at very low concentrations in the
plasma and not at all in the brain. It was not possible to
determine a half-life for the D4 in plasma that was released
from CDS4 due to the variability in the concentration values
observed. The fraction of the dose of CDS4 which was avail-
able in the plasma as D4 was estimated to be 2.3%.

When D4 was administered, it was also eliminated rap-
idly from brain and plasma, concentrations falling below de-
tection limits after 90 min (data not shown; pharmacokinetic
parameters in Table III). The brain-to-plasma AUC ratio was
approximately 0.8.

DISCUSSION

A series of five CDS compounds has been synthesized
and evaluated as delivery systems for their respective native
drugs. It appears that each different drug moiety endows the
CDS with unique properties, and it is instructive to make
some comparisons among the series with regard to their in
vitro and in vivo behavior. Such information is important in
optimizing the selection of drugs for use with a CDS carrier.

A comparison of CDS0 with CDS1 shows that a minor
modification to the drug structure (saturation of the side-
chain C=C double bond) can have a dramatic effect on the
rate of hydrolysis of the quaternary compound in vitro and
on the ability of the CDS to release the native drug in vivo.
Thus, 10 to 30% of CDS0 was converted to STP in vitro,
presumably via the readily hydrolyzed Q0. In contrast,
CDSI, the saturated analogue of CDS0, yielded none of the
corresponding drug, D1, in vitro and very little in vivo. Like-
wise, comparison of CDS3 and CDS4, a pair analogous to
CDS0 and CDSI1, shows that only the unsaturated compound
released the native drug, presumably via the short-lived Q3.

Comparison of CDS0 and CDS2 showed that replace-
ment of the ester moiety in the former by an amide linkage
had a major effect both in vitro and in vivo. Thus, CDS2
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Table III. Pharmacokinetic and Brain Distribution Parameters for Drugs After Administration of Native Drug (D) or of CDS Compound

Dose 1, (plasma) 1y, (brain) Brain/plasma Clearance Percentage of
(mol/kg) (min) (min) AUC ratio (ml/min/kg) CDS as D

STP (25.6) 26.8 25.6 0.111 36.9

STP (64.0) 24.5 27.9 0.109 38.6

CDSO0 (109) 51.7 73.7 0.278 —_ 20.4
CDS0 (272) 47.5 42.8 0.339 — 12.9
D1 (25.4) 39.6 — 0.115¢ 28.6

CDSI1¢ (112) — — 0 — 33
D2 (25.8) 51.0 28.8 2.98 4.3

CDS2¢ (113) 174 — 0 —_ 3.7
D3 (24.0) 49.1 22.1 0.988 67.0

CDS3 (162) 54.1 87.2 1.03 — 10.0
D4 (23.6) 46.5 4.47 0.83 102

CDS44 (53.5) — — 0 — 2.3

2 D1 could be detected in only the 10-min brain sample. The brain-to-plasma concentration ratio is given instead of the brain/plasma AUC
ratio.

¢ D1 could be detected in only a few plasma sample and not at all in the brain after administration of CDS1. The plasma half-life could not
be determined and the percentage of CDS1 converted to D1 is calculated from an estimated AUC, using the measured concentrations and
the elimination rate constant from administration of D1.

¢ No D2 could be detected in the brain after administration of CDS2. The plasma half-life and percentage of dose available as D2 are
estimated from only three plasma samples in which the drug could be detected.

4 No D4 could be detected in the brain after administration of CDS4. D4 could be detected in plasma samples, but at a low and variable
concentration. Thus, a half-life could not be determined and the percentage of the dose available as D4 is calculated from an estimated
AUC using the elimination rate constant from administration of D4.
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Fig. 7. Concentration-time profiles in plasma (a) and brain (b) of
CDS3 and D3 after administration either of 60 mg/kg (162 pmol/kg)
of CDS3 or of 6 mg/kg (24.0 pmol/kg) of D3. Plasma data are means,
with error bars for standard deviations, for plasma samples at that
sampling time.

released no D2 in vitro and a negligible amount in vivo. The
reason for this marked selectivity can be found in the mech-
anism of the hydrolysis reaction. Allylic esters, but not al-
lylic amides, may ionize to generate resonance-stabilized
carbocation intermediates (12) (Fig. 2). Therefore, Q1, Q2,
and Q4 are refractory to hydrolytic cleavage by this mech-
anism. They also appear to be poor substrates for enzyme-
mediated hydrolysis, possibly due to steric hindrance by the
t-butyl group present in these analogues. The proposed
mechanism by which the hydrolysis of the quaternary inter-
mediates studied here occurs probably is not general for
other CDS-type conjugates. Nevertheless, this study empha-
sizes the need to understand that mechanism in order to
rationalize the observed rates of release of native drug from
CDS-type carriers.

