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ABSTRACT  Most peptides have not proved useful as
neuroactive drugs because they are blocked by the blood-brain
barrier and do not reach their receptors within the brain.
Intraperitoneally administered L-serinyl B-pD-glucoside ana-
logues of [Met*]enkephalin (glycopeptides) have been shown to
be transported across the blood-brain barrier to bind with
targeted u- and S-opioid receptors in the mouse brain. The
opioid nature of the binding has been demonstrated with
intracerebroventricularly administered naloxone. Paradoxi-
cally, glucosylation decreases the lipophilicity of the peptides
while promoting transport across the lipophilic endothelial
layer. It is suggested that glucose transporter GLUT-1 is
responsible for the transport of the peptide message. Profound
and long-lasting analgesia has been observed in mice (tail-flick
and hot-plate assays) with two of the glycopeptide analogues
when administered intraperitoneally.

Despite the fact that insulin has been used as a drug for many
years, it has been widely accepted that peptide neuromodu-
lators (hormones) fail to significantly affect their target cells
within the brain when administered peripherally. The human
brain is regulated by a large number of these peptide neuro-
modulators which are secreted by neurons. Drug design
based on these natural peptide ‘‘messages’’ and their recep-
tors within the brain has been the subject of intense study
(ref. 1, Chapter 5; ref. 2), but the use of these peptide
neuromodulators as pharmaceuticals is limited by the blood—
brain barrier (BBB), which excludes most peptides from the
brain (3, 4), although several enkephalin analogues have been
shown to produce effects when administered peripherally (5).
The vast potential for naturally occurring brain peptides and
their unnatural analogues to alleviate diverse neurological
conditions ranging from headaches and anxiety to Alzheimer
disease and stroke is now widely recognized (ref. 1, p. 27).
This potential can be realized only if effective penetration of
the BBB can be achieved (6). Here we report our studies of
O-linked glycopeptides related to [Mets]enkephalin.

Our rationale for the design of these drugs was to attach the
hormone message (in this case, a stable, potent enkephalin
analogue) to B-D-glucose, a substance which is actively
transported into the brain. The hope was that the glucose
moiety would function as a transport vector and that the
conjugate would be transported across the BBB so that it
could then bind with its endogenous opioid receptors. Glu-
cose was chosen because it is the brain’s principal nutrient.
Other workers have used various transport vectors to pen-
etrate the BBB. One approach involved the use of a bioti-
nylated peptide which was conjugated to a monoclonal
antibody to the transferrin receptor. This conjugate was
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shown to cross the BBB to produce central effects (7). An
alternative, ‘‘lipophilic prodrug’’ strategy (8) has been used
in which the lipophilicity of the peptide has been increased
with lipid-soluble substituents which may then be cleaved by
enzymes within the brain. This approach is not suitable for
many peptides of interest, since increasing the lipophilicity of
a peptide also decreases its solubility in serum (water).
Ultimately, this lipophilic approach is self-limiting; in one
case a nonaqueous solvent system must be used to administer
the lipophile (9). Peptides also have been introduced directly
via intracerebroventricular (i.c.v.) catheterization; it is ob-
vious that new, noninvasive methods of administration are
needed.

Receptor-mediated transport has been demonstrated for
certain peptides [Tyr-W-MIF-1 (10), insulin (11), and trans-
ferrin (12), inter alia], and covalent attachment of nontrans-
portable peptides to these transport vectors has been used as
a strategy for transporting peptides into the brain. A number
of polar metabolites required by the brain are actively trans-
ported into the brain, either by receptor-mediated endocy-
tosis (13) or by gradient-driven cotransport systems (14). For
example, researchers have demonstrated improved delivery
of 3'-azido-3'-deoxythymidine (AZT) to the brain by using a
glycosyl phosphotriester derivative of the drug, which is
presumably transported by a nucleoside transporter (15).

