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ABSTRACT The understanding of the molecular mecha-
nisms leading to peptide action entails the identification of a
core active site. The major 28-aa neuropeptide, vasoactive
intestinal peptide (VIP), provides neuroprotection. A li-
pophilic derivative with a stearyl moiety at the N-terminal and
norleucine residue replacing the Met-17 was 100-fold more
potent than VIP in promoting neuronal survival, acting at
femtomolar–picomolar concentration. To identify the active
site in VIP, over 50 related fragments containing an N-
terminal stearic acid attachment and an amidated C terminus
were designed, synthesized, and tested for neuroprotective
properties. Stearyl-Lys-Lys-Tyr-Leu-NH2 (derived from the C
terminus of VIP and the related peptide, pituitary adenylate
cyclase activating peptide) captured the neurotrophic effects
offered by the entire 28-aa parent lipophilic derivative and
protected against b-amyloid toxicity in vitro. Furthermore, the
4-aa lipophilic peptide recognized VIP-binding sites and en-
hanced choline acetyltransferase activity as well as cognitive
functions in Alzheimer’s disease-related in vivo models. Bio-
distribution studies following intranasal administration of
radiolabeled peptide demonstrated intact peptide in the brain
30 min after administration. Thus, lipophilic peptide frag-
ments offer bioavailability and stability, providing lead com-
pounds for drug design against neurodegenerative diseases.

With aging population outnumbering the young population,
Alzheimer’s disease will become an immense health problem
in the early years of the next century. Epidemiological studies
indicate that senile dementia of the Alzheimer’s type afflicts
3–5 million people in the United States alone (1, 2). The
neurochemistry of Alzheimer’s disease involves degeneration
of cholinergic systems as well as other neurotransmission
pathways (3). Mismetabolism of the amyloid precursor protein
and abnormal phosphorylation of the tau protein lead to
pathological deposits in the diseased brain (4). Recent studies
have identified genetic mutations in the amyloid precursor
protein (presenilin-1 and -2) and the inheritance of the lipid
carrier apolipoprotein E4 (ApoE4) as major risk factors in
Alzheimer’s disease, allowing the development of animal
models (5–8). Genetic counseling and novel cognition-
enhancing drugs represent future research with major clinical
relevance (9).

The structurally related neuropeptides, vasoactive intestinal
peptide (VIP, 28 aa) (10, 11) and pituitary adenylate cyclase
activating peptide (PACAP, 27 or 38 aa) (12), are important
molecules in the maintenance of neuronal survival (11, 13–15).
A lipophilic VIP derivative, stearyl-norleucine17-VIP (SNV)
(16–19), was previously described that was 100-fold more
potent than VIP in promoting neuronal survival (19), acting at
femtomolar–picomolar concentration (16, 19). Neuroprotec-

tion was observed in Alzheimer’s disease-relevant models:
b-amyloid neurotoxicity in vitro, cholinergic blockade (16), and
genetic impairments (ApoE knockout) in vivo (8).

It is desirable to have smaller molecules mimicking the
parent peptide activity while offering applicable benefit in
better penetration through biological barriers and reduced
possible enzymatic degradation sites. Indeed, in the case of
nerve growth factor (NGF), small fragments, including antag-
onists (20) and agonists (21), were synthesized and exhibited
certain efficacy. An original stepwise approach for the mini-
mization of peptide hormones was employed with atrial na-
triuretic peptide and resulted in a size reduction from 28
residues to 15 residues, however, the final molecule was
one-fifth as potent as the parent peptide (22).

In the case of VIP, structure–function analyses were carried
out and indicated that for most activities, the entire sequence
of the peptide is required for full biological function. Thus,
only VIP-(2–28) retained similar biological activity to the
parent peptide (23, 24), whereas shorter fragments (amino
acids 7–28, 15–28, and 14–28) exhibited 1y10 to 1y1,000
potency as measured for vasodilation and smooth muscle
relaxation (25) and even lower potency for other activities (24).
Interestingly, the 17-norleucine (Nle) replacement in VIP-
(14–28) resulted in a peptide that was as potent as the parent
VIP-(14–28) and had about 2% of the entire VIP potency (26).
Thus, the Nle replacement does not decrease (26), but may
increase, potency of VIP derivatives, with Nle17-VIP being
10-fold more potent than VIP in maintaining neuronal survival
(19). As in our assays, SNV was 100-fold more potent than VIP
in maintaining neuronal survival (19); it is possible that the
stearyl moiety is an important addition to the VIP molecule
(19). With this rationale, a series of lipophilic VIPyPACAP
fragments were prepared that shared an N-terminal addition
of stearyl moiety and an amidated C terminus. This study
resulted in the discovery of a 4-aa lipidic derivative that
surpassed the activity of the parent whole molecules.

