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Endocannabinoids are endogenous polyunsaturated fatty acids involved in a multitude of health and disease
processes. Recently, several lines of evidence suggest the presence of a novel non-CB1/CB2 anandamide
receptor in endothelial cells. Thus, we synthesized two types of photoaffinity probes that contain either an
arylazide group or a diazirin moiety, together with a fluorescent analogue. The key steps rely on selective
hydrogenation of skipped tetrayne backbones and on copper-mediated cross-coupling reactions between
diynic precursors. Three synthetic routes were investigated. In biological functional assays, we found that
both the arylazide and the fluorescent probes induced robust increases in matrix metalloprotease activity
and produced positive angiogenic responses in in vitro endothelial cell tube formation assays. Irradiation of
the arylazide probe nicely enhanced this effect in both HUVEC and CB1-KO HUVEC. These results suggest
that the arylazide and the fluorescent probes can be used to identify “non-CB1/CB2 anandamide receptor”
from endothelial cells.

Introduction

Endocannabinoids (eCBsa) are a family of endogenous
polyunsaturated long-chain fatty acid (PUFA) derivatives,1

regarded as promising templates for the development of new
pharmacological agents potentially useful for various conditions.
The first eCB to be discovered2 was the ethanolamide of
arachidonic acid (also called anandamide). The seven eCBs
isolated to date are shown in Figure 1, together with four
structurally related endogenous lipoamino acids (also called
elmiric acids3), i.e., NAala, NAgly, NAGABA, ARA-S, and a
taurine derivative NAT.4-6 All of these newly isolated PUFA
derivatives are known to exist in brain tissue and appear to
exhibit properties similar to anandamide. However, little or no
information is currently available concerning their natural
occurrence or biological roles.

The therapeutic potential of agents that influence the eCB
system is impressive. Abundant evidence indicates that eCBs
participate as neuromodulators in numerous physiological and/
or pathological processes.7-9 Besides their involvement in
chronic pain, other conditions where abnormal activity of the
eCB system has been implicated include neurological/psycho-
logical disorders (multiple sclerosis, Alzheimer’s disease, Par-
kinsonism, schizophrenia, epilepsy, learning and memory

deficits, anorexia) as well as cardiovascular disease states
(hypertension, atherosclerosis), AIDS, and intestinal disorders.
It is well established that the eCBs bind to the same GPCR
receptors (i.e., CB1 and CB2)10 as phytocannabinoid drugs such
as ∆9-tetrahydrocannabinol (THC), the principal psychoactive
agent in the Cannabis satiVa plant. Depending on their structures
and localization, the eCBs may exert very different effects on
CB1 and CB2 receptors, acting11 as partial agonists, full
agonists, or antagonists. Moreover, these receptors have a
widespread distribution in various tissues and organ systems.12

Several excellent reviews on the biochemistry and pharmacology
of eCBs have appeared in recent years12-17 Nevertheless, many
questions remain unanswered. In fact, the more the eCB system
is studied, the more complex it appears,18 leading some authors19

to call it “the eCB soup”.
Interestingly, in transgenic CB1 knockout and CB1/CB2

double knockout mice, anandamide produces biological re-
sponses that must be attributed to alternative pharmacological
targets other than the identified cannabinoid receptors. Multiple
lines of evidence suggest the existence of several types of non-
CB1/CB2 receptors in different tissues.20-25

To date, none of these putative receptors have been isolated
or cloned. However, recent findings from our laboratories have
shown that anandamide analogue methanandamide acting on
this non-CB1/CB2 anandamide receptor can activate angiogenic
responses in endothelial cells.26,27 In those studies we have also
illustrated that methanandamide acting on non-CB1/CB2 anan-
damide receptors stimulates eNOS protein to produce nitric
oxide in endothelial cells.28,26

Clearly, pharmacological studies of the eCB system would
benefit from the availability of tools that would assist in the
detection, isolation, and characterization of these putative
receptors. Fluorescent29 and photolabeling30 techniques are
widely used for mechanistic studies of receptors and their
binding properties and might provide interesting information
on the eCB system. Fluorescence microscopy can reveal the
exact location of the target protein. Photoaffinity labeling of
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receptors is particularly useful for the isolation of putative
receptors. In this case, the receptor is tagged with an irreversi-
ble ligand, formed when the ligand is converted to a highly
reactive species, e.g., a nitrene or carbene31 by photoactivation.
These reactive “suicide” agonists or antagonists insert covalently
into C-H or O-H bonds of the closest amino acids in, or near,
the binding pocket of the putative receptor protein.

We synthesized a replica of the anandamide structure with
C-methylation, as a relatively minor structural modification of
the polar headgroup and the inclusion of a photoreactive probe
on the tail region of the analogue 1 (Figure 2). It is noteworthy
that one of the shortcomings of anandamide as an effective
pharmacological tool is its rapid in vivo and in vitro degradation.
Methylation at the R-position of the nitrogen atom is known to
result in a compound more resistant to enzymatic degradation,
i.e., the analogue R-(+)-methanandamide.32 Concerned with
possible steric hindrance33 and interference with the “horseshoe”
conformation of the PUFA backbone, the pentyl chain was
shortened to an ethylene group. In our preliminary paper,34 we
reported the synthesis of a new anandamide arylazide probe.
Herein, we report the details of its synthesis as well as those of
three novel probes 1 that bear either a diazirin photoactivatable
or a fluorescent group at the terminus of the anandamide
lipophilic chain.

We further tested the ability of these compounds to stimulate
angiogenesis as a biological function triggered by the activation
of non-CB1/CB2 anandamide receptors in endothelial cells to
verify the validity of these probes as specific non-CB1/CB2
anandamide receptors. Our design represents a flexible synthetic

strategy that allows the facile modification of head and/or tail
groups at a later stage (analogues 2).

Results and Discussion

Our retrosynthetic strategy (Scheme 1) relies on the esteri-
fication of the hydroxy function on the tail of the key tetraene
intermediate 3b with photoreactive carboxylic acids. The four
skipped cis-double bonds come from selective hydrogenation
of a tetrayne derivative 4. Instead of the previously described
linear strategy35,36 that built consecutively the diyne, triyne and
then tetrayne backbone, we developed a convergent route to
tetrayne 4 by coupling the two skipped diynes 5 and 6. This
has the advantage, over the linear strategy, of requiring fewer
experimental steps with these unstable structures. Each skipped
diyne comes from organometallic cross-coupling reactions
between commercially available terminal alkynes and propar-
gylic halides.

