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Neurobiology of Disease

Dihydromyricetin As a Novel Anti-Alcohol Intoxication
Medication
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Alcohol use disorders (AUDs) constitute the most common form of substance abuse. The development of AUDs involves repeated alcohol
use leading to tolerance, alcohol withdrawal syndrome, and physical and psychological dependence, with loss of ability to control
excessive drinking. Currently there is no effective therapeutic agent for AUDs without major side effects. Dihydromyricetin (DHM; 1
mg/kg, i.p. injection), a flavonoid component of herbal medicines, counteracted acute alcohol (EtOH) intoxication, and also withdrawal
signs in rats including tolerance, increased anxiety, and seizure susceptibility; DHM greatly reduced EtOH consumption in an intermit-
tent voluntary EtOH intake paradigm in rats. GABA, receptors (GABA ,Rs) are major targets of acute and chronic EtOH actions on the
brain. At the cellular levels, DHM (1 um) antagonized both acute EtOH-induced potentiation of GABA,Rs and EtOH exposure/
withdrawal-induced GABA R plasticity, including alterations in responsiveness of extrasynaptic and postsynaptic GABA ,Rs to acute
EtOH and, most importantly, increases in GABA,R o4 subunit expression in hippocampus and cultured neurons. DHM anti-alcohol
effects on both behavior and CNS neurons were antagonized by flumazenil (10 mg/kg in vivo; 10 um in vitro), the benzodiazepine (BZ)
antagonist. DHM competitively inhibited BZ-site [ *H]flunitrazepam binding (ICs,, 4.36 M), suggesting DHM interaction with EtOH
involves the BZ sites on GABA,Rs. In summary, we determined DHM anti-alcoholic effects on animal models and determined a major
molecular target and cellular mechanism of DHM for counteracting alcohol intoxication and dependence. We demonstrated pharmaco-
logical properties of DHM consistent with those expected to underlie successful medical treatment of AUDs; therefore DHM is a thera-

peutic candidate.

Introduction

Alcohol (EtOH) use disorders (AUDs) represent a substantial
public health problem worldwide. Over 76 million people pres-
ent with AUDs; 2.5 million deaths were attributed to alcohol
(World Health Organization, 2010). The development of AUDs
involves repeated alcohol use leading to tolerance and withdrawal
syndrome (AWS), including hyperexcitability, distress, anxiety,
insomnia, agitation, occasional seizures, and dependence
(Trevisan et al., 1998; Heilig et al., 2010). Only an estimated 13%
of people with identified AUDs have ever received specialty
treatment due to the lack of effective medications that amelio-
rate AWS and cure alcohol dependence. There is an urgent
need for the development of new, more effective medications
(http://grantsl.nih.gov/grants/guide/pa-files/PA-10-100.html).
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Although EtOH ingestion impacts most organ systems, its
effects on the brain are of vital importance to AUDs, given
EtOH’s many neuropharmacological actions, including its intox-
icating, sedative, anxiolytic, reinforcing, and addictive properties
(Hobbs et al., 1996; Paul, 2006). EtOH alters the balance between
GABA, the primary inhibitory neurotransmitter, and glutamate,
the major excitatory neurotransmitter in CNS underlying the
development of AUDs (Mukherjee et al., 2008). GABA , receptor
(GABA,R)-mediated inhibition is enhanced by acute EtOH
(Aguayo et al., 2002; Koob, 2004; Lovinger and Homanics, 2007),
with effects reported for both presynaptic increased GABA re-
lease (Siggins et al., 2005; Weiner and Valenzuela, 2006) and
direct enhancement of GABA,Rs in the postsynaptic cell (Mor-
row et al., 1990; Boehm et al., 2004; Wallner and Olsen, 2008).
GABA,Rs formed from a family of subunits exhibit different
sensitivities to EtOH and are located either in postsynaptic or
extrasynaptic membranes; this is a dynamic state with regulated
trafficking between pools (Olsen and Homanics, 2000; Wall-
ner et al., 2003; Lovinger and Homanics, 2007). Extrasynaptic
GABA ,Rs are sensitive to blood EtOH concentrations reached
during social drinking (Devaud et al., 1997; Wei et al., 2004;
Hanchar et al., 2005; Liang et al., 2006). Chronic EtOH adminis-
tration to rats produces profound GABA R plasticity, which con-
tributes critically to EtOH withdrawal and dependence (Liang et
al., 2004, 2006, 2009; Morrow et al., 2008; Olsen and Spigelman,
2012). After acute EtOH exposure, some GABA Rs are down-
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regulated rapidly, which, with compensatory GABA 4R plasticity,
produces altered physiology and pharmacology consistent with
signs of tolerance and withdrawal exhibited in vivo (Liang et al.,
2007; Shen et al., 2011). EtOH-induced behavioral changes and
GABA R plasticity can be used as a screen for drugs that amelio-
rate AUDs.

Hovenia dulcis is listed among the premier anti-hangover
herbal medicines in China’s first pharmacopoeia, the Tang Ma-
teria Medica (Su, 659). Hovenia extracts ameliorate alcohol-
induced liver injuries (Du et al., 2010) and relieves hangover,
partly by promoting EtOH elimination via enhancement of alco-
hol dehydrogenase (ADH) and acetaldehyde dehydrogenase
(ALDH) activity (Kim et al., 2000; Chen et al., 2006). However, its
true efficacy, active constituents, and mechanisms of action have
not been critically examined.

Here we demonstrate that dihydromyricetin [(2R,3R)-3,5,7-
trihydroxy-2-(3,4,5-trihydroxyphenyl)-2,3-dihydrochromen-4-
one (DHM)], a flavonoid component from Hovenia, is highly
effective in counteracting acute EtOH intoxication, EtOH exposure/
withdrawal-induced GABA,R plasticity and AWS symptoms, as
well as reducing excessive EtOH consumption. We provide strong
evidence that DHM is a candidate for development as a novel AUD
therapy.

Materials and Methods

Animals. All animal experiments followed the Institutional Animal Care
and Use Committee approved protocols. Male adult Sprague Dawley rats
(200-250 g; Harlan Laboratory) were used in the study. Pregnant
Sprague Dawley rats (250—-300 g; Charles River Laboratories) were used
for primary neuron cultures. The total animals we used in this study were
315 male rats and 5 pregnant rats. For EtOH administration, rats received
intraperitoneal injection of EtOH (3 g/kg as a 15% w/v solution in 0.9%
saline and 4 g/kg as a 20% w/v solution in 0.9% saline; both injection
volumes were 2 ml/100 g body weight; Pharmco Products) or received a
single dose of EtOH (5 g/kg, gavage). All of the intraperitoneal injections
were performed with a single injection at a final volume of 2 ml/100 g
body weight in each rat (with a final dose amount of each drug reported
in Results).

Chemicals. DHM was purchased from ZR Chemical (CAS #27200-12-
0). It was purified by HPLC (98%) from natural products. Other chem-
icals including flumazenil, picrotoxin, and bicuculline were purchased
from Sigma-Aldrich. Stock solutions of DHM and flumazenil were made
with dimethyl sulfoxide (DMSO; except for the two-bottle choice exper-
iments described below, the solution was made in drinking water) and
diluted to final concentration in saline for injection or oral administra-
tion. Injection volume was 2 ml/100 g body weight. The final DMSO
concentration did not exceed 0.01%.

