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Cellular/Molecular

Endocannabinoid Signaling Dynamics Probed with
Optical Tools
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Intercellular signaling dynamics critically influence the functional roles that the signals can play. Small lipids are synthesized and
released from neurons, acting as intercellular signals in regulating neurotransmitter release, modulating ion channels on target cells,and
modifying synaptic plasticity. The repertoire of biological effects of lipids such as endocannabinoids (eCBs) is rapidly expanding, yet lipid
signaling dynamics have not been studied. The eCB system constitutes a powerful tool for bioassaying the dynamics oflipid signaling. The
eCBs are synthesized in, and released from, postsynaptic somatodendritic domains that are readily accessible to whole-cell patch elec-
trodes. The dramatic effects of these lipid signals are detected electrophysiologically as CB1-dependent alterations in conventional
synaptic transmission, which therefore serve as a sensitive reporter of eCB actions. We used electrophysiological recording, photolytic
release of caged glutamate and a newly developed caged AEA (anandamide), together with rapid [Ca®" |, measurements, to investigate the
dynamics of retrograde eCB signaling between CA1 pyramidal cells and GABAergic synapses in rat hippocampus in vitro. We show that,
at 22°C, eCB synthesis and release must occur within 75-190 ms after the initiating stimulus, almost an order of magnitude faster than
previously thought. At 37°C, the time could be <50 ms. Activation of CB1 and downstream processes constitute a significant fraction of
the total delay and are identified as major rate-limiting steps in retrograde signaling. Our findings imply that lipid messenger dynamics
are comparable with those of metabotropic neurotransmitters and can modulate neuronal interactions on a similarly fast time scale.
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Introduction

The dynamic properties of intercellular signaling systems greatly
influence the ways in which cells affect each other. Moreover,
signaling dynamics impose critical constraints on models of the
underlying signaling mechanisms. Small lipid molecules, includ-
ing platelet-activating factor, arachidonic acid, prostaglandins
(for review, see Bazan, 2003), and endocannabinoids (eCBs) (for
review, see Alger, 2002; Freund et al., 2003), constitute a major
class of intercellular messengers. However, there is little informa-
tion on the dynamics of lipid signal mobilization. This reflects
partly the difficulty in capturing and measuring tiny quantities of
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lipid messengers, and partly the absence of a well established
model system that offers sufficient experimental control over the
lipid release process. Lipid signals are not stored in vesicles but
are generated from membrane-bound precursors by enzymatic
activity initiated in response to cellular stimuli, such as a rise in
[Ca**], or the activation of biochemical cascades. Lipids are
released across the plasma membrane. Rapid kinetic measure-
ments have not been the focus of previous investigations, and the
maximum speed with which lipid messengers can be produced is
essentially unknown.

Recently, eCBs have emerged as putative retrograde intercel-
lular messengers in the mammalian CNS (Kreitzer and Regehr,
2001a,b; Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001).
The two major eCBs, arachidonoylethanolamide [anandamide
(AEA)] and 2-arachidonoyl glycerol (2-AG), both derivatives of
arachidonic acid (Iversen, 2003) (for review, see Freund et al.,
2003) are agonists at the G-protein-coupled receptor (GPCR),
CB1. Both AEA and 2-AG can be released from postsynaptic
principal cell somata and dendrites, and their release is stimu-
lated by a marked rise in [Ca’"];. Release of eCB can also be
caused by activation of GPCRs including dopamine (Giuffrida et
al., 1999), metabotropic glutamate (Maejima et al., 2001; Varma
et al., 2001), or muscarinic acetylcholine receptors (Kim et al.,
2002; Ohno-Shosaku et al., 2003) and can persist for many min-
utes. The metabotropic glutamate receptor (mGluR)- and mus-
carinic acetylcholine receptor-dependent pathways are not asso-
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ciated with a marked rise in [Ca**]; (Maejima et al., 2001; Kim et
al., 2002), and can be triggered even in the presence of high in-
tracellular concentrations of Ca** chelators, although they may
nevertheless be sensitive to ambient [Ca®"]; (Hashimotodani et
al., 2005). Whether these separate pathways operate on the same
time scales is not known. The kinetic properties of the eCB-
mediated responses will critically constrain the candidate bio-
chemical pathways.

The eCB system constitutes a powerful tool for bioassaying the
dynamics of lipid signaling. The eCBs are synthesized in, and
released from, postsynaptic somatodendritic domains that are
readily accessible to whole-cell patch electrodes. The dramatic
effects of these lipid signals are detected electrophysiologically as
CB1-dependent alterations in conventional synaptic transmis-
sion, which therefore provide a sensitive means of bioassaying
eCB actions. Indeed, the first estimates of the speed of intercellu-
lar lipid signaling were provided by the study of depolarization-
induced suppression of inhibition (DSI) (Pitler and Alger, 1994;
Wilson et al.,, 2001). In the present study, by combining whole-
cell voltage-clamp, [Ca*"|; measurements, and photorelease of
caged glutamate and a novel, caged AEA, we investigated the
dynamics of eCB signaling in hippocampal slices.

Materials and Methods

Preparation of acute hippocampal slices

Hippocampal slices were obtained mainly from 4- to 6-week-old male
Sprague Dawley rats. In some experiments, as noted, mice (25-40 g) in
which the CBI gene had been inactivated (Ledent et al., 1999) were used.
All experiments were performed in accordance with the guidelines set
forth by the Institutional Animal Care and Use Committee of the Uni-
versity of Maryland School of Medicine. After the animals were deeply
anesthetized with halothane and decapitated, the hippocampi were re-
moved and sectioned into 400-um-thick slices in ice-cold saline using a
vibratome (Technical Products International, St. Louis, MO). The slices
were maintained at room temperature in an interface holding chamber in
a humidified atmosphere saturated with 95% O,/5% CO, for at least an
hour before being transferred to the submersion-type chamber (Nicoll
and Alger, 1981) where the experiments were performed at 30 = 1°C.

Preparation of organotypic slice cultures

Organotypic hippocampal slice cultures were prepared either as roller-
tube cultures (Gihwiler et al., 1998) or as interface cultures on semi-
porous membranes (Stoppini et al., 1991). Hippocampi were dissected
from 5- or 6-d-old CO,-anesthetized rat or CB1 ~/~ mouse pups, and cut
into 375-um-thick transverse slices using a Mcllwain tissue chopper
(Brinkmann Instruments, Westbury, NY). Slices were attached to
polylysine-coated glass coverslips in 20 ul of chicken plasma coagulated
with thrombin. Coverslips were placed into culture tubes with 750 ul of
serum-containing medium and incubated in a roller-drum at 36°C. Al-
ternatively, slices were placed on porous, transparent membranes at-
tached to the bottom of a round polystyrene chamber and kept in six-well
tissue culture plates. Organotypic slices prepared with the roller-tube
method were x-irradiated at the time of explantation and treated over-
night with antimitotics to reduce the proliferation of glial cells. Slice
cultures were held in a 36°C incubator with 5% CO, and maintained in
vitro for >14 d before performing experiments to allow for synaptic
maturation.

Cultures were perfused at ~1 ml/min with control saline containing
the following (in mm): 137 NaCl, 2.8 KCl, 2.5 CaCl,, 2.5 MgCl,, 23.2
NaHCO;, 0.4 NaH,PO,, pH to 7.2 with HEPES, and 5.6 glucose at room
temperature (20-22°C) in a closed recirculating system. Caged gluta-
mate (Ncm-Glu) (1 mm) or caged AEA (200 um) was included in the
extracellular saline as indicated in the relevant text or figure.

Electrophysiology
Current-clamp recordings from CA1 pyramidal cells in acute slices were
obtained with sharp, glass microelectrodes (50-150 MQ)) filled with 3 m
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KCL. Reliable spontaneous IPSP activity (seen in ~80% of all recorded
cells) was observed after a 5-20 min bath application of carbachol (CCh),
1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-
sulfonamide (NBQX), and pr-2-amino-5-phosphonopentanoic acid
(AP5). We refer to this IPSC activity as “spontaneous” as is conventional,
because it is persistent and does not require additional stimulation to
evoke it. “Theta burst” trains of action potentials, each comprising five
action potentials elicited by positive, constant-current pulses (each 5 or
10 ms in duration) were delivered via the microelectrode at 50 Hz. Re-
petitive bursts were delivered at 200 ms intervals (i.e., at 5 Hz) to elicit
DSI. Signals were digitized at 5 kHz with an analog-to-digital interface
(Digidata 1200A; Molecular Devices, Palo Alto, CA) and analyzed with
pClamp 9.0 software (Molecular Devices).

