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products and has psychoactive and intoxicating effects in humans, suggesting that MAM-2201 alters
brain function. Nevertheless, the pharmacological actions of MAM-2201 on cannabinoid receptor type 1
(CB1R) and neuronal functions have not been elucidated. We found that MAM-2201 acted as an agonist
of human CB1Rs expressed in AtT-20 cells. In whole-cell patch-clamp recordings made from Purkinje
cells (PCs) in slice preparations of the mouse cerebellum, we also found that MAM-2201 inhibited
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MAM-2201 glutamate release at parallel fiber-PC synapses via activation of presynaptic CB1Rs. MAM-2201 inhibited
Cannabinoid receptor type 1 neurotransmitter release with an inhibitory concentration 50% of 0.36 pM. MAM-2201 caused greater
Purkinje cell inhibition of neurotransmitter release than A%-tetrahydrocannabinol within the range of 0.1—30 uM and
Cerebellum JWH-018, one of the most popular and potent synthetic cannabinoids detected in the herbal products,
Neurotransmitter release within the range of 0.03—3 pM. MAM-2201 caused a concentration-dependent suppression of GABA

release onto PCs. Furthermore, MAM-2201 induced suppression of glutamate release at climbing fiber-PC
synapses, leading to reduced dendritic Ca®>* transients in PCs. These results suggest that MAM-2201 is
likely to suppress neurotransmitter release at CB1R-expressing synapses in humans. The reduction of
neurotransmitter release from CB1R-containing synapses could contribute to some of the symptoms of
synthetic cannabinoid intoxication including impairments in cerebellum-dependent motor coordination
and motor learning.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Marijuana (Cannabis sativa) has been widely abused for recre-
ational purposes and contains the psychoactive compound A°-
tetrahydrocannabinol (A%-THC) (Taura et al., 2007). A°>-THC binds to
cannabinoid receptors type 1 and 2 (CB1R and CB2R), which are G
protein-coupled receptors. CB1Rs are abundantly expressed in the
mammalian brain, whereas CB2Rs are expressed mainly in the
immune system (Showalter et al., 1996; Mackie, 2008; Kano et al.,
2009). The psychoactive effects of A%>-THC are mediated by CB1Rs
(Huestis et al., 2001; Monory et al., 2007). Starting in the late 2000s,
herbal products containing synthetic cannabinoids, which are
chemical compounds produced for the purpose of mimicking the
effects of A°>-THC, became a major class of drugs of abuse, and are
sold as alternatives to marijuana around the world (Auwarter et al.,
2009; Vardakou et al., 2010; Seely et al., 2012; Kikura-Hanajiri et al.,
2013). Among the synthetic cannabinoids, [1-(5-fluoropentyl)-1H-
indol-3-yl](4-methyl-1-naphthalenyl)-methanone (MAM-2201,
Fig. 1A) was recently identified in these herbal products
(Moosmann et al., 2012; Derungs et al., 2013; Kikura-Hanajiri et al.,
2013; Saito et al., 2013; Uchiyama et al., 2013; Lonati et al., 2014). In
humans, abuse of products containing MAM-2201 causes a psy-
chotic state with agitation, aggression, and anxiety, and can cause
serious harm to the user including death. These reports imply that
MAM-2201 exerts potent pharmacological actions on brain func-
tions and causes psychoactive and intoxicating effects. Neverthe-
less, it remains unknown whether MAM-2201 activates CB1Rs and
how MAM-2201 affects neuronal functions such as synaptic
transmission.

Endocannabinoids (eCBs) mediate various types of synaptic
plasticity throughout the mammalian brain. eCBs are released from
postsynaptic neurons in response to synaptic activity and act in a
retrograde manner on presynaptic terminals, to suppress neuro-
transmitter release (Wilson and Nicoll, 2002; Kano et al., 2009;
Regehr et al., 2009). The synaptic effects of eCBs are mediated by
presynaptic CB1Rs. In presynaptic terminals, activation of CB1Rs
mainly inhibits voltage-gated Ca®* channels coupled to exocytosis,
leading to a reduction of neurotransmitter release (Brown et al.,
2004; Kushmerick et al., 2004).

Numerous neurophysiological and neuropharmacological
studies of CB1Rs have been performed on the cerebellum of ro-
dents, which have well-characterized neuronal circuits and play
crucial roles in motor coordination and motor learning (Llinas et al.,
2004; Kano et al., 2009). In the cerebellum, Purkinje cells (PCs) are
the principal GABAergic neurons and provide the sole output from
the cerebellar cortex. PCs receive two types of glutamatergic
excitatory inputs, climbing fibers (CFs) and parallel fibers (PFs). CFs
arise from the inferior olivary complex. Activation of CF-PC syn-
apses induces strong postsynaptic depolarization, which evokes a
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Fig. 1. The chemical structures of [1-(5-fluoropentyl)-1H-indol-3-yl](4-methyl-1-
naphthalenyl)-methanone (MAM-2201, A) and naphthalen-1-yl-(1-pentylindol-3-yl)
methanone (JWH-018, B).

dendritic Ca?* transient and complex spikes consisting of a burst of
several action potentials (spikelets). PFs are the axons of the
granule cells located in the deep layers of the cerebellum and form
numerous en passant synapses on the spines of distal dendrites of
PCs (Llinas et al., 2004). PCs also receive feed-forward inhibition
from GABAergic interneurons in the molecular layer of the cere-
bellar cortex (Mittmann et al., 2005). Neurotransmitter release at
CF-PC, PF-PC, and interneuron-PC synapses is suppressed via acti-
vation of presynaptic CB1Rs (Kreitzer and Regehr, 2001; Diana et al.,
2002; Szabo et al., 2004; Kawamura et al., 2006; Safo et al., 2006).
In vivo administration of synthetic CB1R agonists in mice impairs
cerebellum-dependent motor coordination (DeSanty and Dar,
2001; Patel and Hillard, 2001). Thus, the effects of CB1R agonists
on cerebellar functions are well understood. Therefore, the cere-
bellum is the ideal neuronal circuit to examine the potency of
synthetic cannabinoids, whose actions on neuronal functions have
not been determined.

Here, using whole-cell patch-clamp recordings, we investigated
activity of MAM-2201 in human CB1R (hCB1R)-expressing AtT-20
cells, and then the effects of MAM-2201 on synaptic transmission
in slice preparations of the mouse cerebellum. We found that
MAM-2201 acted as an agonist of hCB1Rs and inhibited excitatory
transmitter release at PF-PC synapses via activation of presynaptic
CB1Rs. MAM-2201 decreased the synaptic transmission more
strongly than A°-THC within the range of 0.1-30 uM and naph-
thalen-1-yl-(1-pentylindol-3-yl)methanone [JWH-018, Fig. 1B, one
of the most popular and potent synthetic cannabinoids detected in
the herbal products (Atwood et al., 2010)], within the range of
0.03—3 pM. Furthermore, MAM-2201 induced presynaptic sup-
pression of CF-PC synapses, leading to a reduction in the number of
spikelets in complex spikes and to attenuated dendritic Ca®*
transients in PCs.

2. Materials and methods
2.1. Cannabinoid-related compounds

MAM-2201 (Fig. 1A) and JWH-018 (Fig. 1B) were purchased from Cayman
Chemical (Ann Arbor, MI, USA). (R)-(+)-[2,3-Dihydro-5-methyl-3-(4-
morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-
naphthalenylmethanone mesylate [WIN55,212-2 (WIN), a CB1R and CB2R agonist]
and N-(Piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyr-
azole-3-carboxamide (AM251, a CB1R antagonist) were purchased from Wako Pure
Chemical Industries (Osaka, Japan) and Tocris Bioscience (Bristol, UK), respectively.
A®-THC was purchased from Cerilliant (Round Rock, TX, USA). These compounds
were dissolved in dimethylsulfoxide as stock solutions. In electrophysiological re-
cordings from AtT-20 cells and from cerebellar PCs, the final concentrations of
dimethylsulfoxide in extracellular solutions were maintained at 0.1 and 0.3% (v/v),
respectively. WIN was used as a positive control, because WIN has been used in
many studies to suppress neurotransmitter release at PF-, CF-, and interneuron-PC
synapses via activation of presynaptic CB1Rs (Kreitzer and Regehr, 2001; Diana
et al., 2002; Safo and Regehr, 2005; Kawamura et al., 2006).

2.2. Heterologous expression of CBIR in AtT-20 cells

AtT-20 cells were obtained from JCRB Cell Bank (Osaka, Japan) and were
maintained in Ham's F-10 medium (GIBCO, Grand Island, NY) supplemented with
10% horse serum (GIBCO), 2.5% fetal bovine serum (GIBCO), and a mixture of peni-
cillin and streptomycin solution (100 unit/mL and 100 mg/mL, respectively; GIBCO)
in a 5% CO; incubator at 37 °C. The cells were plated onto grass coverslips coated
with poly-p-lysine (Sigma—Aldrich, St Louis, MO) for gene transfection. hCB1R
(SC111611; Origene, Rockville, MD; NCBI Reference Sequence: NM_016083.3) (Bruno
et al,, 2014) or mouse CB1R (mCB1R, MC206086; Origene; GenBank: BC079564.1)
cDNAs, and green fluorescent protein (GFP) vector were cotransfected into the cells
ina 9:1 M ratio using Lipofectamine LTX (Invitrogen, Carlsbad, CA) according to the
manufacturer's instructions. Fluorescence of GFP was regarded as an indicator of
transfected cells. Whole-cell patch-clamp recordings were made from the GFP-
positive cells 20—48 h after transfection. The expression of CBIR proteins was
confirmed by immunostaining with the combination of rabbit polyclonal anti-CB1R
antibody (1:2000 dilution, CB1-Rb-Af380, Frontier Institute, Hokkaido, Japan) and
AlexaFluor 568-conjugated goat anti-rabbit IgG secondary antibody (5 pg/mL, A-
11011; Invitrogen) according to the methods described previously (Irie et al., 2014).
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The immunofluorescence signal was observed under a confocal microscope (A1R;
Nikon, Tokyo, Japan; Fig. 2A).

2.3. Electrophysiological recordings from AtT-20 cells

AtT-20 cells were transferred to a recording chamber and continuously perfused
at 2 mL/min with high-K* extracellular solution containing (in mM): 87 NaCl, 60 KCl,
2 CaCl, 1 MgCl,, 10 np-glucose, and 10 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (pH adjusted to 7.4 with NaOH). The con-
centration of KCl was raised compared to normal extracellular solution to increase
amplitudes of inwardly rectifier potassium currents (Mackie et al., 1995). All ex-
periments were performed at 25 + 1 °C. The cells were visualized by Nomarski optics
and a near infrared-CCD camera (C3077-79; Hamamatsu Photonics, Hamamatsu,
Japan) with a 40 x 0.8 NA numerical aperture water-immersion objective lens
(Olympus, Tokyo, Japan) on an upright microscope (BX51WI; Olympus). GFP-
positive cells were visualized and selected using epifluorescence optics (Olympus).