MATERIALS AND METHODS

Peptide Syntheses. Synthesis of a battery of small peptides
was achieved by automatic procedure with an Abimed AMS
422 synthesizer (Abimed Analyses-Technik, Langenfeld, Ger-
many) using the commercially available protocols via the
fluorenylmethoxycarbonyl strategy. Peptide chains were as-
sembled on a 4-([29,49-dimethoxyphenyl]-f luorenylmethoxy-
carbonyl-aminomethyl)phenoxy resin (Rink amide resin, Nova
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Biochem). The lipophilic stearyl group was added at the
termination of the reaction to the free a-amino group (16).
The cleaved peptide (after treatment with 90% trif luoroacetic
acidy5% watery5% triethylsilane, volyvolyvol) was precipi-
tated, dissolved in water, and lyophilized. Purification of the
crude peptide was achieved by semipreparative HPLC on an
RP-8 column (Merck 250 3 10 mm; 7 mm) employing a linear
gradient established between 35% acetonitrile and 75% ace-
tonitrile in water containing 0.1% trif luoroacetic acid. Purity
was ascertained by analytical HPLC (RP-18, Merck, 250 3 4
mm; 5 mm), using the same gradient. Further measurements
used amino acid analysis and electrospray ionization mass
spectrometry on VG Quattro II triple-quadrupole mass spec-
trometer (Micromass, Manchester, U.K.). Peptide labeling was
performed as described (18).

Cell Culture. Cultures from astrocyte-enriched (27) and
mixed neuronal–glial cultures were used for preparations of
cerebral cortical cultures derived from newborn rats. Astro-
cytes were used for binding and displacement assays as de-
scribed (27). For mixed neuronal–glial cultures, used to assess
neuronal survival (16), dissociated cerebral cortical tissue was
seeded on to a confluent layer of astroglial cultures (27). Cells
(1.5 3 105) were placed into the 35-mm dish in a volume of 1.5
ml. The mixed cultures were maintained in medium consisting
of 5% horse serum in MEM supplemented with defined
medium components and 5-fluoro-29-deoxyuridine (15 mgyml)
plus uridine (3 mgyml) as described (16). Cultures were treated
once and assayed for neuronal survival after a 5-day incubation
period. The b-amyloid peptide (amino acids 25–35) was added
to a final concentration of 25 mM. The test peptides (1 mg)
were dissolved in 10 ml of DMSO, followed by serial dilutions
in saline (which was different than the method described in ref.
16). Neuronal cell counts were conducted as described (16)
after fixation and staining with antibodies against neuron-
specific enolase (a neuron-specific marker).

An in Vivo Model of Cholinergic Inhibition. Male Wistar rats
(300–350 g) were subjected to two daily tests in a water maze
that included a hidden platform (28). Every day, for the first
test, both the platform and the animal were situated in a new
location with respect to the pool, which was immobile. The
experiment was performed as follows: the animal was placed
on the platform for 0.5 min and then placed in the water, and
the time required to reach the platform (indicative of learning
and intact reference memory) was measured (first test). After
0.5 min on the platform, the animal was placed back in the
water (in the previous position) for a second test to search for
the hidden platform (which also remained in the previous
position). The time required to reach the platform in the
second trial was recorded, indicative of short-term (working)
memory (7). Animals were tested for 4 consecutive days to
eliminate random memory-defective animals. The best per-
formers were injected i.c.v. on each side at a rate of 0.21 mlymin
with the cholinotoxin ethylcholine aziridium (AF64A, 3
nmoly2 ml); control animals received an injection of saline
(16). Animals were allowed to recover for 1 week, followed by
daily exposure to intranasal administration of 40 ml of 5%
Sefsol (Sigma) and 20% isopropanol (control) or containing 1
mg of peptide (experimental) (16). After 1 week of peptide
treatment, the animals were subjected to two daily tests in the
water maze (as above). During the test period, animals re-
ceived an intranasal administration of peptide or vehicle
(carrier) 1 hr before the daily test.