Clinically, the Hovenia dosage range used for hangover is 100—650
mg/kg (Li, 1590). Total flavonoids purified from Hovenia are 4.53% of
the extract, of which DHM accounts for ~40%, suggesting a 1-15 mg/kg
dose for behavioral assays.

Loss of righting reflex assay. After drug injection (intraperitoneally), a
timer was started and rats were placed in the supine position in a
V-shaped support. Loss of righting reflex (LORR) onset time was taken
from the endpoint of injection to the start of LORR. LORR ended when
the animal was able to flip over three times in 30 s.

Elevated plus maze assay. Anxiety associated with EtOH withdrawal
was measured on an elevated plus maze (Liang et al., 2004). The maze was
elevated 1 m above the floor and contained four 51-cm-long, 11.5-cm-
wide arms arranged at right angles. The closed arms had opaque walls 30
cm high, extending the length of the arm. At the time of the test, each
animal was placed in the center of the maze facing an open arm and
allowed to explore for a 5 min session. During this 5 min test session, the
animal’s behavior (e.g., number of arm entries and time spent in each
arm per entry) was recorded on a camcorder.

Pentylenetetrazol-induced seizure test. Pentylenetetrazol (PTZ) dose
used in this study (42 mg/kg in 0.9% saline; injection volume was 1
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ml/100 g body weight) was determined as the dose that induced seizures
in 75% of naive rats. Briefly, after intraperitoneal injection of PTZ, the
time to onset and the duration of tonic—clonic seizures was determined
(Liang et al., 2004).

The researchers who did the animal behavior experiments were
blind to treatment groups. Animals were used once only for any
determination.

Voluntary EtOH consumption measurement (two-bottle choice, inter-
mittent access to EtOH paradigm). All fluids were presented in 100 ml
graduated glass cylinders with stainless-steel drinking spouts inserted 15
min after the lights went off in the reversed light/dark cycle room. Bottles
were weighed 30 min and 24 h after the fluids were presented. Every rat
was weighed daily to monitor health and calculate the grams of EtOH
intake per kilogram of body weight.

At the beginning of two-bottle choice paradigm, naive rats were
trained to have free two-bottle choice, intermittent access to 20% (w/v)
EtOH and water (E/water), EtOH plus DHM (0.05 mg/ml, dissolved in
drinking water (E+D/water), DHM and water (D/water), or water/water
for 2 weeks with three 24 h sessions per week (Mondays, Wednesdays,
and Fridays) (Li et al., 2010). All drinking liquids contained 2 packets of
sweetener per liter (1 packet Equal 0 calorie sweetener contains 1 g dex-
trose with maltodextrin and aspartame) for the first week and then de-
creased to 1 packet of sweetener per liter for the second week. After 2
weeks of training (started at the third week), rats were given two-bottle
choice access to E/water, E+D/water, or D/water without any sweetener
in all drinking liquids for two-bottle choice. Rats had unlimited access to
two bottles of water between the EtOH access periods. The placement of
the EtOH bottle was alternated each EtOH drinking session to control for
side preferences. Rats were maintained on the 20% EtOH intermittent-
access, two-bottle choice paradigm for 6 weeks (21 EtOH access ses-
sions). Half of E/water group had DHM added to the EtOH bottle
beginning at the seventh week. The rest of the E/water group continued
EtOH access sessions. The experiment period was 10 weeks total. EtOH
consumption was expressed as grams of EtOH consumed per kilogram of
body weight. Animals in the control group had ad libitum access to two
bottles of water.

Plasma EtOH concentration assay. Blood samples from the tail vein of
rats at different time points (0, 5, 30, 60, 90, and 180 min) after EtOH or
E+D intraperitoneal injections were collected for plasma EtOH concen-
trations (plasma [EtOH]) assays. Briefly, the rat was put into a restraint
tube and its tail was warmed at ~37°C. The tail vein at the tip of the rail
was punched with a sharp blade. Approximately 0.2 ml venous blood was
dropped to a capillary blood collection tube containing lithium heparin
(Ram Scientific). Blood samples were centrifuged at 2500 rpm for 20
min. The supernatant was collected and stored at —80°C until assay. The
EtOH content of each blood sample was measured in duplicate along
with EtOH standards using the alcohol oxidase reaction procedures
(GM7 Micro-Stat; Analox Instruments) (Liang et al., 2007).

For plasma [EtOH] assay of two-bottle choice, blood samples were
collected from the rats 30, 45, 60, and 100 min after the voluntary EtOH
two-bottle choice procedure (E/water and E+D/water groups). The
sample preparations were the same as described above.

Primary hippocampal neuron culture. Hippocampal neurons from em-
bryonic day 18 rats were prepared by papain dissociation (Worthington
Biochemical) and cultured in Neurobasal medium (Invitrogen) and B27
supplement as reported previously (Shen et al., 2011). Briefly, embryos
were removed from maternal rats anesthetized with isoflurane and eu-
thanized by decapitation. Hippocampi were dissected and placed in
Ca’*- and Mg?"-free HEPES-buffered HBSS, pH 7.45. Tissues were
dissociated by papain digestion followed by trituration through a Pasteur
pipette and papain inhibitor treatment. Cells were pelleted and resus-
pended in Neurobasal medium containing 2% B27 serum-free supple-
ment, 100 U/ml penicillin, 100 pg/ml streptomycin, 0.5 mm glutamine
(all from Invitrogen), and 10 uM glutamate (Sigma).

Dissociated cells were then plated at a density of 0.3 X 10 cells/cm*
onto 12 mm round coverslips in 24-well plates (for patch-clamp record-
ing) and/or at a density of 0.5 X 10° cells/cm? in six-well plates (for
Western blot and biotinylation assays) coated with poly-p-lysine (Sigma;
50 pg/ml). Cultures were kept at 37°C in a 5% CO, humidified incuba-
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tor. Thereafter, one-third to one-half of the medium was replaced twice a
week with Neurobasal culture medium containing 2% B27 supplement
and 0.5 mM glutamine.

EtOH or vehicle exposure. At 24 h before whole-cell patch-clamp re-
cording and/or biochemical experiments, half of the medium of cultured
neurons [day in vitro 13 (DIV13)-DIV14] was replaced with Neurobasal
culture medium containing 120 mm EtOH (the final EtOH concentra-
tion was 60 mm) for 30 min, and then the entire medium replaced with
half fresh Neurobasal culture medium plus half original medium (kept in
the dishes, at 37°C). The same procedure was used for EtOH + DHM
(final concentration, 0.1 uM) and DHM-alone treatments. Control neu-
rons were treated with the corresponding vehicles. Neurons were main-
tained in the incubator until use.

Whole-cell patch-clamp recordings from slices and cultured neurons.
Transverse slices (400 um) of dorsal hippocampus were obtained
from adult rats using a Vibratome (VT 100; Technical Products In-
ternational). Slices were perfused continuously with artificial CSF
(ACSF) composed of the following (in mm): 125 NaCl, 2.5 KCl, 2
CaCl,, 2 MgCl,, 26 NaHCOj, and 10 p-glucose. The ACSF was bub-
bled continuously with 95% O,/5% CO, to ensure adequate oxygen-
ation of slices and a pH of 7.4, and kept at 34 £ 0.5°C for perfusion.
Patch electrodes were pulled from thin-wall borosilicate glass pipettes
with resistances of 5.5-7.5 M) and were filled with internal solution
containing the following (in mwm): 137 CsCl, 2 MgCl,, 1 CaCl,, 11
EGTA, 10 HEPES, and 3 ATP, pH adjusted to 7.30 with CsOH. Re-
cordings targeted dentate gyrus granule cells (DGCs) of hippocampal
slices (Liang et al., 2007).