Patch pipettes were made from borosilicate glass capillaries (GC150F-100; Harvard
Apparatus, Holliston, MA) and had a resistance of 3—5 MQ when filled with a potassium
gluconate-based internal solution containing (in mM): 125 K-gluconate, 10 KCl, 3 MgCl,,
0.1 ethylene glycol tetraacetic acid (EGTA), 5 Na,-ATP, 5 Na,-phosphocreatine, 0.3 Nay-
GTP, and 10 HEPES (pH adjusted to 7.3 with KOH). Whole-cell patch-clamp recordings
were performed from GFP-positive cells, and inward currents were evoked by applying
voltage steps from a holding potential of —25 mV to —110 mV for 200 ms in voltage-
clamp conditions. Membrane capacitance was calculated from the transient current
evoked by applying a small voltage step (—5 mV, 20 ms duration) from a holding po-
tential of —25 mV (Irie et al., 2006). Series resistance was compensated electronically by
70—90%, and the liquid junction potential (—5 mV) was corrected off-line.

Data were collected with Molecular Devices (Sunnyvale, CA) hardware and
software (Multiclamp 700B, Digidata 1440A, Clampex 10.3) as described previously
(Irie et al., 2014), and analyzed using Clampfit 10.3 software (Molecular Devices) and
Igor Pro 6 software (Wavemetrics, Lake Oswego, OR) with the added import func-
tionality provided by ReadPclamp XOP of the NeuroMatic software package (http://
www.neuromatic.thinkrandom.com/). Representative current traces are shown af-
ter averaging four consecutive traces. To obtain inward current densities induced by
MAM-2201 or WIN, the amplitudes of the current were normalized to membrane
capacitances (picoamperes per picofarad, Fig. 2C). The densities were plotted as a
function of the concentration and fit with the sigmoidal function,
Y = Bottom + (Top — Bottom)/(1 + [10] [(LogEC50 — X)*Hillslope]), using
GraphPad Prism 5 (GraphPad Software, San Diego, CA).

2.4. Cerebellar slice preparation and electrophysiological recordings from PCs

ICR mice of either sex [postnatal day (P) 20—57 for Figs. 3—5 and Table 1; P14—20
for Figs. 6 and 7, and Table 2] were used according to the guidelines for animal use of
the National Institute of Health Sciences. Cerebellar slices were prepared as
described previously with some modifications (Shuvaev et al., 2011). Briefly, mice
were anesthetized with halothane and decapitated. Parasagittal slices of the cere-
bellum (200-pum thick) were prepared using a microslicer (PRO7, Dosaka, Kyoto,
Japan) in ice-cold, cutting solution containing (in mM): 234 sucrose, 2.5 KCl, 1.25
NaH;P04, 10 MgSO0y4, 0.5 CaCly, 26 NaHCO3, 11 glucose, and bubbled with 5% C02/95%
0,. The slices were then allowed to recover for 1 h at room temperature in artificial
cerebrospinal fluid (ACSF) solution containing (in mM): 120 Nacl, 2.5 KCl, 2 CaCl, 1
MgCly, 1.25 NaH;PO4, 26 NaHCOs3, 17 glucose, 0.4 ascorbic acid, 3 myo-inositol, 2
sodium pyruvate, and bubbled with 5% C0,/95% O,. In electrophysiological re-
cordings, ascorbic acid, myo-inositol, and sodium pyruvate were omitted.

Cerebellar slices were transferred to a recording chamber, and continuously
perfused at2 mL/min with ACSFat 25 + 1 °C(Figs. 3—6 and Table 1) or near physiological
temperature (34 + 1 °C; Fig. 7 and Table 2). Electrophysiological recordings were done
using the same equipment described above. Excitatory and inhibitory postsynaptic
currents (EPSCs and IPSCs) were recorded in the presence of 100 uM picrotoxin (a GABAa
receptor antagonist, Tocris Bioscience) and 40 uM 6,7-dinitroquinoxaline-2,3-dione
(DNQX, an AMPA/kainate receptor antagonist, Tocris Bioscience), respectively. Patch
pipettes had a resistance of 2—3 MQ when filled with pipette solutions. A CsCl-based and
the K-gluconate-based internal solutions were used for voltage- (Figs. 3—6 and Table 1)
and current-clamp recordings (Fig. 7 and Table 2), respectively. The CsCl-based solution
contained (in mM): 120 CsCl, 20 K-gluconate, 15 tetraethylammonium-Cl, 3 MgCl,, 5
EGTA, 5 Nay-ATP, 5 Nay-phosphocreatine, 0.3 Na,-GTP, 5 QX-314, and 10 HEPES (pH
adjusted to 7.3 with CsOH). The liquid junction potentials (CsCl-based, —4 mV; K-glu-
conate-based, —10 mV) were corrected off-line.

Somatic whole-cell patch-clamp recordings were performed from PCs in lobules [V
to VIII. PF-PC EPSCs and IPSCs were evoked by electrical stimulation of the molecular
layer and recorded at the holding potential of —80 mV. CF-PCEPSCs and complex spikes
were evoked by the stimulation of the granule cell layer. CF-PC EPSCs were recorded at
a holding potential of —10 mV to decrease the driving force for cations through ion-
otropic glutamate receptors. The stimuli (100- to 200-us pulses, 20—80 V amplitude)
were performed with an ACSF-filled patch pipette (tip diameter, 10—15 pm for mo-
lecular layer stimulation and 2—3 pm for the granule cell layer) and applied at 0.1 Hz. In
some experiments, paired-pulse stimulation (50 ms inter-stimulus intervals) was done
to calculate the paired-pulse ratio (PPR), which is an index of the change of neuro-
transmitter release from presynaptic terminals (Zucker and Regehr, 2002; Irie and
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Ohmori, 2008). When postsynaptic currents were recorded, series resistance was
monitored by applying small voltage steps (—10 mV, 20-ms duration), and the records
were discarded if the resistance varied more than 25%. Quantal EPSCs (QEPSCs) from
PFs and CFs were elicited by electrical stimulation (0.1 Hz) with PCs held at —80 mV and
with CaCl; in ACSF replaced with equimolar SrCl, (Xu-Friedman and Regehr, 1999).
Miniature IPSCs (mIPSCs) were recorded at a holding potential of —80 mV in the
presence of 40 uM DNQX and 1 uM tetrodotoxin (TTX; Wako Pure Chemical Industries).
In the start of current-clamp recordings, resting membrane potentials of PCs were
adjusted at —60 to —70 mV by current injection to prevent spontaneous firing, and
series resistance was compensated for using bridge balance and capacitance neutral-
ization. Intrinsic membrane properties were examined by square-wave current in-
jection (500-ms duration, Table 2). Input resistance was measured from averaged
voltage responses evoked by small hyperpolarizing currents (—20 pA). Threshold
current and threshold potential were measured by depolarizing current injections
(from O pA to 200 pA, 20 pA increment). The maximum rate of rise and maximum rate
of fall of action potentials and spike height were calculated from the first action po-
tential waveform evoked at the threshold current. Firing frequency was obtained from
the number of spikes observed during the current injection.

qEPSCs and mIPSCs were detected off-line using the template search function in
the Clampfit 10.3 software. To analyze qEPSCs, data from 200 to 1600 ms after the
stimulus artifact were used. Average cumulative probability histograms were ob-
tained as follows: first, gEPSCs or mIPSCs were recorded more than 300 events from
each cell in the presence or absence of MAM-2201. Then, for each cell, the ampli-
tudes and inter-event intervals were binned, and individual cumulative probability
histograms were plotted. Finally, these histograms were averaged. Representative
EPSC and IPSC traces are shown after averaging four to six consecutive traces, and
stimulus artifacts are truncated. EPSC and IPSC amplitudes were obtained by aver-
aging six consecutive records. The coefficient of variation (CV), which is another
index of the change of neurotransmitter release from presynaptic terminals, was
calculated from 18 consecutive EPSC or IPSC traces (Korn and Faber, 1991). The
inhibitory concentration 50% (IC50) values of the cannabinoid-related compounds
against neurotransmitter release at PF-PC synapses were calculated as follows:
control PF-PC EPSC amplitude was obtained from the averaged EPSCs recorded for
3 min before application of the synthetic cannabinoids. PF-PC EPSC amplitude in the
presence of the cannabinoids was done from the EPCSs recorded for 8 to 10 min after
the application, normalized to the control values, and plotted as a function of the
concentration. The data were fit with the sigmoidal function,
Y =100/(1+ [10] [(LogIC50 — X)*Hillslope]) (Table 1). The reasons for using PF-
PC synapses for measurement of IC50s were as follows: PF-PC synapses exhibit
more stable synaptic transmission than interneuron-PC synapses (Vincent and
Marty, 1996), they are more sensitive to CB1R agonists, and they express CB1R
proteins more abundantly than CF-PC synapses (Kawamura et al., 2006).

2.5. Simultaneous recordings of Ca®* transients and complex spikes

Current-clamp recordings were done from PCs using the K-gluconate-based
intracellular solution in which EGTA was replaced with 100 uM Oregon Green 488
BAPTA-1 hexapotassium salt (OGB-1; Invitrogen, Carlsbad, CA) in the presence of
picrotoxin. PC somata and dendrites were dialyzed with the pipette solution for
30 min to obtain a stable intracellular concentration of OGB-1. Confocal imaging was
then performed with a Nipkow disk confocal scanner unit (CSU-10; Yokogawa
Electric, Tokyo, Japan) attached to the Olympus BX51WI microscope with the 40x
objective lens. A 488 nm beam from a diode laser (Yokogawa Electric) for excitation
was coupled to the scanner unit through an optical fiber. Fluorescence was detected
via a 520 nm long-path filter using an EMCCD camera (iXon3 DU897; Andor Tech-
nology, Belfast, Northern Ireland). The pixels were binned 2 x 2 on the chip, and
images were acquired at 25.8 Hz. Complex spikes were evoked at 0.1 Hz, and the
electrophysiological recordings were synchronized with the acquisition of time-
lapse fluorescent images. The number of spikelets in complex spikes was obtained
from average value of five to seven consecutive traces. The imaging experiments
were controlled and analyzed using Andor iQ2 software (Andor Technology). Three
to five consecutive time-lapse images were averaged and used for analysis. The
regions of interests were set on primary dendrites (approximately between 20 and
100 pm from the center of the cell body, Fig. 7Ca). Fluorescence changes were
background-corrected and expressed as AF/Fy, where Fy is the fluorescence intensity
when the cells were at rest, and AF is the absolute values of fluorescence changes
during activity. Integration of Ca>* transients was performed over 2 s from the onset.