The intracellular whole-cell patch pipette solution used in slice-
cultured cells contained the following (in mm): 90 CsCH;SO;, 50 CsCl, 1
MgCl,, 2 Mg-ATP, 0.3 Tris-GTP, 0.2 Cs,BAPTA, 10 HEPES, and 5 QX-
314 (lidocaine N-ethyl bromide), pH 7.20 with CsOH, and 295 mOsm. In
some experiments, 90 mM CsCH;SO; was replaced by 20 mm Cs,BAPTA
(Invitrogen, Eugene, OR) to block rises in [Ca®"];. Seal resistance was
routinely >1 G(). Recordings were made with an Axoclamp 2B amplifier
and collected through a Digidata-1200A Interface (Molecular Devices).
Analog signals were recorded, digitized at 5 kHz, low-pass filtered at 2
kHz, and subsequently analyzed using Clampfit (Clampfit 9; Molecular
Devices) and Mini Analysis Program (version 6.0.1; Synaptosoft, Deca-
tur, GA).

Monosynaptic evoked IPSCs (eIPSCs) were elicited by 100-us-long
extracellular stimulus pulses (150250 pA) delivered with concentric
bipolar stimulating electrodes (David Kopf Instruments, Tujunga, CA),
or with a low resistance (1-2 M()) patch pipette filled with extracellular
saline, placed in the stratum oriens between CA3 and CAl, 0.5-1 mm
apart from the recording site. To isolate monosynaptic eIPSCs, iono-
tropic glutamate receptor blockers NBQX (10 um) and AP5 (50 um) were
present in the bath solution throughout all experiments. In experiments
that focused on spontaneous IPSPs (sIPSPs) or spontaneous IPSCs
(sIPSCs), CCh (500 nM or 5 uM, as noted) was added to the bathing
solution. The lower concentration of CCh was used in cultured slices
because they are prone to generating paroxysmal sIPSC activity in 5 um
CCh, which was used for acute slices. Water-based stock solutions of
CCh, 2S-2-amino-2-(1S,2S-2-carboxycycloprop-1-yl)-3-(xanth-9-yl)pro-
panoic acid (LY341495) (Tocris, Ballwin, MO), or DMSO-based stock solu-
tions of N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-
methyl-1 H-pyrazole-3-carboxamide (AM251) (Tocris), and R-(+)-(2,3-
dihydro-5-methyl-3-[(4-morpholinyl)methyl]pyrrolo[1,2,3-de]-1,4-
benzoxazin-6-yl)-(1-naphthalenyl)methanone monomethanesulfonate
(WIN55212-2) (Tocris) were added to the bath solution and perfused
into the recording chamber when needed. The final concentration of
DMSO was 0.01% (v/v). All other chemicals were purchased from
Sigma-Aldrich (St. Louis, MO).

Ca’" imaging

Ca?*-dependent fluorescence of fluo-3 (50 uM in the whole-cell pipette)
was collected by a photomultiplier tube (PMT) (H5783; Hamamatsu,
Hamamatsu City, Japan) and recorded concurrently with IPSCs. A filter
set suitable for fluo-3 (Chroma 41025; exciter HQ470/40X; emitter
HQ515/30m; dichroic Q495LP) was used in conjunction with a Nikon
(Melville, NY) Eclipse 600 upright microscope (40X 0.8 numerical ap-
erture objective). The output of the PMT was low-pass filtered at 2 kHz
(Frequency Devices, Haverhill, MA), digitized at 5 kHz (Digidata 1322;
Molecular Devices), and displayed by pClamp9 (Molecular Devices) us-
ing Clampex. Trials were analyzed off-line using Origin software (Orig-
inPro 7; OriginLab, Northampton, MA). Data from three to four trials
were averaged. To correct fluorescence baseline drift caused by gradual
photobleaching, two 3 s segments (immediately before photolytic or
electrical stimulation and at the end of each fluorescence record) were fit
by a single exponential, which was used as the baseline. Details of the
optics used for focal photolysis are given below.

Chemical synthesis and characterization of caged AEA
General. Unless otherwise specified, reagents and solvents of American
Chemical Society grade or better were purchased from Sigma-Aldrich,
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Advanced ChemTech (Louisville, KY), Fisher Scientific (Pittsburgh, PA),
or VWR International (West Chester, PA), and were used without addi-
tional purification. UV-visible absorption spectra were recorded on a
Cary 300 Bio spectrophotometer (Varian Instruments, Walnut Creek,
CA). Proton nuclear magnetic resonance (NMR) spectra were recorded
on either a 300 MHz (QE-300; General Electric, Fairfield, CT) or a 500
MHz spectrometer (INOVA 500; Varian Instruments) and were refer-
enced to tetramethylsilane (6 = 0). For reporting NMR spectra, the
following descriptors are used: singlet (s), doublet (d), triplet (t), quartet
(q), multiplet (m), and broad (br); underlining within a molecular frag-
ment indicates the group of protons to which a spectral resonance is
assigned. HPLC was performed on a system fitted with a photodiode
array detector (model 600; Waters Associates, Milford, MA). Fast-atom
bombardment (FAB) high-resolution mass spectrometry (HRMS) was
performed at the analytical facility in the Department of Biochemistry at
Michigan State University (East Lansing, MI).

Ethyl 2-(3-formyl-4-nitrophenoxy)acetate (1). Under dry N,, anhy-
drous K,COj; (2.90 g; 21 mmol) was added to a solution of 5-hydroxy-2-
nitrobenzaldehyde (5.01 g; 30 mmol) and ethyl bromoacetate (6.01 g; 36
mmol) in dry acetonitrile (50 ml). The reaction mixture was stirred at
room temperature for 24 h. After filtration to remove solids, the filtrate
was concentrated and purified by column chromatography on silica gel
(hexane/ethyl acetate, 95:5 — 80:20) to yield compound 1 (all com-
pounds are numbered as in Fig. 1 A) as yellow needles [6.84 g (90%);
melting point (m.p.), 58—-59°C]. "H NMR (300 MHz) § was as follows:
1.32 (t, 3H, CHj,), 4.30 (q, 2H, CH,CH.), 4.78 (s, 2H, OCH,CO), 7.18 (d,
1H, J = 9.0 Hz, aromatic, H-6), 7.31 (s, 1H, aromatic, H-2), 8.16 (d, 1H,
J = 8.8 Hz, aromatic, H-5), and 10.5 (s, 1H, CHO).

(2-tert-Butoxyethyl)-(5-ethoxycarbonylmethoxy-2-nitrobenzyl)amine
(2a). Starting material 1 (0.506 g; 2.0 mmol), (2-t-butoxyethyl)amine
(0.281 g; 2.4 mmol; CSP Pharmaceuticals, San Diego, CA), and sodium
acetate (0.164 g; 2.0 mmol) were added to 1,2-dichloroethane (10 ml).
The mixture was stirred for 1 h under dry N,. NaBH(CH;CO,); (1.06 g;
5 mmol) was then added in one portion and stirring was continued at
room temperature overnight (~18 h). The mixture was diluted with
CH,Cl, (20 ml), and the reaction was quenched with 10 ml of saturated
NaHCOj; solution. The organic phase was separated, washed with satu-
rated NaHCO; (10 ml; two times) and brine (15 ml), and dried over
anhydrous MgSO,. Flash chromatography on silica gel (hexane/ethyl
acetate, 90:10 — 65:35:1% Et;N) yielded compound 2 as a pale yellow oil
[0.465 g (65.6%)]. "H NMR (300 MHz) & was as follows: 1.2 (s, 9H,
C(CH,),), 1.31 (t, 3H, CH,), 2.04 (br s, 1H, NH), 2.76 (t, 2H, CH,OBu-
£), 3.49 (t, 2H, NCH,CH,0), 4.14 (s, 2H, CH,Ar), 4.30 (q, 2H,
OCH,CH,), 4.72 (s, 2H, OCH,CO), 6.85 (d, 1H, ] = 8.8 Hz, aromatic),
7.27 (s, 1H, aromatic), and 8.10 (d, 1H, J = 9.0 Hz, H ortho to NO,).

