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In vivo transport through the blood-brain barrier (BBB) has been demonstrated for a dynorphin-like
analgesic peptide, CH,-['ZI]Tyr-Giy-Gly-Phe-Leu-Arg-CH;Arg-p-Leu-NHC,H; ([**’I]E-2078). A re-
markable time-dependent increase in the distribution volume of ['2°IJE-2078 in the brain parenchyma
separated from blood vessels and capillaries was observed during a brain perfusion. The distribution
volume of ['?°I]JE-2078 in the brain parenchyma after 20 min of perfusion was 2.18 * 0.09 wl/g brain
(mean + SE) and was significantly greater than the distribution volume of [*Hlinulin (0.994 + 0.138
pl/g brain), providing in vivo evidence for the penetration of ['**I)E-2078 into the brain parenchyma.
Brain microdialysis was carried out to collect directly the brain interstitial fluid (ISF) during the brain
perfusion of ['?’I]E-2078. No metabolite of ['>’I]E-2078 in the brain ISF was found by high-
performance liquid chromatographic analysis of the brain dialysate. The concentrations of ['*’I]E-2078
and ["*C]Jsucrose in the brain ISF were estimated based on an in vitro evaluation of dialysis clearance.
The concentration ratio of [!2°IJE-2078 between the brain ISF and the brain perfusate was determined
to be 2.92 x 107! = 0.50 x 10~' and was approximately 100 times higher than that of [*C]sucrose
(2.71 X 1073 = 1.43 x 10~3), demonstrating transport of ['*’I}E-2078 through the BBB in vivo. On the
other hand, no remarkable difference in the cerebrospinal fluid (CSF)-to-perfusate concentration ratios
of ['*°I]E-2078 and ['*C]sucrose was observed, indicating little contribution of the blood~CSF barrier
(BCSF barrier) transport to the penetration of ['>’I]E-2078 into the brain.

KEY WORDS: brain microdialysis; dynorphin-like analgesic peptide; basic peptide; blood-brain bar-
rier (BBB) transport; brain perfusion; brain interstitial fluid; blood—cerebrospinal fluid (BCSF) barrier;
absorptive-mediated endocytosis.

E-2078 has been reported to be severalfold greater than that
of morphine after systemic administration in mice (11).

For the delivery of pharmacologically active peptides
into the brain, transport through the blood-brain barrier
(BBB), which is formed by the endothelial cells of brain
capillaries, is the most essential property. Recently, several
studies have focused on peptide transport using in vitro iso-
lated brain capillaries (1-3). To examine quantitatively the
peptide penetration into the brain under physiological con-
ditions, in vivo transport experiments (4-8) would also pro-
vide valuable insights. Especially, the brain microdialysis,
which has been developed to measure neurotransmitters in
the brain interstitial fluid (5,7), and the coupling of the brain
perfusion and the capillary depletion technique (8,9) are use-
ful to obtain direct evidence for in vivo transport through the
BBB.

A synthetic octapeptide, E-2078 (Fig. 1), was developed
to overcome instability of the native opioid peptide, dynor-
phin-(1-8), against peptidases (10). The analgesic effect of
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Therefore, E-2078 is considered a potential analgesic drug
and an appropriate model compound for the study of peptide
penetration into the brain. We have previously shown that
E-2078 is transported into isolated bovine brain capillary in
vitro by an absorptive-mediated endocytosis (3), but direct
evidence for the BBB transport of the peptide under physi-
ological conditions has not been provided yet. Therefore, the
purpose of the present study is to test whether E-2078 is
transported through the BBB in vivo and the BBB is the
major site at which the peptide is delivered into the brain.

MATERIALS AND METHODS

Animals

Male Wistar rats weighing 200-250 g were purchased
from Sankyo Laboratory Co. (Toyama, Japan). They had
free access to food and water.