All data other than EC50s or IC50s are provided as the means + standard de-
viation. EC50s and IC50s are expressed as the best-fit values with 95% confidence
interval (CI; Table 1). n indicates the number of experiments. Statistical significance
was tested using paired t-tests test unless otherwise stated (significance, p < 0.05).

3. Results
3.1. MAM-2201 acts as an agonist of hCB1Rs and mCB1Rs

To examine whether MAM-2201 activates CB1Rs, we expressed
hCB1R or mCB1R ¢cDNAs in murine tumor line AtT-20. Because
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Fig. 2. Heterologous expression of cannabinoid receptor type 1 (CB1R) cDNAs in AtT-20 cells. A, Inmunofluorescence images of AtT-20 cells transfected with human CB1R (hCB1R)
and green fluorescent protein (GFP) cDNAs. Cell nuclei were stained with Hoechst 33342 (1 pg/mL, Dojindo, Kumamoto, Japan; Aa). Arrowheads indicate GFP and hCB1R double
positive cells. Proteins of hCB1Rs were visualized by immunolabelling with rabbit anti-CB1R antibody and AlexaFluor 568-conjugated anti-rabbit secondary antibody (Ac). B,
Representative data recorded from hCB1R-expressing cell. Ba, Inward currents were evoked by applying voltage steps from a holding potential of —25 mV to —110 mV for 200 ms. In
trace (a) and (b), averages of four consecutive responses are shown. These traces correspond to the responses at time points marked (a) or (b) in Bb. The holding current level is
shown by a dotted line. Bb, Time course of mean inward currents. Each point represents an averaged value obtained from four consecutive records. C, Concentration-dependent
increases of inward current densities induced by MAM-2201 or (R)-(+)-[2,3-Dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-
naphthalenylmethanone mesylate [WIN55,212-2 (WIN)]. To obtain current densities, amplitudes of inward current induced by MAM-2201 or WIN were normalized to mem-
brane capacitances (picoamperes per picofarad). The densities were plotted as a function of the concentration and fit with the sigmoidal function,
Y = Bottom + (Top — Bottom)/(1+ [10] [ZLOgECSO — X)*Hillslope]), where EC50 is effective concentration 50%. Here and in the following figures, error bars and the numbers in
parentheses indicate standard deviation and the number of experiments, respectively.

application of CB1 agonists on AtT-20 cells expressing CB1Rs acti-
vates inward rectifier potassium currents, activities of compounds
against CB1Rs can be determined using this heterologous expres-
sion system (Mackie et al., 1995; Felder et al., 1998). Whole-cell
patch clamp recordings were done from hCB1R or mCB1R-
expressing cells, and inward currents were evoked by applying
hyperpolarizing voltage pulses (Fig. 2B). Bath application of MAM-
2201(1 uM) increased the amplitude of inward current within
5 min (Fig. 2Bb). Subsequent application of low concentration of
Ba** (200 pM BaCly), which blocks inward rectifier potassium

currents (Hagiwara et al., 1976), markedly reduced the inward
currents. This indicates that, in addition to MAM-2201-induced
currents, MAM-2201-independent inward rectifier potassium cur-
rents were simultaneously blocked (Dousmanis and Pennefather,
1992). The time course of the induced current, obtained by sub-
tracting the currents before from those after the application of
MAM-2201, showed slow activation at the beginning of voltage
pulse (Fig. 2Ba, Difference). This property is characteristic of acti-
vation of G-protein coupled potassium channels (Kubo et al., 1993).
Fig. 2C shows the concentration-dependent increase of current
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Fig. 3. MAM-2201 inhibits synaptic transmission at parallel fiber (PF)-Purkinje cell (PC) synapses presynaptically via activation of presynaptic CB1Rs. A, Experimental configuration
for Fig. 3B—G and 4. B, PF-induced excitatory postsynaptic currents (EPSCs) were evoked with pairs of stimuli (50 ms interval) under control conditions (Control) or in the presence
of 10 uM MAM-2201 (MAM-2201). The holding potential was —80 mV. Picrotoxin (100 M) was added to the extracellular artificial cerebrospinal fluid (ACSF) to block GABAA
receptor-mediated inhibitory postsynaptic currents (IPSCs). The first EPSC peak in MAM-2201 was reduced to 21.9% of control. In each trace, averages of six trials are shown. In the
right panel, the EPSC evoked by the first stimulus in MAM-2201 is scaled to the amplitude of the first EPSC in Control. MAM-2201 increased paired-pulse facilitation (Bb). Stimulus
artifacts are truncated. C, Same as in A, but in the presence of 10 uM WIN. In Ca, the first peak in WIN was reduced to 24.1% of control. In the right panel, the EPSC evoked by the first
stimulus in WIN is scaled to the amplitude of the first EPSC in Control. D and E, Summary of paired-pulse ratio (PPR, D) and coefficient of variation (CV, E) of PF-PC EPSCs before and
after application of MAM-2201, WIN, or JWH-018 (10 uM in all groups). Here and in the following figures, the statistical significance was tested using paired t-tests unless otherwise
stated (significance, p < 0.05). **p < 0.01 and ***p < 0.001. F, To isolate quantal EPSCs (qEPSCs) from PFs, asynchronous neurotransmitter release from PF terminals was evoked by
stimulating PFs in the presence of Sr>* (2 mM, see Materials and Methods). Fa, Five superimposed traces before (Control) and after application of MAM-2201. Asynchronously
released quanta are seen as downward current deflections. Synchronous PF-PC EPSCs are truncated. Fb and Fc, Average cumulative probability histograms of inter-event interval (IEI,
Eb, bin width: 40 ms) and peak amplitude (Ec, bin width: 2 pA) of PF-PC qEPSCs. Ga, Time course of peak PF-PC EPSC amplitudes in the presence of N-(Piperidin-1-yl)-5-(4-
iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251, 5 uM). Each point represents an averaged value obtained from six consecutive records.
MAM-2201 (10 uM) had no detectable effect on the amplitude. Additional application of 6,7-dinitroquinoxaline-2,3-dione (DNQX, 40 uM) abolished PF-PC EPSCs completely. Gb,
Traces show normalized PF-PC EPSC responses at time points marked (a) and (b) in Ga.

densities induced by MAM-2201 or WIN in CB1R-expressing cells. 3.2. MAM-2201 inhibits synaptic transmission presynaptically via
Interestingly, in hCB1R-expressing cells, MAM-2201 increased activation of presynaptic CB1Rs at PF-PC synapses in mouse

current densities in a concentration-dependent manner (Fig. 2C, cerebellum
red circles) with an EC50 of 0.230 uM (95% CI, 0.0384—1.37 uM).
Similar responses were obtained by application of WIN (Fig. 2C, We tested the effects of MAM-2201 on neurotransmitter release

black circles; EC50 = 0.234 pM; 95% CI, 0.410 x 1073-140 uM), which at PF-PC synapses and the involvement of CB1Rs (Fig. 3), and
was consistent with previous report (Mackie et al., 1995). In the compared the potency of MAM-2201 with that of WIN, JWH-018,
presence of AM251 (5 uM, a CB1R antagonist), MAM-2201 (1 pM) and AS-THC (Fig. 4 and Table 1). Whole-cell patch-clamp re-
did not induce the inward currents (—2.38 + 7.23 pA/pF, n = 6). In cordings were performed from somata of PCs in mouse cerebellar
cells transfected with GFP alone, MAM-2201 (1 pM) did not elicit slices under voltage-clamp conditions, and PF-PC EPSCs were

any changes (1.55 + 6.78 pA/pF, n = 5). In mCB1R-expressing cells, evoked by electrical stimulation of PFs in the molecular layer in the
MAM-2201 induced concentration-dependent increase in the cur- presence of picrotoxin. The recording configuration is illustrated in
rent density (Fig. 2C, gray triangles). These results demonstrate that Fig. 3A. As shown in Fig. 3B, bath application of MAM-2201 (10 puM,
MAM-2201 activates hCB1Rs and mCB1Rs. 8 min) significantly decreased the first EPSC amplitude
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Fig. 4. MAM-2201 is a more potent inhibitor than A°-tetrahydrocannabinol (A°-THC) and JWH-018 at PF-PC synapses. Aa, Representative PF-PC EPSC traces recorded in control
conditions, or in 0.1 or 1 tM MAM-2201. These traces show normalized PF-PC EPSC responses at time points marked (a), (b), or (c) in Ab. Ab, Time course of peak amplitudes of PF-PC
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compounds were recorded for 8—10 min after application, normalized to the control values, and plotted as a function of concentration (Fig. 4C). Each plot was fit with a sigmoidal

Concentration of compounds (uM)

function, Y = 100/(1 + [10] [(LogIC50 — X)*Hillslope]), where IC50 is inhibitory concentration 50%. *p < 0.05, **p < 0.01, and ***p < 0.001 by unpaired t-tests test.

(39.0 + 10.8% of control value, n = 7, p < 0.001). To investigate
whether the effects of MAM-2201 on PF-PC EPSC amplitude were
mediated by presynaptic mechanisms, PPR and CV analyses were
(10 pM) significantly increased PPR

performed. MAM-2201
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(Fig. 3Bb and D) and CV (Fig. 3E), indicating a decrease in presyn-
aptic neurotransmitter release. WIN (10 pM, 8-min application)
induced a similar decrease in PF-PC EPSC amplitude and a parallel
increase in the PPR and CV (Fig. 3C—E). MAM-2201 (10 uM) also
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Fig. 5. MAM-2201 reduces GABAergic synaptic transmission at interneuron-PC synapses via presynaptic mechanisms. A, Experimental configuration for Fig. 5B—E. Ba, Averaged
current traces of IPSCs in control conditions (Control) and 10 pM MAM-2201. These traces show normalized IPSC responses at time points marked (a) and (b) in Bb. IPSCs were
evoked with pairs of stimuli (50 ms interval) in the presence of 40 M DNQX and were recorded as inward currents because of the use of the CsCl-based internal solution. The
holding potential was —80 mV, and stimulus artifacts were blanked for clarity. The first peak in MAM-2201 was reduced to 28.0% of control. In the right panel, the first IPSC in MAM-
2201 is scaled to the amplitude of the first IPSC in Control (Scaled), showing a clear increase of PPR. Bb, Time course of peak amplitudes of the first IPSC. Each point represents an
averaged value obtained from six consecutive records. C, Concentration-dependent decreases of peak amplitude of IPSC by MAM-2201 and WIN. IPSC amplitudes were normalized
to the control value (=baseline responses) and expressed as a percentage of control. *p < 0.05 and ***p < 0.001. D and E, Summary of PPR (D) and CV (E) of IPSCs before and after
application of MAM-2201 and WIN (10 uM in both groups). **p < 0.01. F, Miniature IPSCs (mIPSCs) recorded in the presence of tetrodotoxin (TTX, 1 uM) and DNQX. Fa, Five
superimposed traces before (Control) and after application of MAM-2201. mIPSCs appear as downward current deflections. Fb and Fc, Average cumulative probability histograms of
[EI (Fb, bin width: 100 ms) and peak amplitude (Fc, bin width: 20 pA) of mIPSCs.

decreased PF-PC qEPSC frequency [Inter-event interval (IEI), Con- p = 0.860, n = 6, Fig. 3Fa and Fc). In the absence of MAM-2201,
trol: 194.0 + 24.1 ms, MAM-2201: 288.7 + 30.2 ms, p < 0.001,n =6, amplitudes of PF-PC EPSCs did not show significant changes dur-
Fig. 3Fa and Fb] without affecting PF-PC qEPSC amplitude (peak ing 45-min recording under condition in which series resistance
amplitude, Control: 18.9 + 2.1 pA, MAM-2201: 18.6 + 4.3 pA, was stable (105.2 + 10.5% of control, n = 7, p = 0.271).
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Table 1
IC50s of synthetic cannabinoids against PF-PC EPSCs.