As outlined in Scheme 1, three routes were investigated: the
eCB (and elmiric acid) headgroup may be introduced after
sensitive elaboration of the tetraene backbone (pathway A) or
from the very beginning of the synthesis (pathway B). Therefore,
tetraene 3a (pathway A) will serve as a pivotal intermediate to
obtain analogues 2 with different eCB head groups and different
photoreactive tail groups whereas pathway B focuses on one
eCB series only (herein, anandamide analogues 1).

Replacement of one alkyne function in the tetrayne key
intermediate 4 with a Z-alkene function was investigated
(pathway C) to confer greater chemical stability to the inter-
mediate 7.

Figure 1. Endogenous ligands discovered to date.

Figure 2. Targeted compounds.
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Pathway A. The diyne precursor 5 was prepared in two steps
with excellent yield (95%, Scheme 2) by means of a copper-
mediated cross-coupling reaction between the commercially
available 3-butyn-1-ol 9 and 3-bromo-1-(trimethylsilyl)-1-
propyne 10, followed by deprotection of the masked terminal
alkyne. Upon flash chromatography (required to remove salts,
starting materials, and remaining DMF), the silylated diyne 11
is recovered as a mixture with its deprotected analogue 5 (about
5-10%). The partial deprotection at this stage was not
considered a problem, since the next step resulted in complete
conversion of 11 to 5. This last step was initially problematic,
since the terminal diyne 5 readily rearranges to its corresponding
allene 12 on silica or Florisil solid phase columns and under
basic conditions. Thus, standard C-Si deprotection with fluoride
ions, aqueous alcoholic potassium hydroxide, or silver nitrate
mainly led to the allene structure 12 (Scheme 2). Addition of
acetic acid simultaneously to the tetrabutylammonium fluoride
in order to reach complete neutrality was required in order to
obtain pure terminal diyne 5 in high yield (95-99%).

Starting from the commercially available 5-hexynoic acid 13,
the bis-propargylic bromide 6a was obtained in three steps
(Scheme 3) according to the procedure reported by Razdan.37

As depicted in Scheme 3, a subsequent cross-coupling
reaction between the two precursors 5 and 6a using Caruso
conditions38 afforded the tetrayne 4a. It is advisable to carry
out the transformation of tetrayne 4a to tetraene 3a on the same
experimental day, as 4a deteriorates on standing. Attempts to

further repurify the sample will then be pointless. The selective
hydrogenation step was performed under the Ni-P2 conditions
with only moderate yield, reflecting the poor stability of the
starting tetrayne 4a. After protection of the homoallylic alcohol
with a dimethoxytrityl group and saponification with lithium
hydroxide in methanol, the resulting carboxylic acid 15 was
coupled with di-O-tert-butyldiphenylsilyl-L-alaninol 16 to give
the amide 17 using the anhydride activation procedure. We
suggest that ethanolamine 16 can be replaced with any primary
amine function to incorporate the other eCB or elmiric acid head
groups, provided their functionalities are suitably protected.
Subsequently, removal of the dimethoxytrityl group using the
acidic properties of hexafluoroisopropanol (HFIP)39 afforded the
expected key alcohol 3b in good yields.

Pathway B. As explained above, the aim of our program is
to investigate the existence of new anandamide receptors. Thus,
we initially focused our attention on the synthesis of various
anandamide analogues. To this end, the ethanolamide headgroup
was introduced at the very beginning of the synthesis, which
avoided the homoallylic alcohol protection-deprotection steps.

The shortened strategy is depicted in Scheme 4. Thus, the
skipped tetrayne backbone 4b was reached in four steps only,
consisting of amide bond formation between the amine 16 and
5-hexynoic acid 13, followed by a copper cross-coupling
reaction with propargylic chloride40 19, bromination, and a
copper cross-coupling reaction between the resultant bis-
propargylic bromide 6b and the terminal diyne 5. As observed

Scheme 1. Retrosynthetic Analysis

Scheme 2. Synthesis of Terminal Alkyne
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for the tetrayne ester 4a, the tetrayneamide 4b is highly unstable
and was subsequently hydrogenated to its corresponding tetraene
3b using Ni-P2 catalyst. The rate of hydrogenation of each
alkyne functionality is not the same, with that closest to the
carbonyl group being less reactive. Consequently, depending
on the conditions (extent of nickel catalyst poisoning and
reaction time), the reaction led to a mixture of the desired
tetraene 3b, partially reduced alkenes, together with the trieneyne
intermediate 21. Conditions41 were optimized in order to obtain
pure tetraene 3b. This optimization was important, since
separation of 3b and 21 was difficult because of their similar
chromatographic mobilities. Unfortunately, we could not in-
crease the yield, which remained moderate (40% to 56%) mainly
because of the instability of the starting tetrayne structure 4b.

Pathway C. The synthetic pathways A and B described above
are based on the synthesis of a tetrayne backbone 4. However,
these tetrayne intermediates 4 were highly unstable and difficult
to work with. Therefore, a strategy encompassing a partially
reduced alkyne-alkene backbone 7 was developed in order to
confer stability to the precursors prior to the hydrogenation steps
(Scheme 1).

Synthesis of the yne-ene-yne derivative 7 via a one-pot
linchpin approach using 1,4-dichoro-2-cis-butene 22 was ap-
pealing. However, no information was found in the literature
with regard to monoselectivity of the copper-mediated cross-
coupling reaction between terminal alkynes and 1,4-dichoro-
2-cis-butene 22 using the standard coupling conditions (NaI,
CuI, base, DMF). A pilot experiment was undertaken using
methyl 5-hexynoate37 23 and 3-butyne-1-ol 9 in place of the
actual desired reactants 18 and 5, respectively. The reaction was
carried out with a stoichiometric amount of alkynes. In addition,
a reaction was run with 2.0 equiv of terminal alkyne 23 in order
to obtain a sample of the double substitution product for
comparison in TLC and NMR analyses. However, in both cases,
dichorobutene 22 had exhibited unexpected reactivity at the
olefin carbon rather than the methylene chloride group, affording
the chloride 24 as main product (81% yield, Scheme 5). It must
be noted that this reaction was highly regioselective, with only
one regioisomer (compound 24a) formed. Unfortunately, as this
was not the desired regioisomer 24b, it was felt that no more
progress could be made using this organometallic reaction.

Scheme 3. Synthesis of Tetraene 3b via Tetraene 3a

Scheme 4. Shorter Synthesis of Tetraene 3b
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Alternative coupling reactions with dichloride 22 were then
investigated under Taber coupling conditions. Using organo-
magnesium reagents with copper salts as catalysts, Taber was
able to achieve42 monoselectivity, good yields, and high
regioselectivity in favor of a desired linear yne-ene-CH2Cl
substructure by carrying out the reaction at a temperature of 55
°C. As our alkyne precursor 18 is a secondary amide, an amount
of 2 equiv of EtMgBr was added in order to counteract the
reactivity of the amide structure. However, the amide function
dramatically suffered from these organomagnesium conditions.
In addition, both regioisomers were obtained as a 1:1 mixture
(10%), the main isolated product being a symmetric disubstituted
cis-butene 25 (Scheme 6, 27%).

