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The blood—-brain barrier (BBB) transport of brain-derived neuro-
trophic factor (BDNF) in anesthetized rats was examined in the
present studies using vector-mediated peptide drug delivery. Follow-
ing tritiation, the BDNF was biotinylated via a disulfide linker and
was coupled to a covalent conjugate of neutral avidin (NLA), which
binds the biotinylated peptide with a high affinity, and the murine
0X26 monoclonal antibody to the rat transferrin receptor. Owing to
the abundance of transferrin receptors on brain capillary endothe-
lium, the OX26 monoclonal antibody undergoes receptor-mediated
transcytosis through the BBB, and the NLA -0X26 conjugate trans-
ports biotinylated peptide therapeutics through the BBB. The
present studies show that while unconjugated BDNF was not trans-
ported through the BBB in vivo, the conjugation of biotinylated
BDNPF to the NLA-OX26 vector resulted in a marked increase in the
brain delivery of BDNF, as defined by measurements of the per-
centage of the injected dose (ID) delivered per gram of brain. Al-
though BDNF was not transported through the BBB in vivo, this
cationic peptide was avidly bound by isolated human brain capillar-
ies via a low-affinity, high-capacity system that was inhibited by
protamine and by serum protein binding of BDNF. In conclusion,
these studies show that the delivery of unconjugated BDNF to brain
is nil owing to the combined effects of negligible BBB transport and
rapid systemic clearance of intravenous administered BDNFE. The
brain delivery of BDNF may be augmented by conjugation of BDNF
to BBB drug delivery vectors, such as the NLA-0X26 conjugate.
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INTRODUCTION

Brain-derived neurotrophic factor (BDNF)? is a member
of the nerve growth factor (NGF) family (1,2) and, like NGF,
may have beneficial effects as a peptide-based therapeutic
for the treatment of neurodegenerative diseases of brain.
BDNF is a trophic factor for cholinergic or dopaminergic
neurons in vitro in tissue culture (3-6), is a trophic factor for
dopaminergic neurons in vivo (7), and is a trophic factor for
retinal rods and cones in vivo (8). BDNF gene expression is
induced in a widespread manner in brain in response to ei-
ther ischemia or hypoglycemia (9) and is expressed in the
basal forebrain cholinergic system (10). Since BDNF is a
potential neuropharmaceutical for the treatment of Alzhei-
mer’s disease or other degenerative or traumatic conditions
of brain, it is useful to quantitate the extent to which this
peptide is transported through the brain capillary endothelial
wall, which makes up the blood—brain barrier (BBB) in vivo.
Therefore, the present study was designed (a) to investigate
whether BDNF is transported through the BBB and (b) to
determine the extent to which BBB transport of BDNF may
be augmented by the use of vector-mediated drug delivery.
The latter involves the use of chimeric peptides, wherein a
nontransportable peptide therapeutic, e.g., BDNF, is conju-
gated to a BBB drug delivery vector (11). Vectors include
proteins that undergo either absorptive-mediated transcyto-
sis through the BBB, e.g., cationized albumin (11), or recep-
tor-mediated transcytosis through the BBB, e.g., a mono-
clonal antibody to the transferrin receptor (12). Conjugation
of peptide-based therapeutics to brain drug delivery vectors
is facilitated by the use of avidin-biotin technology (13). In
this approach the peptide therapeutic is biotinylated via a
disulfide linker and coupled to a conjugate of avidin and the
BBB drug delivery vector. The activity of avidin/vector con-
Jjugates has recently been improved by the use of neutral
forms of avidin, which increases the systemic bioavailability
of the avidin/vector conjugate (14).

MATERIALS AND METHODS

Materials

Human recombinant BDNF was obtained from Amgen
(Thousand Qaks, CA). The [*H]N-succinimidyl propionate
(NSP), 102 Ci/mmol, and the [1-*Clacetic anhydride, 150
mCi/mmol, were purchased from Amersham Corp. (Arling-
ton Heights, IL). The ['*C(U)Jsucrose was purchased from
Dupont-NEN (Boston, MA). Sulfosuccinimidyl 2-(biotina-
mido) ethyl-1,3’-dithiopropionate (NHS-SS-biotin) was pur-
chased from Pierce Chemical Co. (Rockford, IL). Rat serum
albumin (RSA), salmon protamine (grade 4), and all other
reagents were obtained from Sigma Chemical Company (St.
Louis, MO). A 7.8 X 300-mm TSK-GEL G2000SW,; HPLC
column was obtained from Toso Haas (Montgomeryville,
PA).