ApoE-Deficient Mice. ApoE-deficient mice were used as
described (8). Subcutaneous injection of the peptide included
1-mg daily injections on the first 4 days of life, 2 mg on days
5–10, and 4 mg on days 11–14. Peptide preparation involved
dissolving 1 mg of peptide in 50 ml of DMSO followed by serial
dilutions in a saline solution. Three-week-old mice were tested
for performance in the Morris water maze as above. Choline

acetyl transferase measurements were performed on 21-day-
old animals (8).

Biodistribution After Intranasal Administration. Labeled-
peptide distribution was monitored after intranasal adminis-
tration (to ether-anesthetized rats) of 2 ml of peptide in a
solution containing 5% Sefsol and 20% isopropanol (16).

Statistical Evaluation. Comparisons were made with
ANOVA followed by the Student–Newman–Kuel’s multiple
comparison of means test.

RESULTS

A 4-aa Lipophylic Derivative of VIP Provides Neuroprotec-
tion in Vitro. To test VIP-related peptide analogues for neu-
roprotective actions, cerebral cortical cultures containing a
mixed population of neurons and glial cells were treated with
a fragment (amino acids 25–35) of the Alzheimer’s-related
neurotoxin [the b-amyloid peptide (e.g., ref. 16)], resulting in
38–66% neuronal cell death, in over 100 reproducible exper-
iments. Fig. 1 demonstrates the in vitro neuroprotective prop-
erties against b-amyloid neurotoxicity of the 4-aa lipophylic
peptide St-KKYL-NH2 (Stearyl-Lys-Lys-Tyr-Leu-NH2). Neu-
roprotection was observed at a wide range of concentration of
St-KKYL-NH2 (from 10214 to 1029 M, P , 0.002; estimated
EC50 5 0.5 3 10215M) and ranged from 80–110% survival, in
comparison to 52% survival with b-amyloid alone and 100%
survival in the absence of both the neurotoxin and the pro-
tective peptide fragment. 110% survival probably reflects
defense against naturally occurring cell death in this system
(16). The identification of St-KKYL-NH2 as an active VIP-
derived fragment resulted from multiple screening experi-
ments by using the same neuronal survival assays that analyzed
and determined the activity of about 50 VIP-related deriva-
tives. With VIP sequence HSDAVFTDNYTRLRLQMAVK-
KYLNSILN-NH2 initial studies determined inactivity for
stearyl-AVFTDNYT-NH2, stearyl-AVTTDNY-NH2 and

FIG. 1. St-KKYL-NH2 protects against b-amyloid neurotoxicity.
Experiments were conducted as described (16) and repeated seven
independent times (each time in duplicate or triplicate). In short,
cerebral cortical cultures from newborn rats (mixed neuron and glia
preparations) were incubated with increasing concentrations of the
test substance in the presence of 25 mM b-amyloid peptide (see
Materials and Methods). After a 5-day incubation period, cells were
stained with antibodies against neuron-specific enolase, and surviving
neurons were counted (60 fields for each 35-mm plate). Untreated
sister culture counts (100%) were: 130, 131, 164, 172, 225, 253, and 319.
For SNV treatment, experiments were repeated five times (each time
in duplicate or triplicate), and control counts were 131, 164, 197, 253,
and 319. The apparent increase in the EC50 for SNV observed here in
comparison to previous results (16) may be due to the decreased
number of total neurons in the current experiments. As for the control
peptide, St-KKYL-OH, the experiment was performed in triplicate,
and the control counts were 149, 169, and 174.
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stearyl-DNYTRL-NH2, peptides residing at the N terminus of
the VIP molecule (italicized) that were tested at concentra-
tions ranging from 10213 to 1029 M. Further studies showed
neuroprotective activity for VIP fragments residing at the C
terminus of the molecule, and these peptides were studied
extensively. Table 1 compares 16 of the peptides, related to the
C-terminal domain, tested for their relative potency and
efficacy in the in vitro neuroprotection assay. A survival rate of
100% reflected the number of neurons in control cultures (not
treated with the b-amyloid peptide). As a peptide protecting
also against naturally occurring cell death (see above), St-
KKYL-NH2 was chosen for further studies. St-KKYL-NH2
contained a very short peptidergic backbone and was easily
soluble, in contrast to other peptides (e.g., St-NSILN-NH2,
peptide 11 in Table 1). Structure–function studies revealed
that the Leu-4 residue of St-KKYL-NH2 might be replaced by
a hydrophobic amino acid residue (e.g., peptides 2–4, Table 1),
while preserving some neuroprotective capacities. However,
removal of the amide from the C-terminus resulted in loss of
function (peptide 13, Table 1). Similarly, exchange of the
second Lys, or the third Tyr with D-Ala resulted in inactive
peptide (peptides 14, 15). Furthermore, exchange of the Lys
residues with Arg residues resulted in loss of activity (peptide
16). In contrast, removal of one of the lysine residues resulted
in a peptide with substantial biological activity (peptide 5).