WIN MAM-2201 JWH-018

0.890 [0.296-2.679] 0.363 [0.193-0.681] 1.121 [0.551-2.282]

IC50 (uM)
[95% CI (uM)]*
Relative IC50

2 Data are provided as the best-fit values with 95% confidence intervals (CI).

1.00 0.41 1.25

To examine whether MAM-2201 altered postsynaptic responses
by activating presynaptic CB1Rs, MAM-2201 was bath-applied to
the cerebellar slices in the presence of AM251 (5 uM). MAM-2201
did not induce any change of PF-PC EPSC amplitude in the pres-
ence of AM251 (Fig. 3G, 102.2 + 6.0% of control, n = 5, p = 0.443).

A Ba
MAM-2201

PC

climbing fiber
(CF)

e
Control (a)

D

C
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Subsequent application of DNQX (40 uM) abolished PF-PC EPSCs,
demonstrating that glutamatergic synaptic transmission was
indeed evoked, and bath application of these chemicals was suc-
cessful (Fig. 3Ga). Taken together, these results indicate that the
MAM-2201-induced changes are mediated by a decrease in pre-
synaptic neurotransmitter release from PF terminals via activation
of presynaptic CB1Rs.

3.3. MAM-2201 is a more potent inhibitor of PF-PC synapses than
A°-THC and JWH-018

Fig. 4A—C show representative traces of PF-PC EPSCs in the
presence of MAM-2201 (Fig. 4A), JWH-018 (Fig. 4B), or A9-THC
(Fig. 4C), respectively. The inhibitory effect of MAM-2201 on PF-PC
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Fig. 6. MAM-2201-mediated presynaptic inhibition at climbing fiber (CF)-PC synapses. A, Experimental configuration for Fig. 6B—F and 7. Ba, Averaged current traces of CF-PC EPSCs
in control (Control) and 10 pM MAM-2201. These traces show normalized CF-PC EPSC responses at time points marked (a) and (b) in Bb. CF-PC EPSCs were evoked with pairs of
stimuli (50 ms interval) in the presence of 100 uM picrotoxin. PCs were held at —10 mV to reduce the driving force for AMPA receptor-mediated currents. Stimulus artifacts were
truncated for clarity. The first peak in MAM-2201 was reduced to 38.4% of control. In the right panel, the first CF-PC EPSC in MAM-2201 is scaled to the amplitude of the first CF-PC
EPSC of control (Scaled). Bb, Time course of peak amplitudes of first CF-PC EPSC. Each point represents an averaged value obtained from six consecutive records. C, Concentration-
dependent decreases of the peak amplitudes of CF-PC EPSCs by MAM-2201. CF-PC EPSC amplitudes were expressed as a percentage of control. *p < 0.05 and **p < 0.001. D and E,
Summary of PPR (D) and CV (E) of CF-PC EPSCs before and after application of MAM-2201 (10 uM). F, CF-PC qEPSCs in the presence of picrotoxin and Sr** (2 mM SrCl,). The gEPSCs
were recorded at a holding potential of —80 mV. Fa, Five superimposed traces before (Control) and after application of MAM-2201. Synchronous CF-PC EPSCs are truncated. Fb and
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Fig. 7. MAM-2201 reduces the number of spikelets in complex spikes and dendritic Ca®* transients evoked by CF stimulation. A—D, Simultaneous recordings of complex spikes and
dendritic Ca®* transients. A, Representative superimposed traces of complex spikes (5 traces) evoked by stimulation of CFs (0.1 Hz) in the presence of picrotoxin at near physi-
ological temperature (34 + 1 °C). The K-gluconate-based intracellular solution containing Oregon Green 488 BAPTA-1 hexapotassium salt (OGB-1, 100 uM) was used for current-
clamp recordings. At the start of the recording, the resting membrane potential was adjusted around —60 to —70 mV by current injection to prevent spontaneous firing. MAM-2201
(10 uM, 10 min) reduced the number of spikelets (4 spikelets in Control; 3 spikelets in MAM-2201). Superimposed traces reveal delay and reduction of spikelets in MAM-2201. B,
Summary of average number of spikelets before and after application of MAM-2201 (10 uM). ***p < 0.001. C, A dendritic Ca®* transient induced by CF stimulation. Intracellular Ca®*
measurement in C was simultaneously performed while recording the complex spikes in A. Ca, Representative confocal image of PC loaded with OGB-1 via a patch pipette. Area
indicated by dotted line represents region of interest used for the calculation of the dendritic Ca>* transients. Cb, Representative Ca?* transients in control and MAM-2201 (10 uM).
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EPSC amplitude was first detectable at 0.03 puM (Fig. 4D, 90.1 + 6.1%
of control, n = 5, p < 0.05), and became more apparent at higher
concentrations. Application of 0.1 pM MAM-2201 was sufficient to
induce a clear reduction [trace (b) in Fig. 4Aa, 71.9% of control], and
subsequent administration of 1 uM MAM-2201 induced further
decrease [trace (c) in Fig. 4Aa, 51.0% of control]. On the other hand,
0.1 uM JWH-018 did not have detectable effects on PF-PC EPSCs
[trace (b) in Fig. 4Ba, 99.0% of control; 0.1 uM JWH-018 in Fig. 4D,
n =7, p = 0.096]. Higher concentrations of JWH-018 were required
to reduce PF-PC EPSC amplitude [trace (c) in Fig. 4Ba, 1 pM, 81.0% of
control; trace (d) in Fig. 4Ba, 30 M, 44.2% of control]. Application of
A9-THC, which acts as a partial agonist of CB1Rs (Shen and Thayer,
1999; Luk et al., 2004), decreased amplitude of PF-EPSCs obviously
at 3 uM [trace (b) in Fig. 4C, 68.6% of control], but subsequent
administration of 30 uM A®-THC did not induce a clear reduction
[trace (c) in Fig. 4C, 57.0% of control]. A°>-THC (30 pM) significantly
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increased PPR and CV (n = 6, data not shown), indicating a decrease
in presynaptic neurotransmitter release. Fig. 4D shows the
concentration-dependent decreases of PF-PC EPSC amplitude
induced by cannabinoid-related compounds. MAM-2201 decreased
PF-PC EPSCs more potently than JWH-018 within the range of
0.03—3 pM (Fig. 4D, blue triangles (in the web version), p < 0.05 and
p < 0.01 by unpaired t-tests test) and A°-THC within the range of
0.1-30 uM (Fig. 4D, gray squares, p < 0.001 by unpaired t-tests test).
Application of WIN decreased PF-PC EPSC amplitude to 64.5 + 0.16%
(n = 7) of the control value at a concentration of 1 uM and to
46.8 + 0.13% (n = 12) at 10 uM (Fig. 4D, WIN). These results are
comparable to the previous reports using cerebellar slice prepara-
tions from rodents (see Discussion) (Levenes et al., 1998; Takahashi
and Linden, 2000; Kawamura et al., 2006). The IC50s of the syn-
thetic cannabinoids against PF-PC EPSCs are summarized in Table 1,
and indicate that the rank order of potency for inhibition is MAM-
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Table 2
MAM-2201 did not affect intrinsic membrane properties of PCs.

Control 10 pM MAM-2201 p value

(n=10) (n=10)
Resting membrane potential (mV) -65.3 +3.2 —66.0 +3.5 0.43
input resistance (MQ) 113 £ 51 101 = 34 0.29
Threshold current (pA) 71.0+£395 778 +74 0.24
Threshold potential (mV) —454+56 —-449+64 0.50
Spike height (mV) 449 + 64 45.4 + 47.6 0.71
Maximum rate of rise (V/s) 114 + 40 131 + 37 0.20
Maximum rate of fall (V/s) -93.0+17 —-89.2+158 0.14
Firing frequency at 200 pA (Hz) 33.0+184 344 +205 0.77
Firing frequency at 500 pA (Hz) 726 £29.8 77.8 +42.1 0.68

Young mice (P14—20) and the K-gluconate-based internal solution were used for
the experiments. Current-clamp recordings were performed at near physiological
temperature (34 + 1 °C).

Data are provided as the means + standard deviation, and n = number of
experiments.

2201 > WIN > JWH-018. These findings are consistent with our
unpublished data on the IC50s for these synthetic cannabinoids,
measured by a binding assay for human recombinant CB1Rs (see
Discussion). IC50 of A’-THC was not able to be calculated due to
ambiguous fitting. These results demonstrate that MAM-2201 is a
more potent inhibitor of PF-PC synaptic transmission than JWH-018
and AS-THC.

3.4. MAM-2201 inhibits GABAergic synaptic transmission at
inhibitory interneuron-PC synapses via presynaptic mechanisms

PCs receive feed-forward inhibition from GABAergic inhibitory
interneurons lying in the molecular layer of the cerebellar cortex
(Llinas et al., 2004), and this inhibition shapes the spike output of
PCs (Mittmann et al., 2005). To explore how MAM-2201 modulates
this inhibitory synaptic input, we recorded GABAergic synaptic
transmission at inhibitory interneuron-PC synapses and examined
the effects of MAM-2201 on inhibitory transmission. As shown in
Fig. 5B, 10 uM MAM-2201 decreased the first IPSC amplitude
(MAM-2201 in Fig. 5Ba and Bb; Fig. 5C, n = 6, p < 0.001), and a
similar reduction was observed by 1 uM MAM-2201, indicating the
MAM-2201-induced decrease was concentration-dependent
(Fig. 5C, MAM-2201). MAM-2201 (10 uM) significantly increased
PPR and CV (Scaled in Fig. 5Ba, D and E, MAM-2201), and these
increases were comparable to those obtained by WIN (10 uM,
Fig. 5D and E, WIN). Moreover, MAM-2201 (10 pM) decreased
mIPSC frequency (IEI, Control: 451.2 + 464.1 ms, MAM-2201:
7188 + 5429 ms, p < 0.05, n = 5, Fig. 5Fa and Fb) without
affecting  mIPSC amplitude (peak amplitude, Control:
453 +22.3 pA, MAM-2201: 48.3 + 24.1 pA, p = 0.53, n = 5, Fig. 5Fa
and Fc). These results demonstrate that MAM-2201 inhibits
GABAergic synaptic transmission at interneuron-PC synapses via
presynaptic mechanisms.