Chemicals

A dynorphin-like analgesic peptide, [N-methyl Tyr!, N-
methyl Arg’, D-Leu®]dynorphin-A-(1-8)ethylamide (E-2078),
and its iodinated compound, ['**I]E-2078, with a specific
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H3C-Tyr-Gly-Gly-Phe—Leu-Arg-Arg-(D)Leu-NHCsz

Fig. 1. Structure of a dynorphin-like analgesic peptide, E-2078.

activity of 0.82-21.4 mCi/mg, were kindly supplied from Ei-
sai Co., Ltd. (Tokyo). [*H(G)]lInulin (473 uCi/mg),
[**C(U)lsucrose (5.0 mCi/mmol), and Protosol (tissue solu-
bilizer) were purchased from New England Nuclear Corp.
(Boston, MA). Clear-sol (xylene-based liquid scintillation
cocktail) was purchased from Nacalai Tesque Inc. (Kyoto,
Japan), and Ketaral 50 (ketamine hydrochloride) from San-
kyo Co., Ltd. (Tokyo). Dextran (industrial grade, MW
71,500), bovine serum albumin (BSA; Fraction V), and xy-
lazine hydrochloride were purchased from Sigma Chemical
Co. (St. Louis, MO). The other chemicals were of reagent
grade and were used without further purification.

In Situ Brain Perfusion Study

In vivo transport experiments were carried out with the
combination of the brain perfusion method and the capillary
depletion technique (8,9) or brain microdialysis (5,7,12).
Rats were anesthetized with intramuscular doses of ke-
tamine hydrochloride (235 mg/kg) and xylazine (2.3 mg/kg).
The right external carotid artery was catheterized for the
infusion to internal carotid artery with polyethylene tubing
(SP-10) filled with sodium heparin (100 IU/ml). In this study,
the principal tributaries of the carotid artery such as ptery-
gopalatine, occipital, and superior arteries were not cauter-
ized. The left common carotid artery was ligated in order to
prevent influx from the systemic circulation of the peptide.
Then the perfusion buffer [141 mM NaCl, 4.0 mM KCl, 2.8
mM CaCl,, 1.0 mM MgSO,, 10 mM N-2-hydroxy-
ethylpiperazine-N’-2-ethanesulfonic acid (Hepes), 10 mM D-
glucose, and 0.1% BSA, pH 7.4] containing 1 wCi/ml of
['2°1]E-2078 or 2 uCi/ml of [*H]inulin, oxygenated for 3 min
with 95% 0,-5% CO,, was perfused from the catheterized
tubing at the rate of 1.0 ml/min, which is the blood flow rate
of the brain in conscious rats (1.64 = 0.11 ml/min/g brain)
(13) multiplied by half the brain weight, 0.638 = 0.012 g (12).
As soon as the perfusion started, the right common carotid
artery was ligated to avoid mixing with the blood from the
systemic circulation. After a designated interval, the perfu-
sion buffer without a substrate was infused through the same
catheter at the same flow rate for 2 min to wash out the
substrate in the vascular space. Then the perfusion was ter-
minated by decapitation, and the ipsilateral hemisphere at
the injected side was dissected. When [*Hlinulin was per-
fused, the perfused brain was solubilized in 3 ml of Protosol
at 55°C for 4 hr in a glass vial, and 0.6 ml of 30% hydrogen
peroxide was added to the vial. The sample was kept stand-
ing at room temperature for 15 min, incubated at 55°C for 30
min, and neutralized with 128 ul of glacial acetic acid, and
the radioactivity was measured in a liquid scintillation
counter, LSC-1000 (Aloka Co., Ltd., Tokyo). On the other
hand, when ['*°I]E-2078 was infused, the '*’I-radioactivity
in the dissected hemisphere of the perfused brain was
counted in a gamma-counter, ARC-605 (Aloka Co., Ltd.,
Tokyo).

Capillary Depletion Study
A capillary depletion technique (8) modified by Triguero
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et al. (9) was used. Briefly, after ['**I]E-2078 was perfused,
the perfused brain was homogenized in buffer A (103 mM
NaCl, 4.7 mM KCl, 2.5 mM CaCl,, 1.2 mM KH,PO,, 1.2
mM MgSO,, 15 mM Hepes, 25 mM NaHCO,, 10 mM bp-
glucose, 1 mM pyruvic acid, and 0.5% BSA). An equal vol-
ume of 26% dextran dissolved in buffer A without NaHCO,,
D-glucose, pyruvic acid, and BSA was added to the brain
homogenate and centrifuged for 10 min at 6000g and 4°C.
The radioactivities of the pellet and supernatant were mea-
sured in a gamma-counter, as the capillary and parenchyma
fractions, respectively.