Radiolabeling, Biotinylation, and Formation of
Chimeric Peptides

Native RSA was labeled with [**Clacetic anhydride to a
specific activity of 530 mCi/mmol, as described previously
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(15). The BDNF was tritiated with [P HINSP by transferring
5 mCi of [PHINSP (subsequent to evaporation of tolene dil-
uent) to 500 pg of BDNF in 200 p.L of 0.05 M Na,HPO,/0.15
M NaCl (PBS; pH 8.5), followed by capping and shaking at
4°C for 45 min. To this solution was added 250 pL of 0.2 M
Na,HPO, (pH 6.0)/0.4 M NaCl. The trichloroacetic acid
(TCA) precipitability of this material was 72%, indicating
that 0.92 lysine residue of BDNF monomer was *H-labeled,
which is calculated from the ratio of the specific activity of
[*HIBDNF (91 Ci/fmmol) to the specific activity of PHINSP
(102 Ci/mmol). The [*HIBDNF eluted as a single peak from
a 10 X 250-mm C4 reverse-phase high-performance liquid
chromatography (HPLC) column at approximately 55% ace-
tonitrile in 0.1% trifluoroacetic acid, following removal of
TCA-soluble radioactivity via G-25 gel filtration.

Subsequent to the [PHJNSP labeling, 50-ug aliquots of
the *H]BDNF were biotinylated with a 10-fold molar excess
of NHS-SS-biotin followed by shaking for 60 min at room
temperature. The reaction was quenched by the addition of
1 pmol of glycine followed by shaking for an additional 30
min at room temperature. The 10-fold molar excess of NHS-
SS-biotin, relative to the concentration of the BDNF mono-
mer, was based on a molecular weight of 13,000 daltons for
the BDNF monomer. Higher molar ratios of NHS-SS-biotin
caused multibiotinylation and precipitation of the product.
The volume of the [*H]biotinylated-BDNF (bio-BDNF) so-
lution was increased to 250 pL by the addition of 0.1 M
Na,HPO,, 0.5 M NaCl, pH 6.9 (PBHS buffer), and 180 pg of
a conjugate of neutral avidin (NLA) and the OX26 monoclo-
nal antibody was added. The NLA-OX26 conjugate was pre-
pared via a stable thioether linkage as described previously
(14). A 200-pL volume of the [*H]bio-BDNF/NLA-OX26
complex was purified by elution through a TSK G2000SW
gel filtration HPLC column (7.8 mm X 30 cm). The column
was eluted with PBHS isocratically at a flow rate of 0.5
mL/min and 0.5-mL fractions were collected. The column
was monitored by measurement of both absorption at 280 nm
and *H radioactivity. The [*H]bio-BDNF/NLA-OX26 eluted
at 6-7 mL and the *H radioactivity was greater than 99%
TCA precipitable. The unconjugated [?PH]BDNF eluted at 9
mL. The PH]BDNF/NLA-OX26 chimeric peptide is com-
prised of the following components (16):

[*H]-[BDNF]-S-S-[biotin]-[NLA]-S-[0X26]

BDNF Binding to Isolated Human Brain Capillaries

Capillaries were isolated from human autopsy brain as
described previously (17). The binding of [PH]BDNF to iso-
lated human brain capillaries was measured at either 4 or
37°C in a final volume of 0.45 mL of Ringer Hepes buffer
(RHB; pH 7.4) containing 0.1 g/dL. human serum albumin
(HSA). The duration of the binding assay was extended from
0.25 to 60 min. The concentration of unlabeled BDNF in the
binding assay was varied from 0.5 to 25 wM. The concentra-
tion of protamine ranged from 10 to 50 pg/mL and the con-
centration of human serum was varied from 20 to 80% serum
as the final concentration. The mass of isolated human brain
capillaries ranged from a total capillary protein content of 28
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g to 153 pg per tube. The portion of [PH]BDNF binding to
isolated human brain capillaries that was resistant to a mild
acid wash was determined as described previously (17). The
saturable binding of BDNF to isolated human brain capillar-
ies was analyzed with a nonlinear regression analysis as de-
scribed previously (16). Weighting the data gave essentially
parameter estimates identical to those using unweighted
data.

Pharmacokinetics and Brain Delivery of [*H|BDNF in Vivo

Male Sprague—Dawley rats weighing 250-280 g were
anesthetized with 100 mg/kg ketamine and 2 mg/kg xylazine
ip. Initially, the pharmacokinetics and brain delivery of un-
conjugated [P HIBDNF were determined. In these experi-
ments, 0.2-mL solutions of RHB containing 0.1% BSA, 100
wCi/mL [*H]BDNF (99% TCA precipitable), and 20 wCi/mL
['"*CIRSA were injected into a femoral vein. The dose of
[*H]BDNF administered was 3 pg/rat or 12 pg/kg. Blood
samples (0.25 mL) were collected via a PES0 catheter from
the femoral artery at 0.25, 1, 2, 5, 15, 30, 60, 90, 120, and 180
min after injection. After blood sampling, the blood volume
was replaced with the same volume of normal saline, and the
plasma was separated by centrifugation. At 1, 2, or 3 hr after
injection, the brain and four other organs (liver, kidney,
heart, lung) were removed following decapitation. The TCA
precipitability of both plasma and brain was determined.
One milliliter of cold 10% TCA was added to 50 pL of
plasma, followed by centrifugation. Brain TCA precipitabil-
ity was measured by homogenizing a portion of brain tissue
in 6 vol of cold 10% TCA followed by centrifugation.