3.5. MAM-2201-mediated presynaptic inhibition at CF-PC synapses
reduces the number of spikelets in complex spikes and dendritic
Ca®* transients in PCs

Activation of CFs produces AMPA receptor-mediated strong
postsynaptic depolarization and evokes an all-or-none spike with
multiple peaks (spikelets), called “complex spikes” in the soma
(Llinas et al., 2004). Complex spikes are accompanied by a large,
dendritic Ca®* transient, which plays a crucial role in producing
long-term depression (LTD) at PF-PC synapses (Konnerth et al.,
1992). At CF terminals, activation of presynaptic CB1Rs by WIN
reduces glutamate release (Maejima et al., 2001). To examine how
presynaptic modulation by MAM-2201 at CF-PC synapses affects

the waveforms of complex spikes and CF-induced dendritic Ca®*
transients, we first confirmed presynaptic inhibition by MAM-
2201 at CF-PC synapses (Fig. 6), and then performed simulta-
neous recordings of complex spikes and intracellular Ca®* tran-
sients (Fig. 7).

First, CF-PC EPSCs were recorded at the holding potential
of —10 mV in the presence of picrotoxin (Fig. 6B—E). To improve the
space clamp in dendrites, young mice (P14—20) were used for the
following experiments. This was because CF innervation of PCs is
almost matured at this age (Hashimoto and Kano, 2013), and their
dendrites are compact compared with those of adult (~P57) mice
(McKay and Turner, 2005). As shown in Fig. 6B and C, bath appli-
cation of MAM-2201 (1 or 10 uM) reduced CF-PC EPSC amplitude in
a concentration-dependent manner. This reduction was accompa-
nied by significant increases in PPR and CV (10 uM MAM-2201;
Scaled in Fig. 6Ba, C and D). Moreover, MAM-2201 (10 pM)
decreased CF-PC qEPSC frequency (IEl, Control: 176.5 + 40.3 ms,
MAM-2201: 234.5 + 51.1 ms, p < 0.01, n = 5, Fig. 6Fa and Fb)
without affecting CF-PC qEPSC amplitude (peak amplitude, Control:
22.5 + 2.7 pA, MAM-2201: 22.0 + 4.0 pA, p = 0.75, n = 5, Fig. 6Fa
and Fc). These results indicate that MAM-2201 presynaptically in-
hibits neurotransmitter release from CF terminals.

We then simultaneously recorded complex spikes in the somata
and Ca®* transients in the dendrites of PCs using the K-gluconate-
based internal solution containing OGB-1 at near physiological
temperature. Complex spikes were elicited under current-clamp
conditions. As presented in Fig. 7A, electrical stimulation of CFs
evoked all-or-none complex spikes consisting of spikelets (Control
in Fig. 7A). MAM-2201 (10 uM, 10 min) significantly reduced the
number of spikelets to 78% of the control (Fig. 7B, n = 11, p < 0.001).
Because MAM-2201 modulated synaptic properties via activation
of presynaptic CB1Rs (Fig. 3), and because PCs do not express CB1Rs
(Kano et al., 2009), we would not expect MAM-2201 to affect the
intrinsic membrane properties of PCs. As expected, we were able to
confirm that MAM-2201 did not affect the resting membrane po-
tential, input resistance, or action potential properties of PCs
(Table 2). Accordingly, MAM-2201-induced changes in complex
spike waveforms can be interpreted based on depression of CF-PC
EPSCs. The complex spikes evoked by CF stimulation were accom-
panied by large Ca®* transients in the dendrites (Fig. 7Ch, Control).
MAM-2201 substantially decreased the peak amplitude of the Ca®*
transient (Fig. 7Cb, MAM-2201). Both the peak and the integral of
the Ca?* transients were significantly attenuated by 10 pM MAM-
2201 (peak: n = 10, p < 0.01, Fig. 7Da; integration: n = 10,
p < 0.01, Fig. 7Db). Taken together, these results indicate that MAM-
2201 alters PC responses to CF activation by reducing the number of
spikelets and the dendritic Ca®* transients. This implies that MAM-
2201 would decrease complex spike-mediated information prop-
agation from PCs to the next nuclei and might affect induction of
intracellular Ca?*-dependent LTD at PF-PC synapses (see
Discussion).

4. Discussion

This is the first study of the effects of MAM-2201 on neuronal
functions. We found that MAM-2201 acted as an agonist of CB1Rs
(Fig. 2). We also found that MAM-2201 inhibited glutamatergic
synaptic transmission presynaptically via activation of presynaptic
CB1Rs (Fig. 3). At the same concentrations, MAM-2201 decreased
PF-PC EPSCs more potently than JWH-018 and A°-THC (Fig. 4).
Moreover, MAM-2201 also presynaptically suppressed GABAergic
synaptic transmission at interneuron-PC synapses (Fig. 5) and
glutamatergic synaptic transmission at CF-PC synapses (Fig. 6). In
the case of smaller CF-PC EPSCs, MAM-2201 led to reduction of the
number of action potentials in complex spikes and to reduced
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dendritic intracellular Ca®* transients (Fig. 7). Thus, it is likely that,
in humans, the psychoactive effects caused by MAM-2201 are
mainly due to inhibition of neurotransmitter release via activation
of presynaptic CB1Rs.

4.1. The validity of our data on presynaptic inhibition at PF-PC
synapses induced by synthetic cannabinoids

In our experiments, WIN reduced PF-PC EPSC amplitude to
64.5% (1 uM) and 46.8% (10 uM) of the control value using P20—57
mice (Fig. 4D). These reductions are comparable to previously
published values obtained from acute cerebellar slice preparations:
55.6% of control in 1 uM WIN (P15—21 rats) (Levenes et al., 1998),
29.1 and 12.3% in 1 and 5 pM WIN, respectively (P15—19 rats)
(Takahashi and Linden, 2000), and 23.5% in 5 uM WIN (P9—14 mice)
(Kawamura et al., 2006). The latter two reports show somewhat
smaller percentages compared with our data, but this can be
attributed to the differences in the ages of the animals used: an
immunohistochemical study revealed that the distribution patterns
of CB1Rs in the molecular layer show developmental changes
(Kawamura et al., 2006).

Atwood et al. reported that the IC50 of JWH-018 against synaptic
transmission is 14.9 nM using autaptic hippocampal neuronal
cultures (Atwood et al., 2010), whereas our IC50 value for JWH-018
was approximately 100 times larger than that of their report
(Table 1). This discrepancy might be explained by the different
neuronal preparations used: Atwood et al. utilized dissociated
neuronal cultures, whose synapses would not be wrapped by cell
structures such as glial membranes. These synapses would be more
easily exposed to CB1R agonists compared with those in cerebellar
slice preparations, and therefore synaptic transmission in the
autaptic hippocampal cultures might be suppressed by a lower
concentration of JWH-018.

Using a binding assay for human recombinant CB1Rs, we
recently found that relative IC50s for WIN, MAM-2201, and JWH-
018 against CB1Rs were 1.00, 0.70, and 5.30, respectively (Kikura-
Hanajiri et al.,, manuscript in preparation). These data agree well
with our observation of the relative IC50s against excitatory
neurotransmitter release from PF terminals to PCs using cerebellar
slice preparations (Table 1). Therefore, we consider our observa-
tions of IC50s in cerebellar preparations to be reasonable.

4.2. Adverse effects of MAM-2201 on targets of the cerebellar cortex
and on cerebellum-dependent motor functions

PCs are the sole output GABAergic neurons from the cerebellar
cortex and make direct synaptic contacts onto the deep cerebellar
nuclear neurons and vestibular nuclear neurons (Voogd and
Glickstein, 1998; Zheng and Raman, 2010). PCs receive two types
of excitatory input from CFs and PFs. CFs arise from the inferior
olivary complex located in the brainstem. CFs are activated during
motor learning and induce complex spikes in PCs (Ito, 2001; Llinas
et al., 2004). Spikelets in complex spike can propagate to the syn-
aptic terminals of PCs (Khaliq and Raman, 2005). PFs are the axons
of granule cells, which are excited by glutamatergic mossy fiber
inputs. Mossy fibers originate from nuclei in the spinal cord and
brain stem. The mossy fiber-PF pathway is the main operational
input to the cerebellum and PCs, and carries afferent information
both from the periphery and from other brain centers. PFs produce
a brief excitatory postsynaptic potential in PCs that generates a
single action potential called a “simple spike.” In addition, PCs
receive feed-forward synaptic inhibition from GABAergic in-
terneurons, and this inhibition increases the precision of PC spike
outputs (Mittmann et al., 2005). Thus, all of these synaptic inputs to
PCs can control the output of the cerebellar cortex. The absence of

119

PC activity or genetic manipulation of synaptic transmission from
PCs severely affects cerebellum-dependent motor functions: both
in mutant mice and in spinocerebellar ataxia type 6 patients, se-
lective degeneration of PCs induce motor dysfunction (Frontali,
2001; Porras-Garcia et al., 2013), and PC-specific vesicular GABA
transporter knockout mice exhibit motor impairment (Kayakabe
et al., 2013).

We demonstrate that MAM-2201 inhibits neurotransmitter
release at PF-PC, interneuron-PC, and CF-PC synapses in a
concentration-dependent manner (Figs. 3—6), and reduces the
number of spikelets in CF-evoked complex spikes (Fig. 7A and B).
Assuming that, in humans, MAM-2201 inhibits neurotransmitter
release at these synapses, the inhibition at PF-PC synapses could
cause failure of simple spike generation in PCs. The inhibition of
interneuron-PC synapses may weaken the feed-forward inhibition,
leading to decreased precision of PC spike outputs. MAM-2201-
induced reduction of spikelets in complex spikes (Fig. 7A and B)
could cause a decrease in the number of action potentials that
propagate to the synaptic terminals of PCs. Consequently, MAM-
2201 may interrupt normal GABAergic inhibition onto the deep
cerebellar nuclear neurons and vestibular nuclear neurons, and
thus could affect cerebellum-dependent motor coordination. This
speculation could be supported by the report that consumption of
drugs of abuse containing analogs of MAM-2201 can cause cere-
bellar dysfunction such as disturbance of finger-to-finger test
(Musshoff et al., 2014).

