amount of plastic substrate that can be
exploited for such learning purposes.
According to this hypothesis the plastic
substrate for vocal learning is renewed
once yearly, a growing, then shedding of
synapses, much the way trees grow
leaves in the spring and shed them in the
fall.

The shrinkage of brain nuclei in adult-
hood, resulting from a loss of dendritic
processes, may be likened to a rejuve-
nating process that reduces the size of a
network to an earlier developmental age.
Of course, such a process can be labeled
“‘rejuvenation’’ only if it is followed by a
new wave of dendritic proliferation and
synapse formation. If rejuvenation of
brain circuitry ever becomes possible in
humans, being able to induce a retraction
of neurites may be found to be the indis-
pensable first step, to be followed by
their regrowth, We may now have an
animal model for this kind of phenome-
non.

FERNANDO NOTTEBOHM
Rockefeller University,
Field Research Center,
Millbrook, New York 12545
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Site-Specific, Sustained Release of Drugs to the Brain

Abstract. A dihydropyridine-pyridinium salt type of redox system is used in a
general and flexible method for site-specific or sustained delivery (or both) of drugs
to the brain. A biologically active compound linked to a lipoidal dihydropyridine
carrier easily penetrates the blood-brain barrier. Oxidation of the carrier part in vivo
to the ionic pyridinium salt prevents its elimination from the brain, while elimination
from the general circulation is accelerated. Subsequent cleavage of the quaternary
carrier—drug species results in sustained delivery of the drug in the brain and facile

elimination of the carrier part.

The delivery of drugs to the brain is
often seriously limited by transport and
metabolism factors and, more specifical-
ly, by the functional barrier of the endo-
thelial brain capillary wall called the
blood-brain barrier (I). Site-specific de-
livery and sustained delivery of drugs to
the brain are even more difficult, and no
useful simple or general methods to
achieve them are known. We now report

0036-8075/81/1218-1370%01.00/0 Copyright © 1981 AAAS

a general method, useful for site-specific
and controlled delivery of various drugs,
which is achieved by affecting the bidi-
rectional movement of the drugs in and
out of the brain with a dihydropyridine
= pyridinium salt redox system.

The  dihydropyridine = pyridinium
salt type of redox delivery system was
first successfully used for delivery to the
brain of N-methylpyridinium-2-carbal-
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doxime chloride (2-PAM) (1) (2, 3)——the
drug of choice for the treatment of or-
ganophosphate poisoning—as its 5,6-di-
hydropyridine derivative (Pro-2-PAM)
(2), which exists as a stable imminium
salt (3). The lipoidal 2 (pK, = 6.32) easi-
ly penetrates the blood-brain barrier
where it gets oxidized to the active 1.

@
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CH=NOH

2 3

A dramatic increase in the brain deliv-
ery of 1 by the use of 3 was thus
achieved, resulting in a reactivation of
phosphorylated brain acetylcholinester-
ase in vivo (¢). Subsequent brain influx-
efflux studies with 1 and 2 in vivo ()
have indicated that the barrier properties
of the blood-brain barrier, at least for
such small quaternary salts as 1, are not
the same on the two sides of the barrier.
Although 1 does not penetrate the brain
at all, it is excreted rapidly after its fast
formation in the brain (half-life approxi-
mately 1 minute for oxidation of 2to 1 in
vivo), It was suggested (5), however,
that since large quaternary salts formed
in the brain will not be easily excreted, a
drug delivery system based on dihydro-
pyridine = pyridinium salt carrier sys-
tem should function as a specific and
sustained release method, as indicated in
scheme 1.