Subsequently, a strategy based on the precursor 4-chloro-
cis-buten-1-ol43 26 was examined. Unfortunately, poor regi-
oselectivity was again observed, leading to an inseparable 1:1
mixture of both regioisomers 27 and 28 (Scheme 7).

In view of these coupling difficulties, we considered the
possibility that the reactivity at the olefin carbon could be
significantly decreased by substituting the methylene chloride
with a more electrophilic iodine atom, so the reaction could
be more directed. This conversion was undertaken following
the Finkelstein reaction (yield not optimized). The resulting
4-iodo-cis-buten-1-ol 29 was then coupled to the alkyne 18

under the previous standard conditions. The ratio of the two
regioisomers 27 and 28 was greatly improved, i.e., a 4-fold
greater production of the desired product 27.

When we initiated our studies of pathway C, we were rather
optimistic44 because the literature suggested that copper cross-
coupling reactions were not associated with any regioselectivity
problems.45,35 The poor yields they obtained could be explained
on the basis of the predictable instability of the polyskipped
backbone. On the other hand, these SN/SN′ regioselectivity
problems have been encountered by some authors, using
somewhat different copper reaction conditions.46

Since pathways A and B were successful, we did not persevere
in our efforts to obtain the yne-ene-yne structure 7.

Synthesis of Probes 35, 37, 39, and 41. As reported in our
preliminary study,34 introduction of an arylazide group at the
terminal pentyl chain of methanandamide does not disturb the
CB2 binding affinity while its CB1 binding is somewhat
affected. There is no way to know how this structural change
would affect the interaction with the putative anandamide
receptor. Binding or activation of the receptor could be disturbed
because of the bulkiness of the aromatic moiety. Accordingly,
we elected to use neighboring photophore groups no larger (and
preferably smaller) than the 2-azido-5-iodobenzoate group. In
addition, we believe that introduction of polar functionalities

Scheme 5. Regioselectivity of the Reaction of 1,4-cis-Dichlorobutene 22 with Terminal Alkyne 23

Scheme 6. Obtention of the Diamide 25

Scheme 7. Undesired Regioselectivity of the Cross-Coupling Reaction
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should be avoided, since the anandamide pentyl chain probably
fits in a hydrophobic region of the receptor active site.

These two requirements drastically reduce the possibilities
for the design of fluorescent probes, since most of the well-
known fluorescent groups47 (e.g., Alexa, BODIPY) are bulky
and polar. We elected the 2-tert-butyl-2-methyl-1,3-benzodiox-
ole-4-carboxylate (TBMB)48 group. This particular structure,
although not widely used for receptor-ligand studies, was
attractive because of its relatively small size and reported
fluorescence properties.

Concerning the design of novel photoactivatable probes, we
turned our attention to short alkyl diazirins which are easier to
handle than their alkyl azide homologues. Two chain lengths
were tried, an approach expected to clarify SAR involving the
tail chain binding region, at least for the CB1 and CB2 receptors.

Subsequently, a series of ester-linked probes were syn-
thesized. Thus, Steglich esterification of the pivotal tetraene
alcohol 3b with photoreactive carboxylic acids such as
2-azido-5-iodobenzoic acid49 30, TBMB carboxylic acid48

31, and the C5 and C6 diazirin50 precursors 32 and 33,
followed by fluoride cleavage of the silyl group, afforded
the previously described probes 35 and then the three novel
probes 37, 39, 41 respectively (Scheme 8).

As part of preliminary studies to optimize the photoirradiation
conditions, UV spectra were recorded in methanol. Thus, upon
irradiation at 254 nm, the arylazide function (at 265 nm)
disappears within a few minutes (Figure 3). The diazirin
absorption is weaker in comparison to the skipped bis-allylic
system. The diazirin group was stable when irradiated at 254
nm (two shoulders at 348 and 367 nm, in agreement with
literature data), regardless of the distance from the lamp.
Furthermore, we found that upon irradiation of the diazirin 41
at 365 nm, the spectral scans obtained before, and various times
after, were virtually superimposable over the entire UV range
except in the diazirin absorption region (see expanded spectra
in Figure 4).

Effect of Probes 35 and 37 on Angiogenesis. In our
preliminary biological experiments,34 the arylazide probe 35 was
shown to bind the CB2 receptor while it poorly binds the CB1

receptor in comparison with anandamide. Replacement of the
pentyl chain tail of anandamide with the fluorescent TBMB
group (a slightly bulkier group than the arylazide group) resulted
in the complete loss of CB1 and CB2 affinities. Effectively,
probe 37 exhibited a Ki (µM) of 2.80 ( 0.05 and 1.02 ( 0.03
for CB1 and CB2 receptors, respectively (mean ( SE, N )
3).51 Under the same conditions, anandamide shows a Ki (µM)
of 0.07 ( 0.03 and 0.18 ( 0.02, respectively.

Scheme 8. Synthesis of Probes 35, 37, 39, and 41 from the Key Tetraene 3b

Figure 3. UV spectra of the arylazide 35 in methanol after 0, 30 s, 1
min, and 2 min of irradiation (lamp 254 nm, 15 W, d ) 5 cm).

Figure 4. UV spectra of the diazirin 41 in methanol after 0, 10, 25,
and 40 min of irradiation (lamp 365 nm, 6 W, d ) 2.5 cm).
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As shown in Figure 5, probe 35 produces a dose-dependent
increase in angiogenesis as evident by the increase in the length
of tube formed by the human umbilical vein endothelial cells
(HUVEC) in Matrigel. Interestingly, upon irradiation probe 35
produced a dramatic increase of the angiogenic response
compared to the effect observed before irradiation (Figure 5B).
This dose-dependent increase in the angiogenic response fol-
lowing irradiation strongly indicates that irradiation produced
covalent binding of probe 35 to a specific site.

The involvement of “non-CB1/CB2 anandamide receptor” in
probe 35-induced angiogenesis was further confirmed from the
results with CB1 receptor knockout HUVEC cells (CB1-KO
HUVEC; Figure 6A shows that the CB1 receptor is reduced in
the siRNA treated cells). Here again, probe 35 induced some
nice tube length increases and irradiation dramatically stimulated

the angiogenic response in tube formation assay (Figure 6B),
producing strong dose-dependent increases (21%, 30%, 47%
with 10 nM, 100 nM, and 1 µM, respectively, while they did
not exceed 8% before irradiation). The degree of angiogenic
response was statistically similar using CB1-KO HUVEC or
HUVEC.