Pharmacokinetic parameters were calculated by fitting
plasma TCA-precipitable radioactivity data to a biexponen-
tial equation, i.e.,

A(f) = Aje K 4+ Ao K¢

where A(?) is the percentage ID per milliliter of plasma ra-
dioactivity, and ID is the injected dose. Plasma data were fit
to the biexponential equation using a derivative-free nonlin-
ear regression analysis (PARBMDP, Biomedical Computer
P-Series developed at UCLA Health Sciences Computing
Facilities). The data were weighted using either weight =
1/(concentration)®> or weight = 1, where concentration is
disintegrations per minute per microliter or percentage ID
per milliliter. The brain volume of distribution (V) of
[*HIBDNF at 1, 2, and 3 hr after iv injection was determined
from the ratio of the disintegrations per minute per gram of
tissue to the disintegrations per minute per microliter of ter-
minal plasma. Similarly, the V, of [*H]BDNF in liver, heart,
lung, and kidney was also determined. The plasma clearance
(Cl), the steady-state volume of distribution (V ), and the
area under the plasma concentration curve (AUC) were cal-
culated from the pharmacokinetic parameters as follows
(18):

D [(A/KD) + (AYKD)]
© 7 AUC?
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where D is the injected dose. The BBB permeability—surface
area (PS) product, which is equivalent to the rate of organ
clearance (uL/min/g) of the [PH]BDNF in the brain or the
four other organs, was determined as follows:

ps = Vo = Val GO
L L Cy0) dt

where C,(T) is the terminal plasma concentration and V,, is
the organ volume of distribution of the [**CJRSA plasma
volume marker. The brain delivery, or percentage ID per
gram of brain, at a given time (f) after iv injection is

% ID g~ '(f) = PS x AUC(H)
AUC() = L " Cy1) dt

The pharmacokinetic analysis and measurement of the
brain delivery were then repeated with iv injection of 8 pnCi/
rat (equivalent to 1.2 ug BDNF/rat) of the PH]bio-BDNF/
NLA-0OX26 that was purified through the TSK column as
described above. In these experiments, pharmacokinetics
was measured over a time period of 120 min and the brain
was removed at 60 and 120 min for evaluation of brain de-
livery of the [PH]BDNF chimeric peptide. The pharmacoki-
netic parameters were then calculated as described above. In
these studies, aliquots of plasma were removed at 15 and 60
min following iv injection and 200-pL aliquots of plasma
pooled from three rats were injected onto the TSK gel filtra-
tion HPLC column, followed by elution in the PBHS buffer.
These studies measured the extent to which the BDNF chi-
meric peptide was cleaved to unconjugated BDNF due to
reduction of the disulfide linker between the biotin moiety
and the BDNF.

Internal Carotid Artery Perfusion/Capillary
Depletion Technique

Owing to the rapid metabolism of systemically admin-
istered [PHIBDNF (Results), it was desirable to study the
BBB transport of BDNF using experimental conditions that
eliminated systemic metabolism. Therefore, [’ H]BDNF (4
wCi/mL) and [**Clsucrose (1 pCi/mL) were infused into the
internal carotid artery of anesthetized rats for a 5-min period
using the in situ internal carotid artery perfusion technique
described previously (16). The brain volume of distribution
(Vp) of the [PH]BDNF and [**C]sucrose blood volume
marker were determined from the ratio of disintegrations per
minute per gram of tissue to disintegrations per minute per
microliter of perfusate. Since the V,, value of PH]BDNF
may exceed the Vj, value of ['*Clsucrose owing to micro-
vascular binding of the [PH]BDNF, without any significant
transport of [’H]BDNF through the BBB, the brain homoge-
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nate was further analyzed with the capillary depletion tech-
nique, as described previously (16). This technique measures
the Vy, of either PH]BDNF or [**C]sucrose in the total-brain
homogenate, postvascular supernatant, and vascular pellet.
The postvascular supernatant V, is a measure of the tran-
scytosis of [PH]BDNF through the brain microvascular en-
dothelium and into the brain interstitial space. The TCA pre-
cipitability of [*H]BDNF in the perfusate both before and
after perfusion and in the postvascular supernatant following
perfusion was measured.

RESULTS

The unconjugated [*H]BDNF bound avidly to isolated
human brain capillaries and the binding was linear with re-
spect to mass of capillary added to the individual tubes (Fig.
1). The binding was time and temperature dependent (Fig.
2), was saturable with both unlabeled BDNF (Fig. 1) and
unlabeled protamine (Fig. 2), and was inhibited by increasing
amounts of human serum (Fig. 3). The saturable BDNF
binding was analyzed by nonlinear regression analysis (Ma-
terials and Methods) to yield a K, of 0.50 £ 0.19 uM, a B, .,
= 1.1 = 0.3 nmol/mg protein, and a nonspecific binding
(NSB) of 9.1 = 3.0% (Fig. 1). Virtually all of the BDNF
binding to isolated capillaries was removed by a mild acid
wash, indicating that little, if any, of the BDNF was inter-
nalized by the brain microvessels. The concentration of prot-
amine which inhibited BDNF binding to brain capillaries was
approximately 20 pg/mL (Fig. 2), and the concentration of
human serum that caused 50% inhibition of binding was 20%
serum (Fig. 3).