Comparison of the protective action against b-amyloid
neurotoxicity of St-KKYL-NH2, SNV (the parent 28-aa li-
pophilic peptide), and St-KKYL-OH is shown in Fig. 1. As
evidenced, St-KKYL-NH2 offered neuroprotection that was
similar to SNV (estimated EC50 5 10214 M), whereas St-
KKYL-OH (a control peptide) was inactive in this system.
Furthermore, tacrine (an inhibitor of acetylcholinesterase, a
current drug treatment against Alzheimer’s disease symptoms,
e.g., ref. 9) also was inactive in this system (data not shown).

Binding and displacement experiments were performed as
described (27). Input was 200,000 cpm 125I-VIP per ml; 100%
binding represented 18,700 cpm (in two independent experi-
ments, each performed in triplicate). Results indicated that
1025 M St-KKYL-NH2 displaced 68 6 2% iodinated VIP from
its binding sites on astroglial cells (P , 0.0001). Parallel
experiments with 1025 M VIP indicated a similar 80 6 3%
displacement (see also ref. 27).

St-KKYL-NH2 Provides Neuroprotection in Vivo. Previous
results have shown a reduction in choline acetyltransferase
activity in the cerebral cortex of ApoE-deficient animals (8).
Here, ApoE-deficient animals were injected daily with St-

KKYL-NH2 or vehicle (see Materials and Methods) for the first
14 days of life. At day 21, animals were sacrificed and cortical
choline acetyltransferase activity was assessed (8). Fig. 2A
shows that St-KKYL-NH2 treatment resulted in increased
enzymatic activity in the deficient mice (P , 0.008) to levels
similar to those found in control animals. Furthermore, St-
KKYL-NH2 administration facilitated faster development of
milestones of behavior (comparable to results obtained with
SNV administration; ref. 8 and data not shown).

Cognitive functions were assessed in two animal model
systems capturing aspects of Alzheimer’s disease: (i) ApoE-
deficient mice injected daily with St-KKYL-NH2 for the first
2 weeks of life with memory tests performed 1 week after
cessation of treatment (as above, for cholinergic measure-
ments) and (ii) cholinergically impaired animals (treated by
the cholinotoxin AF64A as described in ref. 16) with St-KKYL-
NH2 delivered intranasally before daily trials. Improvements in
learning and memory functions were tested in a swim maze,
including a hidden-platform test (28) performed twice daily.

Results showed improvements in both reference memory
(first daily test) and short-term memory (second daily test, Fig.
2 B and C) after drug treatments in the two model systems. In
the ApoE-deficient animals (3-week-old mice derived from
three different litters, n $ 15), the improvement in reference
memory already was significant on the second testing day and
persisted for an additional two days (P , 0.001, data not
shown). Similarly, for short-term memory evaluations (Fig.
2B), significant improvements were observed by the first day
of testing and persisted for 4 additional days (P , 0.01).
Animals treated with a control peptide that included the
sequence VLGGGSALLRSIPA (29) were not significantly
different from vehicle-treated animals (data not shown). In
AF64A-treated adult rats (n 5 9–11 animals per test group),
significant improvements in reference memory were observed
in the second day of testing (P , 0.02, data not shown). A more
dramatic influence was observed in the short-term memory
test (Fig. 2C), with improvements persisting for the entire trial
period (P , 0.02). When the platform was removed from the
water maze and the time spent by the trained animals at the
original location of the platform was measured, significant
increases were observed with peptide-treated animals. Control
rats treated with St-KKYL-NH2 spent 22 6 3.7% more time at
the memorized location as compared with vehicle-treated
controls (P , 0.0001). In contrast, control animals treated with
St-KKYdAla-NH2, did not show an improvement after peptide

Table 1. Peptide activity in the neuronal survival assay: Protection against b-amyloid toxicity