Studies from Kunos laboratories showed28 that endothelial
non-CB1/CB2 anandamide receptor-mediated vasorelaxation
was inhibited by the selective non CB1/CB2 “anandamide
receptor” antagonist O-1918. In the current study we found that
probe 35-induced increase in tube formation in CB1-KO
HUVEC was significantly attenuated when cells were treated
with probe 35 (after irradiation) in the presence of the anan-
damide receptor antagonist O-1918 (1 µM, Figure 6C). HUVEC
does not express CB2 receptors (Mukhopadhyay et al., unpub-
lished observations), and blockade of probe 35-induced increase
in angiogenic response in CB1-KO HUVEC by O-1918 strongly
suggests that, in HUVEC, probe 35 produced angiogenesis by
acting on “non-CB1/CB2 anandamide” receptors and these
receptors are functionally active in HUVEC.

We tested the effect of probe 37 on HUVEC and CB1-
KO HUVEC cells before and after irradiation under similar
experimental conditions as probe 35. First of all, as described
for the probe 35, the probe 37 also produced robust
angiogenic response on HUVEC and CB1-KO HUVEC
(Figure 7), showing statistically similar levels of response
(p > 0.05). In addition, as expected because of its fluorescent
properties (different from the photolabeling properties such
as those of probe 35 or probe 41), probe 37 did not exhibit
any difference for angiogenic response before (data not
shown) and after irradiation (Figure 7).

Effects of Probes 35 and 37 on MMP Activity. MMP
(matrix metalloproteinase) plays an important role in the
regulation of angiogenesis in relation to the degradation of the
extracellular matrix so that endothelial cells can detach and
migrate. Since probes 35 and 37 produce strong angiogenic
responses in endothelial cells, we tested their effects on MMP
(gelatinase; MMP2 and MMP9) activity. As shown in Figures
8 and 9, similar to the effect observed in tube formation assay,
probes 35 and 37 produced dose-dependent increases in MMP
activity in HUVEC and CB1-KO HUVEC. However, probe 37-
induced increase in MMP activity (Figure 9) was stronger
compared to that produced by probe 35 (Figure 8). It is
important to note that methanandamide produced relatively less
increase in MMP activity (5%, 20%, and 28% increases with
respect to vehicle-treated control at 10 nM, 100 nM, and 1 µM,
respectively, in HUVEC; 10%, 25%, and 33% increases
with respect to vehicle-treated control at 10 nM, 100 nM, and
1 µM, respectively, in CB1-KO HUVEC) compared to increase
in MMP activity produced by probe 37.

Further, as shown in Figure 10, in CB1-KO HUVEC cells
probe 35- and probe 37-induced increases in MMP activity were
significantly reduced by non-CB1/CB2 anandamide receptor
antagonist O-1918. This suggests that probe 35 and probe 37
simulate MMP activity by acting on non-CB1/CB2 anandamide
receptor.

MMP2 (also known as gelatinase A) is a constitutive enzyme
that exists in pro- (72 kDa) and active (64 kDa) forms, and
MMP9 is an inducible enzyme (92 kDa latent form). When
secreted by cells, these enzymes act on their substrate in
extracellular matrix proteins (gelatin for MMP2 and MMP9)
to evoke cellular response. The secretion and activation mech-
anisms of MMPs are multistep processes and are mediated by
the coordinated interactions of various factors including cell

Figure 5. Effect of probe 35 on angiogenesis in HUVEC. (A) HUVEC
cells were grown in 100 mm2 plate up to 90% confluence and then
harvested with versene (1× PBS-0.05% EDTA), and cell pellet was
obtained by gentle centrifugation at 600g for 5 min. The cell pellet
was resuspended in serum-free RPMI 1640 media and mixed with
vehicle or probe 35 at the indicated final concentration. The cell mixture
was then placed on Matrigel with or without UV irradiation as explained
in Experimental Section and incubated at 37 °C for 36 h. The increase
in cord length (tube formation) was assessed under microscope (10×),
and images were captured as described in Experimental Section. The
result shown here is a representative example of three similar results
obtained from three separate experiments. (B) Quantitation of angio-
genic response of probe 35 on HUVEC. After 36 h of incubation, the
plates were fixed with Diff-Quick and images were captured using
Nikon camera and analyzed using ImagePro software. Total length of
the tubes formed by the endothelial cells in Matrigel was measured
from three randomly chosen fields (10×) for each sample and analyzed
by the ImagePro software (version 6.0) program. The results are
analyzed as percent increase in cord length (tube formation) with respect
to the corresponding vehicle-treated control. The results are expressed
as the mean ( SEM of percent increase from three separate experiments.
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surface MT1-MMP and tissue inhibitors of metalloproteases
(TIMP 2 for MMP2 and TIMP1 for MMP9) with latent forms
of MMPs (MMP2 and MMP9). Since probes 35 and 37
increased MMP activities, it is expected that activation of non-
CB1/CB2 anandamide receptors evokes signal transduction that
regulates TIMP-MMP interaction. We are currently testing the
effect of probe 35 and probe 37 on TIMP-MMP interaction in
endothelial cells. Since MMPs (MMP2 and MMP9) acting on
extracellular matrix proteins produce cell detachment and evoke
cell motility, we have also tested the effect of probes 35 and
37 on HUVEC cell motility. In cell migration assay probe 35
(following irradiation) produced dose-dependent 18%, 35%, and
54% increases with 10 nM, 100 nM, and 1 µM, respectively.
Under similar assay conditions, probe 37 produced a relatively
higher degree of increase in cell migration (27%, 40%, and 55%
increases in cell migration with 10 nM, 100 nM, and 1 µM,
respectively). Since increase in cell motility is an integral
component of the angiogenesis process, the ability of the

compounds to stimulate the cell migration strongly suggests that
probes 35 and 37 bear strong positive angiogenic properties in
endothelial cells.