The [*H]BDNF was not significantly degraded by either
isolated human brain capillaries or human serum, as the
TCA precipitability was 99 = 1% following a 30-min incuba-
tion at 37°C with 50% human serum in either the presence or
the absence of isolated human brain capillaries.

The [*H]bio-BDNF/NLA-0OX26 eluted through the TSK
gel filtration HPLC column as a single peak at an elution
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Kp=0.50 + 0.19uM
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Fig. 1. The binding of [’H]BDNF to isolated human brain capillaries
is increased by the mass of capillaries per incubation tube (left) and
is decreased by the addition of unlabeled BDNF to the incubation
tube (right). The saturation data were analyzed by nonlinear regres-
sion analysis using a single saturable binding site and a nonspecific
binding (NSB) binding site to yield the dissociation constant (Ky)
and the maximum binding (B,,,,) of BDNF binding to human brain
capillaries as shown. Data are mean * SE (» = 3). H]BDNF
binding was 1-3% if no capillaries were added to the tubes.
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Fig. 2. The binding of [’H]BDNF to isolated human brain capillaries
is a function of time and temperature (left) and is inhibited by in-
creasing concentrations of protamine (right). Virtually all of the
BDNF binding at either 37 or 4°C was stripped by a mild acid wash
from the brain capillaries. The protamine inhibition EDs, = 20 pg/
mL. Data are mean = SE (n = 3).

volume of 6-7 mL (Fig. 4). The peak of [*H]radioactivity
comigrated exactly with the A,q, peak, which monitors the
elution of the NLA-OX26 conjugate. The unconjugated
[*H]BDNF eluted through the column at a volume of approx-
imately 9 mL (Fig. 4). When the [*’H]bio-BDNF/NLA-0OX26
conjugate was injected with a biotin loading, approximately
80% of the [*H]Jradioactivity shifted to an elution volume
corresponding to unconjugated PH]BDNF (Fig. 4). These
data provide evidence that the [P’H]BDNF is conjugated to
the NLA-OX26 via the biotin linker. The disulfide linker
could not be cleaved with dithiothreitol (DTT), as this re-
agent was found to denature the BDNF.

The clearance from the plasma compartment of either
["*CIRSA, [*HIBDNF, or [*H]bio-BDNF/NLA-0OX26 is
shown in Fig. 5 for up to 60 min after iv injection. The
plasma TCA precipitability of the three proteins is shown in
Table I. Multiplication of the total plasma radioactivity (dpm/

ED., = 20% serum
soL- 50 B

60— ~

40+ -

3H-r BDNF Bound (%)

20— —

] 1 | i
20 40 60 80
Human Serum (%)
Fig. 3. The binding of PHIBDNF to isolated human brain capillaries
is inhibited by increasing concentrations of serum with an EDg, of
20% serum. Data are mean = SE (n = 3).
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Fig. 4. Gel filtration HPL.C of [*H]bio-BDNF/NLA-OX26 in either
the absence [biotin (—)] or the presence [biotin (+)] of an excess of
unlabeled biotin. Both *H radioactivity and A,g, were monitored for
each fraction. The [*H]bio-BDNF/NLA-OX26 migrated at an elution
volume of 6 mL and unconjugated [*’H]JBDNF migrated at an elution
volume of 9 mL. In the absence of biotin, the [*H]bio-BDNF comi-
grated with the NLA-OX26 antibody (which was detected by A,
absorbance). However, 80% of the radioactivity shifted to an elution
volume that comigrated with unconjugated BDNF in the presence of
a molar excess of unlabeled biotin. The injectate included 1 nmol
NLA-0X26, 0.1 nmol [>H]bioBDNF, and 25 nmol unlabeled biotin.
The biotin was added to the NLA-OX26 conjugate 30 min before the
addition of the [’H]bioBDNE.

rL) by the fractional TCA precipitability yielded the plasma
TCA-precipitable radioactivity, which is plotted in Fig. 5.
The ["*CIJRSA distributed with a half-time of 5.7 = 3.9 min
(Table II) and then was eliminated from the plasma compart-
ment slowly, with a half-time of 6.4 + 0.6 hr (Table II).
Conversely, [’ H]BDNF distributed rapidly, with a half-time
of 25 * 4 sec (Table 1), and was eliminated rapidly, with a
half-time of 2.7 = 0.1 min (Table II). Conjugation of the
[*H]BDNF through a biotin linker to the NLA-OX26 slowed
the rate of egress of the PHIBDNF from the plasma com-
partment (Fig. 5) and increased the elimination half-time to
12.1 = 0.9 min (Table II). Both [*H]BDNF and [*H]bio-
BDNF/NLA-OX26 had a V, approximately double that of
the ["*CJRSA (Table II). The Cl of the PHJBDNF was more
than 280-fold faster than the Cl of the ["*C]JRSA and was
4-fold faster than the systemic clearance of the [*H]bio-
BDNF/NLA-OX26 (Table II). Elution through the gel filtra-
tion TSK column of plasma obtained 15 min after conjugate
administration to rats yielded a single peak of [*H}radioac-
tivity that eluted at 6-6.5 mL, i.e., the elution volume of the
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Fig. 5. The percentage ID per milliliter in plasma of [**C]RSA,
[*HIBDNF, and [*H]bio-BDNF/NLA-0X26 is shown for the first 60
min following iv administration of the three isotopes. Data are mean
= SE (n = 3 rats per point). Only TCA-precipitable radioactivity is
shown.

conjugated [*H]bio-BDNF/NLA-OX26 (Fig. 4). The plasma
radioactivity at 60 min was too low to analyze.