According to this scheme, a drug [D] is
coupled to a quaternary carrier [QC]™
and the obtained [D-QC)* is reduced
chemically to the lipoidal dihydro form
[D-DHC]. After administration of this
compound in vivo, it is quickly distribut-
ed throughout the body, including the
brain. The dihydro form [D-DHC] is then
oxidized (rate constant, k;) (by the NAD
= NADH system) to the original [D-
QC1* (ideally inactive) quaternary salt,
which because of its ionic, hydrophilic
character should be eliminated rapidly
from the body, while the blood-brain
barrier should prevent its elimination
from the brain (k3 >> ky; k3 >> k5). En-
zymatic cleavage of the [D-QC]* that is
locked in the brain will result in a sus-
tained delivery of the drug species [D],
followed by its normal elimination (ks),
metabolism. A properly selected carrier
[QC]* will also be eliminated rapidly
from the brain (k¢ >> k;). Because of
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Table 1. Rates of oxidative conversion in biological fluids (at 37°C) of 1-methyl-3-(N-B-
phenethyl)carbamoyl-1,4-dihydropyridine (7) and 1-benzyl-3-(N-B-phenethyl)carbamoyl-1,4-
dihydropyridine (8) to the corresponding quaternary pyridinium salts 5 and 6. Undiluted
heparinized human whole blood, 20 percent fresh human plasma, and 2 percent rat brain and
liver homogenates were used. The conversions of 7 to 5§ and 8 to 6 were followed by changes in
their characteristic ultraviolet spectra (maximum wavelength, 350 nm for 7 and 8; 262 for § and
6), against appropriate reference samples. Symbols: N, number of rats; k, rate constant; r,

correlation coefficient; 71, half-life.

Process (N-substituent)

7 — 5 (methyl)

8 — 6 (benzyl)

Medium

k tz k Lz
N (107 r (min- N (107 r (min-
sec™h) utes) sec™ ) utes)

Human plasma 13 1.8 .998 64.2 12 0.74 999 156
Whole blood 5 8.4 952 13.7 5 4.7 .974 24.4

Brain homogenate 8 4.1 .996 28.2 13 2.1 .999 55
Liver homogenate 7 8.0 .999 14.4 5 7.5 .998 15.3

the facile elimination of [D-QC]™ from
the general circulation, only small
amounts of drug are released in the body
(k3 >> ky); [D] will be released primari-
ly in the brain (k4 > k;). The overall
result ideally will be a brain-specific,
sustained release of the desired drug.

@ YCONHCHgCHg-@ )

\N‘/
+) 5 R=CHj,
R 6 R=CH,~CgHg
CONHCHQCHQ@
(Y |
N
| 7 and 8
R

Phenylethylamine (4) was chosen as a
model for a drug [D], and it was coupled
with nicotinic acid. Quaternization to the
salts [D-QC]™ (5 and 6) was followed by

chemical

(o] +

cl*
[Q ] coupling

Delivery

[D-DHC]
in the brain
in vivo
k1 oxidation
[b-acl? Enzymatic
in the brain ke cleavage
K2 .
[o] + [ac],
| ks ke
| BBB
!
'

-= [p-ac]*

reduction by sodium dithionite (6) to the
corresponding derivatives [D-DHC] (7
and 8).

Studies in biological fluids in vitro
indicated facile oxidative conversion of
the dihydro forms 7 and 8 to the quater-
nary derivatives 5 and 6 (Table 1).

Because of its relative ease of oxida-
tion, the N-methyl derivative 5 was se-
lected for studies in vivo. The dihydro
derivative 7 was administered intrave-
nously to rats. The rats were killed at
various times after administration of 7,
and the brain and blood were analyzed
for the quaternary compound 5. The
results (Fig. 1) strongly support the con-
cept shown in scheme 1. Thus, the quater-
nary salt § disappears quickly from the
blood, but the concentration of 5 in-
creases steadily in the brain, reaching a
maximum at about 80 minutes after ad-
ministration. The analysis of the next,

D-DHC
reduction { ]

k7

Elimination
{D-DHC]