Cultured neurons were transferred to a chamber perfused with an
extracellular solution containing the following (in mwm): 137 NaCl, 5 KCl,
2 CaCl,, 1 MgCl,, 20 glucose, and 10 HEPES, pH 7.40 (room tempera-
ture), and visualized with an inverted microscope (TE200; Nikon). Re-
cordings targeted pyramidal cells (Shen et al., 2011).

Neurons were whole-cell voltage-clamped at a holding potential of —70 mV
with an Axopatch 200B amplifier (Molecular Devices). Access resistances were
<25 M() before electrical compensation by ~70%. Intracellular signals were
low-pass filtered at 3 kHz and digitized at a sampling frequency of 20 kHz. Phar-
macologically isolated GABA R-mediated miniature IPSCs (mIPSCs) were
recorded by adding tetrodotoxin (TTX; 0.5 uMm), D(—)-2-amino-5-
phosphonopentanoate (AP-V; 40 uM), 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX, 10 um), and [S-(R*,R*)]-[3-[[1-(3,4-Dichlorophenyl)ethylJamino]-2-
hydroxypropyl] (cyclohexylmethyl) phosphinic acid (CGP54626; 1 uMm,
GABAGR antagonist) to the ACSF (or extracellular solution for cultured neu-
rons) from stock solutions. Stock solutions of CGP54626 were made with
DMSO. Final concentrations of DMSO did not exceed 0.01% in the recording
chamber. For the cultured neurons, control and drug-containing solutions were
delivered through a removable tip that was positioned close to the soma of target
neurons with a Valvelink 8.02 fast-exchange perfusion system (AutoMate Scien-
tific). The flow rate of the perfusion system was ~0.3—0.5 ml/min, and the total
volume of the recording chamber was 3 ml. For GABA concentration—response
curves, evoked GABA,R currents were recorded during acute applications of
GABA or DHM onto neurons through a removable pipette tip using a Valvelink
8.02 (Liang et al., 2007; Shen et al., 2011).

Detection and analysis of mIPSCs and GABA ,R-mediated tonic cur-
rents. Briefly, the recordings were low-pass filtered off-line (Clampfit
software, version 10.3) at 2 kHz. The mIPSCs were detected (Mini
Analysis Program, version 6.0.7) with threshold criteria of an 8 pA
amplitude and 20 pA * ms area. The frequency of mIPSCs was deter-
mined from all automatically detected events in a given 100 s record-
ing period. For kinetic analysis, only single-event mIPSCs with a
stable baseline, sharp rising phase (10 to 90% rise time), and expo-
nential decay were chosen during visual inspection of the recording
trace. Double- and multiple-peak mIPSCs were excluded. At least 100
individual mIPSC events were recorded under each experimental
condition. The mIPSC kinetics were obtained from analysis of the
averaged chosen single events aligned with half rise time in each cell.
Decay time constants were obtained by fitting a double exponential to
the falling phase of the averaged mIPSCs.

The GABA ,R-mediated tonic current (I,,,;.) magnitudes were ob-
tained from the averaged baseline current of a given recording period.
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Two methods were used to measure I, ;.: shifts in the baseline current
and changes in baseline noise. The baseline noise arises from the record-
ing apparatus (machine noise) and opening and closing of chloride chan-
nels and receptors at any holding potential. When bicuculline (10 um) or
picrotoxin (100 uMm), both selective GABA 4R inhibitors, is applied, both
the baseline current and baseline noise are diminished. The baseline
noise was quantified by measuring the root mean square (RMS) noise
using the RMS analysis routines packaged with the Mini Analysis pro-
gram (Synaptosoft). RMS noise was measured only in the absence of
phasic synaptic currents after bicuculline or picrotoxin blocked phasic
synaptic currents (Liang et al., 2004; Mangan et al., 2005; Shen et al.,
2011). The investigator performing the recordings and mIPSC analysis
was blind to the treatments the rats received.

Western blots. Hippocampal tissues from rats were lysed in RIPA buffer
containing 1% Triton X-100, 0.1% SDS, and the following (in mm): 50
Na,PO,, 150 NaCl, 2 EDTA, 50 NaF, 10 sodium pyrophosphate, 1.0
sodium orthovanadate, 1.0 phenylmethylsulfonyl fluoride, and complete
protease inhibitor cocktail (Roche). The lysate was centrifuged for 15
min (14,000 X g, 4°C) and the supernatant collected for Western blot
analysis. Western blots were performed using rabbit anti-GABA,R a4
(amino acids 379-421, gift from W. Sieghart, Medical University Vi-
enna, Austria) and mouse anti-B-actin (Sigma) followed by HRP-
conjugated secondary antibodies. Bands were analyzed by densitometric
measurements using ImageQuant 5.2 (Molecular Dynamics).

Biotinylation assay for cell-surface receptors. The biotinylation proce-
dure was performed as described previously (Shen et al., 2011). Briefly,
neurons were placed on ice, washed, and then incubated for 30 min with
PBS containing 1 mg/ml sulfo-NHS-LC-biotin (ProteoChem). After
quenching the biotin reaction with Tris-buffered saline, neurons were
lysed in modified RIPA buffer. After centrifugation 10% of the superna-
tant was removed to measure B-actin. The remaining supernatant was
incubated with 60 ul of Neutravidin agarose (Pierce Chemical). Agarose-
bound proteins were taken up in SDS sample buffer and boiled. Western
blots were performed as mentioned above.

Tissue preparation and [H]flunitrazepam binding assays. Naive rat
cortex was homogenized in 0.32 M sucrose and 10 mm HEPES buffer, pH
7.4, and centrifuged at 650 X g at 4°C. The subsequent supernatant was
centrifuged at 150,000 X g to collect the desired membrane-containing
pellet. The pellet was washed and centrifuged two more times, first using
ice-cold water and second using membrane buffer containing the follow-
ing (in mm): 50 KH,PO,, 1 EDTA, 2 benzamidine HCI, 0.5 DTT, 0.1
benzethonium HCl, 0.01% bacitracin, and 0.2 PMSF, pH 7.4. The result-
ing pellet was frozen. On the day of binding assay, the pellet was homog-
enized in assay buffer containing 50 mm KH,PO,, I mm EDTA, and 200
mum KCl, pH 7.4, centrifuged, and resuspended in fresh assay buffer to a
final protein concentration of 1 mg/ml. [*H]flunitrazepam (85.2 Ci/
mmol; PerkinElmer), brain homogenate, and DHM were placed into
glass culture tubes for a final assay volume of 0.5 ml. The solutions were
vortexed and allowed to incubate on ice for 30 min and filtered onto
Whatman GF/B filter paper using a Brandel cell harvester M-24R. Filters
were placed into minivials (Fisher Scientific) and 2.5 ml scintillation fluid
(MP Biomedicals) and shaken for 1 h. Samples were counted in a Beckman
LS-3801 liquid scintillation counter. Specific binding was defined as the total
amount bound (zero unlabeled ligand) minus the binding in the presence of
10 M final concentration flurazepam (Sigma). Data were analyzed with
GraphPad Prism 4.0 software to determine IC, value (one-site competition
equation) and Hill slope (sigmoidal dose-response equation). Experiments
were conducted in triplicate (Li et al., 2010).