The rapid systemic clearance of P’H]BDNF is caused by
high organ clearance by the kidney, lung, and liver, which
cleared from 2.3 * 0.8% ID/g (kidney) to 6.4 = 2.2% ID/g
(liver) within 60 min following an iv injection (Table III).
Since the liver weighs approximately 10 g in a 280-g rat, 64%
of the total injected [PH]BDNF was cleared by the liver
within 60 min following iv injection. The individual organ
clearance estimates are given in Table III for heart, kidney,
lung, and liver.

The brain uptake of [*H]BDNF, either in its unconju-
gated form or in its biotinylated form conjugated to NLA-
0X26, was measured following correction for both plasma
and brain TCA precipitability. The Vp, values for P’H]BDNF
and [*H]bio-BDNF/NLA-OX26 are shown in Table II, and

Table I. TCA Precipitability of ['**CIRSA, [*H]BDNF, and [*H]Bio-
BDNF/NLA-0X26 in Plasma and Brain Following iv Administration
in Anesthetized Rats?

[(*H]bio-BDNF/

[“CIRSA [’HIBDNF NLA-0X26

Time
(min) Plasma Brain Plasma Brain Plasma  Brain

025 941 9] =2 100

1 98 = 1 93 =1 100

2 95 =1 854 100

5 94 + 1 88 +2 100

15 97 =1 88 =2 100

30 9 = 1 383 656

60 963 97+3 20x2 35*14 29x+x2 649
90 95 = 2 18 £ 1 20 =2
120 97«1 982 150 418 1l6x1 40=x2
180 981 94+3 20x3 38=x17

4 Data are mean * SE (n = 3).

Pardridge, Kang, and Buciak

the BBB PS product and the percentage ID per gram values
are given in Fig. 6. The brain delivery of P’H]BDNF was low,
at 0.0080 = 0.0021% ID/g brain, and this delivery was in-
creased ninefold when the [*H]bio-BDNF was conjugated to
NLA-0X26 (Fig. 6).

The pharmacokinetic analysis and measurement of
plasma TCA precipitability (Table I) showed that PH]BDNF
was rapidly degraded following iv injection, which results in
the release of TCA-soluble low molecular weight metabo-
lites, which may subsequently undergo transport into brain,
and other organs. Therefore, the PS product of PH]BDNF of
0.67 = 0.14 pL/min/g given in Fig. 6 is an upper-limit value,
and a major portion of this PS product may reflect artifactual
uptake of TCA soluble *H-metabolites. To eliminate metab-
olism artifacts, the BBB transport of [PHIBDNF was mea-
sured with the internal carotid artery perfusion/capillary de-
pletion technique and these data are shown in Table IV. In
corroboration of the isolated brain capillary experiments,
[PHIBDNF was rapidly bound by brain microvessels in vivo
and achieved a V, of 42 = 15 pL/g after a 5-min perfusion.
The Vy, value was nearly fourfold greater than the Vi, of the
[**Clsucrose plasma volume marker (Table IV). However,
virtually all of this brain uptake represented binding to the
vascular compartment; the postvascular supernatant Vp
value of [*H]BDNF was 14 = 4 pL/g and this value was not
statistically different from the Vy, of [**C]sucrose, which was
11 = 1 pL/g. The perfusate and the postvascular supernatant
TCA precipitability was greater than 99% following the
5-min internal carotid artery perfusion. These data indicate
that although [*H]BDNF achieves a brain volume of distri-
bution considerably in excess of the plasma volume, this
uptake represents binding to the microvasculature and no
transport of BDNF through the BBB is measurable.

DISCUSSION

The results of the present studies are consistent with the
following conclusions. First, BDNF avidly binds brain cap-
illaries in vitro (Figs. 1-3) and in vivo (Table IV) via a pro-
cess that is saturable by BDNF (with a low affinity and a
high capacity), that is competed by another polycationic pro-
tein, protamine, and that is inhibited by serum protein bind-
ing. Second, BDNF is not endocytosed by isolated brain
capillaries in vitro (Fig. 2) and is not transcytosed through
the BBB in vivo (Table 1V). Therefore, the BBB PS product
determined by iv administration of BDNF and shown in Fig.
6 is an upper limit of the PS value and reflects largely brain
uptake of TCA-soluble [PHIBDNF metabolites. Third,
BDNEF is rapidly cleared from the plasma compartment in
vivo, with a distribution ¢, of 25 = 4 sec and an elimination
by, of 2.7 = 0.1 min (Table II). This rapid systemic clearance
is due principally to avid uptake by liver and, to a lesser
extent, to uptake by lung and kidney (Table III). Fourth,
BDNTF is rapidly degraded following systemic administration
and this degradation occurs in tissue compartments, since no
degradation of [*HIBDNF is detectable by in vitro incuba-
tion with human serum (Results). Fifth, the brain delivery of
BDNF is enhanced at least ninefold by coupling of biotiny-
lated BDNF to a NLA-OX26 brain drug delivery vector.
Sixth, the enhanced brain delivery of BDNF following bio-
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Table II. Pharmacokinetic Parameters®