In mammals B-p-glucose is rapidly transported into brain
tissue by glucose transporters (e.g., GLUT-1; ref. 16) located
in the endothelial cell membranes which compose the BBB.
Both Lac permease, the H*-B-galactoside cotransporter
found in Escherichia coli, and SGLT-1, the intestinal Na+*-
D-glucose cotransporter found in mammals, transport simple
B-glucosides, although not nearly as well as their preferred
substrates, B-D-lactose and B8-D-glucose. Given the structural
similarity of GLUT-1 with these transporters, it was reasoned
that these transport systems might also transport biologically
active peptides into the brain if the peptides were linked to
B-D-glucose in the appropriate fashion. Thus, it was our hope
that the peptide-B-D-glucoside linkage would not interfere
with the binding of the glucose moiety to GLUT-1 or the
binding of the peptide moiety to the opiate receptor. Scien-
tists at Upjohn Laboratories have demonstrated that a gly-
copeptide renin inhibitor (N-linked glycopeptide in this case)
has enhanced stability in vivo, presumably because of lower
susceptibility to proteolytic enzymes (17). This *‘stability
factor’’ may also play an important role in the transport of
glycopeptide drugs. An a-D-glucoside of the clotting factor
tuftsin has a prolonged lifetime in the bloodstream (18). None
of these linkages would be expected to promote transport,

Abbreviations: BBB, blood-brain barrier; DPDPE, [D-Pen?-]en-
kephalin [where the D-penicillamine (D-Pen) residues are in disulfide
linkage]; GPI, guinea pig ileum; MVD, mouse vas deferens; i.c.v.,
intracerebroventricular(ly); i.p., intraperitoneal(ly).
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since the glucose transporter is specific for -O-linked glu-
cosides, not a-linked and not N-linked. Similarly, N-linked
and O-acyl-linked enkephalin conjugates with glucose have
not shown any BBB transport properties (19, 20).

Previously, two hydroxyproline (Hyp) O-linked glycopep-
tide enkephalin analogues have been synthesized [Tyr-b-
Met-Gly-Phe-Hyp(B-Gal)-amide and Tyr-p-Met-Gly-Phe-
Hyp(B-Glc)-amide] and tested for antinociception in rats (21).
In that study, with centrally (i.c.v.) administered drug, the
galactoside was >1700 times more potent than the glucoside,
whereas the glucoside was slightly more potent outside the
central nervous system. The authors suggested that diffusion
was responsible for the different potencies. It could well be
that diffusion of the glucoside is facilitated by the glucose
transporter, which would reject the galactoside as a sub-
strate, sequestering this glycoside within the brain.

There is now compelling evidence that morphine, one of the
oldest drugs in the modern pharmacopoeia, can also be trans-
ported across the BBB in a physiologically active form as the
6-glucuronide metabolite (Fig. 1). Morphine 6-glucuronide, A,
is 10-50 times more potent than morphine itself in producing
analgesia (22, 23). Thus, morphine may function in part as a
prodrug, with the 6-glucuronide producing a significant por-
tion of the analgesic effect. B-p-Glucuronides A and B of
morphine are formed in vivo by enzymatic processes in the
liver. The naturally occurring enkephalins (C) and DPDPE (D)
do not cross the BBB to any significant extent and are rapidly
destroyed by peptidases in the bloodstream. While the potent
synthetic 8-opioid agonist DPDPE, D (10 in Table 1), a
stabilized analogue, is resistant to enzymatic degradation, it
too fails to significantly penetrate the BBB to produce anal-
gesia (28).

MATERIALS AND METHODS

Enkephalin Analogues. The O-linked glycopeptides 1-7
(Table 1) were synthesized by glycosylation of serine Schiff-
base esters with subsequent fluorenylmethoxycarbonyl-
based solid-phase synthesis (29) and were purified by re-
versed-phase HPLC (2.2 cm X 25 cm Vydac Cg column,
0-50% CH3CN gradient vs. 0.1% CF3SO;H in water). The
chemical structures were confirmed with 500-MHz 'H NMR
and fast-atom bombardment mass spectrometry. The related
unglycosylated analogues 8 and 9 were synthesized, purified,
and characterized in a similar fashion. Peptide 10, DPDPE (1,
24, 30), is commercially available.