Statistical analysis. SigmaPlot, SigmaStat (Systat Software) and Graph-
Pad Prism 4.0 were used for data display and statistical analysis. Data are
expressed as the mean = SEM. A ¢ test, one-way or one-way repeated-
measurement (RM) ANOVA followed by multiple comparison anal-
yses based on Dunnett’s method, or two-way or two-way RM ANOVA
followed by post hoc multiple comparison analyses based on the
Holm-Sidak method were used to determine significant levels be-
tween treatments and controls.
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Figure1.  DHM counteracts EtOH intoxication and the effect of DHMis antagonized by fluma-
zenil. 4, Chemical structure of DHM. B, Top, Plasma [EtOH] assay associated with EtOH-induced
LORR. The x-axis shows time points after intraperitoneal injection of EtOH (3 g/kg) or coappli-
cation of DHM (0.3, 0.5, 1, and 10 mg/kg) with EtOH (n = 3— 4 rats per group). Zero represents
the time from intraperitoneal injection of EtOH or E+D to complete sample venous blood
collection (usually it took 0 to 3 min). Bottom, E3 induced LORR, while concurrent injection of
DHM with EtOH (E3+D0.3, E3+D0.5, E3+D1, and E3+D10) increased LORR onset time and
greatly reduced the duration of LORR dose dependently. DHM (D1) as the saline control did not
induce LORR (n = 412 rats per group). *Statistical significance versus the E3 group. C, Coin-
jection of EtOH and DHM (3 mg/kg; E3 +D3) greatly reduced the E3-induced LORR. Concurrent
injection of flumazenil (10 mg/kg; F10) with EtOH and DHM (E3+ D3 +F10) reversed the DHM
effect. When we increased the dose of DHM to 10 mg/kg (E3+D10+F10), flumazenil partially
reversed the effect of DHM. When we increased the dose of flumazenil to 30 mg/kg
(E3+D3+F30), stronger antagonism of DHM was observed. Coinjection of flumazenil with
EtOH (E3+F10) did not alter LORR duration (n = 5-13 rats per group). D, DHM application 30
min before EtOH injection counteracted EtOH-induced LORR, whereas 30 min after EtOH injec-
tion (indicated as gray lines), DHM injection reduced the residue of LORR (n = 5rats per group).

Results

DHM counteracts EtOH intoxication, and this effect is
antagonized by flumazenil

We examined DHM effects on EtOH intoxication (LORR) in
rats. Studies on the neuroprotective effects have shown that fla-
vonoids, including DHM purified from Hovenia (Fig. 1A) are
able to pass the blood—brain barrier (Youdim et al., 2003).

Rats were divided into seven groups and injected intraperi-
toneally with saline, EtOH (3 g/kg; E3), EtOH combined with
DHM (0.3 mg/kg (E3+D0.3), 0.5 mg/kg (E3+D0.5), 1 mg/kg
(E3+D1), and 10 mg/kg (E3+D10)], or DHM (D1) alone (single
injection at a volume of 2 ml/100 g body weight). The onset of
LORR induced by E3 was 1.8 * 0.2 min, while DHM dose-

J. Neurosci., January 4, 2012 - 32(1):390 - 401 « 393

dependently increased LORR onset (n = 4-12 rats per group;
one-way ANOVA; F; 55y = 10.64; p < 0.001; statistical signifi-
cance vs E3 group; Fig. 1 B). E3 induced 73.6 £ 8.0 min LORR;
DHM dose-dependently reduced LORR (n = 4-12 rats per
group; one-way ANOVA; F; 5,y = 26.58; p < 0.001; statistical
significance vs E3 group; Fig. 1 B). DHM (1 mg/kg) as saline did
not induce LORR. These results suggest that DHM counteracts
acute EtOH intoxication.

During the LORR assay, we took venous blood samples at the
various points from 0 to 180 min to measure plasma [EtOH]
from EtOH and E+D groups. E3 induced onset of LORR within
5 min. Plasma [EtOH] rapidly increased for 5 min followed by a
slower increase to around 60 min, then [EtOH] declined gradu-
ally. The time course and magnitude of plasma [EtOH] was not
affected in E3+D0.3 and E3+D0.5 groups. In E3+DI and
E3+D10 (DHM 1, 10 mg/kg) groups, the rise time of plasma
[EtOH] was slowed at early time (Fig. 1 B). From 30 to 60 min,
when the rats in E3 group were sleeping while E3+D1 and
E3+D10 groups were awake, the differences in plasma [EtOH]
were not statistically significant between the E3 and E3+D1
groups (30 min, E3 vs E3+DI1, 334.9 * 37.8 vs 287.7 = 21.5
mg/dl; 60 min, E3 vs E3+D1, 353.7 = 35.4 vs 296.3 * 17.8
mg/dl); a higher dose of DHM (D10) slightly decreased [EtOH]
(n = 3—4 rats per group; two-way RM ANOVA; F, o, = 4.28;
p = 0.025; DHM concentrations by sampling time interaction,
Fi30,02) = 2.70, p = 0.002; post hoc analy51s revealed a statistical
significance at 30 min but not at 60 min; significance vs E3 group;
Fig. 1 B).

We also tested the effects of DHM on higher-dose EtOH (4
g/kg) as shown in Table 1. An EtOH dose of 4 g/kg induced
112.8 = 8.0 min LORR. DHM at dose of 1 mg/kg greatly reduced
LORR to 28.2 = 4.0 min. A dose of 1 mg/kg DHM did not have a
significant effect on plasma [EtOH] (n = 4 rats per group; two-
way RM ANOVA; p > 0.05; Table 1). These results suggest that
DHM affects EtOH pharmacokinetics, but this effect is not suffi-
cient to account for the DHM antagonism of EtOH-induced
LORR. DHM counteracts EtOH-induced LORR even at low con-
centrations that do not affect the kinetics (see Discussion).

To examine the target of DHM’s anti-EtOH effects, we tested
flumazenil, the selective benzodiazepine (BZ) antagonist of
GABA,Rs (Hunkeler et al., 1981). EtOH induced 69.0 * 11.3
min LORR; co-injection of DHM (3 mg/kg) and EtOH reduced
LORRt02.7 £ 1.7 min (Fig. 1C). Flumazenil (10 mg/kg) reversed
the DHM reduction in EtOH-induced LORR (56.1 * 4.6 min).
Increasing DHM dose to 10 mg/kg decreased the flumazenil ef-
fect (29.3 = 4.8 min), while increasing the flumazenil dose to 30
mg/kg increased its antagonism of the DHM effect (58.2 * 3.9
min). Flumazenil coinjected with EtOH did not alter LORR com-
pared with the E3 group (n = 5-13 rats; one-way ANOVA; Fs5 54
= 16.34; p < 0.001; statistical significance vs E3 group; Fig. 1C).
These results suggest that GABA,Rs play a major role in the
behavioral effects of EtOH-induced LORR in vivo. Flumazenil
competitively antagonizes DHM effects on EtOH-induced LORR.
In addition, the results suggest that the interactions of DHM and
EtOH involve DHM action at GABA R BZ sites that may underlie
DHM therapeutic effects on EtOH intoxication.