in circulatory system
and organs

K in vivo
1 oxidation

Enzymatic
cleavage

kg

[o-ac]*
in circulatory system

o] + [ad);’ e

Elimination

Scheme 1; BBB, blood-brain barrier.
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Fig. 1 (left), The concentrations of 1-methyl-3-(N-B-phenethyl)carbamoylpyridinium salt (5) in the brain (@) and in the blood (O) of rats after
administration of the 1-methyl-3-(V-B-phenethyl)carbamoyl-1,4-dihydropyridine (7). A group of rats (average weight, 350 g) was injected
through the jugular vein with a freshly prepared solution (0.5 g/ml in dimethyl sulfoxide) at a dose of 125 mg/kg. After the appropriate time period,
I ml of blood was withdrawn from the heart, and the animal was perfused with 20 ml of saline. The animal was decapitated; the brain was
removed, weighed, and homogenized in 2 ml of water; and 8 ml of acetonitrile was added to the homogenate. After centrifugation, the amount of
the quaternary salt (5) was determined by high-performance liquid chromatography. The mobile phase was acetonitrile in phosphate buffer (pH
6.2) at a ratio of 3:2, with a flow rate of 1 ml/min. A reverse-phase Bondapak C;z column and an ultraviolet detector at 254 nm were used. The
amounts given were calculated from the recovery standard curve obtained by introducing known amounts of 5 in brain homogenates. The blood
samples were diluted with 3 ml of normal saline followed by 16 ml of acetonitrile and then were centrifuged and analyzed as above. Fig. 2
(right). The concentration in rat brain of berberine (9) when administered as berberine (#) or as dihydroberberine (®). The method described in
the legend of Fig. 1 was used. Compound 10 was administered as the hydrochloride salt at 55 mg/kg. Analysis was performed with high-
performance liquid chromatography (mobile phase, acetonitrile in phosphate buffer at a ratio of 1:1; flow rate of 2 ml/min; retention time for 9, 4

minutes, and fer 10, 9 minutes; Bondapak Cig reverse-phase column).

descending portion indicates a half-life of
2.15 hours for the disappearance of 5.
In a separate experiment with a homoge-
nate of freshly perfused rat brain, the
rate of cleavage of the quaternary salt 5
to the drug model 4 was determined. The
obtained half-life of about 3 hours indi-
cates that the descending portion of the
curve corresponds mainly to the sus-
tained delivery process of the drug spe-
cies. Thus all criteria set forth in scheme
1 were met: one single intravenous injec-
tion of a drug coupled to a dihydropyri-
dine carrier system resulted in accumula-
tion of the corresponding drug-quater-
nary carrier species in the brain. This
was followed by a sustained release of
the drug in the brain, and possibly only
in the brain, because at the same time the
drug~quaternary carrier system was be-
ing rapidly eliminated from the blood. In
addition, the carrier species formed after
the release of the drug, trigonelline, is a
nontoxic natural product. Thus the deliv-
ery system did not present any additional
toxicity problem. When the quaternary
derivative 5 was administered at an
equivalent dose level in dimethyl sulfox-
ide, none could be detected in the brain
of rats. :

Various types of drugs could possibly
be delivered to the central nervous sys-
tem in a controlled, sustained manner by
use of the above or analogous redox
carrier systems. Current studies include
the use of N-methylnicotinic acid (tri-
gonelline) esters and amides (as above),
and their pyridine ring-substituted deriv-
atives, for delivery of amino- or hydrox-
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yl-containing drugs—including small
peptides—to the brain.

A different use of our redox delivery
system starts with a large, biologically
active quaternary salt, The first com-
pound studied was berberine (9), which

has rather high activity in vitro against

OCHg4
10

several types of cancer, including Ehr-
lich and lymphoma ascites (7, 8), but
very low activity in vivo (9). This differ-
ence may be due to the inability of the
ionic berberine to penetrate lipoidal
membranes. To determine whether such
an ionic species could be delivered to the
brain and accumulate there, we prepared
the corresponding dihydroberberine (10)
using sodium borohydride [dihydrober-
berine was previously isolated from the
disproportionation of the 8-hydroxyber-
berine derivative (/0)]. The dihydro form
10 was transformed to the stable hydro-
chloride form which was then used for
studies in vitro and in vivo. In human
plasma, 10 is oxidized back to 9 at 37°C,
with a half-life of 25.1 minutes; the half-

life in rat brain homogenate was 15.2
minutes.

As in the system 8§ = 7, berberine (9)
itself does not penetrate the brain of rats
at all, but very large amounts of berber-
ine were found in rat brain after intrave-
nous administration of the dihydrober-
berine (10) (Fig. 2). The high brain levels
are maintained for a long time, an indica-
tion of site-specific delivery to the brain
of large quaternary salts that would be
expected to be eliminated rapidly from
the general circulation.
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