Brain and Serum Stability Incubations. Aliquots (180 ul) of
resuspended, twice-washed 15% mouse brain homogenate or

Morphine-3-glucuronide, B

Morphine-6-glucuronide, A

tn,, N s _..n\‘
-Met S—!
Tyr-Gly-Gly-Phe: o Tyr—D-Pen—Gly-Phe-D-Pen

Met- or Leu-Enkephalin, C DPDPE, D

Fic. 1. Opioid receptor agonists. Compounds A and B are the
morphine metabolites which are produced in vivo by enzymatic
glycosylation of morphine in the liver. Metabolite A contributes
significantly to the pharmacological effects of morphine (22, 23). The
endogenous opioid ligands are the enkephalins, C. The [Met5]-
enkephalin analogue [D-Pen2-S]enkephalin (DPDPE), D, is a potent
opioid agonist selective for the 8-opioid receptor (1, 24-27).
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of mouse serum were placed into 1.5-ml centrifuge tubes. The
tubes were prepared in triplicate for each time point (0, 10, 15,
30, 60, 120, and 240 min). An additional set of triplicate tubes
were incubated with S0 mM Tris*HCI (pH 7.4) and served as
buffer controls. Twenty microliters of 1 mM glycopeptide
was dissolved in sterile water and added to each tube, which
was agitated briefly (Vortex). Incubation was begun imme-
diately at 37°C in a rolling water-bath incubator. Enzyme
activity was terminated at the end of each incubation by
adding 200 ul of CH;CN and placing the tube on ice. Each
tube was centrifuged at 3000 X g, and 300 ul of the super-
natant was transferred to a clean 1.5-ml tube. An equal
volume of H,O was added, and the sample was mixed for
HPLC analysis. A curvelinear gradient of 7-27% CH;CN
against 0.1 M sodium phosphate buffer (pH 2.4) was utilized,
and baseline separation of glycopeptide 5 was achieved.

Mouse Vas Deferens (MVD) and Guinea Pig Ileum (GPI)
Bioassays. Electrically induced smooth muscle contraction of
MVD and strips of GPI longitudal muscle-myenteric plexus
was used as a bioassay (31). Percent inhibition was calculated
as the average contraction height for 1 min preceding the
addition of the agonist divided by the contraction height 3 min
after exposure to the agonist. ICso values represent the mean
of not less than four tissue samples. ICsy values, relative
potency estimates, and their associated standard errors were
determined by fitting the mean data to the Hill equation with
a nonlinear least-squares method (32).

Radioligand Binding. Membranes were prepared from
whole brains taken from adult male Sprague-Dawley rats
(250-300 g) (Harlan-Sprague-Dawley). All radioligand dis-
placement experiments were run against the 3H-labeled
ligands [D-Pen?,Phe(p-Cl)4,p-Pen’lenkephalin (33) and
D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pén-Thr-NH, (CTOP) (25) as
described previously. At least three experiments were done
for each radioligand. Statistical comparisons between one-
and two-site fits were made using the F-ratio test with a P
value of 0.05 as the cutoff for significance (31). Data that were
best fitted by a one-site model were reanalyzed with the
logistic equation (34). Data obtained from independent mea-
surements are presented as the arithmetic mean + SEM.

Antinociception Studies. Male ICR mice (20-30 g) were
used throughout these studies. They were housed in groups
of four in Plexiglas boxes, maintained in a light- and temper-
ature-controlled environment, with food and water available
ad libitum until the time of antinociceptive testing. Glyco-
peptides 4 and 5 and peptides 8 and 9 were dissolved in
distilled water (central administration), or physiological sa-
line (peripheral administration). The i.c.v. administration
was performed by the methods of Haley and McCormick (35)
as modified by Porreca et al. (26). All testing was performed
in accordance with the recommendations and policies of the
International Association for the Study of Pain, the National
Institutes of Health, and the University of Arizona guidelines
for the care and use of laboratory animals.

Antinociception was assessed in mice by the warm water
tail-flick assay and the hot-plate assay. In the tail-flick assay,
tails were dipped in 55°C water, and the latency to a rapid tail
flick was recorded with the baseline cutoff and the maximal
possible latencies set at 5 sec and 15 sec, respectively.
Percent antinociception was calculated as 100% X (test
latency — control latency)/(15 sec — control latency). In the
hot-plate assay, mice were placed on a 55°C surface, and the
mean time to lick the back paws or escape jump was
recorded. Percent antinociception was calculated as 100% X
(test latency — control tatency)/(60 sec — control latency),
with a cutoff latency of 20 sec (baseline).