Brain Microdialysis Study

The brain microdialysis was carried out with a method
reported previously (12). The transcranial type of brain mi-
crodialysis cannula was constructed from a dialysis fiber
(Lento H.F., Organon Technica Corp., OK) and 33-gauge
stainless-steel tubing (Hypodermic Type 304, Small Parts
Corp., Miami, FL) under a dissecting microscope (SZH-
ILLD, Olympus Optical Co. Ltd., Tokyo). The molecular
weight cutoff of the dialysis fiber is 12,500 and the inner
diameter of the dialysis fiber is 200 wm. With both ends of a
22-mm dialysis fiber, 30- and 25-mm stainless-steel tubings
were connected using surgical adhesive (Aron Alpha A, San-
kyo Co. Ltd., Tokyo). The distance between the stainless-
steel tubing (i.e., the area where the dialysis is intended to
take place) was 8 mm. The 25-mm stainless-steel tubing was
linked with polyethylene tubing (SP-10, Natsume Sei-
sakusho Ltd., Tokyo) for dialysate infusion. To perfuse
Ringer’s-Hepes buffer (RHB; 141 mM NaCl, 4.0 mM KCl,
2.8 mM CaCl,, and 10 mM Hepes, pH 7.4) containing 0.1%
BSA through the microdialysis cannula at a constant flow
rate, a 5.0-ml Luer-Lok tip 2141 syringe (Beckton-
Dickinson, Rutherford, NJ) and a syringe infusion pump
(Model 22, Harvard Apparatus, South Natick, MA) were
employed. The microdialysis cannula was implanted in the
hippocampus of ketamine (235 mg/kg, i.m.)- and xylazine
(2.3 mg/kg, i.m.)-anesthetized rats (Fig. 2). The rat with the
surgical operation of brain perfusion was placed in a stereo-
taxic frame (KN-398, Natsume Seisakusyo Ltd.) and 1.0-mm
holes were made on both sides of the skull 3.4 mm posterior
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hippocampus

Fig. 2. Schematic representation of the brain microdialysis appara-
tus. F and P represent the microdialysis fiber and the Harvard con-
stant infusion pump, respectively. The dialysis flow rate was 2.5
wl/min. The brain single perfusion at a rate of 1.0 mi/min via the
internal carotid artery was performed with brain microdialysis.
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to the bregma and 3.5 mm below the dura using a dental drill
(JP-30, Takamiya Dental MFG Ltd., Tokyo). The microdi-
alysis cannula was passed through the holes perfusing RHB
into the microdialysis cannula at a constant flow rate of 2.5
wl/min. After 30 min of probe implantation, the oxygenated
perfusion buffer (141 mM NaCl, 4.0 mM KCl, 2.8 mM CaCl,,
1.0 mM MgSO,, 10 mM Hepes, 10 mM p-glucose, and 0.1%
BSA, pH 7.4) containing 50% rat blood and 5 wCi/ml ['**I]E-
2078 or 2.5 pCi/ml [**C]sucrose was perfused through the
catheter at the rate of 1.0 ml/min as described above (see In
Situ Brain Perfusion Study). Immediately, the dialysate was
continuously collected for 10 min. At the end of dialysis, the
cerebrospinal fluid (CSF) was obtained by the cisternal
puncture technique (14). The concentration in the interstitial
fluid (ISF) was determined from that in the dialysate using
the relative recovery of dialysis fiber determined by the in
vitro experiment.

In Vitro Dialysis Study

The reservoir solution consisted of RHB (pH 7.4) with
0.1% BSA and 1 pCi/ml of ['**I]JE-2078 or 0.25 nCi/ml of
[**C]sucrose. The dialysis fiber was put into 20 ml of reser-
voir solution at 37°C. The dialysis was carried out with the
same solution of the reservoir at 2.5 pl/min. The dialysate
was collected every 10 min and counted in a liquid scintilla-
tion counter. The in vitro relative recovery was estimated
from the dialysate-to-reservoir concentration ratio.