Peptide Structure EC50, M Maximal Survival, % Active concentration, M

1 St-KKYL-NH2 10213 80–110 10213–1029

2 St-KKYV-NH2 ,10213 72 (low efficacy) 10213

3 St-KKY-DA-NH2 10210 98 1029

4 St-KKY-Nle-NH2 ,10214 76–84 (low efficacy) 10214–10212

5 St-KYL-NH2 0.5 3 10212 96 10211

6 St-VKKYL-NH2 0.5 3 10213 70–92 10212–1028

7 St-KKYLN-NH2 0.5 3 10213 52–73 10213–10210

8 St-KKYLNS-NH2 ,10213 83 (low efficacy) 10213

9 St-KKYLNSI-NH2 0.5 3 10210 123 1029

10 St-KKYLNSIL-NH2 0.5 3 10210 97 1029

11 St-NSILN-NH2 0.5 3 10213 73–83 (low efficacy) 10212–10211

12 St-SILN-NH2 ,10212 84 (low efficacy) 10212

13 St-KKYL-OH inactive inactive inactive
14 St-K-DA-YL-NH2 inactive inactive inactive
15 St-KK-DA-L-NH2 inactive inactive inactive
16 St-RRYL- NH2 inactive inactive inactive

Neuronal survival was assessed as in Figure 1. 100% survival represented the surviving neurons in a given experiments that
were not treated with neither toxin (b-amyloid) or a VIP-derived peptide. After addition of b-amyloid only 38%–66% (50.4 6
1.7%) neurons survived. Peptide concentrations tested were as in Fig. 1, except for peptides 3 and 4 (tested at 10215 M–10211

M) and peptide 6 tested also at 1028 M. St 5 stearyl. Conc. 5 concentration.
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treatment. These data suggest increased efficacy for St-KKYL-
NH2 in comparison to St-KKYdAla-NH2.

Bioavailability and Stability of St-KKYL-NH2. A time
course of distribution of 125I-radiolabeled St-KKYL-NH2 that
was applied intranasally was measured in the various organs of
the rat body. Results (Fig. 3A) demonstrated high levels of
radioactivity in the intestine and kidney even 150 min after
administration. The incorporation into the brain (frontal
cortex) represented '3.5% of the original input 150 min after
administration (Fig. 3B). For the determination of the per-
centage of radioactivity remaining in the intact molecule, each
animal received 7.8 million counts. Thirty minutes after nasal
administration, animals were sacrificed. Postmitochondrial
supernatant obtained from the cerebral cortex [0.965 g of
original tissue weight, containing 1,392 cpm (5.3%) of the
applied radioactivity] was subjected to HPLC analysis. Results
shown in Fig. 3C indicated that '1% of this total radioactivity

FIG. 2. (A) ApoE-deficient mice exhibit a reduction in choline
acetyltransferase (ChAT) activity: amelioration by St-KKYL-NH2. The
graph depicts incorporation of radiolabeled choline into acetylcholine in
cortical extracts. Activity levels of 100% in the control age-matched mice
corresponded to 669–758.4 pmol/mg protein per min. Because the
experiments were repeated 8–10 times, results were standardized against
the control calibrated at a 100%. (B) ApoE-deficient mice exhibit an
impairment in learning and memory that is ameliorated by prophylactic
St-KKYL-NH2 treatment. Two daily water maze tests were performed on
3-week-old animals. Groups tested included control animals injected with
vehicle for the first 2 weeks of life [32 animals of six different litters (5–7
animals from each litter); E]; ApoE-deficient animals injected with
vehicle for the first 2 weeks of life [18 animals derived from three different
litters (5–7 pups per litter); F]; control animals chronically treated with
St-KKYL-NH2 for the first 2 weeks of life (15 animals derived from three
different litters; h); and ApoE-deficient mice chronically treated with
St-KKYL-NH2 for the first 2 weeks of life (15 animals derived from three
different litters; ■). (C) AF64A-treated rats exhibit learning and memory
deficiencies—protection by St-KKYL-NH2. AF64A was used as described
(16, 42). Two daily water maze tests were performed. Groups inclueded
control animals receiving daily nasal administration of vehicle (n 5 10,E),
AF64A-treated animals receiving daily nasal administration of vehicle
(n 5 9, F), control animals receiving daily nasal administration of
St-KKYL-NH2 (n 5 14; h), and AF64A-treated animals receiving daily
nasal administration of St-KKYL-NH2 (n 5 10; ■). (B and C) Latency was
measured in seconds to reach the hidden platform in the second daily trial
and remaining on it for additional 0.5 min (indicative of intact working
memory processes). Tests were performed over 4–5 consecutive days.
ApoE, ApoE-deficient animals. There was no difference between animals
treated with vehicle and untreated animals (data not shown).