Data are presented as the mean + SEM for groups of 10
mice. Regression lines, EDsy and ADs, values, and their 95%
confidence limits were calculated by using individual data
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points with the computer program of Tallarida and Murray
with procedure no. 8 (36).

RESULTS

Receptor Binding. Binding data for O-linked glycopeptide
enkephalin analogues 1-7 (3-O-serinyl B-D-glucosides) and
related unglycosylated analogues 8-10 are presented in Table
1. The binding constants (ICs, values) for the u- and 8-opioid
receptors for all of the opioid ligands were consistent with the
bioactivity as determined by the MVD and GPI bioassays (1,
2, 28). From these data we conclude that all of the enkephalin
analogues can bind to the opioid receptors of interest, except
for compounds 1 and 2. The poor opioid binding of 1 and 2 is
easily understood upon consideration of the carbohydrate in
the i + 1 position of the reverse turn (37), which normally
““fits’’ into the receptor. This bulky, hydrophilic moiety
presumably interferes with the opioid binding. In a sense,
glycopeptides 1 and 2 correspond to the inactive morphine
metabolite B (Fig. 1), in which the glucuronide prevents
receptor-agonist interaction (receptor ‘‘fit’’).

Agonists related to DPDPE, 10, were chosen for the
‘‘message segments’’ for several reasons. First, the receptor—

Table 1. Opioid binding activity in vitro
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ligand interactions (structure—activity relationships) for these
compounds have been well studied (1, 2, 24-27, 30). Since
our goal was to demonstrate the utilization of carbohydrate
recognition and transport processes to deliver peptide ‘‘mes-
sages’’ to receptors within the brain, we did not wish to
introduce any additional complications associated with novel
peptide structures. The binding data displayed in Table 1 bear
out the effectiveness of the message segments in binding to
the opioid receptors. Second, the DPDPE-like peptide
amides are quite potent opioid ligands and are much more
stable in the presence of peptidases than the endogenous
enkephalins, which are linear peptides. The stability of the
cyclic glycopeptide 5 at 37°C was determined in mouse serum
(ty, = 80 min) and in mouse brain (t,, > 7 hr) by HPLC
analysis. Thus, behavioral effects (analgesia) were certain to
be observed, provided that transport of the glycopeptides
across the BBB could be achieved by the glucose transporter.
Finally, the opioid receptors affected by these peptides are of
great practical importance to medicine. It has been hypoth-
esized (24, 38) that if an effective 5-selective agonist can be
developed, such drugs might produce analgesia with limited
tolerance and addiction liability. Glycopeptides 4 and 5 and
the corresponding peptides 8 and 9, which do not bear the

ICso, nM
Peptide ligand é m MVD GPI
SH HS— 9
1 HN—Tyr—D-Cys—Ser—Phe-D-Cys—Gly-C~NH, 4000 2000 1900 18,000
D-Gic-B-(1-0)
S . 2
2  H,N—Tyr—D-Cys—Ser—Phe-D-Cys—Gly-C—NH, 3900 7700 520 3700
D-Glc-B-(1-0)—
s . ;
3 HN—Tyr—L-Cys—Gly—Phe—-L-Cys—Ser—C—NH, 100 48 23 28
D-Glc-B-(1-0)
SH HS— 9
4  HN—Tyr—D-Cys—Gly—Phe-D-Cys—Ser—Gly- C—NH, 9.9 42 24 110
D-Glc--(1-0)—
S S 2
5§  HN—Tyr—D-Cys—Gly—Phe-D-Cys—Ser—Gly- C—NH, 26 53 13 60
D-Glc-B-(1-0)
~-SH HS—- )
6  HoN—Tyr—D-Pen—Gly—Phe-D-Pen—Ser—Gly-C~NH, 180 2400 680 125,000
D-Gic-B-(1-50)
s s . "
7  HoN—Tyr—D-Pen—Gly—Phe-D-Pen—Ser—Gly-C~NH, 85 48,000 560 40,000
D-Gic-B-(1-0)
SH HS7 )
8  HN—Tyr—D-Cys—Gly—Phe-D-Cys—Ser—Gly-C—NH, 42 20 68 25
HO
s S @
9@  HN—Tyr—D-Cys—Gly—Phe-D-Cys—Ser—Gly-C—NH, 6.1 30 55 26
HO
s s—= o
10 H,N—Tyr—D-Pen—Gly—Phe-D-Pen—C-OH 6.5 11,000 4.1 7,300