N-(2-tert-Butoxyethyl)-N-(5-ethoxycarbonylmethoxy-2-nitrobenzyl)
arachidonoylamide (3a). To prepare arachidonoyl chloride, oxalyl chlo-
ride (0.32 g; 0.22 ml; 2.5 mmol) was added to a solution of arachidonic
acid (0.5 g; 1.64 mmol) in anhydrous CH,Cl, (15 ml); a drop of dry
dimethylformamide (DMF) was added to initiate the reaction. The mix-
ture was stirred at room temperature for 1 h, and then evaporated under
reduced pressure to yield an oily residue. To ensure complete removal of
trapped HCI and residual oxalyl chloride, the residue was twice redis-
solved in dry CH,Cl, (10 ml) and evaporated to dryness under reduced
pressure. The final product was dissolved in dry CH,Cl, to make 5.0 ml of
solution in a volumetric flask.

Under dry N,, arachidonoyl chloride solution in CH,Cl, (4 ml; 1.3
mmol) was added dropwise by syringe to a solution of amine 2a (0.425 g;
1.2 mmol) and Et;N (0.243 g;0.334 ml; 2.4 mmol) in dry CH,Cl, (10 ml).
The resulting mixture was stirred at room temperature for 2 h, during
which the amine was completely converted to the amide, as verified by
TLC on silica gel plates (hexane/EtOAc, 7:3). The reaction mixture was
diluted with CH,Cl, (20 ml), and saturated NaHCO; solution (10 ml)
was added. The organic phase was separated, washed with saturated
NaHCO; (10 ml; two times) and brine (15 ml), and dried over anhydrous
MgSO,,. Purification by flash chromatography on silica gel (hexane/
EtOAC, 95:5 — 85:15) yielded a viscous yellow oil [0.665 g (86.5%)]. 'H
NMR (300 MHz) & was as follows: 0.88 (t, 3H, CH; of aliphatic chain),
1.15 (s, 9H, C(CH,),), 1.30 (m, 9H, 3 X CH, + OCH,CHS), 1.72 (m, 2H,
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CH,), 2.05 (m, 3H, CH, + 0.5 X CH,CO), 2.18 (m, 2H, CH,), 2.57 (t,
1H, 0.5 X CH,CO), 2.80 (m, 6H, 3 X CH,), 3.42-3.65 (m, 4H,
CH,CH,OBu-t), 4.28 (g, 2H, OCH,Me), 4.65 (s, 2H, OCH,CO), 5.02,
5.13 (s, 2H, CH,Ar), 5.37 (m, 8H, 4 X CH = CH), 6.75-6.95 (m, 2H,
aromatic), and 8.22 (d, 1H, H ortho to NO,).
N-(2-tert-butoxyethyl)-N-(5-carboxymethoxy-2-nitrobenzyl)arachidonoyl
amide (4a). Under N,, compound 3a (1.0 mmol) was dissolved in MeOH
(3 ml) and cooled in an ice-water bath for 5 min. A solution of 1IN NaOH
(2.0 ml; 2 mmol) was added dropwise to the stirred methanolic solution
over 3 min. Stirring was continued in a room temperature water bath for
1 h, whereupon the solution became clear and the hydrolysis was com-
plete (as verified by TLC on silica gel plates). The reaction mixture was
chilled in an ice-water bath, neutralized with IN HCI (2.1 ml; 2.1 mmol),
and extracted with EtOAc (10 ml; two times) and ether (10 ml; two
times). The organic extracts were pooled, washed with brine (20 ml; two
times), and dried over anhydrous MgSO,. Removal of solvent under
vacuum yielded a pale yellow oil [0.520 g (84.9%)]. "H NMR (300 MHz)
& was as follows: 0.88 (t, 3H, aliphatic CHj;), 1.15 (s, 9H, C(CH,);), 1.29
(m, 6H, 3 X CH,), 1.72 (m, 2H, CH,), 2.00-2.30 (m, 5H, 2 X CH, +
0.5 X CH,CO), 2.63 (t, 1H, 0.5 X CH,CO), 2.80 (m, 6H, 3 X CH,),
3.40-3.65 (m, 4H, CH,CH,OBu-t),4.67 (s, 2H, OCH,CO), 5.04, 5.18 (s,
2H, CH,Ar), 5.40 (m, 8H, 4 X CH = CH), 6.75-6.95 (m, 2H, aromatic),
7.80 (brs, IH, COOH), and 8.24 (d, 1H, ortho to NO,). HRMS (FAB) was
as follows: m/z calculated for C;5sHs,N,0,, 613.3853 (M + H ™), found
613.3854.
N-(2-tert-butoxyethyl)-N-[5-(mPEG-aminocarbonylmethoxy)-2-nitro-
benzyl]-arachidonoylamide (5). A solution of mPEG-NH,, [molecular weight
(MW), 5000 Da; Nektar Therapeutics, San Carlos, CA] (2.5 g; 5 mmol) in
dry CH,Cl, (10 ml) was dried with anhydrous MgSO, for 24 h. After re-
moval of MgSO, by filtration, the solution was concentrated to one-half
volume and diluted with dry CH,CL, to 10.0 ml in a volumetric flask. A
stirred mixture of acid 4 (0.307 g; 0.5 mmol) and HOBt (1-hydroxybenzo-
triazole) (66 mg; 0.49 mmol) in dry CH,Cl, (10 ml) was chilled in an ice-
water bath. Then, DCC (1,3-dicyclohexylcarbodiimide) (107 mg; 0.52
mmol) was added in one portion. After 30 min, a 5 ml aliquot of the solution
of mPEG-NH, (1.25 g; 0.25 mmol) in dry CH,CL, (5 ml) was added by
syringe. Stirring was maintained at room temperature for 24 h. To remove
precipitates, the reaction mixture was filtered through a 2 cm bed of Celite,
which was then washed with 5 ml of CH,Cl,. The combined filtrate was
diluted with anhydrous ethyl ether to yield a pale yellow powder (1.14 g). The
powder was redissolved in dry CH,CL, (3 ml), and the solution was added to
anhydrous ethyl ether (120 ml) to precipitate the polymer conjugate a sec-
ond time. The precipitate was recrystallized from CH,CL,—diethyl ether to
yield the polymer conjugate 5 (0.53 g; 42.5%).
N-[5-(mPEG-aminocarbonylmethoxy)-2-nitrobenzylJarachidonoylamide,
caged AEA (6). A solution of compound 5 (0.47 g) in dry CH,CI, (5 ml)
was chilled in an ice-water bath; trifluoroacetic acid (5 ml) was then
added in one portion. The mixture was stirred at room temperature for
24 h. The residue remaining after solvent removal under reduced pres-
sure was dissolved in CH,Cl, (2 ml), and the polymer conjugate was
precipitated by adding anhydrous diethyl ether (100 ml). Recrystalliza-
tion of the precipitate from CH,Cl,—diethyl ether yielded the caged AEA
6 as a yellow powder [0.37 g (79.4%)].
(5-Ethoxycarbonylmethoxy-2-nitrobenzyl)-(2-hydroxyethyl)amine (2b).
Compound 1 (0.506 g; 2.0 mmol), 2-aminoethanol (0.147 g; 2.4 mmol),
and sodium acetate (0.164 g; 2.0 mmol) were added to 1,2-dichloroeth-
ane (10 ml); the mixture was magnetically stirred for 1 h under dry N.,.
Then NaBH(CH;CO,); (1.06 g; 5 mmol) was added in one portion, and
stirring was continued at room temperature overnight (~18 h). The
mixture was diluted with CH,Cl, (20 ml), and the reaction was quenched
with 10 ml of saturated NaHCO; solution. The organic phase was sepa-
rated, washed with saturated NaHCO; (10 ml; two times) and brine (15
ml), and dried over anhydrous MgSO,. After purification by flash chro-
matography on silica gel (hexane/ethyl acetate, 80:20 — 1:1:1% Et;N),
amine 2b was obtained as a pale yellow solid [0.22 g (36.8%); m.p. 68—
69°C]. "H NMR (500 MHz; CDCl,) 6 was as follows: 1.31 (t, 3H, CH;),
2.08-2.24 (br s, 2H, NH + OH), 2.82 (t, 2H, CH,0H), 3.69 (t, 2H,
NCH,CH,0), 4.1 (s, 2H, CH,Ar), 4.28 (q, 2H, OCH,CHS), 4.72 (s, 2H,
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OCH,CO), 6.85 (d, 1H, ] = 8.8 Hz, aromatic H-4), 7.17 (s, 1H, aromatic
H-6), and 8.08 (d, 1H, ] = 8.9 Hz, H ortho to NO,).