High-Performance Liquid Chromatographic (HPLC) Analysis

After brain microdialysis, the dialysate was applied to
an HPLC system. The constant-flow solvent delivery sys-
tem, LC-6A (Shimadzu Corp., Kyoto, Japan), was equipped
with an ultraviolet detector, SPO-6A (Shimadzu Corp.), and
a gradient programmer, SCL-6A (Shimadzu Corp.). A guard
column, C,g3 CORASIL (Waters Associations, Inc., Milford,
MA), was placed between the injector and a reversed-phase
analytical column, p-Bondapak C,5 (30 cm X 3.9-mm i.d.;
Waters Associations, Inc.). The mobile phase consisted of
mixtures of two solvents, i.e., solvent A—10% (v/v) aceto-
nitrile and 0.065% (v/v) trifluoroacetic acid, and solvent
B—60% (v/v) acetonitrile and 0.065% (v/v) trifluoroacetic
acid. The loaded samples were eluted with a linear gradient
of solvent B from 20 to 50% within 15 min, followed by a
linear gradient of solvent B from 50 to 100% within next 5
min. The solvent flow rate was 1.5 ml/min. The column and
solvents were kept at room temperature. The '*°I-
radioactivity in each effluent fraction (0.75 ml) was counted
in a gamma-counter.

Data Calculation

The apparent volumes of distribution (V4 ,,,,) in the cap-
illary and parenchyma fractions were estimated as follows:

Va,app(il/g brain) =
dpm in capillary fraction or parenchyma fraction/g brain

dpm/pl in perfusate

The concentration ratios of the ISF to the perfusate of
[1251JE-2078 and [**Clsucrose were calculated as follows:
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ISF/perfusate =

in vivo dialysate concentration (dpm/ml)/
in vitro relative recovery

perfusate concentration (dpm/ml)
RESULTS

Effect of Washing on the Apparent Vascular Volume

To prevent the contamination of the radioactivity re-
maining in the vascular space after the brain perfusion, the
brain vascular space was washed out using the perfusion
solution without a radiolabeled compound. The washing ef-
fect was determined using [*Hlinulin as a vascular space
marker. In Table I, the apparent vascular volume of
[*Hlinulin after 2 min of brain perfusion and 2 min of washing
was compared to that determined without washing.

Effect of Brain Perfusion Time and Unlabeled E-2078 on the
Apparent Vascular Volume

The apparent vascular volume with washing was also
compared between 2-min and 20-min brain perfusion. As
listed in Table I, no significant difference in the apparent
vascular volume was observed between 2-min and 20-min
perfusion. Moreover, the apparent vascular volume was also
compared between the presence and the absence of 2 pM
E-2078 in the perfusate in Table I. There was no significant
difference in the apparent vascular volume between the pres-
ence and the absence of 2 wM E-2078 in the perfusion solu-
tion.

Capillary Depletion Study

Figure 3 illustrates the time courses of the apparent dis-
tribution volume of ['?°I]E-2078 for the brain parenchyma
and capillary determined by the capillary depletion tech-
nique combined with the brain perfusion. A remarkable
time-dependent increase in the distribution volume of
[*2°I]E-2078 was observed for the brain parenchyma. The

Table 1. Effect of Washing Time, Perfusion Time, and Unlabeled
E-2078 on the Apparent Vascular Volume

Apparent vascular volume per g brain®
(pl/g brain)

Perfusion
time (min) Absence of E-2078 Presence of E-2078%
2¢ 2.96 =+ 0.05 n.d.?
2¢ 0.797 = 0.034* n.d.
20°¢ 0.994 = 0.138 0.919 = 0.045

7 *H]Inulin was used as the vascular marker of the brain. The val-
ues are the mean + SE of three rats.

% Brain perfusion of [*Hlinulin was performed in the presence of 2
nM E-2078.

¢ After brain perfusion, the apparent vascular volume was deter-
mined without washing of the vascular space.

4 Not determined.

¢ After brain perfusion, the vascular space was washed for 2 min by
use of perfusion without radioisotope.