Displacement of the &-selective 3H-labeled ligand [D-Pen2, Phe(p-Cl)4, p-Pen’]enkephalin {[Phe( p-Cl)*]DPDPE; ref. 33}

and the p-selective 3H-labeled ligand D-Phe-Cys-Tyr-D-

-Thr-Pen-Thr-NH; (CTOP) (25) were used to characterize

the opiate receptor binding activity (x and 8) (27, 30) of ligands 1-9 in the presence of peptidase inhibitors. The MVD and
GPI bioassays (31) were also run to confirm the activity of ligands 1-9. The ICso values were determined by standard
statistical methods (32, 34). Data for 10 (DPDPE) were determined previously (27, 30).
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B-D-glucoside moiety, were chosen for further study to see
whether analgesia (peptide transport) could be demonstrated
in live mice.

Analgesia in Vivo. The glycosylated peptides 4 and 5 were
administered intraperitoneally (i.p.) to mice and antinocice-
ption was determined with two standard bioassays, the
warm-water tail-flick test (Fig. 2A) and the hot-plate test (Fig.
2B). These tests measure the amount of time required for
mice to react to standardized noxious stimuli. Substances
which increase the reaction time are said to display antinoci-
ceptive effects, which may be interpreted as a measure of
analgesia. Both glycopeptides 4 and 5§ produced a significant
and long-lasting analgesia in both tests, with peak effects seen
=60 min after i.p. administration; this time course of anal-
gesia is consistent with entry into the central nervous system.

Interestingly, the glycopeptides were more active in the
hot-plate experiments than in the tail-flick experiments (60°C
experiments; data not shown). Since the hot-plate response
has been interpreted to require the activation of supraspinal
mechanisms to inhibit a behavioral response, whereas the
tail-flick procedure emphasizes blockade of a spinal reflex
(39), this finding is suggestive of predominant activity of these
glycopeptides at supraspinal sites. Such an interpretation is
supported by further experiments with naloxone, an opioid
antagonist which reverses the effects of opioid drugs. The

100 - A

‘\
/

% antinociception

Time, min

F1G.2. Thei.p. administration of glycopeptide 5 (Table 1) to mice
produces analgesia. The i.p. administration of glycopeptide 5 (29) to
mice led to dose-related antinociception in the 55°C warm-water
tail-flick test (A) and in the 55°C hot-plate test (B). Glycopeptide 5
(Table 1) (LSZ1025) doses, i.p.: 30 mg/kg (0), 45 mg/kg (@), 60
mg/kg (v), and 75 mg/kg (v). The highest dose of glycopeptide 5
tested (75 mg/kg) produced long-lasting and maximal antinociception
in both tests (26).
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60 mg/kg i.p. Naloxone 1ug, i.c.v. Naloxone 1ug, i.p.

F1G6.3. Central administration of naloxone blocks analgesia. The
effects of the opioid antagonist naloxone on antinociception were
assessed with glycopeptide 5 (29) (60 mg/kg, i.p.) in the 55°C tail-flick
(open bars) and 55°C hot-plate (filled bars) tests. Central (i.c.v.)
administration (35) of a small dose (1 ug per mouse) of naloxone
blocked antinociception activity of 5 in both tests (¥, P < 0.05) (26).
In contrast, the same total dose of naloxone given i.p. had no effect
on antinociception. LSZ1025, glycopeptide 5 (Table 1).

cyclic glycopeptide 5 was given i.p. to mice, and antinoci-
ception was determined after 30 min in both the hot-plate and
tail-flick assays. Administration of naloxone (1 ug per mouse)
directly into the lateral cerebral ventricle (i.c.v.) 15 min after
the glycopeptide produced a significant antagonism of anti-
nociception (Fig. 3). As a control, the same dose of naloxone
was given i.p. 15 min after the i.p. administration of 5, to test
the possibility that all of the naloxone gained entry into the
blood circulation. In this case, i.p. naloxone given at 1 ug per
mouse (the same dose which was effective as an antagonist
when giveni.c.v.) failed to alter the observed antinociceptive
actions of 5. These findings again support a site of action
within the brain for glycopeptide 5. As a further control, the
unglycosylated peptides 8 and 9 were tested for analgesic
activity in an identical fashion. No significant antinociceptive
effects were detected for either 8 or 9 (data not shown).