N-(2-hydroxyethyl)-N-(5-ethoxycarbonylmethoxy-2-nitrobenzyl)-
arachidonoylamide (3b). To a solution of arachidonic acid (0.23 g; 0.74
mmol) and oxalyl chloride (0.14 g; 0.10 ml; 1.1 mmol) in anhydrous
CH,CI, (5 ml), a drop of dry DMF was added. The reaction mixture was
treated precisely as described in the procedure for compound 3a. The
product arachidonoyl chloride was dissolved in dry CH,Cl, to make 5.0
ml of solution in a volumetric flask.

To a solution of amine 2b (0.22 g; 0.74 mmol) and Et;N (0.22 g; 0.31
ml; 2.2 mmol) in dry CH,Cl, (5 ml) under dry N,, 5 ml (0.74 mmol) of
the solution of arachidonoyl chloride in CH,Cl, was added dropwise by
syringe. The reaction mixture was stirred at room temperature for 2 h,
during which time amine 2b was completely converted to amide, as
verified by TLC on silica gel plates (hexane/ethyl acetate, 7:3). The reac-
tion mixture was diluted with CH,Cl, (20 ml) and treated with saturated
NaHCOj solution (5 ml). The organic phase was separated, washed with
saturated NaHCO; (5 ml) and brine (10 ml), and dried over anhydrous
MgSO,. After purification by flash chromatography onsilica gel (hexane/
ethyl acetate, 95:5 —80:20), amide 3b was obtained as a yellow viscous oil
[0.12 g (27.7%)]. '"H NMR (300 MHz) & was as follows: 0.88 (t, 3H,
aliphatic CH,), 1.22-1.42 (m, 9H, 3 X CH, + COOCH,CHS), 1.72 (m,
2H, CH,), 2.05 (m, 3H, CH, + 0.5 X CH,CO), 2.20 (m, 2H, CH,), 2.56
(t,1H, 0.5 X CH,CO), 2.65-2.90 (m, 6H, 3 X CH,), 3.08 (brs, 1H, OH),
3.50-3.86 (m, 4H, NCH,CH,), 4.27 (q, 2H, OCH,Me), 4.72 (s, 2H,
OCH,CO), 5.00, 5.04 (s, 2H, CH,Ar), 5.37 (m, 8H, 4 X CH = CH),
6.80—6.98 (m, 2H, aromatic), and 8.26 (d, 1H, ortho to NO,). HRMS
(FAB) was as follows: m/z calculated for C43H,4N,O,, 585.3540 (M +
H™), found 585.3554 (M + H™).

N-(2-hydroxyethyl)-N-(5-carboxymethoxy-2-nitrobenzyl)-arachidonoyl
amide (4b). Under N,, compound 3b (18 mg; 0.03 mmol) was dissolved
in 50 ul of MeOH, and the solution was chilled in an ice-water bath.
NaOH solution (1N; 45 ul; 0.045 mmol) was added, and the reaction
mixture was maintained with periodic agitation at room temperature for
1 h. The mixture became homogeneous and TLC on silica gel plates
(hexane/ethyl acetate, 7:3) confirmed completion of hydrolysis. The so-
lution was chilled in an ice-water bath, neutralized with IN HCI (60 ul;
0.06 mmol), and extracted with CH,Cl, (5 ml; two times). The combined
organic extract was washed with brine (5 ml; two times), dried over
anhydrous MgSO,, and evaporated under reduced pressure to yield free
acid 4b as a yellow oil [14.1 mg (84%)].

Quantum yield of photolysis. A pulsed Nd:YAG laser (QuantaRay GCR-
18S; Spectra Physics, Mountain View, CA), at 1 Hz repetition rate, was
used as the photolysis light source. A pair of harmonic separators (BSR-
355-1025; CVI Laser, Albuquerque, NM) was used to isolate the third
harmonic emission (355 nm) from the fundamental (1064 nm) and sec-
ond harmonic (532 nm) emissions. A standard chemical actinometer
(potassium ferrioxalate) (Hatchard and Parker, 1956) was used to con-
firm the stability of the laser output (1.4% drift over 2.5 h) and to verify
that energy output was linearly related to the number of laser pulses
(>99.8% linearity from 1 to 60 pulses). A solution of compound 3b in
acetonitrile was prepared to have an absorbance >2.5 at 355 nm. In all
experiments, we ensured that <20% of the caged compound was con-
sumed by photolysis. This was confirmed by HPLC analysis using
4-nitrophenol as an internal standard: equal amounts of 4-nitrophenol
were added to the photolyzed and unphotolyzed samples of compound
3b, and the extent of consumption of compound 3b was determined by
numerical integration of corresponding peaks in the HPLC (de Mayo
and Shizuka, 1976). Photolysis experiments were performed in triplicate;
HPLC analysis for each replicate experiment was repeated three times.

Kinetics of flash photolysis. The kinetics of flash photolysis was studied
on a kinetic spectrophotometer (LP920; Edinburgh Instruments, Living-
ston, UK). A solution of compound 4b was prepared in a 1:1 mixture of
0.1 M sodium phosphate buffer, pH 7.41, and methanol to have an ab-
sorbance >2.0 (in a 1 cm cuvette) at 355 nm, the wavelength of the
photolytic light. The air-equilibrated solution was stirred magnetically at
room temperature. Photolysis of the sample was effected by a 8.6 ns [full
width at half-maximum (FWHM)], 100 m]J pulse of 355 nm third har-
monic light from a Nd-YAG laser (Quanta-Ray GCR-18S). A pair of
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harmonic separators (BSR-355-1025; CVI Laser) was used to remove
residual fundamental (1064 nm) and second harmonic (532 nm) laser
emissions from the photolysis beam. A probe beam from a stabilized
xenon arc lamp was focused so that the focal point coincided with the
region of maximal photolysis in the sample. After passing through the
sample, the probe beam was dispersed through a monochromator. Mod-
ulation of the probe beam intensity by the transient photochemical in-
termediate species was monitored at 430 nm by a fast photomultiplier
tube. The intensity-versus-time data were converted to an absorbance-
versus-time trace. Nonlinear least-squares analysis allowed exponential
decay times to be extracted from the data. Data in the initial 45 ns window
contain artifactual contributions from scattering of the laser pulse and
instabilities in the high-sensitivity detection circuitry, and are not in-
cluded in data analysis.

Photolysis of caged glutamate and caged AEA

Photolysis of caged glutamate (Ncm-Glu) and caged AEA was accom-
plished using previously published methods (Wei et al., 2001; Cai et al.,
2004). The multiline UV emission of an argon ion laser (wavelength,
333-364 nm; BeamLok 2065-7S; Spectra Physics) was launched into a
100 wm diameter fused silica optical fiber (OZ Optics, Westbrook, On-
tario, Canada). The exit end of the fiber was projected onto a conjugate of
the field diaphragm plane along the epifluorescence path of the micro-
scope. After establishing whole-cell recording, the laser spot (~15-20
pum diameter) was centered on the soma of the patched cell. The laser
output was gated by a shutter (NM Laser Products, Sunnyvale, CA) to
generate photolytic flashes (100 ms duration). In our experimental setup,
there is an instrumentation delay of 1.4 ms from triggering the UV laser
flash to a laser signal measured by the PMT.