The in vitro results correlated well with the behavior of
the CDS compounds in vive. This illustrates the usefulness
of conducting in vitro assessments of the oxidation of the
CDS compounds and of the hydrolysis of the corresponding
quaternary moieties. Thus, those compounds which formed
a readily hyrodrolyzable quaternary in vitro (CDSO and
CDS3) released appreciable quantities of the drug (STP or
D3) in the brain when administered intravenously. The other
CS compounds (CDS1, CDS2, and CDS4) gave rise to qua-
ternary compounds which were stable toward hydrolysis and
released only trace amounts of drug (D1, D2, or D4) in vivo.
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Fig. 8. Concentration—time profiles in plasma (a) and brain (b) of
CDS4, Q4, and D4 after administration of 20 mg/kg (53.5 wmol/kg) of
CDS4. Plasma data are means, with error bars for standard devia-
tions, for plasma samples at that sampling time.

None of the latter three CDS compounds produced a mea-
surable concentration of native drug in the brain, despite the
presence of high and sustained levels of the quaternary com-
pounds in that tissue. The kinetics of the quaternary com-
pounds in brain and plasma confirm that the dihydropyri-
dine-pyridinium CDS can achieve selective delivery of a
drug precursor to the brain. However, this is of little benefit
if no drug is released in brain tissue (14). It is worth noting
that, at best, only 20% of a dose of CDS could be accounted
for as the corresponding drug in these studies. The remain-
der of the administered dose is eliminated either as the intact
CDS or as unknown metabolites.

Comparison of CDS0 and CDS3 illustrates two further
important considerations for the investigation of site-specific
drug delivery systems. Both succeeded in producing a sus-
tained concentration of the drug in the target tissue, as
shown by a comparison of half-life values for drug when
administered as such or as a CDS carrier (Table ITT). How-
ever, only CDSO0 provided a significant advantage, over ad-
ministration of the drug itself, in brain-to-plasma distribu-
tion. This advantage may be expressed as the quotient of the
brain-to-plasma. AUC ratio for the drug when the CDS was
administered, to the same ratio when the native drug was
administered (15). For CDSO this index varied from 2.6 to
3.3, depending on the dose. The index for CDS3 was approx-
imately equal to one, the theoretical minimum. This was due
to the uniform distribution of D3 between brain and plasma,
unlike STP, which did not distribute well into the brain.
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From this observation it may be argued that selective deliv-
ery to the brain provides the most potential benefit for a drug
which would not distribute into the brain following conven-
tional administration. The theoretical basis for this argument
has been described previously (15,16). However, it should
be borne in mind that the ultimate aim of selective drug
delivery is to provide effective drug concentrations at the
target site, not simply to provide a relative gain in brain to
plasma distribution. It is also possible that the slight differ-
ence in structure between STP and D3 altered the predom-
inant site of drug release from the CDS, increasing the pro-
portion of D3 released outside the brain.

This distinction between sustained and site-selective re-
lease of drug illustrates the need for a comparable dose of the
parent drug for comparison with drug released from a poten-
tial carrier. The two CDS compounds derived from STP and
D3 also show how the drug itself, and not just the putative
chemical delivery system, can influence the potential advan-
tage over conventional drug administration. The importance
of drug selection for drug-targeting systems has been
stressed in the theoretical literature on site-selective drug
delivery (15,16). In these papers a high clearance is stressed
as the most important characteristic of the candidate drug for
the optimization of drug targeting. Although the compounds
investigated in the present study have a range of clearance
values (Table III), the influence of this parameter on the
degree of selective delivery to the brain is confounded by
other factors.

All of the above points show how the selection of the
drug can have an important influence on the ability of a CDS
to deliver the drug selectively to the brain. The dose-
dependent behavior of CDS0 should also be noted as the
optimum dose of a CDS may be difficult to estimate.

Finally, any approach to site-selective drug delivery re-
quires that the delivery system itself is nontoxic. Although
the present study did not rigorously evaluate the toxicity of
the these compounds, signs of toxicity (ataxia, tremor, ri-
gidity) were observed in several animals which received
doses of the CDS conjugates. This toxicity could not be due
to the native drug being released, as the concentrations of
drug were equal to or below those achieved by administra-
tion of native drug itself. Routine toxicity testing in mice
showed that CDS1, CDS3, and CDS4 were as much as five
times more toxic than the corresponding native drugs (LD,
values; data not shown). Similar toxicity of some CDS com-
pounds has been reported previously (17).

CONCLUSION

The present study is the first to investigate systemati-
cally the influence of drug structure on the utility of the
dihydropyridine-based chemical delivery system proposed
by Bodor (4). A comparison of different CDS compounds in
vitro and in vivo demonstrates that minor modifications in
drug structure can have a dramatic effect on the ability of a
CDS to deliver drug selectively to the brain. The in vitro
studies also showed how a detailed understanding of the
mechanisms underlying the oxidation/hydrolysis reactions
may allow for a more rational approach to the design of
CDS/drug combinations. The in vivo studies agreed well with
the results of the in vitro investigations and demonstrated
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that the relative improvement in delivery using a CDS, com-
pared to conventional drug administration, may also depend
on the selection of an appropriate drug candidate.
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