DISCUSSION

The initial concept in this study was to utilize the mammalian
facilitative glucose transporter or related carbohydrate trans-
porters (40, 41) to deliver ‘‘natural’’ peptide messages across
the BBB and other physiological barriers. Although other
carbohydrates are enzymatically transported across the
BBB, B-p-glucose seemed to be the logical choice because of
the large influx of this sugar into the brain. About 20% of the
glucose in the bloodstream is metabolized by the brain and all
of it is actively transported across the BBB. It is possible that
GLUT-1-mediated transport of our glycopeptide is respon-
sible for the analgesic effects which have been observed.
The work with the enkephalin galactosides and glucosides
done earlier by Rodriguez et al. (21) is consistent with
GLUT-1-mediated transport. They observed that galactosyl
enkephalin analogues were 1700 times more potent than
glucosylated derivatives when the drugs were administered
i.c.v. They attributed this effect to ‘‘diffusion’’ of the gluco-
syl peptide. Our suggestion is that diffusion of this substrate
may be mediated by GLUT-1, which would not transport the
galactoside out of the brain. Indeed, i.c.v. administration of
glycopeptide 5 shows a very short duration of action, a result
which is also consistent with transporter-mediated diffusion
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out of the brain. We cannot rule out the possibility that other
carbohydrate-mediated transport phenomena are involved—
glycolipid transfer protein-mediated endocytosis, for exam-
ple (13, 42). It is conceivable that the B-D-glucosides undergo
enzymatic transformations either prior to or after BBB trans-
port, although the stability studies (serum, #,, = 80 min;
brain, #;;, > 7 hr) do not support this idea.

The pfacement of the glycoside along the peptide is im-
portant for central nervous system activity. The glucoside-
bearing peptides 4 and 5§ were bound at both the u- and
8-opioid receptors and showed considerable activity in vivo
which lasted for at least 2 hr in the tail-flick and the hot-plate
tests. Glycopeptides 1 and 2 were inactive, showing very
poor binding at both the u and the dreceptors. In this respect
they may be similar to the morphine-3-glucuronate B, which
is also inactive, even though it has been shown to cross the
BBB.

Paradoxically, attachment of the B-D-glucose moiety ac-
tually decreases the lipophilicity of these peptides, while at
the same time apparently increasing their transfer across a
lipophilic barrier. The use of the body’s own active-transport
system to cross the BBB permits the utilization of highly
water-soluble compounds which are easily administered
without the use of organic solvents such as dimethyl sulfox-
ide. In fact, the B-D-glucosylated peptides were much more
water soluble than their unglycosylated peptide counterparts.
The glycopeptides used in this study show the expected
pharmacodynamics of a typical central nervous system drug,
with the analgesia slowly increasing to a maximum after 60
min and then declining over time. In addition, the effects of
glycopeptide § were reversed by naloxone, a well-known
opioid antagonist.

Conclusions. We have demonstrated that 8-D-glucosylated
opioid agonist peptides produce significant analgesia when
administered peripherally. Furthermore, the observed anal-
gesia can be attributed to central effects, which implies
penetration of the BBB. The phenomena observed in this
study are even more remarkable when one considers that the
peptides must also migrate from the i.p. space into the
bloodstream before entering the brain capillaries. This mi-
gration is facilitated because the glycopeptides are very water
soluble. This bodes well for the exciting prospect of produc-
ing analgesia with limited addiction and tolerance and for the
treatment of many disease states with the brain’s own peptide
messengers. The enkephalin analogues were not only meta-
bolically stable for extended periods of time in vivo but able
to cross the BBB to produce prolonged analgesia. Thus, the
use of a carbohydrate recognition element to effect transport
across the BBB significantly expands the utilization of the
brain’s own messengers and carbohydrate transport system
to influence brain function.
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National Science Foundation (CHE-9201112), and the Arizona Dis-
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