* Significantly different from that without washing of the vascular
space at P < 0.05 by Student’s 1 test.
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Fig. 3. Time courses of ['>’1]E-2078 uptake into brain parenchyma
and capillary by in situ brain perfusion technique in rats. After per-
fusion of ['2°I]E-2078 for 20 min at the rate of 1.0 ml/min followed by
perfusion of washing solution for 2 min at the same rate, the rat was
decapitated and the ipsilateral hemisphere to the injected side was
dissected and homogenized. An equal volume of 26% dextran was
added to the brain homogenate and the mixture was centrifuged for
10 min at 6000g. The radioactivities of the pellet and supernatant
were measured as capillary fraction and parenchyma fraction, re-
spectively. The uptake into parenchyma (O) and capillary (@) is
expressed in terms of the apparent volume of distribution. Each
point represents the mean = SE of three or four experiments.

distribution volume of ['2°1)E-2078 in the brain parenchyma
after 20-min perfusion was 2.18 * 0.09 pl/g brain (mean *
SE; n = 3) and was sixfold greater than that in the brain
capillary (0.367 = 0.030 p.l/g brain). Comparing the total dis-
tribution volume of ['**I]E-2078 for the brain after 20-min
perfusion, i.e., 2.54 = 0.08 pl/g brain (Fig. 3), to that of
[*Hlinulin (Table I), a threefold greater value was observed
for ['2’1)E-2078 than for [*Hlinulin.

Effect of L-Tyrosine on the Distribution Volume of
[*>*I]E-2078 in the Brain Parenchyma

The effect of L-tyrosine on the transport of ['*°I]E-2078
into the brain parenchyma after 10-min brain perfusion with
2-min washing of the vascular space was also examined. The
apparent distribution volumes of the brain parenchyma frac-
tion of ['>’I1)E-2078 in the absence and the presence of 5 mM
L-tyrosine were 1.76 = 0.17 pl/g brain (mean + SE of four
experiments) and 2.39 £ 0.07 pl/g brain (mean + SE of three
experiments), respectively.

Brain Microdialysis Study

Figure 4 illustrates the HPLC profile of ['*°I]E-2078 in
the dialysate after brain microdialysis performed with brain
perfusion for 10 min. The chromatogram of the dialysate was
very similar to that of authentic ['*’IJE-2078 (shown in the
inset in Fig. 4), whereas some peaks of its metabolites were
obviously observed in the chromatogram of ['**I]E-2078 in-
cubated with brain homogenate at 37°C for 60 min (data not
shown).

The in vitro dialysate-to-reservoir concentration ratios
of ['?*1]E-2078 and [**Clsucrose were determined to be 3.35
X 1072 = 0.53 X 1072 and 1.80 x 107! = 0.29 x 107",
respectively. Using these in vitro concentration ratios, the
brain ISF were estimated for ['*’I]E-2078 and [**C]Jsucrose
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Fig. 4. HPLC profile of ['>I]E-2078 in the dialysate during brain
perfusion of ['*’I]JE-2078 for 10 min at the rate of 1.0 ml/min. The
dialysate was injected onto the reversed-phase HPLC column
(p-Bondapak C,g). The solvents used were mixtures of water and
acetonitrile containing 0.065% trifluoroacetic acid. The loaded sam-
ple was eluted with a linear gradient of acetonitrile from 20 to 35%
within 15 min, followed by a linear gradient of acetonitrile from 35 to
60% within the next 5 min (dashed line). The radioactivity in each
eluent (0.75 ml) was determined. An HPLC profile of a standard
sample of ['°I]E-2078 is illustrated in the inset.

from the dialysate concentrations obtained in brain microdi-
alysis experiments (see Materials and Methods). The con-
centration ratio of the ISF to the perfusate was compared
between ['*’IJE-2078 and ['*C]sucrose in Table II. More-
over, the concentration ratio of the CSF to the perfusate was
also compared between ['*’I]E-2078 and [“Clsucrose. As
listed in Table II, the concentration ratio of ['2’I]E-2078 be-
tween the ISF and the perfusate was approximately 100-fold
greater than that of ['*C]sucrose, whereas the concentration
ratio of ['**1]JE-2078 between the CSF and the perfusate was
not significantly different from that of ['*C]sucrose.