Data analysis

All data are presented as mean * SEM. Student’s paired and unpaired ¢
test or repeated-measures ANOVAs were used as needed. To estimate the
time constant of the exponential change in sIPSP or sIPSC frequency, we
averaged the response frequency between 2 and 3 s after stimulus onset
and defined this average to be the minimal frequency value. All frequency
values were then normalized between the minimum frequency and the
control IPSP/C frequency, which correspond to 0 and 100%, respectively, on
the graphs. Nonlinear least-squares curve fitting of flash photolysis kinetic
data were performed through Origin software (OriginLab).

Results

Synthesis and characterization of caged AEA

Caged AEA was synthesized as outlined in Figure 1 A. Details of
the synthetic procedures are described in Materials and Methods.
We prepared two versions of caged AEA: one in which a PEG
[poly(ethyleneglycol)] moiety is covalently attached to the cage
to confer high aqueous solubility on the caged AEA (Fig. 1A,
compound 6), and for comparison, one in which the cage bears a
single carboxyl group (Fig. 1 A, compound 4b). In the caged mol-
ecules, the cage is covalently attached to the amide nitrogen atom
in AEA, because structure—activity studies have shown that cova-
lent modification of the amide nitrogen abolishes both cannabi-
noid activity and susceptibility to lipase cleavage (Sheskin et al.,
1997; Lang et al., 1999).

The photochemical process through which AEA is generated
from caged AEA is shown in Figure 1 B. The UV-visible absorp-
tion spectrum of compound 6, presented as extinction coefficient
(e) versus wavelength, is shown in Figure 2A (solid curve). As
expected for a caged molecule, the spectrum changed markedly
when the sample was photolyzed by UV light (Fig. 2A, dashed
curve). The spectroscopic properties of compound 4b were sim-
ilar to those of compound 6 except that peak absorption occurred
at a slightly longer wavelength (314 vs 303 nm for compound 6);
the prephotolysis and postphotolysis spectra of compound 4b are
supplied as supplemental Figure 1 (available at www.jneuro-
sci.org as supplemental material). Photolysis of caged compound
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Figure2.  Photolysis of caged AEA monitored by UV-visible absorption spectroscopy. A, The

UV-visible absorption spectra, shown as solid and dashed lines, respectively, were acquired
before and after photolysis of caged AEA 6 for 60 s with 75 mW of the UV emission from an argon
ion laser. Solvent was 0.1 M sodium phosphate buffer, pH 7.4. Extinction coefficient (€) values
are reported to facilitate read-out of € at any wavelength. B, Photolysis kinetics measured by
transient absorbance spectral change after laser flash photolysis of caged AEA 6. The absorbance
at470 nm of asolution of caged AEAin 0.1 m sodium phosphate, pH 7.4, was monitored. At time
0,apulse of 355 nm light (8.6 ns FWHM; ~30 mJ) was delivered to the sample. In the top panel,
gray points are experimental data (average of 16 replicate measurements), and the solid black
curve is the nonlinear least-squares single-exponential fit to the data. The exponential time
constant of the fitted decay curveis 7= 27.2 == 0.7 ws. The residuals of the fit are shown in the
bottom panel.
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released bona fide AEA, as verified by
HPLC analysis of the photolysate, with au-
thentic, never-caged AEA acting as refer-
ence standard (data not shown). The
quantum efficiency for photorelease of
AEA ( Q) on photolysis was determined to
be 0.062 = 0.003 (n = 3).

For examining the kinetics of photoly-
sis, we used transient absorption spectros-
copy to monitor the short-lived, photolyt-
ically generated aci-nitro intermediate
(Fig. 1B, species in brackets) (Yip et al.,
1985; Schupp et al., 1987; Zhu et al., 1987;
Yip et al., 1991), which has a decay that is
commonly taken to be concomitant with
cleavage of the caging group and release of
product (Walker et al., 1988; McCray and

CE

Et,N, CH C|2

oo

n =112 (average)

= Trentham, 1989). The kinetic spectros-

copy trace for laser flash photolysis of
compound 6 in 0.1 M sodium phosphate
buffer, pH 7.4, is shown in Figure 2 B. Pho-
tolysis by a single 8.6 ns pulse of 355 nm
light gave rise to a transient absorption
that decayed with single-exponential time
course, showing exponential time con-
stant 7 = 27.2 = 0.7 us (equivalent to a
half-life of t,,, = 18.9 = 0.5 us). Thus,
photorelease of AEA from compound 6 is
expected to be complete in <100 s after
flash photolysis. In comparison, photoly-
sis of compound 4b, which does not bear
the 5000 MW poly(ethyleneglycol) moi-
ety, was even more rapid, proceeding with
exponential time constant 7 = 0.106 *
0.001 us. The kinetic spectroscopy trace
for compound 4b is supplied as supple-
mental Figure 2 (available at www.jneurosci.org as supplemental
material).

Dynamics of DSI in adult acute slices

We began by analyzing the DSI dynamics in the CA1 region of
acute adult hippocampal slices using from one to five theta burst
trains of action potentials recorded under current-clamp condi-
tions to initiate DSI. Each theta burst consisted of 5 positive DC
pulses delivered at 50 Hz (i.e., five action potentials occurred
within 100 ms). When more than one theta burst was used, they
were triggered at 5 Hz. We induced sIPSPs or sIPSCs by bath-
applying 5 um carbachol (Pitler and Alger, 1992; Martin and
Alger, 1999), because these events occur continuously at a higher
frequency, and therefore provide better temporal resolution,
than evoked synaptic responses.

Figure 3, A and B, shows the effect of one (top panels) or three
(bottom panels) theta bursts on sIPSP frequency. The transient
suppression of sIPSPs is DSI. To examine the onset of DSI in
more detail, we reduced the sIPSP bin sizes from 1 s to 200 ms and
reanalyzed the data from 0 to 3 s after the action potential train.
Figure 3C shows that, after a single theta burst train, there was no
effect on sIPSPs for the first bin after the train (i.e., ~300 ms after
the start of the train), but thereafter the frequency decreased
nearly to zero over the next 1-2 s with a time course that was well
fit by a single exponential having a time constant of 7 = 416 ms.
Extrapolating the exponential to the control level (100% baseline
IPSP frequency) gave a value of 343 ms, which we took as the
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minimal onset time for DSI (#g;) after a
single train. When data obtained after one
to five theta burst trains were analyzed in
the same way as in Figure 3C, and the data
were grouped across cells (n = 10), a very
similar exponential decay function fit the
combined data (7 = 345 ms) (Fig. 3D) as
for one train (7 = 416 ms). Likewise, f;g;
determined from multiple- or single-train
experiments was the same (351 vs 343 ms,
respectively). We conclude that a single
process is set into motion by one train, and
its dynamic properties are not altered by
additional stimulation. In addition, there
is a minimal latency between the start of
action potential stimulation and the onset
of eCB effects; thereafter, the effects grow
larger with an exponential time constant
of ~400 ms.

Brown et al. (2003) proposed that the
enhancement in DSI produced by an in-
creasing amount of synaptic stimulation
reflects augmentation in the amount of
eCB released. Alternatively, the rate of eCB
termination could have been altered.
However, we found that the recovery time
constant, ~5 s, did not increase with in-
creasing stimulation (one, three, or five
trains) (Fig. 3E-G), supporting the con-
clusion that increased eCB release ac-
counts for the prolongation of DSI in our
experiments.