4.3. Possible effects of MAM-2201 on cerebellar LTD initiated by
dendritic Ca®* transients and on motor learning functions

PF-PC LTD is thought to underlie cerebellar motor learning in
mammals (Yuzaki, 2012). This learning is impaired in transgenic
mice that exhibit a deficit in the expression of LTD in vitro
(Kakegawa et al., 2008). Induction of LTD requires association of PF
and CF activation both in vivo and in vitro (Ito, 2001). At the cellular
level, CF synaptic inputs to PCs evoke dendritic Ca** transients,
which play crucial roles in the expression of LTD (Konnerth et al.,
1992). Interestingly, Carey and Regehr reported that presynaptic
inhibition of CF-PC synapses by noradrenaline alters the complex
spike waveform and decreases CF-evoked dendritic Ca®* transients,
leading to interference with the induction of LTD (Carey and Regehr,
2009). This noradrenergic modulation shares many features with
our observations of MAM-2201-induced changes of CF-evoked re-
sponses in PCs (Figs. 6 and 7): depression of CF-PC EPSCs via pre-
synaptic mechanisms, reduction of the number of spikelets in
complex spikes, and attenuation of CF-induced Ca** transients in
PC dendrites. Taken together, MAM-2201 may interfere with the
induction of LTD in vitro and might result in an impairment of
cerebellar motor learning in vivo. Further work will be needed to
clarify whether MAM-2201 indeed blocks the induction of LTD.

4.4. Implications for adverse effects of MAM-2201 on other brain
functions

In the brain, CB1Rs are widely and abundantly expressed, and
numerous in vitro studies have revealed that activation of CB1Rs by
agonists suppresses synaptic transmission in several regions such
as the hippocampus, nucleus accumbens, striatum, and cerebellar
cortex (Kano et al.,, 2009). Moreover, in rat hippocampal slice
preparations, pharmacological activation of CB1Rs modulates long-
term potentiation in the CA1 region (Navakkode and Korte, 2014),
and in vivo administration of WIN impairs hippocampal-dependent
short-term memory (Hampson and Deadwyler, 2000). WIN also
activates the “reward circuitry” in the brain, including the ventral
tegmental area-nucleus accumbens pathway, and alters reward-
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related behaviors in a similar manner to other reward-enhancing
addictive drugs (Gardner, 2005). In this study, we demonstrated
that MAM-2201 suppresses synaptic transmission in the cere-
bellum and that this action parallels that induced by WIN
(Figs. 3—5). Taken together, in humans, MAM-2201 could cause
psychoactive effects that are similar to those observed in the lab-
oratory animal experiments using WIN or other synthetic
cannabinoids.
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Neurotransmitters and neuronal releasing molecules are not only the regulators of
neuronal function but also the indicators of neuronal conditions. Glutamate and y-amino
butyric acid (GABA) play important roles in cerebellar differentiation and function.
In the mature cortex, they are released from synapses and taken up by transporter
molecules. We have developed enzyme-linked photoassay systems for glutamate,
GABA, and adenosine triphosphate (ATP), and reported their release in the developing
cerebellar cortex. Our systems showed slow transmitter release in the immature
cerebellum, whereas it was hard to detect the fast synaptic release from mature neurons,
because there were some limitations in time resolution and data depth derived from
a charge-coupled device (CCD), and the enzyme-linked photodevice was sometimes
unstable. In this study, we report the dynamic observation of neurotransmitter release
in the developing cerebellar slices using improved photodevices and a high-speed 16-bit
CCD. With this new system, the rapid measurement of transmitter release in a young-
adult cerebellar cortex is possible. We suggest that these photoassay systems are useful
for observing synaptic release in several diseases.

1. Introduction

Neurotransmitter molecules released from neurons are not only the regulators of
neuronal transduction but also the indicators of neuronal conditions.(» Glutamate and
y-aminobutyric acid (GABA) are known as typical transmitters in the brain’s cortex, and
they play important roles as stimulators and suppressors, respectively. Lack of balance in
the release of glutamate and GABA may lead to autism, epilepsy, or Parkinson’s disease.®

*Corresponding author: e-mail: syoshida@ens.tut.ac.jp

1035

ISSN 0914-4935 © MYU K.K.

126



1036 Sensors and Materials, Vol. 27, No. 10 (2015)

To observe spatiotemporal neurotransmitter release in the cerebellar cortex, we
have recently developed an enzyme-linked photoassay system, which is a device with
an immobilized enzyme on a quartz glass surface. Using this system, we observed
glutamate or GABA release in developing cerebellar slices using either new or
authorized methods.® Enzyme-linked photoassay is sensitive and selective, and
it can discriminate the substrates from their pharmacological analogues. Our system
can detect transmitter release in the cerebral cortex,© hippocampus, retina, and cultured
cells,” and made it possible to detect the release of adenosine triphosphate (ATP),®
glucose, sucrose, and fructose. On the other hand, enzymes tend to denature and separate
from the quartz. For the detection of transmitter release in mature neuronal circuits,
increasing the sensitivity and stability of the device is required.

In this paper, we propose new immobilizing methods and discuss the optimization of
the enzyme-linked photoassay.

2. Materials and Methods

2.1 Substrate and enzyme reaction

Imaging neurotransmitter release was monitored for the reaction in which
oxidoreductases generate reduced nicotinamide adenine dinucleotide (NAD™) or
diphosphonucleotide (NADP*). For glutamate, GABA, or adenosine triphosphate (ATP)
imaging, we used glutamate dehydrogenase, GABA disassembly enzyme [GABase,
Fig. 1(a)] or glyceraldehyde 3-phosphate dehydrogenase, respectively.®'V The NADH
or NADPH, the reductants of NAD* or NADP", respectively, which is generated
stoichiometrically, emits 480 nm fluorescence after excitation at 340-365 nm.

2.2 Surface photoexcitation

For UV excitation, a quartz glass plate illuminated with an ultraviolet light-emitting
diode (UV-LED, Nichia, Tokushima, Japan) was used. Leaking UV light onto the glass
surface excited fluorescent NADH or NADPH [Fig. 1(b)].

2.3 Imaging apparatus

All fluorescence images through the inverted microscope (IX73, Olympus Co., Ltd.,
Tokyo, Japan) were observed by a cooled charge-coupled device (CCD) (ORCA-ER
CCD) or a high-speed complimentary metal-oxide semiconductor (CMOS) (ORCA-Flash
4.0) camera, supplied by Hamamatsu Photonics Co., Ltd., Hamamatsu, Japan. Imaging
data were analyzed by iVision software (BD Biosciences, San Jose, CA, USA).

2.4  Enzyme immobilization and sample preparation

Enzymes were typically covalently immobilized on the quartz glass surface using a
silane coupling agent and a crosslinking agent, 3-aminopropyltriethoxy silane (3-APTS)
and glutaraldehyde, respectively [Fig. 2(a)].'» These surface modifications determine
both the stability of the enzyme reaction and the distance between the sample and the
glass surface.
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Fig. 1. (Color online) (a) Released neurotransmitters are oxidized by the oxidoreductase, and
NAD(P)H is formed stoichiometrically. In GABA oxidization, released GABA is converted to
succinic acid with NADPH formation by GABase. (b) Schematic diagram of the enzyme-linked
photoassay system. The oxidoreductases are immobilized on the quartz glass surface, and the
excitation light radiating from UV-LED passes through the quartz waveguide. Fluorescent images
are obtained by CCD or CMOS, and analyzed using a computer system.

In some cases, glass surfaces were treated with either aromatic crosslinkers,
1,4-phenylene diisothiocyanate (1,4-DIC), or 1,3-phenylene diisothiocyanate [1,3-DIC,
Fig. 2(b)], and glutaraldehyde (GA).(® Others were treated with a phosphonic acid,
11-aminoundecylphosphonic acid [11-AUPA, Fig. 2(c)], as a replacement for 3-APTS.(%

Cerebellar acute slices were treated from postnatal day 3 (P3) to P15 in rats, sliced
sagittally to a thickness of 400 pm with a rotor slicer (Dohan EM, Kyoto, Japan),
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Fig. 2. (Color online) (a) Method of enzyme immobilization using 3-APTS and glutaraldehyde.
Surface treatment and crosslinking between waveguide quartz and enzyme. (b) Crosslinking using
1,3-DIC. (c) Surface treatment with 11-AUPA.

and incubated in oxygen-aerated PBS for 45 min. All experimental procedures were
approved by the committee for the use of animals at Toyohashi University of Technology
and by the guidelines of the Ministry of Education, Culture, Sports, Science and
Technology, Japan.
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3. Results

3.1 Spatiotemporal observation of glutamate release

Figure 3(a) shows an illustration of rat cerebellar development. In the developing
cerebellum, neuronal arrangement and circuit formation progress after birth. Granule
cells, small input neurons, proliferate and migrate down from the external granular layer
(EGL) to the internal granular layer (IGL). Purkinje cells, major output neurons, develop
their dendrites and associate neuronal connections between granule cells and other
interneurons. The layer of Purkinje cell somas is identified to be the Purkinje layer (PL).
A neuronal circuit layer forms the molecular layer (ML).(>19 To understand the roles of
neurotransmitters in the cerebellar development, we have developed a new visualizing
device and, with it, we have observed spatiotemporal molecular dynamics.

Using the enzyme-linked photoassay system, we have observed many kinds of
transmitter release in several developmental stages and organs. Our system has
visualized both spontaneous and responsive transmitter release processes with 0.5 s time
resolution. Figures 3(b)-3(k) show the transitions in glutamate release in response to
100 uM GABA application in developing cerebellar slices.!? Glutamate was released
in both the EGL and the IGL, whereas the PL was indicated by a negative line. In the
developing cerebellum, the granule cells that distributed in the EGL and IGL are the only
neurons that release glutamate, so both layers showed fluorescence activities. Glutamate
release in P3 cerebellar slices appeared in both layers slowly but continuously, whereas
it started rapidly in the lower EGL and then spread to the IGL within a short time in P7
celebellar slices.!® Granule cells in the P3 cerebellum did not develop sufficiently to
react to GABA stimulation nor release the transmitter actively, but they still proliferated.
On the other hand, the granule cells in the P7 cerebellum developed sufficiently to react
to GABA stimulation, so they released glutamate rapidly.

Although spatiotemporal observation could give us dynamic information about
neuronal reaction, our system needs to be improved in terms of stability, sensitivity
and time resolution for us to observe fast synaptic transmissions. The targets of our
improvements were the (1) sensing CCD, (2) excitation waveguide, and (3) manner of
enzyme immobilization shown in Fig. 2.