We further tested whether DHM application before or after
EtOH exposure would affect EtOH-induced LORR. Thirty min-
utes before EtOH injection (D1+E), DHM reduced LORR to
8.2 = 4.1 min (n = 5 rats per group; ttest; t = 15.7; df = 4;p <
0.001; Fig. 1 D). Thirty minutes after injection of EtOH that
induced LORR, LORR went on for an additional 42 * 9.1 min in
rats injected with saline, while injection of DHM reduced the
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Table 1. The effects of 1 mg/kg DHM on 4 g/kg EtOH-induced blood [ EtOH ] kinetics and LORR duration
Plasma [ EtOH] at sampling time points (min)

LORR duration (min) 0’ 5 30 60 90 180
E4 112.8 £ 8.0 1433 = 234 3655+ 7.7 3795 +59 3728 =54 361.6 = 8.2 3246 + 214
E4+D1 282+ 40 156.4 = 18.0 292.8 = 30.1 3222 =157 353.8 £09 3477 =94 305.4 = 285
D100 29+13
D300 98 =43
F20 0
F200 0

High doses of DHM alone induced short-time LORR, while high dose flumazenil alone did not induced LORR. Data (mean = SEM) were obtained from naive rats that received intraperitoneal injections of 4 g/kg EtOH (E4), coinjection of DHM
(1 mg/kg) with EtOH (E4-+D1), 100 mg/kg DHM (D100), 300 mg/kg DHM (D300), 20 mg/kg flumazenil (F20), or 200 mg/kg flumazenil (F200) alone (n = 8 -10 rats/group).

“Avalue of 0 represents the time from intraperitoneal injection of EtOH or E+D to complete sample venous blood collection (0 to 3 min).

remaining LORR to 19 * 1.0 min (n = 4
rats per group; ttest; df = 3;t = 14.2;p <
0.001; Fig. 1D). These results suggest
DHM effectively ameliorates moderate to
high-dose EtOH intoxication even when
it is administered 30 min before or 30 min
after EtOH exposure.

We tested high doses of DHM (doses
hundreds-fold higher than that for its an-
tagonistic effects on EtOH intoxication).
DHM doses of 100 and 300 mg/kg in-
duced only 2.9 * 1.3 and 9.8 = 4.3 min
LORR, respectively (n = 8-10 rats per
group; Table 1), suggesting that DHM is
not merely a typical benzodiazepine. High
doses of flumazenil (20 and 200 mg/kg)
did not induce LORR (n = 5 rats per
group; Table 1).

DHM ameliorates EtOH withdrawal
symptoms in rats
We examined DHM effects on EtOH
withdrawal (W) symptoms in rats. Rats
were divided into four groups and in-
jected (intraperitoneally) with vehicle (V/
W), EtOH (3 g/kg; E/W), EtOH combined
with DHM (1 mg/kg; E+D/W), or DHM
(D/W) respectively; all of the injections in
the four groups were performed with a
single injection at a final volume of 2 ml/
100 g body weight in each rat. Then, rats
were subdivided into three groups to mea-
sure signs of EtOH withdrawal at 48 h.
Anxiety was assayed with the elevated
plus maze (Fig. 2A). The V/W group
spent 57.4 = 9.8% of total time (time in
open arm, closed arm, and center; total, 5
min) in open arms and 32.6 = 8.6% in
closed arms. The E/W group spent a sig-
nificantly shorter time in open arms and a
longer time in closed arms than the V/W
group (statistical significance vs V/W
group; n = 5-6 rats/group; Fig. 2A),
while the E+D/W group spent a similar
amount of time in each arm. Our two-way
ANOVA analysis revealed significant
DHM effects by EtOH exposure/with-
drawal interaction (F; 5, = 5.51, p =
0.03 for closed arm stay; F(; ,,, = 5.20,
p = 0.034 for open arm). DHM alone did
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Figure2. DHM ameliorates EtOH withdrawal symptoms in rats. Four groups of rats were injected intraperitoneally with single-
dose vehicle, EtOH (3 g/kg), EtOH plus DHM (1 mg/kg), or DHM alone. A, Anxiety was measured by elevated plus maze. The E/W
group spent a shorter time in the open arms and longer time in the closed arms compared to the V/W group. The E-+D/W group
spent a similar amount of time in each arm as the V/W group (n = 5— 6 rats per group). B, Tolerance was measured by LORR. The
E/W group showed a significantly shorter duration of acute EtOH-induced LORR. The E+D/W group showed no different in LORR
compared with the V/W group (n = 5 rats per group). C, The E/W group increased PTZ-induced seizure duration. The E+D/W
group showed similar PTZ-induced seizures as the V/W group. The D/W group showed no difference compared with the V/W group
in all three assays (n = 6 —13 rats per group). *Statistical significance versus the /W group.
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Figure3.  DHM prevents the escalation of EtOH consumption in the voluntary intermittent two-bottle choice paradigm in rats.
A, EtOH consumption gradually escalated in the group of intermittent access to two-hottle choice of 20% EtOH/water. Coadmin-
istration of DHM (0.05 mg/ml) with EtOH (E+ D/water) counteracted this increase (*, Statistical significance vs E/water group). The
symbols are mean EtOH intake (grams per kilogram per day) == SEM. After 6 weeks, rats in the E/water group were separated into
two subgroups: one continuing intermittent access EtOH and one with intermittent access to E+D. Whereas the E/water group
kept a high level of EtOH consumption, the E+D/water group showed a great reduction in EtOH consumption within three doses
of DHM (1, statistical significance between two subgroups), and became similar in EtOH consumption by the fourth dose of DHM.
B, Fluid intake preference in the four groups at the third and the seventh weeks of two-bottle choice paradigm. The bottle
containing EtOH or EtOH-DHM were marked as “drug” bottles. Fluid intake preference (percentage) was calculated: B/(8 +
/) * 100%. B is fluid intake volume from the drug bottle; Vis fluid intake from the water bottle (» = 6— 8 rats per group; *,
statistical significance vs E 3rd week TBC). €, Plasma [EtOH] was measured at the end of sixth week of two-bottle choice. Blood
samples were collected from the lateral tail vein after 30, 45, 60, and 100 min from E/water and E+D/water group rats (n = 2rats
per group; *, statistical significance between E/water and E+ D/water).
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DHM antagonizes EtOH-induced GABA,R potentiation and the effects are blocked by flumazenil. All recordings were whole-cell voltage-clamped at —70 mV. A, Recording from DGCs

in hippocampus slices. The gray dashed lines represent the mean currents after complete blockade of all GABA,R currents by picrotoxin (PTX; a GABA,R antagonist; 100 i) as a baseline to calculate
the magnitude of GABA,R-mediated extrasynaptic tonic currents (/,,,;.). Bath application of EtOH (60 mm, E 60) increased /,,,,;c and mIPSCs. DHM (0.3 and 1.0 pum) antagonized these EtOH effects.

B, €, Summary of /,,,;

flumazenil. E, F, Summary of /,,,,;c

and mIPSC area in response to EtOH and DHM (n = 8 neurons/3 rats). D, DHM (3 tum) antagonism on acute EtOH-induced GABA,R potentiation was reversed by 10 um
and mIPSC area in response to EtOH, DHM, and flumazenil (n = 5 neurons/3 rats). G, Quercetin (0.3, 1 um) did not affect EtOH-induced enhancement of

GABA,R-mediated currents. H, I, Summary of /,,,,, and mIPSCarea in response to EtOH and quercetin (n = 5 neurons/3 rats). *Statistical significance versus drug 0.

not affect the time rats spent in either arm (Fig. 2A). These data
suggest that EtOH exposure/withdrawal produces anxiety, while
DHM coapplication with EtOH prevents EtOH-induced anxiety;
DHM alone does not affect anxiety levels.