FIG. 3. (A and B) Intranasally applied 125I-St-KKYL-NH2 reaches
the body and the brain. Each rat (300 g) received 2 ml containing
1,723,373 6 33,315 cpm, (i.e., 5,744 cpm/g). Animals were sacrificed
at indicated times after administration, and tissue samples were
weighed and assayed (in duplicate) for radioactivity in a g-counter. (C)
Intact 125I-St-KKYL-NH2 reached the brain after intranasal admin-
istration. Radioactive tissue samples (cerebral cortex) were homoge-
nized and subjected to low-speed centrifugation. Supernatants were
analyzed by using HPLC fractionation against St-KKYL-NH2. Samples
were monitored for radioactivity in a g-counter.
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was represented by soluble St-KKYL-NH2. Thus, '0.05% of
the total radioactivity applied was found in intact St-KKYL-
NH2, in the brain 30 min after nasal application.

DISCUSSION

An active site of 4 aa has been discovered that mimics the
neuroprotective activity of the 28-aa peptide, VIP. St-KKYL-
NH2 offers a few advantages over the parent peptide. (i) The
EC50 for the VIP neuroprotective effect against b-amyloid
neurotoxicity was shown to be 10212 M (16), suggesting a
several-fold increased potency for St-KKYL-NH2. (ii) In con-
trast to ApoE-deficient mice treated with SNV where signif-
icant improvements of short-term memory were manifested
only on the second trial day (8), mice treated with St-KKYL-
NH2 already exhibited significant improvements of short-term
memory on the first trial day.

The structure of KKYL (Lys-Lys-Tyr-Leu) is conserved in
both VIP and PACAP, suggesting an area of functional
importance. Both VIP and PACAP exert neuroprotection
(13–16), and it is tempting to hypothesize that areas of
structural similarities between the molecules are responsible
for the neuroprotective properties. Thorugh photoaffinity
labeling and further analysis of the interaction of PACAP with
the PACAP receptor, it was discovered that the Tyr-22 is
important for receptor binding (30). This Tyr-22 corresponds
to the Tyr in Lys-Lys-Tyr-Leu (KKYL). Because PACAP binds
all of the cloned VIP receptors with similar or higher affinity
than VIP (31), the KKYL epitope may represent an important
site for receptor association. In this respect, we have recently
shown (using specific antisense oligodeoxynucleotides) that
the neuroprotective effects of VIP are mediated through a
PACAP receptor splice variant (hop2, or PACAP4, ref. 32).
The neuroprotective effects of VIPySNV were shown previ-
ously to be independent of cAMP production in glial cells (19,
27). Furthermore, in mouse cortical neurons, VIP and PACAP
potentiated the glutamate-evoked release of arachidonic acid
through a PACAP receptor-associated cAMP-independent
mechanism (33).

It is an interesting question whether VIP is physiologically
cleaved to yield active fragments. According to Romualdi and
colleagues (34), authentic VIP(22–28) can be found in the rat
central nervous system, suggesting that VIP can be cleaved
naturally. Furthermore, two primary cleavage sites on the VIP
molecule were identified as the amide bonds between Ser-25
and Ile-26 and Thr-7 and Asp-8 (35). It is possible that
exopeptidases cleave the VIP fragments to yield smaller de-
rivatives; however, those peptide derivatives may have a very
short half-life. Our previous results with stearyl-VIP (17)
indicate that it has a longer half-life and increased activity as
compared with VIP (half-life ,1 min in the blood). The
rationale of the current study was that stearyl-VIPyPACAP
fragments might mimic stearyl-VIP. VIP has been previously
shown to act, in part, after receptor-mediated endocytosis (36).
The finding of '0.05% of the total radioactivity applied in
intact St-KKYL-NH2 in the brain 30 min after nasal applica-
tion may suggest some loss of intact peptide caused by cellular
internalization, similar to VIP.

The neurotrophic milieu produced by neuropeptide VIP-
stimulated astroglia contains a number of proteins, the most
potent of which are represented by the activity-dependent
neurotrophic factors (ADNFs; refs. 37–39). It is possible that
St-KKYL-NH2 acts directly on neurons to provide neuropro-
tection and, indirectly, as a secretagogue for ADNF or ADNF-
like molecules from glial cells.