Parameter [(“CIRSA [*HIBDNF [*H]Bio-BDNF/NLA-0X26

K, (min~") 027 = 0.11 1.75 £ 0.26 1.2 = 0.11
K, (min~") 0.0018 =  0.0002 0.26 + 0.01 0.0579 = 0.0049
A, (% ID/mL) 1.80 = 0.23 528 = 0.60 470 = 0.64
A, (% ID/mL) 553 = 030 226 = 0.32 211 = 037
AUC (% ID - min/mL) 3043 * 136 11.8 = 08 404 = 58

V (mL/kg) 709 = 34 13 = 7 150 +29
Cl,, (mL/min/kg) 0.13 = 0.01 370 = 2.5 934 = 1.49
ty,' (min) 574 = 3.88 0.42 + 0.07 0.58 = 0.06
t,,2 (min) 382 + 32 2.72 = 0.08 121 = 09
Vp (uL/g) 13 £ 1 148 =727 498 + 87

2 All parameters are determined from TCA-corrected measurements of plasma and brain radioactivity;
plasma measurements were extended to 180 min for ['*CJRSA and to 60 min for [*H]} BDNF and

[*Hlbio-BDNF/NLA-0X26.

tinylation and coupling to the NLA-OX26 vector is due to
dual effects of the vector: (a) enhanced systemic bioavail-
ability, as reflected in the increased plasma AUC of [*H]bio-
BDNF/NLA-0X26 compared to [*H]BDNF, and (b) in-
creased BBB PS product of BDNF following biotinylation
and coupling to the NLA-0X26 vector (Fig. 6).

BDNF, like its related molecules, NGF and neurotro-
phin-3, is a polycationic protein with a preponderance of
lysine and arginine residues relative to glutamate and aspar-
tate moieties (19-21). Previous studies have shown that
some polycationic proteins, such as cationized albumin, un-
dergo absorptive-mediated binding and endocytosis into iso-
lated brain capillaries in vitro and absorptive-mediated trans-
cytosis through the BBB in vivo (11). The binding of poly-
cationic proteins to isolated microvessels in vitro may occur
on either the lumenal endothelial membrane, which has an
abundance of sialic acid negative charges (22), or on the
ablumenal membrane, which has a majority of heparan sul-
fate negative charges (22). The absorptive-mediated binding
of BDNF, like that of cationized albumin, is competitively
inhibited by protamine and the EDs, (20 pg/mL; Figure 2) of
protamine inhibition of BDNF binding to isolated human
brain capillaries is comparable to the ED, of protamine in-
hibition of cationized albumin binding to isolated bovine
brain capillaries (11). Aside from protamine inhibition, an-
other characteristic of absorptive-mediated binding to iso-
lated brain capillaries is the relatively low affinity and high
capacity; BDNF binding to isolated human brain capillaries

Table III. Organ Clearance and Delivery of [PH]JBDNF#

[*HIBDNF
["*CIRSA Organ clearance Uptake
Organ V, (nL/g) (pnL/min/g) (% 1D/g)
Heart 150 = 16 13+ 2 0.15 = 0.02
Kidney 131 = 25 194 = 62 23 *0.8
Lung 225 = 17 203 = 12 24 +=0.2
Liver 119 + 48 538 + 177 6.4 =22

2 Mean = SE (n = 3). Measurements made 60 min after iv injection
and calculated from TCA-precipitable radioactivity in plasma and
total tissue radioactivity. V_, plasma volume of distribution.

has a Ky, of 0.50 + 0.19 pM and a very high B ,, of 1.1 + 0.3
nmol/mg,. The B,,,, of BDNF binding to isolated human
brain capillaries is more than 5000-fold higher than the B,
of insulin, insulin-like growth factor (IGF), or transferrin
binding to isolated human brain capillaries, which is a recep-
tor-mediated process (11). Therefore, the saturable binding
of BDNF to brain capillaries is likely due to the cationic
charge of this protein rather than to the affinity of BDNF for
a specific receptor on human brain capillaries.