In conclusion, we have accomplished a new convergent total
synthesis of an arachidonic carbon skeleton using copper-
mediated cross-coupling reactions between terminal alkynes and
propargylic halides and using selective hydrogenation of skipped
tetraynes 4. Several synthetic routes were investigated to reach
the pivotal tetraene 3b. The latter compound was successfully
transformed into four novel anandamide probes containing an
arylazide, a diazirin, or a fluorescent group. We plan to extend
this work by applying the same strategy to the preparation of
other probes 2 with different eCB and elmiric acid head groups.
These tools may be expected to advance significantly our
understanding of the molecular events underlying receptor
activation and signal transduction in the eCB system. The ability
of probes 35 and 37 (a) to dose-dependently increase capillary-
like tube formation in endothelial Matrigel assay in CB1-KO

Figure 6. siRNA-mediated knocking down of CB1 receptor and effect of probe 35 on angiogenesis in CB1-KO HUVEC. (A) Western blot analysis
of CB1 receptor expression in HUVEC and CB1-KO HUVEC. Cells were transfected with siRNA against CB1R or nonsilencing siRNA as described
in Experimental Section. Thirty-six hours after transfection, cells were harvested and cell lysates were tested for CB1 receptor immunoreactivity
as described in Experimental Section. (B) HUVEC and CB1-KO HUVEC were seeded in 100 mm2 plates such that they grow to 90% confluence
within 36 h after siRNA transfection and then harvested with versene (1× PBS-0.05% EDTA), and a cell pellet was obtained by gentle centrifugation
at 600g for 5 min. The cell pellet was resuspended in serum-free RPMI 1640 media and mixed with vehicle or probe 35 at the indicated final
concentration. The cell mixture was then placed on Matrigel with or without UV irradiation as explained in Experimental Section and incubated at
37 °C for 36 h. The formation of the tube was assessed under microscope, and images were captured and analyzed as described above. The results
are expressed as the mean ( SEM percent increase in cord length (tube formation) with respect to the corresponding vehicle-treated control from
three separate experiments. (C) Effect of anandamide receptor antagonist O-1918 on probe 35-induced angiogenesis. CB1-KO HUVEC cells were
treated with probe 35 (1 µM) in the presence and absence of O-1918 (1 µM). The extent of the tube formation was assessed as described above.
Results are representative of three separate experiments with similar results.

1012 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 4 Balas et al.

http://pubs.acs.org/action/showImage?doi=10.1021/jm8011382&iName=master.img-013.jpg&w=414&h=375


HUVEC in an O-1918-sensitive manner, (b) to stimulate MMP
activity, and (c) to evoke an increase in cell migration strongly
indicate that these compounds are acting as an agonist on non-
CB1/CB2 anandamide receptors and the activation of the
receptor functionally coupled to angiogenic response in endot-
helial cells. We will use a modified fluorescent probe (probe
37) to develop a pharmacological ligand-binding assay as well
as to localize the non-CB1/CB2 anandamide receptor in
endothelial cells.

Experimental Section

Tetraeneamide 3b. Method A. Dimethoxytrityl ether 17 (50.07
mg, 57.19 mmol) was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP, 500 µL, 100 mg/mL) and stirred overnight at 19 °C. A

bright-orange color appears quickly, characteristic of the dimethox-
ytrityl carbocation release. The completion of the reaction was
monitored by TLC (cyclohexane/AcOEt, 6/4, Rf ) 0.45). The
reaction was quenched by adding methanol (500 µL, discoloration)
at room temperature. The solvents were removed under reduced
pressure (without heating). The orange residue was dissolved in
cyclohexane/ethyl acetate, 80/20) and plugged through a pad of
Florisil to afford the deprotected homoallylic alcohol 3b in 65%
yield from acid 15.

Method B. Nickel(II) acetate tetrahydrate (293.62 mg, 1.18
mmol, 0.64 equiv) was placed in a 50 mL two-necked round-bottom
flask. Ethanol (16 mL) was added before the flask was placed under
vacuum and then hydrogen to ensure no oxygen was present. A 1
M solution of NaBH4 in ethanol (2.48 mL, 2.48 mmol, 1.35 equiv)
was added. The resulting black solution was evacuated 3 times and
then maintained under hydrogen atmosphere for 20 min. Ethylene-
diamine (878 µL, 13.14 mmol, 7.14 equiv) was added quickly via
syringe, and the reaction mixture was stirred to stabilize for 15
min. The flask was evacuated 3 times. The tetrayne 4b (1.04 g,
1.84 mmol, 1.0 equiv) was dissolved in ethanol (1.6 mL) and added
quickly to the reaction flask. The mixture was evacuated 3 times
and then maintained under hydrogen atmosphere for 8.5 h at 13
°C. The reaction mixture was quenched by addition of wet Et2O
(20 mL), followed by NH4Cl (a pinch) to poison the catalyst. The
reaction mixture was filtered through Celite which was washed with
Et2O. The solvents were removed under reduced pressure, and the
residue was partitioned between Et2O (100 mL) and sequentially
NaHSO4 (0.1 M, 5 mL), saturated aqueous NH4Cl solution (2 × 5
mL), and brine (2.5 mL). The aqueous phases were extracted 4
times (100 mL), and the resulting organic phases were dried over
MgSO4, filtered, and concentrated under reduced pressure. The
orange residue was chromatographed over Florisil (cyclohexane/
ethyl acetate:, 99/1 to 92/8) to give the expected tetraene 3b (588.16
mg, 56%) as a colorless oil. Rf ) 0.36 (cyclohexane/ethyl acetate,
6/4). IR (cm-1): 3574-3159 (OH/NH), 3012 (C-H), 2931 (C-H),
2857 (C-H), 1647 (NCdO), 1548 (CHdCH), 1428 (CHdCH),
1112 (C-O). 1H NMR (300 MHz, CDCl3) δ 7.80-7.51 (m, 4H,
H arom), 7.50-7.25 (m, 6H, H arom), 5.67 (d, J ) 8.3 Hz, NH),
5.57-5.20 (m, 8H, CH olefin), 4.15-4.00 (m, 1H, CHN), 3.75-3.49
(m, 4H, CH2O and CH2OSi), 2.90-2.71 (m, 6H, CH2 bis-allylic),
2.42-2.27 (m, 2H, CH2 allyl), 2.20-1.95 (m, 4H, CH2 and CH2

allyl), 1.75-1.57 (m, 2H, CH2), 1.17 (d, J ) 6.7 Hz, 3H, CH3),
1.06 (s, 9H, t-Bu). 13 C NMR (75 MHz, CDCl3) δ 172.14 (NCdO),
135.52 (CH arom), 133.32 (Cquat arom), 133.16 (Cquat arom),
130.79 (CH olefin), 129.82 (CH arom), 129.10 (CH olefin), 128.86

Figure 7. Effects of probe 37 on angiogenesis in HUVEC and CB1-
KO HUVEC. The cells were grown in 100 mm2 plates to 90%
confluence and then harvested with versene (1× PBS-0.05% EDTA),
and a cell pellet was obtained by gentle centrifugation at 600g for 5
min. The cell pellet was resuspended in serum-free RPMI 1640 media
and mixed with vehicle or probe 37 at the indicated final concentration.
The cell mixture was then placed on Matrigel as explained in
Experimental Section and incubated at 37 °C for 36 h. The formation
of the tube was assessed under microscope, and images were captured
and analyzed as described above.