Tolerance to acute EtOH was measured with EtOH-induced
LORR (Fig. 2B). EtOH exposure/withdrawal (E/W group) re-
duced LORR to 10.8 * 3.8 min, compared to 63.6 = 7.0 min in
the V/W group (statistical significance vs V/W group; n = 5 rats
per group; Fig. 2 B). Co-application of DHM and EtOH (E+D/W
group) reversed this effect on LORR to 61.0 = 3.8 min. Two-way
ANOVA analysis revealed a significant DHM effect by EtOH
exposure/withdrawal interaction on LORR (F(, 5y = 15.64;p =
0.001). DHM alone (D/W group) did not affect LORR (65.6 =
8.4 min). These results suggest that a single EtOH exposure/re-
moval produces tolerance to EtOH, while DHM prevents EtOH
exposure-induced tolerance to EtOH.

Hyperexcitability was assayed with PTZ-induced seizure du-
ration (Fig. 2C). PTZ-induced 0.9 £ 0.2 min seizures in the V/W
group and 6.5 * 1.1 min seizures in the E/W group (n = 6-13
rats per group; statistical significance vs V/W group; Fig. 2C),
while seizure duration was minimized in the E+D/W group
(1.7 = 0.8 min). Two-way ANOVA analysis revealed a significant
DHM effect by EtOH exposure/withdrawal interaction on PTZ-
induced seizure (F, 5,) = 4.37; p = 0.046). PTZ-induced seizure
duration in the DHM group was similar to the V/W group (0.6 =

0.4 min). These results suggest that EtOH exposure/withdrawal
produces hyperexcitability and increases seizure susceptibility,
while DHM ameliorates these effects of EtOH.

DHM reduced EtOH consumption in an intermittent
voluntary alcohol intake paradigm in rats

We determined DHM effects on EtOH consumption, the most
important sign of EtOH dependence. Rats were divided into four
groups and offered intermittent access to a two-bottle choice of
E/water, E+D/water (0.05 mg/ml DHM), D/water, or water/wa-
ter, respectively. After 2 weeks, in the E/water group, EtOH con-
sumption increased from 3.9 * 1.4 g/kg/d at the end of the
second week to 7.4 = 0.6 g/kg/d at the beginning of the fourth
week. In the E+D/water group, DHM inhibited the increase in
EtOH intake (2.6 = 0.5 g/kg/d at the beginning of the fourth
week). After 6 weeks, the E/water group was subdivided into two
groups: one continued with E/water, while the other one was
offered E+D/water. The E/water subgroup kept up the high level
of EtOH intake, while in E+D/water subgroup, EtOH intake was
greatly reduced to 1.8 = 1.0 g/kg/d at the end of the seventh week,
and 1.2 * 0.2 g/kg/d at the end of the eighth week, similar to that
of the group started with E+D/water (two-way RM ANOVA,
F(3.227) = 169.69, p < 0.001, with significant interaction between
treatments and treatment days; F(s¢,,7) = 4.11, p < 0.001, E+D/
water group vs E/water group; p < 0.001, E+D/water from seventh
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week vs E/water group in weeks 8-10; Fig.
3A). The E/water group showed signifi-
cantly increased preference to bottle con-
taining EtOH (n = 6—8 rats per group, two-
way RM ANOVA, F, 5, = 7.06, p = 0.019,
with interaction F, 5,) = 16.0, p = 0.001;
Figure 3B), whereas E+D/water did not
change this preference and drinking re-
mained at the same level as drinking from
the bottle containing E+D. We also noted
that, as a control for taste aversion of DHM,
there was no significant difference between
fluid intake from the bottle of water and
from the bottle of DHM (~50%) in the
D/water groups. There were no significant
differences in total fluid consumption
among the four groups. There was no signif-
icant difference in body weight among the
four groups of rats at the end of the experi-
ments. These results suggest that DHM pre-
vents excessive EtOH consumption and
remains effective for a long time (at least 10
weeks) if taken with EtOH. DHM reduces
EtOH consumption when the high volun-
tary EtOH consumption is already estab-
lished by exposure to EtOH.

At the end of the sixth week, plasma
[EtOH] from E+D/water group was sig-
nificantly lower than that from E/water
group (n = 2 rats per group; ¢ test; t =
28.3; df = 1; p = 0.023; Fig. 3 C). Plasma
[EtOH] correlated well with the measured
amount of EtOH consumed. Plasma [EtOH]
(milligram per deciliter) for each animal
was measured after 30, 45, 60, and 100 min
of voluntary 20% EtOH started on the
EtOH day of the end of the sixth week. These
data suggest that DHM prevents high vol-
untary EtOH consumption.

DHM antagonizes EtOH-induced
GABA R potentiation, and the effect is
blocked by flumazenil

We performed patch-clamp recordings in
DGCs from hippocampal slices in vitro.
Bath application of EtOH (60 mMm) in-
creased I, ;. from 22.0 £ 0.7 to 46.9 + 1.4
pA (one-way RM ANOVA; F; 5, = 49.92;
p < 0.001; Fig. 4A,B) and enhanced mIP-
SCs from 0.53 * 0.02 to 0.64 * 0.02 nC
(n = 8 neurons/3 rats; one-way RM
ANOVA; F; 54y = 45.24; p < 0.001; statisti-
cal significance vs drug 0; Fig. 4A,C), as re-
ported previously (Liang et al., 2007). EtOH
effects were concentration-dependently an-
tagonized by DHM (0.3 and 1.0 uMm; Fig.
4A--C). We then tested flumazenil effects
on the anti-EtOH actions of DHM. DHM
(3 M) decreased EtOH-potentiated I, ;.
from 44.8 = 2.3 to 21.0 £ 0.9 pA and
mIPSCs from 0.78 = 0.01 to 0.70 * 0.02
nC. Flumazenil (10 wm) reversed the
DHM actions on I, (one-way RM

onic
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Figure 5.  DHMis a positive modulator of GABA,Rs at BZ sites. All recordings were whole-cell voltage clamped at —70
mV. 4, Recording from DGCs (left) in hippocampal slices and superimposed averaged mIPSCs (right). B, ¢, Summary of /. ;.
and mIPSC area potentiated by DHM from 0.1 to 30 wm (n = 8 neurons/3 rats). *Statistical significance versus drug 0 (A,
(). D, Recording from a cultured hippocampal neuron at DIV14. DHM (1 wum; D1) enhancement of GABA,R-mediated /,, ;.
and mIPSCs were reversed by flumazenil (F; 10 and 100 um). All GABA,R currents were blocked by bicuculline (GABA,R
antagonist; Bic; 10 wm; gray dashed line). E, F, Summary (% of DHM-induced current) of D1 enhancements of /,,,;c and
mIPSCs, which were inhibited by flumazenil (n = 8 neurons/3 rats). G, DHM inhibited [ *H]flunitrazepam (flu) binding in
rat cortex membrane homogenates. Increasing the final concentrations of DHM (0.03—100 um) results in displacement of
[ *H]flunitrazepam (final concentration of 1 nm) at cortical binding sites. Results are graphed by GraphPad Prism 4.0 and
presented as the average of two experiments with each point done in triplicate (n = 2). *Statistical significance versus
flumazenil 0 (D-F).
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Table 2. The effects of DHM on mIPSC kinetics and /,,,;. magnitudes in DGCs of naive rats