DISCUSSION

So far, the peptide delivery to the central nervous sys-
tem is considered to be very difficult, because the BBB (i.e.,

Table II. Comparison of Concentration Ratio of Interstitial Fluid to
Perfusate and Cerebrospinal Fluid to Perfusate Between ['>I]E-
2078 and [*C]Sucrose Determined by Brain Microdialysis

Concentration ratio®

['21]E-2078 (**C]Sucrose

ISF/perfusate 2.92 x 107! 271 x 1073
+0.50 x 107! +1.43 x 1073
CSF/perfusate 2.96 x 1073 1.32 x 1073
+0.26 x 1073 +0.43 x 1073

¢ Brain microdialysis was performed with brain perfusion for 10
min. The concentrations of ['**I]E-2078 and [**Clsucrose in the
ISF were determined using the respective in vitro recoveries by
the analysis of the brain dialysate. The values are the mean + SE
of three rats.
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brain capillary endothelial cells) strictly selects the penetra-
tion of macromolecules from the circulating blood to the ISF
of the brain parenchyma (15). Moreover, enzymatic instabil-
ity of native peptides in the systemic circulation would also
make it difficult to deliver a neuropeptide as a central acting
pharmaceutical (16). E-2078, a synthetic dynorphin analogue
peptide, is a promising candidate which has an analgesic
effect after the systemic administration (10,11). In a previous
study using in vitro isolated bovine brain capillaries (3), we
have clarified that E-2078 is taken up by the brain capillaries
via absorptive-mediated endocytosis. Since the surface area
of the BBB is 5000-fold greater than that of the blood—-CSF
barrier (BCSF barrier) (17), transcytosis through the BBB
could be postulated to play a dominant role for the penetra-
tion of E-2078 into the brain. To prove this hypothesis, a
comparative study for the penetration of E-2078 would be
necessary between the brain ISF and the CSF. Hence, the
capillary depletion and brain microdialysis techniques were
employed in the present study.

As shown in Fig. 3, a significant time dependence was
observed for the distribution volume of ['*’I]E-2078 in the
brain parenchyma, while no time dependence was observed
for the apparent vascular volume, suggesting penetration of
['2°1]E-2078 into the brain parenchyma under in vive condi-
tions. During separation of the parenchyma and capillary,
2-min washing after the brain perfusion was found to be
effective to decrease the contamination of the residual per-
fusate in the vascular space to the parenchyma. Addition-
ally, the contamination of the capillary to the brain paren-
chyma fraction is reported to be less than 1% during the
capillary precipitation experiment (8). Generally, exocytosis
of the peptide from the intracellular fluid is energy and tem-
perature dependent. Since the isolation procedure was car-
ried out at 4°C, the release of ['*°I]E-2078 from the capillary
endothelial cells would be negligible during the isolation pro-
cedure. Therefore, the data shown in Fig. 2 should not rep-
resent contamination of the capillaries or release of the pep-
tide from the endothelial cells, but the penetration of ['*°I]E-
2078 across the BBB.

The distribution volume of [!?°I]E-2078 in parenchyma
fraction at 10 min (Fig. 2) is severalfold smaller than the
value reported for cationized albumin (9), whereas both the
basic peptides E-2078 and cationized albumin were reported
to be transported via absorptive-mediated endocytosis at the
BBB (1,3). The present perfusion studies were performed
without cauterization of the principal tributaries of the inter-
nal carotid artery, while they were cauterized in a previous
study (9). Therefore, the lower distribution volume of
['2°I]E-2078 could be ascribed to the lower availability of the
perfusate to the cerebral blood flow.

As E-2078 is a basic peptide of isoelectric point 10.0
(unpublished data), the restrictive nature of the capillary
might be changed by the interaction of the basic peptide to
the surface of the plasma membrane. After intramuscular
administration of E-2078 to rats at a dose of 0.5 mg/kg,
enough for its analgesic effect, the peak plasma concentra-
tion of E-2078 was approximately 0.3 pM (unpublished
data), which is less than 2 pM. The absence of a significant
effect of 2 wM E-2078 on the vascular volume of the brain
capillaries (Table 1) supports that E-2078 would not cause
enhancement of the nonspecific permeability of the macro-
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molecule through the brain capillary during systemic circu-
lation. Accordingly, the time-dependent increase in the dis-
tribution volume of [!?*I]E-2078 for the brain parenchyma
would be attributed to absorptive-mediated endocytosis in
the capillary endothelial cells as suggested previously using
in vitro isolated bovine brain capillary (3).