BDNF is apparently bound by serum proteins, as hu-
man serum inhibits BDNF binding to isolated human brain
capillaries (Fig. 3). In this respect, BDNF shares properties
similar to those of protamine, which avidly binds albumin
and vy-globulins in serum (23). However, the serum binding
of BDNF does not significantly retard the rapid egress of this
protein from the plasma compartment following iv adminis-
tration (Fig. 5). The rapid systemic clearance of BDNF is
due principally to uptake by the liver, as the BDNF hepatic
clearance, 538 = 177 pL/min/g, is approximately 25% of the
blood flow through that organ (24). Therefore, the first-pass
extraction of BDNF by liver is at least 25%, and more than
60% of the total systemic BDNF clearance can be accounted
for by liver alone during the first 60 min following iv admin-
istration (Results). The rapid organ clearance of BDNF by
kidney is expected, since polycationic proteins, such as cat-
ionized rat albumin, are preferentially extracted by this or-
gan in vivo (11). However, cationized rat albumin is not
cleared by rat lung in vivo, indeed, native albumin is cleared
by rat lung faster than is cationized rat albumin (11). Con-
versely, other highly cationic proteins such as BDNF (Re-
sults) or histone (11) are efficiently cleared across the pul-
monary microvasculature. Subsequent to the clearance of
BDNF from the plasma compartment by organs such as
liver, lung, or kidney, there is rapid degradation of the pro-
tein as shown by the rate of decrease in plasma radioactivity
that is TCA precipitable (Table I). This degradation may oc-
cur in the parenchymal compartment rather than the micro-
vascular or plasma compartment, since [*HJBDNF was met-
abolically stable following incubation at 37°C in human se-
rum with or without human brain capillaries (Results).

Although BDNF is bound by brain capillaries either in
vitro (Figs. 1-3) or in vivo (Table IV), BDNF is neither en-
docytosed by brain capillaries in vitro (Fig. 2) or transcy-
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Fig. 6. The area under the plasma concentration curve (AUC), the BBB permeability —surface
area (PS) product, and the percentage injected dose per gram brain (% ID/g) for PH]BDNF
and [’H]bio-BDNF/NLA-OX26 at 60 min after an iv injection. Mean = SE (n = 3 rats each).

tosed in vivo (Table IV). Therefore, if BDNF is to be used as
a neuropharmaceutical for the treatment of disorders of the
brain or spinal cord, a brain drug delivery system may be
utilized. Ideally, such a delivery system would have the dual
effects of causing (a) an augmentation in the rate of transcy-
tosis of BDNF through the BBB as reflected by an enhanced
BBB PS product and (b) an increase in the systemic bioavail-
ability of BDNF, as reflected by an increased plasma AUC.
Enhanced brain delivery of BDNF was achieved in the
present studies by coupling biotinylated BDNF to a covalent
conjugate of NLA-OX26. Recent studies have shown that
the biotinylation of a vasoactive intestinal peptide (VIP) an-
alogue via a disulfide bridge, followed by subsequent cou-
pling to a conjugate of avidin-OX26, enabled the VIP ana-
logue to undergo transport through the BBB in vivo and to
induce CNS pharmacologic effects, a 65% increase in cere-
bral blood flow (16). There was no measurable brain uptake
or CNS pharmacologic effect of the VIP analogue if the pep-
tide drug was administered systemically without the use of
the BBB drug delivery vehicle (16). Other recent studies
show a trophic effect of NGF on cholinergic neurons in neo-
natal explants of the anterior chamber of the eye, provided
the NGF is coupled to a BBB drug delivery vector, such as
the OX26 monoclonal antibody (12).

Conjugation of BDNF to the OX26 monoclonal antibody
increases the brain Vp, threefold (Table II). However, the V,
parameter must be normalized by the plasma AUC to reflect
brain uptake quantitatively (see equations for % ID/g; Ma-

Table IV. Brain Volume of Distribution (V) of [**C]Sucrose and
[PHIBDNF Following a 5-min Internal Carotid Artery Infusion Fol-
lowed by Capillary Depletion Analysis of Brain Homogenate®

Vp (nL/g)

Fraction [*“C]Sucrose [*H]BDNF
Homogenate 11 * 1 42 + 15
Postvascular supernatant 1 =1 14+ 4
Vascular pellet 0.63 = 0.33 11 5