Components of the Ca**-induced eCB
signal process

The analysis in Figure 3 distinguishes two
kinetic parameters of DSI: time-to-onset
(tpsy) and the exponential time constant of
DSI development. The quantity f,5; must
include the time from the start of the
postsynaptic pyramidal cell depolarization
and Ca®" influx through to activation of
the presynaptic CB1 on the interneurons.
The pyramidal cell steps include time for
[Ca**]; to rise sufficiently to initiate eCB
synthesis (“t,”), and the time for eCB
synthesis, release, and transit to CBl
(t.cp). The presynaptic interneuron steps
comprise time for activation of CBI and
downstream steps (fcp,). These parame-
ters can be related as follows:

Ipst = tea T tecs T tep- (1)

We want to determine ¢, which can-
not be measured directly. We can, how-
ever, estimate f.-g from Equation 1 if the

other values are known. To measure f-, and t.g;, we applied
optical methods to organotypic slices (Gidhwiler et al., 1998),
which are thinner and thus more suitable for optical ap-
proaches than are acute slices. DSI occurs in organotypic slices
(Martin and Alger, 1999); however, the cultured slice chamber
is not heated, and these experiments were done at room tem-
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Figure3. Dynamicsof DSIin adultacute slices. A, DSI of sIPSPs induced by theta burst patterns of action potentials. Raw traces
from a CA1 pyramidal cell recorded with a sharp microelectrode filled with 3 m KCl (see Materials and Methods); sIPSPs appear as
upward deflections of 210 mV. In the top trace, a single theta burst train (5 action potentials, each induced by 5-ms-long DCpulse
injected through the recording electrode) occurred at the point of the large upward deflection; in the bottom trace, three theta
burst trains (200 ms interburst intervals) were used. The temporary reduction in sIPSPs occurring after each theta train is DSI. B,
Analysis of several trials of sIPSPs as in corresponding rows of A (top panel, 1 theta burst; bottom panel, 3 theta bursts). Shown are
total sIPSPs over all trials binned in 1 s intervals as described in Materials and Methods. The onset of theta burst trains occurred at
time 0. C, Onset of sIPSP suppression. Shown are total sIPSPs occurring immediately after a single theta train which occurred at
time 0, rebinned in 200 ms bins (same experiment shown in top part of B). In the first bin (ending at 300 ms), there was no
suppression of sIPSPs, and thereafter, the development of DSl is well fit by a single exponential with a time constant of 416 ms.
Notein this and other similar figures that the y-axis represents the percentage of the control sIPSP/Cfrequency (see Materials and
Methods); hence negative values do not imply negative frequencies. D, Combined data from experiments (n = 10 cells) in which
from one to five theta trains were given (each symbol represents data obtained after a different number of trains). The best-fitting
exponential through the combined data are similar to the fitin C. E-G, Recovery from DSl has a similar time course after either one
(E), three (F), or five (G) theta trains.

perature, ~22°C, rather than 30°C. Because eCB signaling is
temperature dependent (Kreitzer et al., 2002), we first re-
peated the experiments shown in Figure 3, in acute slices at
22°C (n = 5slices) (data not shown). As expected, at the lower
temperature, DSI was slowed: f,¢; at 22°C was 409 ms (vs 351
ms at 30°C), and a single exponential with a time constant of
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Figure4. Calcium dependence of DSI. 4, A 50 ms voltage step resulted in minimal DSl in a
pyramidal cell. In this neuron, the sIPSC frequency before the voltage step was 6.65 Hz (aver-
aged over 32 shefore the step) and 5.55 Hz after the step (averaged over 20 s after the step). This
represents a 16.6% reduction in sIPSC frequency. The accompanying Ca*" transient (fluo-3
signal) was measured with a PMT and is shown immediately below and, on a faster time scale,
in C. The peak of the transient occurred after the end of the voltage step. B, A 1 s voltage step
evoked pronounced DSI. The frequency before the step was 6.43 Hz and was reduced to 1.75 Hz
afterthe step (averaged over 20 s after the step) (i.e., a72.8% reduction in sIPSC frequency). The
(a®" signal for the 1 s step was substantially larger than in A and peaked at the end of the
voltage step (D). Ca2™ transients in € and D were normalized to facilitate visual comparison.
The dotted lines in € mark the terminations of the 50 ms voltage step and peak of the (a®™
transient (determined from the trace after a smoothing procedure). In D, the dotted line shows
that the peak of the Ca 2™ transient occurred at the end of the 1 s voltage step.

714 ms fit the group data for the rise-to-peak DSI (vs 345 ms at
30°C). Using these data in combination with the van’t Hoff
equation, In(7y,/7,) = (—E/R)[T,”' — T,”'], where R =
1.987 cal - mol ™" - K™ ' is the gas constant and 71, and 7, are
time constants determined at temperatures T; and T, (in
kelvins), we can estimate an activation energy, E, = 16.2
kcal - mol™', or, equivalently, a Q,, (= Rate;,oc/Rate,soc) of
2.4, for the growth-to-peak DSI. All subsequent experiments
were done in organotypic cultured slices at room temperature.

Estimating ¢,

To estimate ¢, we detected changes in [Ca**]; by including the
fluorescent Ca** indicator, fluo-3, in the recording pipette and
using a PMT to capture the fluorescence signal. The PMT signal
reflected the volume-averaged [Ca*™]; rise within the recorded
cell. We measured Ca*" signals and DSI concomitantly to deter-
mine the minimal duration of the Ca** signal associated with
detectable DSI (Fig. 4). A 50 ms step depolarization produced
DSTin ~33% of the cells (7 = 6) and an associated peak [Ca*"];
increase (AF/F,) of 28 £ 5.5%. We took this as the threshold for
DSI induction. In the same cells, 10 or 20 ms steps produced
essentially no DSI, although a 20 ms step resulted in peak AF/F, of
26 = 3.2%. For voltage step durations >100 ms, the Ca*" re-
sponse peaked at the same time as, or shortly before, the end of
the pulse. For voltage step durations =100 ms, the peak of the
Ca** response occurred slightly after the end of the steps, prob-
ably reflecting Ca®" release from intracellular stores (Nakamura
et al., 2002) (M. Isokawa and B. E. Alger, unpublished observa-
tions), although imperfect voltage control or slow closure of the
Ca** channels might also contribute. Mean times-to-peak of the
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Ca>" signals were 35.5 * 6.4 and 60.0 = 4.0 ms for the 20 and 50
ms voltage steps, respectively. Because peak AF/F, in these cases
did not differ significantly ( p > 0.05), it appears that detectable
eCB production requires >35 ms, with 60 ms being sufficient in
approximately one-third of the cells. We suggest that ~60 msis a
reasonable estimate of ¢,.

We also observed that, with 1 s voltage steps, the rise in the
PMT signal was linear for the first 171.4 = 18.3 ms (n = 6) (data
not shown) after the onset of a voltage step, in accord with pre-
dictions based on the [Ca*"]; measurements made by Brenowitz
and Regehr (2003). This permits an independent estimate of .,
to be made (see Discussion).

Measuring t.g, with “caged” AEA

To assess the contribution of CB1 activation and downstream
steps to g, we developed a novel caged form of AEA (Fig. 1) that
is biologically inert and highly hydrophilic and thus can be bath-
applied without affecting the hippocampal slices, but that releases
bona fide AEA in situ when illuminated by a focally delivered
flash of UV light. Caged AEA by itself has no effect on cell mem-
brane properties (data not shown) or synaptic responses (see
below).

The UV flash alone had no effect on CCh-induced sIPSCs
(Fig. 5C). The sIPSC frequencies before and after the flash were
2.29 * 0.47 and 2.32 * 0.38 Hz, respectively (n = 8; p > 0.8).
Caged AEA by itself did not affect sIPSCs. The sIPSC frequencies
before and after wash-in of caged AEA were 2.29 * 0.47 and
2.21 * 0.36 Hz, respectively (n = 8; p > 0.6). However, in the
presence of caged AEA (200 uMm), the UV flash transiently re-
duced sIPSC frequency (n = 8) (Fig. 5D). We then tested the
effect of the CB1 antagonist, AM251 (3 um) (Fig. 5, compare E,
F). Although AM251 slightly reduced the sIPSC frequency
(1.27 = 0.06 Hz; n = 9; vs 1.67 £ 0.03 Hz in control), it fully
blocked the ability of photoreleased AEA to suppress sIPSC fre-
quency. These results show that the effect of photoreleased AEA is
mediated by CBI activation.

AEA photorelease did not instantaneously suppress sIPSCs.
The combined data from 17 cells were reasonably well fit by an
exponential that decayed with a time constant of 551 ms (Fig. 6).
By extrapolating the exponential back to 100% (the control fre-
quency), we infer that detectable activation of CBI responses
requires 162 ms.