Figure 8. Effect of probe 35 on MMP activity. HUVEC or CB1-KO
HUVEC cells were grown in six-well plates to 90% confluence and
treated with vehicle or probe 35 at the indicated final concentration.
The cells were either directly placed in an incubator at 37 °C or
irradiated with UV (as described in the Experimental Section) and then
placed in an incubator at 37 °C for 24 h. The MMP activity was
measured from conditioned media as described in the Experimental
Section. The results are analyzed as percent increase in enzyme activity
with respect to corresponding vehicle treatment (basal activity) in the
same cell line. The results are expressed as the mean ( SEM of percent
increase from three separate experiments.

Figure 9. Effect of probe 37 on MMP activity. HUVEC or CB1-KO
HUVEC cells were grown in six-well plates to 90% confluence and
treated with vehicle or probe 37 at the indicated final concentration.
The cells were either directly placed in an incubator at 37 °C or
irradiated with UV (as described in the Experimental Section) and then
placed in incubator for 24 h. The MMP activity was measured from
conditioned media as described in the Experimental Section. The results
are analyzed as percent increase in enzyme activity with respect to the
corresponding vehicle treatment (basal activity) in the same cell line.
The results are expressed as the mean ( SEM of percent increase from
three separate experiments.
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(CH olefin), 128.68 (CH olefin), 128.22 (CH olefin), 128.00 (CH
olefin), 127.76 (2 × CH olefin and CH arom), 125.73 (CH olefin),
66.83 (CH2OH), 62.09 (CH2OSi), 46.29 (CHN), 36.23 (CH2), 30.90
(CH2 allyl), 26.75 (t-Bu), 26.70 (CH2 allyl), 25.76 (CH2 bis-allyl),
25.65 (CH2 bis-allyl), 25.55 (CH2), 19.32 (Cquat t-Bu), 17.56
(CH3). MS (electrospray, positive mode): 596.5 (M + Na). Anal.
Calcd for C36H51NO3Si: C, 75.34; H, 8.96. Found: C, 75.42; H,
9.06.

Tetrayneamide 4b. The reaction flask was protected from light
with aluminum foil, and workup procedure was run under dim light.
A mixture of anhydrous Cs2CO3 (1.77 g, 5.43 mmol, 1.0 equiv),
CuI (1.034 g, 5.43 mmol, 1.0 equiv), NaI (1.63 g, 10.86 mmol, 2.0
equiv), terminal diyne 5 (644.12 mg, 5.97 mmol, 1.1 equiv), and
bromide 6b (2.92 g, 5.43 mmol, 1.0 equiv) in DMF (11 mL) was
stirred overnight at 40 °C. Upon cooling to 0 °C, the mixture was
diluted with isopropyl ether (40 mL) and quenched with saturated
NH4Cl (6 mL). The two layers were separated, and the etheral layer
was washed with brine (6 mL), followed by a 10% aqueous Na2S2O3

solution (6 mL) and water (2 × 6 mL). The combined aqueous
phases were re-extracted thrice with a mixture isopropyl ether/ether
(1v/1v, 150 mL), dried over MgSO4, and filtered. The solvents were
removed in vacuo, avoiding heating and light. The residue was
purified by flash chromatography on a pad of Florisil (cyclohexane/
ethyl acetate, 95/5 to 70/30) to give 1.59 g (52%) of the expected
tetrayne 4b as a yellow oil (which darkened quickly on storage).
Attempts to further purify it resulted in partial decomposition.
Hence, it was used as such in the subsequent reaction as soon as
possible. Rf ) 0.48 (cyclohexane/ethyl acetate, 4/6). IR (cm-1):
3432-3100 (OH, NH), 3071 (C-H), 2931 (C-H), 2858 (C-H),
2244 (CtC), 2207 (CtC), 1644 (NCdO), 1543 (CHdCH), 1471
(CHdCH), 1462 (CHdCH), 1427 (CHdCH), 1362 (CHdCH),
1318 (CHdCH), 1262 (C-O), 1110 (C-O), 1044 (C-O), 998.
1H NMR (300 MHz, CDCl3) δ 7.75-7.51 (m, 4H, H arom),
7.50-7.25 (m, 6H, H arom) 5.65 (br d, J ) 8.1 Hz, 1H, NH),
4.17-4.00 (m, 1H, CHN), 3.75-3.50 (m, 3H, CHOSi and CH2O),
3.58 (dd, J ) 3.9 Hz, J ) 10.1 Hz, 1H, CHOSi), 3.25-3.00 (m,
6H, CH2 bis-propargylic), 2.57-2.31 (m, 2H, CH2 propargylic),
2.31-2.05 (m, 4H, CH2 and CH2 propargylic), 1.85-1.65 (m, 2H,
CH2), 1.16 (d, J ) 6.7 Hz, 3H, CH3), 1.05 (s, 9H, t-Bu). 13C NMR
(75 MHz, CDCl3) δ 171.64 (NCdO), 135.50 (CH arom), 133.29
(Cquat arom), 133.15 (Cquat arom), 129.82 (CH arom), 127.76 (CH
arom), 79.73 (CtC), 77.31 (CtC), 75.87 (CtC), 75.06 (CtC),
74.77 (CtC), 74.65 (CtC), 74.35 (CtC), 74.14 (CtC), 66.78
(CH2OSi), 61.00 (CH2OH), 46.36 (CHN), 35.47 (CH2), 26.86 (t-
Bu), 24.49 (CH2), 23.02 (CH2 propargylic), 19.31 (Cquat t-Bu),
18.14 (CH2 propargylic), 17.52 (CH3), 9.73 (CH2 bis-propargylic).
MS (electrospray, positive mode): 566.4 (M + H), 588.6 (M +
Na).

General Procedure for the Deprotection of the TBDPS
Group. TBAF (1.5 equiv, 1 M in THF) was added dropwise to a
solution of silylated ether 34, 36, 38, or 40 (1.0 equiv) in anhydrous
THF (10 mL/mmol) at 0 °C. The reaction mixture was directly
plugged through a pad of Florisil using cyclohexane/CH2Cl2, 1/1,
then CH2Cl2, then increasing concentration of methanol in cyclo-
hexane to provide the corresponding pure alcohol.