Regardless of the mechanism of action and receptor sites
involved, a lipophilic tetrapeptide peptide is suggested here for
noninvasive (inhalation) Alzheimer’s treatment. The neuro-
protection observed after peptide treatment in the genetic
model of Alzheimer’s disease (ApoE-deficient mice, ref. 8),

was reflected not only in improvements of learning and
memory after cessation of peptide application (Fig. 2B) but
also in faster acquisitions of developmental milestones of
behavior (data not shown). Enhancement of learning and
short-term memory was probably obtained, in part, by increas-
ing cholinergic functions (Fig. 2A), as was noted before for VIP
(8). St-KKYL-NH2, like the parent VIP and PACAP may act
in concert with classic neurotrophins (e.g., 40, 41) to provide
cellular defense. With Alzheimer’s disease being the fourth
leading cause of death in adults and with the steep rise with age
that is so prevalent in advanced populations, the need for
innovative, noninvasive Alzheimer’s disease therapies is obvi-
ous (4, 9).

The present study reveals a short peptide fragment, carrying
a lipophilic moiety, that captures the activities of the 7-fold
larger parent peptide. This peptide may provide a novel avenue
for drug design for abundant neurodegenerations and a pro-
totype approach for drug design with other major neuropep-
tides.

This manuscript is dedicated to the memory of Professor Emeritus
Victor Mutt. We thank Ayelet Reshef, Michal Bachar, Amos Bardea,
Rachel Zamostiano, and Noga Scwartz for their help in the initial
studies. We are grateful also for the suggestion of the use of tacrine
by Mr. Azriel Kadim, and we thank Dr. Douglas E. Brenneman for
excellent discussions. Special thanks to Mrs. B. Werner-Mutt for
efficient handling of the manuscript. This work was supported by
Fujimoto Pharmaceutical Corp. Patents were applied for the VIP-
PACAP-fragments. Prof. Illana Gozes is the incumbent of the Lily and
Avraham Gildor Chair for the Investigations of Growth Factors.

1. Shapira, J. (1994) J. Gerontol. Nurs. 20, 4–9.
2. Brumback, R. A. & Leech, R. W. (1994) J. Okla. State Med. Assoc.

87, 103–111.
3. Engelborghs, S. & De Deyn, P. P. (1997) Acta Neurol. Belg. 97,

67–84.
4. Selkoe, D. J. (1997) Science 275, 630–631.
5. Duff, K. (1997) Trends Neurosci. 20, 279–280.
6. Mattson, M. P. & Furukawa, K. (1997) Nature (London) 387,

457–458.
7. Gordon, I., Grauer, E., Genis, I., Sehayek, E. & Michaelson,

D. M. (1995) Neurosci. Lett. 199, 1–4.
8. Gozes, I., Bachar, M., Bardea, A., Davidson, A., Rubinraut, S.,

Fridkin, M. & Giladi, E. (1997) J. Neurobiol. 33, 329–342.
9. van Reekum, R., Black, S. E., Conn, D. & Clarke, D. (1997) Can.

J. Psychiatry 42, Suppl. 1, 35S–50S.
10. Said, S. I. & Mutt, V. (1970) Science 169, 1217–1218.
11. Gozes, I. & Brenneman, D. E. (1993) J. Mol. Neurosci. 4, 1–9.
12. Arimura, A. (1992) Regul. Pept. 37, 287–303.
13. Brenneman D. E. & Eiden, L. E. (1986) Proc. Natl. Acad. Sci.

USA 83, 1159–1162.
14. Arimura, A., Somogyvari-Vigh, A., Weill, C., Fiore, R. C.,

Tatsuno, I., Bay, V. & Brenneman, D. E. (1994) Ann N. Y. Acad.
Sci. USA 739, 228–243.

15. Said, S. I. (1996) J. Clin. Invest. 97, 2163–2164.
16. Gozes, I., Bardea, A., Reshef, A., Zamostiatno, R., Zhukovsky,

S., Rubinraut, S., Fridkin, M. & Brenneman, D. E. (1996) Proc.
Natl. Acad. Sci. USA 93, 427–432.

17. Gozes, I. & Fridkin, M. (1992) J. Clin. Invest. 90, 810–814.
18. Gozes, I., Reshef, A., Salah, D., Rubinraut, S. & Fridkin, M.