J. Neurosci., January 4, 2012 - 32(1):390- 401 « 397

Frequency (HZ) miPSCarea (fC) miIPSCamplitude (pA) Rise time (ms) Decay time (ms) Lionic (PA)
Baseline 13.8 0.7 585.2 = 14.4 30521 20*0.1 6.7 £ 0.6 225*+25
DHM 0.1 um 14.0 = 0.6 637.1 = 19.8* 309 =29 20*0.2 75%05 27.6 = 1.4*
DHM T um 150 £ 0.6 715.7 = 26.2* 32726 21%02 8.6 = 0.5% 440 = 47%
DHM 10 um 159 1.0 965.7 = 30.9% 36.1 £ 24 24*03 9.6 = 0.8* 53.8 = 2.9%
DHM 30 jum 16.1 = 1.7* 956.7 = 22.6* 35.8 £ 3.0% 24*0.2 10.1 = 0.8* 54.0 = 3.4%
Data (mean == SEM) were obtained from hippocampal slices. n = 5-7 neurons from 3 rats.
*p < 0.05 versus baseline (one-way ANOVA).
A 407
ANOVA; F5 15, = 115.81; p < 0.001) and mIPSCs (one-way RM *qk *
ANOVA; F5 1) = 47.48; p < 0.001; statistical significance vs < 301
drug 0; n = 5 neurons/2 rats; Fig. 4D—F). These data suggest . *,
that DHM antagonizes EtOH-induced potentiation of both é 201
extrasynaptic and synaptic GABA,Rs, and the effects are =l *
blocked by flumazenil. These data are consistent with the be- 10
havioral experiment observations (Fig. 1C) indicating that in- %)
teraction of DHM and EtOH on GABA 4R BZ sites is a cellular 0 fprr—r—r— & P A —
mechanism underlying the therapeutic effects of DHM on 0 031313 30 E 0 .03.1.313 30
EtOH intoxication. [DHM] (uM) [DHM] (uM)
We also tested quercetin, another flavonoid purified from Ho- D 1 - D 01271 Apo
venia with a similar chemical structure. Acute EtOH potentiated GABA10 = = == E, 101 ODo3
Lo nic and mIPSCs, while subsequent application of quercetin (0.3 s 7| OD1
and 1 uM) did not change EtOH-induced potentiation (n = 5 -V ;’ 0.8+
neurons/2 rats; one-way RM ANOVA; F(5 1) = 43.20; p < 0.001; 8 061
Fig. 4 G-I). Post hoc multiple comparison shows no significant D 1 _g— :
change in I,,,;c and mIPSCs after initial potentiation by EtOH. GABA 300 = © 0.4

These data indicate that the antagonism of DHM of EtOH effects
on GABA,Rs is, to some extent, is unique.

DHM is a positive modulator of GABA ,Rs at the BZ sites

We further studied DHM (0.1 to 30 um) effects on GABA,R-
mediated I,,,;. and mIPSCs of DGCs in hippocampal slices.
DHM (1 um) enhanced I,,,;. (one-way RM ANOVA; Fs 5,y =
78.16; p < 0.001; Fig. 5A, B) and increased mIPSC area (one-way
RM ANOVA; Fs 54, = 46.80; p < 0.001; statistical significance vs
drug 0; n = 8 neurons/3 rats; Fig. 54,C) in a concentration-
dependent manner (0.1 to 30 uM). We also analyzed DHM effects
on mIPSC frequency and kinetics as shown in Table 2. The DHM
enhancement of mIPSCs was primarily due to decay time prolon-
gation. These results suggest that DHM potentiates both extra-
synaptic and postsynaptic GABARs.

To further examine the site of DHM actions on GABA ,Rs, we
tested flumazenil effects on DHM enhancement of GABA,R
function in cultured hippocampal neurons at DIV13-DIV14.
DHM (1 uM) potentiated I,,;. (194.9 £ 13.6% of baseline; Fig.
5D, E) and mIPSC area (181.8 = 9.2% of baseline; Fig. 5D, F).
Flumazenil inhibited the DHM enhancement on GABA4R cur-
rents in a concentration-dependent manner (I, ,;., one-way RM
ANOVA, F55;, = 7.55, p < 0.001; mIPSCs, one-way RM
ANOVA, F554 = 10.16, p < 0.001; statistical significance vs
flumazenil 0; # = 8 neurons/3 rats; Fig. 5D--F). These observations
suggest that DHM acts on the same sites on GABA,Rs as BZs.

We then examined DHM (0.03—100 uM) actions on BZ sites
using [*H]flunitrazepam binding in cortical membrane homoge-
nates from naive adult rats. Significant inhibition of [ *H]flunitraz-
epam binding by DHM was observed, starting at 0.3 uM in a
concentration-dependent manner, with an ICs,, of 4.36 um and Hill
slope of —0.73 (n = 2; Fig. 5G). These data suggest that DHM di-
rectly inhibits [ *H]flunitrazepam binding to GABA ,Rs, apparently
competitively, indicating that DHM likely acts on GABA ,R BZ sites.

normal
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Figure 6. DHM potentiates GABA,R-mediated inhibition in a concentration-
dependent manner in primary cultured hippocampal neurons (DIV14). Neurons were
whole-cell voltage clamped at —70 mV. A, B, Dose—response curves of DHM on /,,; and
mIPSCs (n = 9-10 neurons). *Statistical significance versus drug 0. ¢, DHM (1 m)
enhanced GABA,R currents evoked by focal puffs of 10 and 300 um GABA. D, The concen-
tration—response curve of GABA,R currents induced by focal puffs of GABA was left shifted
by DHM (0.3 and 1 wm). Data (mean == SEM) were obtained from the average of GABA-
induced currents normalized to the peak currents induced by 300 wm GABA in neurons
(n = 6—38neurons).

We further examined the concentration dependence of DHM
effects on GABA,R-mediated currents in cultured hippocampal
neurons. DHM concentration-dependently potentiated I,,,,;c (one-
way RM ANOVA; F, 5,y = 26.34; p < 0.001; EC5, ~0.20 um) and
increased mIPSCs (one-way RM ANOVA; F5 ¢¢) = 28.29; p < 0.001;
statistical significance vs drug 0; n = 9-10; ECs,, ~0.20 pm; the
responses to >1 uMm DHM decreased slightly; Fig. 6 A, B).

We also tested DHM effects on GABA 4R currents induced by focal
putffs of 10 and 300 um GABA in the presence of TTX in cultured neu-
rons at DIV14. Coapplication of DHM (0.3 and 1 M) with GABA
increased peak GABA currents and produced a left shift of the GABA
concentration—response curve (n = 6—8; Fig. 6C,D). These results sug-
gest that DHM acts on GABA ,Rs directly and potently potentiates ex-
trasynaptic and/or postsynaptic GABA ,Rs.