3.2 Effects of new crosslinkers and surface treatment

Two types of glass devices with either aromatic crosslinkers, 1,3-DIC or 1,4-DIC, and
GA were examined to observe spontaneous GABA release with 500 ms time resolution
using ORCA ER CCD. The device formed using 1,3-DIC and GA gave images with a
better contrast of GABA release than the GA crosslinked device in the P10 cerebellar
slice [Fig. 4(a)], whereas it showed no difference in the P6 cerebellar slice. The 1,4-DIC
crosslinked device yielded no good images.

The aromatic crosslinkers make the glass surface hydrophobic. Because mature
brain tissues become hydrophobic as the myelin structure develops, 1,3-DIC crosslinking
should increase the affinity of the enzyme for the tissues.

The binding between the glass and the acceptor molecules has been weak, because
the silane coupling agents tend to undergo hydrolysis under biological conditions. The
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Modulation of proliferation Maturation Migration

Newborn Developing Mature

Fig. 3. (a) Diagram of cerebellar development. In the newborn cerebellum (1 to 3 days after
birth), granule cell progenitors (Gra) proliferate in the EGL, while immature Purkinje cells (P)
form the PL with Golgi cells (Go) and some Bergmann glia (Ba). During the developement, 5 to 7
days after birth, Gra-cells elongate their axon and migrate inside, and P-cells spread their dendrites
and connect to other neurons within two weeks. B denotes basket cells, and S, satellite cells.
Evoked glutamate wave with GABA application in developing cerebellar cortex. (b)—(f): 2.0, 4.5, 7.0,
12.5, and 23.5 s after stimulation in P3 cerebellar cortex, respectively. (g)—(k): 0.5, 2.5, 4.0, 11.0,
and 16.0 s after stimulation in P7 cerebellar cortex, respectively.
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Fig. 4. (Color online) (a) New crosslinker, 1,3-DIC, gave us better contrast images than GA in
mature cerebellar observation, while it made little difference from GA in immature organ. (b) The
11-AUPA-GA treatment showed the same result as the APTS-GA treatment in the immature organ. (c)
Spontaneous GABA release image in P12 cerebellar slice using 1,3-DIC crosslinking glass device.

surface treatment by 11-AUPA, as a replacement for 3-APTS, was expected to inhibit
hydrolysis, but it had low affinity for the glass. We constituted a new glass device with
11-AUPA-coupling enzymes and examined its sensitivity and stability. Figure 4(b)
shows that the new device performed with the same sensitivity and stability as the device
with APTS.

3.3 Observation using high-speed CMOS camera

The fluorescence intensity of NADH is very low and is only a few thousands of the
intensity of typical artificial fluorescence. To collect data with sufficient time resolution,
a highly sensitive and rapid data transferring camera is required. The time resolution
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shown in Fig. 3 is 0.5 s for the 12-bit ORCA CCD, which is too low to detect the
synaptic transmitter reaction.

A 16-bit CMOS camera, Flash 4.0, could detect weak light and transfer data in less
than a microsecond. Using this camera, transient glutamate release could be detected
with a 20 ms time resolution (Fig. 5). In developing the P7 cerebellum, glutamate
release was increased in the EGL by applying a glutamate receptor-stimulating agent,
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA). Even in the premature
P14 cerebellum, the increment in the rate of glutamate release was observed. It was not
strong and noiseless, but the AMPA stimulation-induced glutamate release was observed
in the ML and IGL where the glutamatergic neurons are distributed.

4. Discussion

The detection of neurotransmitter release gives us important information about
developmental conditions and diseases. Parkinson’s disease, a degenerative disorder of
the central nervous system, is caused by the alteration of the release of neurotransmitters.
The detection of the spatial or temporal alteration of the release would require early
diagnosis and treatment of Parkinson’s disease. In immature or lesioned neuronal organs,
transmitters are released and taken up slowly, so the time resolution required is from 0.5
to 1 s. In young-adult stages, the release speed becomes higher than that in the immature
stage within 20 ms.

Fig. 5 (Color online) Evoked glutamate release images to AMPA stimulation for 20 ms time
resolution using Flash 4.0 CMOS system. (a)—(c) P7 cerebellar slice; (d)—(f) P14 cerebellar slice. (a)
and (d) Phase contrast light images. (b) and (e) Fluorescence images before stimulation and (c) and (f)
just after AMPA stimulation.
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Enzyme-linked assays were applied previously for chemical detection because of
their specificity. In spatial observations, however, their fluorescence intensity is too
weak to detect. Our enzyme-linked photodevice was developed to detect spatiotemporal
neurotransmitter release, and it was improved to observe rapid synaptic release.
New crosslinkers could contribute to a more sensitive detection, and the phosphonic
surface treatment would expand the range of applications. In order to detect a high-
speed transmitter release, both the light accumulation system for weak fluorescence
and the close contact between the specimen and the enzyme are required. At present,
our photodetection system detects several ms releases from neuronal synapses in the
presence of noise, and in the future, it could give us more noiseless observations using an
optimal image processing system.

5. Conclusions

The newly developed enzyme-linked photoassay is useful for the visualization of
neurotransmitter release in brain slices. In the immature cerebellum, the granule cells release
glutamate slowly or rapidly at their stage of neuronal development and synaptogenesis.

Using a fast new system, the rapid measurement of transmitter release in a young-
adult cerebellar cortex became possible. Crosslinkers and other device techniques
are required for stable observations. We suggest that the photoassay systems have
advantages for the observation of synaptic release in several diseases.
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In this paper, we propose a new simple device for visualizing bioactive molecules with a fine spatial resolution by using a
membrane in which a specific enzyme is immobilized. The layer produces fluorescence after association with a specific substance.
The layer, on which a biological tissue is to be mounted, is deposited on a quartz substrate that is used as a light guide to
introduce UV light to the layer. Substance release is observed by a CCD camera from the opposite side of the substrate. In order
to shorten the experiment time, we had automated the optical device. The paper also describes the reduction of background
fluorescence by means of image processing technique. Images were acquired by employing two UV-LEDs with slightly different
angle. Image processing was performed to separate background and target fluorescence by means of independent component
analysis. Finally the release of GABA (y-aminobutyric acid) and glutamate from specific layers in rat cerebellum was successfully
observed. It is expected that, using this method, both real-time transmitter release and its response to medicine can be observed.

Keywords : bioactive molecules, enzyme-linked photo assay, independent component analysis

1. Introduction

Light guide is composed of a dielectric material that can enclose
the light propagation. In addition to being applied to communication,
it is useful for sensing as well. In chemical sensing the surface of
the light guide has to be coated with some specific chemical that
may change its optical property depending on chemical reactions.
Such a function can be applied to chemical imaging, if the light
guide has a flat surface. This study proposes an application of
two-dimensional light guide, of which surface is chemically
modified, to biochemical imaging.

Neurotransmitter molecules released from neurons are not only
regulators of neuronal transduction but also indicators of neuronal
conditions. Glutamate and y-aminobutyric acid (GABA) are
known as typical transmitters in brain cortex that play important
roles as stimulator and suppresser, respectively. Lack of balance in
the release of glutamate and GABA may lead to autism, epilepsy
or Parkinson’s disease!®,

In order to observe the spatio-temporal release in cerebellar
cortex, we have newly proposed the enzyme-linked photo assay
system, which is realized even using normal CCD camera, and
observed GABA release in developing cerebellar slice using either
new or authorized methods®™.

In this paper, we propose a new simple device for this purpose
by using a reactive layer in which a specific enzyme is
immobilized, and produces fluorescence after association with a
specific substance released from mounted slice. This layer is
bound a quartz substrate that is used as a light guide for UV light
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excitation. Fluorescence derived from a substance is observed by a
CCD camera from the opposite side of the substrate.

The paper describes the reduction of background fluorescence
by means of image processing technique. Finally it will be shown
that the release of transmitters from specific layers in rat cerebellum
was successfully observed.

2. Specimen Preparation and Photo Excitation
System

Imaging of neurotransmitter release was monitored the reaction
of oxidoreductases generating reduced nicotinamide adenine
dinucleotide (NAD™) or diphosphonucleotide (NADP"). For
glutamate and GABA, we used glutamate dehydrogenase and
GABA disassembly enzyme (GABase), respectively.

Enzymes were covalently immobilized on the quartz glass
substrate using a silane coupling agent and a crosslink agent. The
substrate was as thick as 1 mm. Stoichiometrically generated
NADH or NADPH emits 480 nm fluorescence afler excitation at
340-365 nm.

Existence of glutamate and GABA lead to fluorescence when
co-existing with specific enzyme and co-enzyme. A glass substrate
on which specific enzyme is coated is in contact with the biological
specimen. A chamber space is created around the specimen. The
space is filled with buffer liquid and co-enzyme. On the glass
substrate therefore, the specimen is in contact with both enzyme
and co-enzyme.

Consequently glutamate or GABA, that is released from the
tissue spontaneously by stimulation, makes an oxidation-reduction
reaction on the substrate. Although both glutamate and GABA do
not produce fluorescence by themselves, NAD(P)H that is created
as the result of the above chemical reaction makes fluorescence.
As the ratio of glutamate or GABA and NAD(P)H is 1:1, the
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fluorescence can be correlated to the amount of released glutamate
or GABA.

In the experiment, rat cerebellum was sliced sagittally at 400 pm
thick and incubated in oxygen-aerated HEPES-Na" buffer for 40
min. The slice was placed on the quartz glass substrate with both
NADP" and a-ketoglutarate. Figure 1 shows the schematic diagram
of the observation system including the device. The enzyme was
immobilized covalently on the glass as shown in Fig. 2. Figure 3
shows chemical reactions taking place on the substrate. NADP”
(nicotinamide adenine dinucleotide phosphate) changes into
NADPH (reduced nicotinamide adenine dinucleotide phosphate)
just as glutamate and GABA degeneration. Synthesized NADPH
was illuminated by 360 nm surface UV-LED, and emitted the
480 nm fluorescent light observed by cooled CCD (ORCA ER,
Hamamatsu Photonics). The quartz substrate can be recognized as
a light guide to illuminate the surface of the substrate.

Enzyme immobalized

Tissue

Fluoresence (480 nm)

—| Memory
Trig |
| IJ Image

1
CCD

Al

Tham

Fig. 1.
the device and its outlook

Schematic diagram of the observation system including

) sikconization shiff base enzyme
e e BB S i e
|

o o

0-Si-CyHN=CHg=N-

T“'r, e treatment

Fig. 2. Immobilized enzyme
GABA 4 Succmlc ac1d
i
HN o~ Aoy Y\\/ S

|

NADP’

| GABase / aketoglutaric acid ‘Il]
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Substrate

NADPH

Fig. 3. Chemical reaction on the substrate
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3.