The data in Figures 3—6, in combination with Equation 1 with
fpsr taken as 409 ms, allow an estimate of 187 ms for #,5, the time
required for eCB synthesis, release, and access to the presynaptic
cannabinoid receptors at 22°C. The data in Figure 6 also suggest
that the time-to-peak DSI is governed mainly by the dynamics of
the G-protein-coupled CB1 receptor, because the time constants
of the single exponentials that characterize the increase in DSI are
all essentially identical with the time constant of IPSC suppres-
sion caused by photolytically released AEA.

Dynamics of mGluR-induced eCB release in cultured
hippocampal slices

Activation of mGluRs suppresses IPSCs through a mechanism
that resembles DSI (Morishita et al., 1998; Morishita and Alger,
1999). Itappears that group I mGluR activation stimulates release
of eCBs from hippocampal pyramidal cells (Varma et al., 2001)
and cerebellar Purkinje cells (Maejima et al., 2001), because this
effect is blocked by CB1 antagonists and is absent in slices from
CB1 ~/~ mice (Varma etal., 2001). The mGluR effect differs from
DSl in that it cannot be prevented by very high intracellular con-
centrations of the Ca" chelator, BAPTA (Maejima et al., 2001;
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Kim et al., 2002). These and other differences between DSI and
GPCR-induced eCB release (Kim et al., 2002) suggest that the
dynamics of GPCR-dependent and Ca**-dependent eCB release
might not be the same. We explored this issue using caged
glutamate.

The caged glutamate, Ncm-Glu (0.5 or 1 mMm), was bath-
applied and allowed to equilibrate in a slice. Photolytic uncaging
of Nem-Glu to release glutamate is intrinsically fast and occurs on
the microsecond time scale (t,,, < 4.5 us) (S. Muralidharan and
J. P. Y. Kao, unpublished observations). In slice preparations,
glutamate photorelease occurs more slowly than in a cuvette,
because UV flashes of much lower power must be used. In slices,
photoreleased glutamate evokes AMPA receptor-mediated re-
sponses in pyramidal cells (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material) with a time-to-
onset of =4 ms (n = 13), which encompasses the time required
for glutamate photorelease, binding, and activation of AMPA
receptors. Therefore, times-to-onset significantly longer than 4
ms must reflect the kinetics of downstream signaling steps. In
subsequent experiments, glutamate photorelease was done in the
presence of ionotropic glutamate receptor blockers.

In control experiments, we found that the magnitude of DSI
of evoked IPSCs and the suppression of IPSCs by photolysis of
caged glutamate were not significantly different (Fig. 7A, B). Si-
multaneous fluorescence measurements show that, whereas DSI
is associated with a sharp rise in [Ca**], (Fig. 7C), the photore-
lease of glutamate is not (Fig. 7D). Group data on IPSC suppres-
sion and Ca*" transients are summarized in Figure 7, E and F,
respectively (n = 6). The mGluR antagonist, LY341495, which
blocks all mGluRs at a concentration of 100 uMm (Fitzjohn et al.,
1998), prevented the suppression of eIPSCs by photoreleased glu-
tamate without significantly affecting DSI (Fig. 7G,H) or the
Ca?" transient associated with DSI (Fig. 7LJ). Group data on the
effect of LY341495 on IPSC suppression and Ca** transients are
summarized in Figure 7, K and L, respectively (n = 4). These
results confirm that the suppression of IPSCs after photolysis of
caged glutamate was attributable to the activation of metabo-
tropic glutamate receptors. In CB1 '~ mice, DSI is absent, and
mGluR agonists do not suppress eIPSCs (Varma et al., 2001). As
expected, photolytic activation of mGluRs did not suppress
eIPSCs in CB1 ™/~ mice (n = 3 slices from three mice) (data not
shown).

Dynamics of mGluR-dependent eCB suppression of sIPSCs in
cultured hippocampal slices

We then determined the dynamic components of mGluR-
induced eCB response on sIPSC frequency in pyramidal cells
(Fig. 8 A). The mean onset latency, duration, and magnitude of
the IPSC suppression caused by uncaged glutamate (Fig. 8B)
were similar to that caused by uncaged AEA (Fig. 6A). The
grouped data for suppression of IPSCs by photolytically activated
mGluR was fit by an exponential that decayed with a time con-
stant of 486 ms (Fig. 8C). There was no reduction in sIPSCs for
236 ms (determined by extrapolation of the exponential fit to the
control sIPSC level). If the time-to-onset of IPSC suppression
caused by the mGluR-induced eCB process (#,,iurst) is described
by the following:

236 ms =

ImGluRsT — tecBmaGiur) T fcBi> (2)

where f.cpmanr) 15 the time for activation of the mGluR-
dependent eCB synthesis and release, and ¢, is 162 ms (Fig. 6),
then t.cp(maiur) would be 74 ms.
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Figure5.  DynamicsofsIPSCsuppression by photorelease of AEAin cultured hippocampal slices. 4,

Schematic structure of functionally caged AEA. B, Photorelease of caged AEA, present at 200 um, by a
100 ms UV laser flash (given at jagged arrow) transiently suppresses sIPSCs (downward deflections)
recorded under whole-cell voltage clamp from a pyramidal cell. lonotropic glutamate receptors were
blocked by AP-5 and NBQX. sIPSC binning was done as in Figure 1. ¢, A UV laser flash alone in the
absence of caged AEA did not affect sIPSCs. D, After wash-in of caged AEA (same cells as in €), a laser
flash was followed by transient sIPSC suppression. £, F, The (B1 antagonist AM251 (3 ) prevents
photoreleased AEA from affecting sIPSCs. The same cells in E and F are shown. All data in this and
subsequent figures were obtained at room temperature (~22°C).
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Figure 6.  Time course of suppression of inhibition induced by AEA photorelease. A, Grouped
data from all cells tested with caged AEA (n = 17) showing suppression of sIPSCs. Each time
point is the average from 17 cells; error bars were omitted for clarity (the SEs for the individual
time points varied from 11.2 to 19.8% of the means). B, Dynamics of AEA-induced suppression
of sIPSCs during the initial 3 s after the UV laser flash (data from 4, rebinned in 200 ms intervals).
No change in sIPSC occurrence is evident at the first time bin after the flash (ending at 200 ms),
but thereafter the data are fit by an exponential function that has a time constant of 551 ms.
Error bars indicate SE.

Discussion

This is the first detailed attempt to determine the minimal time
required for activation of an intercellular neuronal lipid messen-
ger system. We conclude that eCBs, and by extension similar lipid
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affecting DSI. 1, J, Corresponding Ca® ™ signals produced by voltage steps and photoreleased glutamate before (/) and after (J)
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Figure 8.  Dynamics of mGluR-dependent eCB suppression of sIPSCs in cultured hippocampal slices. A, Recording from a

pyramidal cell illustrates the reduction of sIPSC frequency after flash photorelease of caged glutamate. B, Time course of sIPSC
suppression by photoreleased glutamate; sIPSC frequency binned and analyzed as in Figures 3 and 6 (n = 12). Each time point is
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J. Neurosci., October 12, 2005 - 25(41):9449 —9459 + 9457

son et al., 2003; Fortin et al., 2004) sug-
gested that the time-to-onset of eCB re-
sponses ranged between 1 and 6 s. Our
experiments suggest that the delay (¢,,g,) is
shorter, ~400 ms, and presumably exper-
imental factors account for the differences.
[Ca?*]; measurements and photorelease
of caged AEA permitted us to distinguish
the components of the total signal delay
that are attributable to eCB synthesis and
release from those that involve cannabi-
noid receptor activation and downstream
steps.