Since L-tyrosine can be transported via a carrier-
mediated system at the BBB (17), the transport of degrada-
tion products such as ['>’I]tyrosine would cause an overes-
timation of the transport of [!2*I]E-2078 to the brain. In con-
trast to [tyrosyl->H]leucine enkephalin (16), ['*°I]E-2078 is
suggested to be transported as the intact form through the
BBB, because L-tyrosine largely did not affect the apparent
distribution volume of ['*’I]E-2078 (see Results) and no me-
tabolites of ['2°I]E-2078 were eluted on HPLC from the brain
dialysate (Fig. 4). These results agree well with the previous
study (3) using the in vivo brain uptake method and the in
vitro isolated bovine brain capillary uptake method, which
suggested no significant metabolism of ['*’I]E-2078 in the
brain capillary.

In order to prove our hypothesis regarding the pathway
for the penetration of E-2078 into the brain, measurement of
the peptide in the brain ISF would provide direct in vivo
evidence. In the previous study (12), we demonstrated the
brain microdialysis technique as a novel experimental pro-
cedure for determination of the endogenous choline level in
the ISF of the brain parenchyma. Hence, the brain microdi-
alysis technique was applied to determine the concentration
of ['*’I)E-2078 in the brain ISF under physiological condi-
tions. As the hypocampus is near the cortex, which is a
capillary-rich region in the brain, the transcranial microdial-
ysis fiber was implanted in the hypocampus to determine the
concentration in the brain ISF (Fig. 2).

['*ClSucrose, a capillary nonpermeable marker, has
been used to evaluate damage effects of the fiber implanta-
tion on the BBB. The low ISF-to-perfusate concentration
ratio of ['*C]sucrose (Table II) suggests that nonspecific per-
meation of the perfusate through the brain capillary is very
minor after implantation of the microdialysis fiber. Addition-
ally, it has been reported that the implantation of a horizon-
tal fiber would not cause a significant effect on the transport
of a-aminoisobutyrate (7), which is taken up relatively faster
than ['?’I]E-2078 at the BBB. Accordingly, the brain mi-
crodialysis technique has been demonstrated to be a useful
method to determine the brain interstitial level for a sub-
strate which would be slowly transported through the BBB
and/or rapidly metabolized in the brain parenchyma.

As clearly shown in Table 11, a 100-fold greater concen-
tration ratio of ['*°I]E-2078 between the ISF and the perfus-
ate in comparison with that of ['*C]sucrose has provided
direct evidence for significant in vivo transport of ['2°I]E-
2078 from the vascular lumen to the brain ISF. Moreover,
the concentration ratio of ['2’1]E-2078 between the CSF and
the perfusate was shown to be approximately 100-fold
smaller than that between the ISF and the perfusate and also
shown to be not significantly different from that of
[**Clsucrose, demonstrating that the transport of [**°I|E-
2078 into the brain is dominantly ascribed to the BBB trans-
port but not to the BCSF barrier. The very low concentra-
tion of ['**I]E-2078 in the CSF (Table II) suggests the lack of
a transport system for E-2078 at the BCSF barrier. How-
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ever, as ['**I]E-2078 might diffuse from the brain interstitial
fluid to the CSF to some extent, the concentration of ['>*I]E-
2078 in the CSF might gradually increase at later times.

In order to determine the concentration of [12°T]E-2078
in the ISF, we have used the concentration in the dialysate
and the in vitro concentration ratio between dialysate and
reservoir assuming the same permeability between in vivo
and in vitro conditions. Although anatomical factors such as
tortuosity of the brain cells and the extracellular fluid vol-
ume of the brain have been suggested to influence in- vivo
diffusion in the ISF (18), there seems to be no practical
method at the present time to correct the difference between
diffusion in vivo and diffusion in vitro. Further elaborate
study would be necessary to clarify this issue.

In conclusion, using capillary precipitation and brain
microdialysis techniques, we have successfully confirmed
our hypothesis postulated in the previous study, that E-2078
can cross the BBB in vivo as the intact form and that the
transport through the BBB is a major pathway to the deliv-
ery of E-2078 into the brain. The brain microdialysis tech-
nique was demonstrated to be a useful strategy to prove in
vivo transport of relatively low-permeable substrates such as
neuropeptides through the BBB.
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