Fluorescent Probe 37. White powder. 80% yield. Rf ) 0.57
(CH2CH2/MeOH, 96/4). IR (cm-1): 3719-3101 (OH/NH), 2952
(C-H), 2931 (C-H), 2851 (C-H), 1709 (COOR), 1649 (NCdO),
1546 (CHdCH), 1468 (CHdCH), 1428 (CHdCH), 1376 (CHdCH),
1297 (C-O), 1250, 1234 (C-O), 1149 (C-O), 1113, 1068, 1051.
1H NMR (500 MHz, CDCl3) δ 7.29 (d, J ) 7.9 Hz, 1H, H arom),
6.83 (d, J ) 7.9 Hz, 1H, H arom), 6.74 (t, J ) 7.9 Hz, 1H, H
arom), 5.70 (br s, 1H, NH), 5.55-5.42 (m, 2H, H olefin), 5.42-5.26
(m, 6H, H olefin), 4.39-4.18 (m, 2H, CH2O), 4.14-3.95 (m, 1H,
CHN), 3.64 (dd, J ) 10.9 Hz and J ) 3.2 Hz, 1H, CHOSi), 3.51
(dd, J ) 10.9 Hz and J ) 6.1 Hz, 1H, CHOSi), 3.02-2.66 (m, 6H,
CH2 bis-allyl), 2.58-2.42 (m, 2H, CH2 allyl), 2.25-2.13 (m, 2H,
CH2), 2.12-1.94 (m, 2H, CH2 allyl), 1.80-1.64 (m, 2H, CH2), 1.58
(s, 3H, CH3), 1.14 (d, J ) 6.8 Hz, 3H, CH3), 1.06 (s, 9H, t-Bu).
13C NMR (75 MHz, CDCl3) δ 173.67 (NCdO), 164.84 (COOR),
149.37 (Cquat arom), 148.81 (Cquat arom), 130.42 (CH olefin),
129.11 (CH olefin), 128.75 (CH olefin), 128.29 (CH olefin), 128.07
(CH olefin), 127.98 (CH olefin), 127.70 (CH olefin), 125.26 (CH
olefin), 124.69 (Cquat), 121.74 (CH arom), 120.15 (CH arom),
112.1 (Cquat), 111.32 (CH arom), 67.42 (CH2OH), 64.12 (CH2O),
47.84 (CHN), 39.56 (Cquat), 36.08 (CH2), 26.93 (CH2 allyl), 26.65
(CH2 allyl), 25.75 (CH2 bis-allyl), 25.65 (CH2 bis-allyl), 25.48
(CH2), 24.46 (t-Bu), 20.26 (CH3), 17.04 (CH3). MS (electrospray,
positive mode): 576.20 (M + Na), 1130.53 (M × 2 + Na). Anal.
Calcd for C33H47NO6: C, 71.58; H, 8.56. Found: C, 71.63; H, 8.42.

Diazirin Probe 39. Colorless oil. 75% yield. Rf ) 0.38 (CH2Cl2/
MeOH: 96/4). IR (cm-1): 3602-3137 (OH/NH), 3012 (C-H), 2930
(C-H), 2862 (C-H), 1736 (COOR), 1643 (NCdO), 1545
(CHdCH), 1450 (CHdCH), 1386 (CHdCH), 1252 (C-O), 1177
(C-O), 1051. 1H NMR (400 MHz, CDCl3) δ 5.61 (br s, 1H, NH),
5.52-5.41 (m, 1H, H olefin), 5.41-5.26 (m, 7H, H olefin),
4.14-3.99 (m, 3H, CHN and CH2OC), 3.64 (dd, J ) 3.4 Hz and
J ) 10.9 Hz, 1H, CHO), 3.51 (dd, J ) 6.1 Hz and J ) 10.9 Hz,
1H, CHO), 2.87-2.71 (m, 6H, CH2 bis-allyl), 2.45-2.33 (m, 2H,
CH2 allyl), 2.17 (t, J ) 7.7 Hz, 2H, CH2), 2.15 (t, J ) 7.8 Hz, 2H,
CH2), 2.13-2.06 (m, 2H, CH2 allyl), 1.75-1.64 (m, 4H, CH2), 1.60
(br s, 1H, OH), 1.15 (d, J ) 6.8 Hz, 3H, CH3), 1.00 (s, 3H, CH3).
13C NMR (100 MHz, CDCl3) δ 173.54 (NCdO), 172.32 (COOR),
130.75 (CH olefin), 129.12 (CH olefin), 128.76 (CH olefin), 128.36
(CH olefin), 128.30 (CH olefin), 128.05 (CH olefin), 127.88 (CH
olefin), 124.81 (CH olefin), 67.39 (CH2OH), 64.07 (CH2O), 47.82

Figure 10. Effect of O-1918 on probe 35- and probe 37-induced MMP activity in CB1-KO HUVEC. CB1-KO HUVEC cells were grown in
six-well plates to 90% confluence and treated with vehicle or probe 35 or probe 37 at the indicated final concentration in the presence and absence
of O-1918 (1 µM). The cells were either directly placed in an incubator at 37 °C or irradiated with UV (as described in the Experimental Section)
and then placed in an incubator for 24 h. The MMP activity was measured from conditioned media as described in the Experimental Section. The
results are analyzed as percent increase in enzyme activity with respect to the corresponding vehicle treatment (basal activity) in the same cell line.
The results are expressed as mean ( SEM of percent increase from three separate experiments.
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(CHN), 36.07 (CH2), 29.68 (CH2), 28.76 (CH2), 26.82 (CH2 allyl),
26.64 (CH2 allyl), 25.65 (CH2 bis-allyl), 25.48 (CH2), 24.89 (Cquat
diazirin), 19.66 (CH3), 17.04 (CH3). MS (electrospray, positive
mode): 468.13 (M + Na), 440.20 (M - N2 + Na). Anal. Calcd for
C25H39N3O4: C, 67.39; H, 8.82. Found: C, 67.15; H, 8.97.