The fluorescent light detected by the CCD camera is divided
into target light and background light. As significant intensity of
background light is detected. it is assumed that fluorescence is
excited by the light that is refracted on the interface between the
substrate and tissue system including the layer. The light, being
generated by LEDs and propagates though the substrate, can be
decomposed into plane waves with different angles of propagation.
Each plane wave transfers across the enzyme layer and comes into
the tissue. We assume that both target and background light were
predominantly excited by normal light. As the background light
significantly damage the quality of the image, it should be reduced
as much as possible. Making use of the evanescent light may be a
solution, however, it may make the system complicated, and the
target light may be not as significant as this case. Therefore we tried
to reduce the background by means of a simple image processing.

Assuming that the light is a plane wave and scatter can be
neglected, wave propagation and detected fluorescence can be
illustrated as Fig. 4. In the figure, fluorescence, attributed to the
layer where the enzyme is fixed, is represented as /y. This is

Image Processing

Plane wave

|
|
| (6)
|
L 1o(8) L] 1o(6)
Jrf(e)(target) (background)
P () Y AN (/)

Observed

Fig. 4. Fluorescence detected by CCD camera
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defined as to be the target. The fluorescence attributed to the tissue
is represented as /'y . This is defined as to be the background. Both
Ip and ['y depends on the incident angle 6. The thickness of the
quartz plate, which is used as a light guide, is as thick as 1 mm. As
it is much thicker than the diameter of normal optical fiber it is
relatively easy to introduce two kinds of lights of which angles of
center axes are significantly different. In addition, in practice, they
depend differently on the incident angle. As the result, the
proportion (/y/I'g) is not the same along 6. This is true even if the
incident angle has distributed.

As the result, the captured fluorescence with different angle of
optical axis is composed of target and background fluorescence
with different mixture ratios. This can be represented as:

Fl I ST J‘(;

where [ (x,y) and F(x,y) are captured fluorescence image, f)(x,y)
and f;(x,y) are spatial distributions of fluorescence as the target
and background, a,y, a2, a3, ay; are constants. Although the image
acquisition is sequential, ICA is performed by assuming that two

images, F)(x,») and F,(x,p) are acquired with a negligible time lag.

Reproduced images /") (x,y) and /" (x,y) are calculated from F and
F5. As the result of periodical acquisitions of /; and F,, time
dependent images of /' and /”; are calculated. Eq. (1) can also be
described using a matrix expression as:

The target and background fluorescence distribution can be
calculated by applying A" to F. In practice, only contrast of the
image would be enough to recognize the distribution. In such a
case A can be represented as:

| « 3

Aﬁer capturing two images F, and F, by changing the angle of

optical axis, the target and background images can be separated by
finding appropriate numbers for & and . a and £ can be tuned
manually by monitoring the quality of reproduced image, however,
the theory of independent component analysis (ICA) may be
powerful for solving such a problem.

Stochastic distribution of pixel intensity in images /" and /", are
represented as p(yy;) and p(y,;), where yy; and Vo represent the
intensity.

POD=P ) P )= P, ) }

(4
P =Py ) p(y, e POy, )} @

p(¥ii.y2;) represents the probability that the intensity of a pixel in
image /", is y;; and that of the corresponding point in image /% is
Vaj. In other words p(y,) and p(y,) are probabilities that cases y,
and y, take place, respectively. and p(y,,y,) is the probability that
cases y; and y, takes place simultaneously. Variables y, and y, are
considered to be independent when

PLY) = PY)P(Y,) i (5)

is established. Kullback-Leibler(K-L) parameter is often employed
to indicate the independency of variables:

. (Vs 2s,)
KL= ZP(MuJ’z,)IOg&

(6
i p()P(,) W

The K-L parameter is zero when two sets of variables y, and y,
are completely independent together. In practice, & and £ in Eq. (3),
which determine the probabilities p(y,), p(32) and p(y,,y,), can be
tuned so that the K-L parameter indicates the minimum.

The process of ICA is illustrated in Fig. 5. The equation described
in the form of matrix indicates that two images, F; and F, derive
from linear combination of unknown original images f; and f. If
an appropriate inverse matrix can be found then the original
images can be reproduced. However as the matrix to describe the
linear combination is unknown as well, ICA algorithm is applied
to find the most appropriate matrix (as the inverse matrix). In the

Parameter for independency
P Ya,)

KL= p(y.y;,)log ——221_
|— 2P0z )lo p(yl,)p(yz,)"l“”e ap

e

Observed

A G ) GG 2L

Fig. 5. lllustration for image processing based on independent component analysis

Reconstructed

Probability distribution
of intensity [
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ICA process K-L parameter is calculated in order to evaluate the
probabilistic independency of images /", and /. It can be considered
that in the reproduction algorithm the core process is the calculation
of the K-L parameter. In this preliminary study K-L parameter is
successively calculated by manually changing the inverse matrix,
and images are assumed to be reproduced when the K-L parameter
indicates the minimum.

4. Results and Discussion

4.1 Image Processing using the ICA Figure 6 (a) shows
visible light image of the cerebellum with postnatal 21 days. In
developing cerebellum, granule cells, small input neurons,
proliferate and migrate down from the external granular layer
(EGL) to the internal granular layer (IGL). As the development
proceeds, EGL turns into molecular layer (ML) whereas 1GL
remains. Purkinje cells, big output neurons, develop their dendrites
and associate neuronal connections between granule cells and
other interneurons. Neuronal circuit layer forms the ML. As the
cerebellum shown in Fig. 6 (a) is mature, ML, PL, IGL are clearly
visible. Note that ML is on the outer side of the cerebellum, and a
wrinkle surrounded by the ML is seen in Fig. 6 (a).

As for fluorescence observation, three different images were
acquired. Two were with different inclination of the excitation

= Xk LA

Small angle (image A). Large anglc'(imagc B).
(b) Fluorecence images before image processing

-

W,

00

|
Iv

(c) Fluorecence images after image processing

Background Target

Fig. 6. Cross sectional mages of cerebellar cortex: (a) Visible
light image, (b) original fluorescent images with different angle
of optical axes, and (c) fluorescent images after the image
processing. Scales are indicated in arbitrary unit. Specimen: rat
cerebellum (postnatal 21 days), target: GABA

102

139

light source, and one was with no excitation light. Each of the two
images with excitation light was subtracted with the image with no
excitation light, in order to reduce the background light from the
outside. These two images after the subtraction were defined as
images A and B.

Figure 6 (b) shows these images for a rat cerebellum. Both
images are very unclear, because of the background fluorescence.
Figure 6 (c¢) shows the result of image processing. It is clearly
shown in the image entitled as “target” that the fluorescence
intensity is high in two layers, whereas that entitled as “background™
is not clear. By morphological inspection these layers are recognized
as ML and IGL. These layers are known that GABAergic
neurons distribute in mature cerebellum. Studies using HPLC and
clectrophysiological method have shown that GABA is released
from the postnatal cerebellar cortex even before synaptogenesis,
and that GABA receptors act on the developing cerebellar Purkinje
cells™. However, dynamic GABA release could not be observed
unless the enzyme-linked photo assay is used. In addition, because
cytoplasmic autofluorescence becomes noisy background light, it
is useful that the image processing system extracted the image of
GABA release from the autofluorescence-contained image. Using
this method, both real-time transmitter release and its response to
medicine can be observed.

4.2 Transition after Chemical Stimulation In relatively
developed cerebellum, cells distributed in the ML and IGL are
only the neurons of glutamate release, so that both layers showed
fluorescent activities. Figure 7 indicates release distribution of
glutamate in comparison with normal optical image illuminated
with visible light. The fluorescent image, indicating glutamate
release, is after the ICA processing. Figure 7 (c) indicates the
regions of interest for analysis. Regions highlighted as ML and
IGL have relatively strong intensity in fluorescence. They have a
contrast to the region highlighted as PL. Release from white matter
(WM). which is mostly composed of fatty materials, is much less
significant.

(b) Fluorescent image

(c) Regions of interest for analysis

Fig. 7. Cerebellum with postnatal 7 days observed with visible
light and fluorescent light indicating glutamate release. 0.9 mm
« 0.9 mm. Gray scale is arbitrary. ML: molecular layer, PL:
Purkinje layer, IGL: internal granular layer, WM: white matter.
Specimen: rat cerebellum (postnatal 7 days)
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(normalized by the intensity of ML 30 s after stimulation
that is indicated as 1000). Specimen: rat cerebellum
(postnatal 7 days), target: glutaminate

Transition in fluorescence intensity in each layer

ML PL IGL

rmalized intensity

M

before  after before  after before  after

Fig. 9. Change in fluorescence intensity before and after
AMPA stimulation (normalized by the intensity of ML 30 s
after stimulation that is indicated as 1000). Specimen: rat
cerebellum (postnatal 7 days), target: glutaminate

Our system can visualize both spontaneous and responsive
transmitter release with about 0.2 s time resolution. Figure 8 shows
the transition of glutamate release in response to 100 pmol/{
(S)-alpha-Amino-3-hydroxy- 5 methylisoxazole-4-propionic acid
(AMPA) application in cerebellar slices. All values are normalized
by the intensity of ML 30 s after stimulation that is indicated as
1000. Fluorescence, as indication glutamate release, was intense in
both the IGL and ML, whereas the PL was indicated with lower
intensity. As shown in Fig. 8, a clear increase in fluorescence was
observed after stimulation. Transition in fluorescence was similar
for ML and IGL, suggesting that these layers are activated.
However PL, which was not expected to release glutamate,
showed fluorescence as well although it was less intense than ML
and IGL. As this specimen was taken from relatively young rat
(postnatal 7 days), the cerebellar development was not totally
completed, and the layers were not separated enough. It is hence
considered that diffusion from ML and IGL to PL would take
place, leading to an increase in fluorescence in this layer. The
increase in fluorescence in WM suggests that glutamate might
have been diffused into WM as well, although the absolute value
was much lower than ML and 1GL.

Figure 9 compares the fluorescence in each layer before and
after stimulation. Four different specimens were used for the
observation, in order to confirm reproducibility. It is clear that the
AMPA stimulation brought a significant glutamate release from
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ML and IGL, although the increase is also seen with PL.
5. Conclusions

A new method for visualization of spatially distributed bioactive
molecules using enzyme-linked photo assay has been proposed.
It is based on fluorescent reaction assisted by an enzyme
immobilized on the substrate, however, background fluorescence
disturbs the observation. In order to reduce the background
fluorescence, two images were acquired by changing the optical
axis of UV illumination. Image processing based on independent
component analysis made the target image clear. Observation of
rat cerebellum was successfully performed and GABA and
glutamate release from two specific layers was clearly indicated.
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