(1994) Endocrinology 134, 2121–2125.
19. Gozes, I., Lilling, G., Glazer, R., Ticher, A., Ashkenazi, I. E.,

Davidson, A., Rubinraut, S., Fridkin, M. & Brenneman, D. E.
(1995) J. Pharmacol. Exp. Ther. 273, 161–167.

20. LeSauteur, L., Wei, L., Gibbs, B. F. & Saragovi, U. (1995) J. Biol.
Chem. 270, 6564–6569.

21. Longo, F. M., Manthorpe, M., Xie, Y. M. & Varon, S. (1997)
J. Neurosci. Res. 48, 1–17.

22. Li, B., Tom, J. Y. K., Oare, D., Yen, R., Fairbrother, W. J., Wells,
J. A. & Cunningham, B. (1995) Science 270, 1657–1660.

23. Fournier, A., Saunders, J. H. & St.-Pierre, S. (1984) Peptides 5,
169–177.

24. Couvineau, A., Rouyer-Fessard, C., Fournier, A., St.-Pierre, S.,
Pipkorn, R. & Labourth, M. (1984) Biochem. Biophys. Res.
Commun. 121, 493–498.

Pharmacology: Gozes et al. Proc. Natl. Acad. Sci. USA 96 (1999) 4147



25. Bodanszky, M., Klausner, Y. & Said, S. I. (1973) Proc. Natl. Acad.
Sci USA 70, 382–384.

26. Bodanszky, M., Yang Lin, C. & Said, S. I. (1974) Bioorganic
Chem. 3, 320–323.

27. Gozes, I., McCune, S. K., Jacobson, L., Warren, D., Moody,
T. W., Fridkin, M. & Brenneman, D. E. (1991) J. Pharmacol. Exp.
Ther. 257, 959–966.

28. Morris, R. (1984) J. Neurosci. Methods 11, 47–60.
29. Bassan, M., R. Zamostiano, R., Davidson, A., Pinhasov, A.,

Giladi, E., Perl, O., Bassan, H., Blatt, Z., Gibney, G., Glazner, G.,
Brenneman D. E. & Gozes, I. (1999) J. Neurochem. 72, 1283–
1293.

30. Cao, Y. J., Kojro, E., Gimpl, G., Jasionowski, M., Kasprzykowski,
F., Lankiewicz, L. & Fahrenholz, F. (1997) Eur. J. Biochem. 244,
400–406.

31. Harmar, T. & Lutz, E. (1994) Trends Pharmacol. Sci. 15, 97–99.
32. Ashur-Fabian, O., Giladi, E., Brenneman D. E. & Gozes, I.

(1997) J. Mol. Neurosci. 9, 211–222.
33. Stella, N. & Magistretti, P. J. (1996) J. Biol. Chem. 271, 23705–

23710.

34. Romualdi, P., Rosenberger, J. G., Gozzini, L. & Cox, B. M.
(1989) Peptides 10, 621–626.

35. Bolin, D. R., Michalewsky, J., Wasserman, M. A. & O’Donnell,
M. (1995) Biopolymers 37, 57–66.

36. Phan, H. H., Barakat, A., Lefevre, C., Boissard, C. & Rosselin,
G. (1992) Peptides 13, 53–61.

37. Brenneman D. E. & Gozes, I. (1996) J. Clin. Invest. 97, 2299–
2307.

38. Gozes, I. & Brenneman, D. E. (1996) J. Mol. Neurosci. 7, 235–244.
39. Gozes, I., Davidson, A., Gozes, Y., Mascolo, R., Barth, R.,

Warren, D., Hauser, J. & Brenneman, D. E. (1997) Dev. Brain
Res. 99, 167–175.

40. Figurov, A., Pozzo-Miller L. D., Olafsson P., Wang, T. & Lu, B.
(1996) Nature (London) 381, 706–709.

41. Lu, N., Black, I. B. & DiCicco-Bloom, E. (1996) Brain Res. Dev.
Brain Res. 94, 31–36.

42. Fisher, A., Brandeis, R., Pittel, Z., Karton, I., Sapir, M., Dachir,
S., Levy, A. & Heldman, E. (1989) Neurosci. Lett. 102, 325–
331.

4148 Pharmacology: Gozes et al. Proc. Natl. Acad. Sci. USA 96 (1999)