2 Mean = SE (n = 3). PHIBDNF infused at a concentration of 4
wCi/mL (0.6 pg/mL or 43 nM).

terials and Methods). When this is done, the brain uptake of
BDNEF is increased at least ninefold following biotinylation
of the peptide and coupling to the NLA-OX26 vector (Fig.
6). The increase in brain delivery of BDNF caused by cou-
pling to the vector is probably more than ninefold since the
BBB PS product (and % ID/g) of nonconjugated BDNF is an
overestimate owing to the rapid systemic clearance and deg-
radation of BDNF following iv administration. There is con-
version of 80% of the plasma radioactivity to TCA-soluble
metabolites within 60 min following iv administration (Table
I). These TCA-soluble metabolites may include [PH]N-
propyl lysine, which may undergo transport into brain via
BBB amino acid transport systems (11). This rapid degrada-
tion of BDNF confounds interpretation of brain uptake data
obtained following iv administration of the peptide. There-
fore, we performed measurements of BBB transport of
{*H]BDNF following internal carotid artery perfusion cou-
pled with the capillary depletion technique. This technique
eliminates systemic degradation artifacts and also allows for
a distinction between vascular sequestration of the labeled
peptide and actual transcytosis into the brain parenchyma.
These data (Table IV) provide evidence that BDNF is not
transported through the BBB in vivo, although the peptide is
bound by the microvasculature in brain. Therefore, the BBB
transcytosis PS for BDNF is very low. Another factor con-
tributing to the very low brain delivery of BDNF following iv
administration (Table II) is the reduced plasma AUC of
BDNF. For example, the plasma AUC of a plasma volume
marker, such as ['*C]RSA, is 260-fold greater than the
plasma AUC of [*HIBDNF (Table II). One reason for the
very high rate of systemic clearance of BDNF from the
plasma compartment is the low dose (12 pg/kg; Materials
and Methods) of peptide that was administered. Higher
doses may saturate hepatic clearance of BDNF and this
would reduce the systemic clearance and raise the plasma
AUC and the ¢, of BDNF elimination from plasma.

The 60-min plasma AUC of [*H]bio-BDNF/NLA-0X26,
40 = 6% ID - min/mL, is increased more than threefold rel-
ative to the AUC of unconjugated BDNF alone (Table II).
However, the plasma AUC of [?H]bio-BDNF/NLA-OX26 is
10-fold lower than the corresponding plasma AUC of [*H]bi-
otin/NLA-0X26, 426 = 43% ID - min/mL (14). Therefore,
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conjugation of the cationic BDNF to the transport vector
results in an increase in the systemic clearance of the trans-
port vector. That is, the rate of systemic clearance of the
(*H]bio-BDNF/NLA-OX26 conjugate is closer to the rate of
the systemic clearance of unconjugated BDNF than to the
rate of systemic clearance of the [*H]biotin/NLA-0OX26 con-
jugate (14). The increased rate of systemic clearance of the
0X26 monoclonal antibody caused by coupling of the cat-
ionic BDNF parallels previous studies showing that conju-
gation of the cationic protein, avidin, to the OX26 antibody
increases the systemic clearance of the 0X26 antibody. The
enhanced rate of systemic clearance of the OX26 antibody
caused by conjugation of the cationic avidin to the protein
results in a decrease in the plasma AUC and a decrease in the
brain delivery of the OX26 antibody (25). On the basis of
these findings, subsequent studies evaluated the utility of
using neutral forms of avidin to facilitate conjugation of bi-
otinylated therapeutics to the OX26 antibody (14). These
recent studies show that the plasma AUC of the NLA-OX26
conjugate is increased relative to the plasma AUC of the
avidin-OX26 and approximates the plasma AUC of unconju-
gated OX26 antibody alone (14). Therefore, the use of neu-
tral forms of avidin allows for the formation of avidin-OX26
conjugates that have improved systemic pharmacokinetic
characteristics and allows for the production of universal
brain drug delivery vectors that may transport into brain
many different biotinylated therapeutics. The ability of the
NLA-0X26 conjugate to achieve maximum brain delivery of
peptide therapeutics, however, is proportional to the plasma
bioavailability (AUC) of the vector, which may be altered by
the conjugation of peptide therapeutics that are rapidly
cleared by peripheral tissues. These considerations under-
score the general principle that the ultimate delivery of pep-
tide-based therapeutics to brain is a dual function of both
BBB permeability properties (i.e., the transport vector) and
the plasma AUC (i.e., the pharmacokinetics).

Finally, the present studies only test the feasibility of
enhancing BDNF delivery to brain using vector-mediated
peptide drug delivery systems, and do not address the phar-
macodynamics of drug action in brain. Such investigations
will require the demonstration of (a) cleavage of peptide
from the vector in brain in vivo, (b) peptide binding to the
appropriate receptor in brain, and (c) pharmacologic efficacy
following systemic administration. The cleavage of disulfide-
based chimeric peptides in brain is rapid and occurs within
minutes of exposure to brain either in vitro (11) or in vivo
(26). Regarding retention of receptor binding following con-
jugation of BDNF, it may be desirable in future studies to
biotinylate the peptide via carboxyl moieties, as performed
previously for NGF (12,27), rather than amino groups on the
peptide. The pharmacologic effect in brain of BDNF chi-
meric peptides will require the delivery to brain of adequate
concentrations of BDNF. In the present studies, 0.072% of
the injected BDNF dose (3 wg) was delivered per g brain,
which achieved a brain BDNF concentration of 2 ng/g brain.
Higher brain concentrations, e€.g., 1 pg/g brain, may be
achieved with systemic administration of higher doses, e.g.,
1.5 mg, of peptide. The administration of higher doses of
peptide requires higher doses of vector, which may then sat-
urate the BBB transport system, i.e., the transferrin recep-
tor. However, previous studies have shown that the plasma
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AUC of the conjugate increases (owing to saturation of pe-
ripheral transferrin receptors) in proportion to the decrease
in BBB PS product, resulting in minimal changes in the frac-
tional delivery of drug to brain when large doses of vector
are administered (25).
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