Diazirin Probe 41. Pale-yellow oil. 81% yield. Rf ) 0.51
(CH2Cl2/MeOH, 96/4). IR (cm-1): 3669-3109 (OH/NH), 3012
(C-H), 2931 (C-H), 2857 (C-H), 1734 (COOR), 1643 (NCdO),
1545 (CHdCH), 1453 (CHdCH), 1386 (CHdCH), 1256 (C-O),
1173 (C-O), 1051, 994. 1H NMR (300 MHz, CDCl3) δ 5.66 (br
s, 1H, NH), 5.55-5.41 (m, 1H, H olefin), 5.41-5.23 (m, 7H, H
olefin), 4.17-3.97 (m, 3H, CHN and CH2O), 2.88 (t, J ) 5.5 Hz,
1H, OH), 2.85-2.67 (m, 6H, CH2 bis-allyl), 2.49-2.32 (m, 2H,
CH2 allyl), 2.26- (t, J ) 7.3 Hz, 2H, CH2), 2.17 (t, J ) 7.6 Hz, 2H,
CH2), 2.12-1.94 (m, 2H, CH2 allyl), 1.80-1.61 (m, 2H, CH2),
1.57-1.43 (m, 2H, CH2), 1.42-1.26 (m, 2H, CH2), 1.14 (d, J )
6.8 Hz, 3H, CH3), 0.98 (s, 3H, CH3). 13 C NMR (75 MHz, CDCl3)
δ 173.61 (NCdO), 173.02 (COOR), 130.70 (CH olefin), 129.10
(CH olefin), 128.74 (CH olefin), 128.34 (CH olefin), 128.29 (CH
olefin), 128.04 (CH olefin), 127.89 (CH olefin), 124.87 (CH olefin),
67.29 (CH2OH), 63.80 (CH2O), 47.77 (CHN), 36.06 (CH2), 33.69
(CH2), 33.51 (CH2), 26.85 (CH2 allyl), 26.63 (CH2 allyl), 25.63
(br, CH2 bis-allyl), 25.47 (Cquat diazirin), 19.68 (CH3), 19.46
(CH2), 17.03 (CH3). MS (electrospray, positive mode): 482.1 (M
+ Na), 454.2 (M - N2 + Na). Anal. Calcd for C26H41N3O4: C,
67.94; H, 8.99. Found: C, 68.09; H, 9.12.

siRNA and Transfection. Several siRNA against the CB1
cannabinoid receptors were constructed and synthesized by Ambion
(Austin, TX) using proprietary methods. The specificity of the
siRNA sequence was checked via BLAST search. For silencing
CB1 receptors, HUVEC cells were grown to 70% confluence.
Thereafter, cells were transfected with CB1 cannabinoid receptor-
specific silencing siRNA or nonsilencing siRNA using siPORT
siRNA electroporation kit (Ambion, TX) following the manufac-
turer’s instructions. In brief, a cell pellet (approximately 7 × 104)
was collected, suspended in 75 µL of SiRNA electroporation buffer
(Ambion) and mixed with 1.5 µg of siRNA or nonsilencing siRNA.
The mixture was subjected to electroporation in an electroporation
cuvette (1 mm pass) under conditions identified in optimizing
experiments. Following electroporation, samples in the cuvette were
incubated at 37 °C for 10 min and cells were transferred to a culture
dish with prewarmed growth media. Cells were incubated at 37 °C
in a 95% O2/5% CO2 incubator until they were analyzed.

In Vitro Angiogenesis Assay (Tube Formation Assay). The
tube formation assay was performed as described previously.52

Briefly, 24-well plates were coated with 300 µL of 1:1 mixture of
RPMI 1640 and Matrigel (10 mg/mL, Invitrogen) and incubated at
37 °C for 1 h to promote gelling. HUVECs (40 000) in 0.5 mL of
serum-free RPMI 1640 medium with varying concentrations of drug
were added to each well. For a positive control, bFGF was added
at a concentration of 5 ng/mL. All test samples were performed in
triplicate. After 36 h of incubation, the plates were fixed with Diff-
Quick and images were captured using a Nikon camera and
analyzed using ImagePro software. The total length of the tubes
formed by the endothelial cells was measured from three randomly
chosen fields (10×) for each sample and analyzed by the ImagePro
software program. This experiment was performed in triplicate for
each sample three times.

Irradiation of Ligands. The endothelial cells were grown in
six-well plates at 90% confluence and then placed in a C-65 cabinet
attached with one 8-W EL lamp [UVLMS-38 8-W UV lamp (14.8
in. length × 3.8 in. width × 2.5 in. depth) equipped with low,
medium, and long range (365/302/254 nm) UV-generating wave-
length 365/302/254 nm; UVP, Upland, CA]. The cells were treated
with test drugs and irradiated for 1-15 min at 280-315 nm range.
The distance between the light source and the cells was 10 in. The
cell viability was assessed before and after irradiation, and no
significant difference in cell viability was observed up to 10 min
of exposure. Therefore, the experiment described herein was
performed after 5 min of excitation.

Measurement of MMP Activity. The MMP (matrix metallo-
proteinase) activity was measured using Enzchek gelatinase/
collagenase assay kit (Molecular Probes) following the manufac-
turer’s protocol using a multiwell microplate reader. The cells were
plated in a six-well plate and at 90% confluence treated with vehicle
or test drugs for 24 h. Conditioned media samples (100 µL) were
collected (following treatment) and added into the wells of a 96-
well plate in triplicate followed by 80 µL of 1× reaction buffer
(from Molecular Probes kit) in each assay well. Then 20 µL of
“DQ gelatin” (6 µg/mL, Molecular Probes) was added to each well
and the mixture was incubated in the plate for 24 h at 37 °C in the
dark. After the incubation period, fluorescence is measured using
a microplate reader (Victor S23-271-05) at excitation/emission of
485/530 nm. A standard curve is simultaneously developed incubat-
ing the same amount of substrate “DQ gelatin” (6 µg/mL) with
varying amounts (0.01-0.04 µg/mL) of purified Clostridium
collagenase enzyme (Molecular Probe kit). The digestion of the
substrate with the enzyme will remove the quenching of heavily
loaded fluorescence labeling in gelation, and the increase in the
fluorescence reading is directly proportional to the enzyme activity.
The experiment is performed in triplicate, and data are analyzed
using GraphPad Prism software. For experiments with probe 37,
background fluorescence reading was subtracted from the experi-
mental readings. The background fluorescence of probe 37 was
obtained by adding probe 37 at different concentrations (as used
to treat the cells) into complete media and then measuring
fluorescence after 24 h as described above.

Cell Migration Assay. The cell migration assay was performed
as described previously53 in a 48-well microchemotaxis chamber
(Neuro Probe, Inc., MD). Briefly, polyester membranes with 10
µm pores (Neuro Probe, Inc., MD.) were coated with a 0.1 mg/mL
of collagen IV (Invitrogen) in doubly distilled water and then dried
for 1 h. HUVECs and CB1-KO HUVEC were harvested using
Versene (Sigma; St Louis, MO) and resuspended in RPMI 1640
containing 0.1% BSA. The bottom chamber was loaded with 30 000
cells, and the filter was laid over the cells. The microchamber was
then inverted and incubated at 37 °C for 2 h. After reinversion of
the chamber to its upright position, the upper wells were then loaded
with RPMI 1640 containing 0.1% BSA and test drugs. bFGF was
added at a concentration of 5 ng/mL as a positive control. The
chamber was then reincubated at 37 °C for 6 h, and the filters were
fixed and stained using Diff-Quick (Baxter Healthcare Corp., IL).
The cells that migrated through the filter were quantitated by
counting the center of each well at ×20 using an Olympus CK 40
microscope. Each condition was studied in triplicate wells, and each
experiment was performed three times.
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