Our major parameter was the time
from the start of the stimulus used to ini-
tiate eCB signaling (either the voltage step
used to open voltage-gated calcium chan-
nels or the UV flash) to the onset of the
eCB-dependent sIPSC suppression. Syn-
thesis and release of eCB must occur at
least as quickly as this, and may be faster if
additional intermediate steps are signifi-
cantly time-consuming. We reasoned that
one such step might be the rise in [Ca*"];
required to initiate eCB synthesis and re-
lease. The suggestion that a minimal dura-
tion of stimulation is required for DSI in-
duction has previous empirical support.
For example, a 50-ms-long voltage step
from —70—-0 mV produces just-detectable
DSI in cells in acute slices recorded with
whole-cell pipettes containing 0.1 mm
BAPTA (Lenz and Alger, 1999). We found
that to induce just-detectable DSI, Ca**
signals must be elevated for 35-60 ms,
which we designated #.,. We infer that f,
represents the time necessary to initiate
the eCB synthesis and release process. De-
tection of cellular [Ca**]; changes with a
PMT necessarily involves “volume averag-
ing,” and it is possible that the magnitude
or kinetics of local [Ca**]; changes near
the membrane where the eCBs are pre-
sumably produced, will differ from this
global value.

Brenowitz and Regehr (2003) found
that [Ca®"]; increases linearly with voltage
steps up to 1.5 s in duration, reaching a

messengers, can be mobilized and evoke responses as quickly as
conventional metabotropic, GPCR-coupled neurotransmitters
can. Hence, lipids are not relegated to homeostatic processes, or
slowly activating forms of regulation, but rather can affect neu-
ronal excitability in moment-to-moment information process-
ing. The data are also important for a complete understanding of
the biochemical mechanisms of lipid signal mobilization, in par-
ticular endocannabinoid synthesis and action, because of the
temporal constraints that they place on these mechanisms.

A great deal of evidence shows that an eCB, probably 2-AG or
AEA, is released as a retrograde signal and mediates the phenom-
enon called DSI (Ohno-Shosaku et al., 2001; Wilson and Nicoll,
2001) and other effects (for review, see Alger, 2002). DSI repre-
sents a powerful bioassay for the rapid action of eCBs. Previous
studies of DSI (Pitler and Alger, 1994; Wilson et al., 2001; Hamp-

maximal concentration of 60 um [Ca?"]; at that point. Our PMT
signals were linear for at least 100 ms after the start of the voltage
step (data not shown). A linear increase in [Ca®"]; for 100 ms
would result in [Ca*"]; of ~4 um (60 um/1.5s = 4 um/0.1 s).
Wang and Zucker (2001) measured DSI as a function of [Ca*"];
and found that DSI would be >50% maximal when [Ca®*]; is 4
uM, and that an increase in [Ca”*]; of 2 um would produce
detectable DSI. This concentration should be achieved within
~50 ms after the beginning of our voltage steps, consistent with
our present measurements. The concordance among these vari-
ous results suggests that the time required for Ca**-dependent
steps in the postsynaptic cell contributes significantly (~60 ms)
to the latency-to-onset of eCB effects.

Activation of CB1s and their downstream effectors (f.p;) ac-
counted for much of the eCB response onset latency. Rapid pho-
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torelease of caged compounds was critical to refining the esti-
mates for eCB synthesis and release. For example, Mackie and
Hille (1992), using a rapid perfusion system that delivered
WINS55212-2 to cultured NG108-15 cells within 1 s, observed that
the N-type Ca*™ current was suppressed with a time constant of
~8 s. Photolytic release of AEA in cultured slices suppressed
sIPSCs with a delay of 162 ms at 22°C. The high affinity of AEA for
CBl1 (52 nm) (Devane et al., 1992) suggests that the time for AEA
binding to CBI is likely to be a negligible fraction of ;. Equil-
ibration of caged AEA within the slices before photolysis means
that AEA photorelease will occur in situ in the immediate vicinity
of CBl1, so the time for diffusion of AEA to CB1 should be negli-
gible. Supporting this conclusion, we found that uncaged gluta-
mate evoked AMPA responses that began =4 ms after the UV
flash. Hence the bulk of the time from the photolytic flash to
sIPSC suppression by AEA reflects steps downstream from CBI
activation. CBI is a heptahelical GPCR, and our measured re-
sponse latency is compatible with that of other GPCR-mediated
responses. For example, Mott et al. (1999) measured the kinetics
of GABA-mediated currents in cells in brain slices and found a
mean onset latency of 30 ms, but their measurements were made
at 32-34°C. Canepari et al. (2001) show that photolytically releas-
ing glutamate onto Purkinje cells (at 32°C) produces a transient
mGluR1-mediated inward current with an onset latency of ~90
ms. The difference between these values and ours is no doubt
temperature dependent. Delmas et al. (2004) report that GPCR-
mediated suppression of M-current in sympathetic ganglion cells
begins after 250 ms at 20°C.

Combining the values of t-, and f, allows us to estimate that
the actual time required for eCB synthesis and release at 22°Cis in
the 75-190 ms range, depending on whether the initiating signal
isa GPCR or Ca”*. Note that our bioassay was sensitive to sSIPSC
suppression of =15% (i.e., eCB concentrations too low to pro-
duce such a decrease would have been undetectable). If eCBs are
released before our detection threshold is reached, then the upper
and lower limits of our estimated time range for eCB synthesis
and release would decrease. However, even if 190 ms are required
for eCB mobilization, this would be much less than previously
assumed for a lipid signal process. Finally, eCB effects are very
temperature sensitive (Kreitzer and Regehr, 2001b), and hence at
physiological temperatures, eCB synthesis and release will take
place faster than our estimates at 22°C. For example, if eCB mo-
bilization should have a Q,, of 2.4, as does the growth of DSI,
then, at 37°C, eCB synthesis and release would occur in the 20-50
ms range.

For simplicity, we assumed that eCBs are produced in the
postsynaptic pyramidal cell and travel to the presynaptic, CB1-
bearing interneurons. This model, although widely accepted, is
still only indirectly supported; conceivably release of an unknown
messenger from the pyramidal cell triggers the production of
eCBs in the interneuron where they access CB1 directly. This
possibility does not diminish the significance of our experiments,
which focused on the dynamics of the eCB system. Indeed, if
eCBs were generated in the interneurons, then, because of the
time required for transmission of the unknown signal, eCB mo-
bilization and action would be even more rapid than our data
imply.

For technical reasons, AEA is more amenable to chemical cag-
ing than is 2-AG, and so we began with AEA. It is still not certain
which eCB is actually the messenger for the eCB effects in hip-
pocampus. Increasing evidence suggests that the GPCR actions
are probably mediated by 2-AG (Stella et al., 1997; Kim and Alger,
2004; Hashimotodani et al., 2005). Nevertheless, conclusions re-
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garding functional eCB kinetics may not depend significantly on
the difference. AEA has 2-25 times higher binding affinity (K;)
for CB1 (Mechoulam et al., 1995; Sugiura et al., 1995) depending
on assay conditions but is only a partial agonist at CB1 (for re-
view, see Hillard, 2000). However, 2-AG is present in tissue at
concentrations from 170—1000 times higher than AEA (Stella et
al., 1997; Sugiura and Waku, 2000) and is a full agonist at CB1. If
2-AG were to bind and activate CB1 more slowly than AEA, then
correcting for this difference in ¢y, would actually leave less time
for 2-AG synthesis and release (see Eq. 1). Given the present
uncertainties, it is unlikely that our conclusions would have been
markedly altered had caged 2-AG been available.

Although the eCBs can facilitate (Carlson et al., 2002) or pro-
duce long-term changes in synaptic strength (Gerdeman et al.,
2002; Robbe et al., 2002; Chevaleyre and Castillo, 2003; Ronesi et
al., 2004), they also act on shorter time scales in producing DSI
and depolarization-induced suppression of excitation (Alger,
2002). Indeed, eCB release, detected as DS], is produced by short
trains of action potentials (Fig. 3) (Pitler and Alger, 1992; Fortin
et al., 2004) or synaptic responses (Brown et al., 2003), and this
has suggested that rapid neuromodulation may be a major func-
tion of these lipids.

The present study demonstrates that the time courses of
mGluR-dependent eCB responses and DSI are both fast. Evi-
dently, despite the different biochemical cascades involved
(Hashimotodani et al., 2005), both pathways can rapidly generate
eCBs. Probably the molecular machineries for both processes
reside near the plasma membrane where they can be readily
activated.
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