DHM prevents EtOH exposure/withdrawal-induced GABA ,R
plasticity in rat hippocampus

We examined the total protein content of the GABA,R a4 sub-
unit in rat hippocampus 48 h after withdrawal from vehicle (V/
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W), EtOH (3 g/kg; E/W), EtOH combined A
with DHM (1 mg/kg, E+D/W), and o4
DHM (D/W) treatments (intraperitoneal

injection, the same as mentioned in Fig.
2). Western blots showed that EtOH ex-
posure increased the total a4 protein level

B-actin

to 184.0 £ 26.0% compared to the V/W
group; this increase was blocked in the
E+D/W group (93.0 * 21.0% of control;
significant difference vs V/W group).
Two-way ANOVA analysis revealed a sig-
nificant DHM effect by EtOH exposure/
withdrawal interaction on the total a4
protein level (F, 5 = 8.93; p = 0.011;
n = 3/group; Fig. 7A,B). DHM exposure
had no effect on a4 subunit level. These
data indicate that DHM prevents EtOH
exposure/withdrawal-induced GABA,R
plasticity in vivo.

We demonstrated previously that A
EtOH exposure/withdrawal produces
profound GABA,R plasticity, which
manifests as a switch in the EtOH sensitiv-
ity from extrasynaptic to synaptic
GABA  R-mediated currents (Liangetal,, B
2007; Shen et al., 2011), which could be a
mechanism underlying EtOH withdrawal
signs. Here, we tested whether DHM pre-
vents EtOH-induced GABA,R plasticity
in CNS neurons.

Four groups of rats were gavaged with
vehicle (V/W), EtOH (5 g/kg; E/W), EtOH
combined with DHM (1 mg/kg; E+D/
W), or DHM (D/W). W represents 48 h
withdrawal. Then whole-cell GABA,R-
mediated currents were recorded on DGCs
in hippocampal slices of rats after 48 h with-
drawal from the four treatments, respec-
tively. In the V/W group, bath application of
EtOH (60 mm) enhanced I, ;. from 28.8 =
3.1t062.1 = 3.3 pA (n = 4-7 neurons per
group; two-way RM ANOVA, F;,y =
48.45, p < 0.001; with DHM effects by
EtOH exposure/withdrawal interaction,
Fis.9) = 39.21, p < 0.001; Fig, 8 A, E). It en-
hanced mIPSC area from 0.67 = 0.06 to
0.78 = 0.05 nC (n = 4-7 neurons per
group, two-way RM ANOVA, F;,y =
6.98, p = 0.007; with DHM effects by EtOH
exposure/withdrawal interaction, F; 59y = 12.15, p < 0.001; signifi-
cant difference between 60 mm and 0 EtOH, and significant differ-
ence vs the V/W group; Fig. 8 A, F). In the E/W group, EtOH did not
increase ;. (Fig. 8 B, E), while greatly enhancing mIPSC area from
0.70 = 0.03 to 1.4 £ 0.04 nC (Fig. 8 B,F). In the E+D/W group,
EtOH increased I, ;. from 30.0 = 2.8 to 60.0 = 2.2 pA (Fig. 8C,E),
while mIPSC modulation was unchanged (Fig. 8C,F). In the D/'W
group, the responses of I,,;. and mIPSCs to EtOH were similar to
those of the V/W group (Fig. 8 D, E). The baseline mIPSC frequency
and kinetics as well as I, ;. magnitudes from DGCs of the four
groups of rats are shown in Table 3. These results suggest that intra-
gastric EtOH with DHM prevents both the subsequent tolerance to
EtOH and EtOH-induced GABA R plasticity. Interestingly, DHM
acts equally well orally (gavage) or by intraperitoneal injection.
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DHM prevents EtOH exposure/withdrawal-induced alteration in GABA,R x4 subunit expression in rat hippocampus.
Four groups of rats were injected (intraperitoneally) with single-dose vehicle (V/W), EtOH (3 g/kg; E/W), EtOH plus DHM (1 mg/kg;
E+D/W), or DHM alone (D/W). A, Western blots of hippocampal tissue GABA,R a4 subunit after 48 h withdrawal from rats
injected with vehicle, EtOH, E+D, or DHM. B-actinis shown as aloading control. B, Quantification of total ce4 subunit protein from
A.EtOH-withdrawal induced an increase in e GABA R subunit, whereas E+D/W treatment prevented this increase. DHM did not
produce changes in a4 GABA,R subunit protein (n = 3/group). *Significant difference versus the V/W group.
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DHM prevents EtOH exposure/withdrawal-induced GABA,R plasticity. Rats were divided into four groups and ga-
vaged with vehicle (V/W), EtOH (5 g/kg; E/W), EtOH combined with DHM (1 mg/kg; E+D/W) or DHM (D/W). Then whole-cell
patch-clamp recordings at —70 mV were performed on DGCs in hippocampal slices. A, Acute EtOH (60 mm) enhanced /,
mIPSCsin vehicle-treated rats. B, In the E/W group, EtOH did notincrease /,
group, EtOH increased /;,,,, and mIPSCs similar to those of the V/W group. D, The responses of /;,,,,. and mIPSCs to EtOH from the
D/W group were similar to those of the V/W group. E, F, Summary of EtOH effects on /,
neurons per group). *Significant difference between 60 mm and 0 EtOH; Tsignificant difference versus the V/W group.
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We also tested DHM effects on cultured neurons pre-exposed to
EtOH. Twenty-four hours after withdrawal from EtOH exposure,
bath application of DHM enhanced I, ,;c and mIPSCs concentration
dependently (0.03-30 uM; I, one-way RM ANOVA, F4 55 =
79.90, p < 0.001; mIPSCs, one-way RM ANOVA, F5 55, = 11.75,
p < 0.001; significant difference vs drug 0; n = 8—9 neurons per
group; Fig. 9A, B). The ECs, values enhancing I, . ;. (~0.20 uM) and
mIPSCs (~0.15 um) were similar to those in control neurons with-
out pre-exposure to EtOH (Fig. 6 A, B). The data suggest that DHM
remains effective in potentiating extrasynaptic and/or postsynaptic
GABA ,Rs even following EtOH exposure that leads to tolerance to
EtOH.

We measured the surface expression of the a4 subunit in cul-
tured neurons using cell-surface biotinylation followed by West-



Shen et al. e Dihydromyricetin: Possible Drug for Alcohol Use Disorders?

Table 3. Baseline mIPSC kinetics and I,,,,,; in DGCs from rats after vehicle, EtOH, EtOH
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+ DHM, or DHM exposure/withdrawal

Frequency (Hz) miPSCarea (fC) mIPSCamplitude (pA) Rise time (ms) Decay time (ms) Lionic (PA)
V/W 122 %17 674.9 = 60.7 326 =23 20*0.2 6.9 = 0.6 288 = 3.1
E/W 114 *08 698.0 = 33.7 383 *+33 0.8*+03 40+ 04 13.0£1.0
E+D/W 12405 666.8 = 34.1 262+ 2.1 18203 71206 30028
D/W 132*13 621.5 * 68.5 285+ 3.0 22*03 79 =12 243 *+29

Data (mean == SEM) were obtained from hippocampus slice from rats 48 h after vehicle, EtOH, E-+D, and DHM administration (gavage). n = 7— 8 neurons from 3 rats.

anesthesia, nor hyperexcitability, and (5)

407 B 51607 *** * DHM prevents the escalation of alcohol

% consumption in an intermittent voluntary

< 301 O 140+ * alcohol intake paradigm in rats. DHM re-
S ** * X duces alcohol consumption in rats that
\; 20- * \t-U/ 120+ drink high levels of alcohol following in-

s % o termittent alcohol exposure; yet, at the

- S cellular level in CNS neurons (in slices
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0031313 30 E 0031313 30 exposure/removal-induced alterations in
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EtOH including loss of I, ;. modulation

C tot sur tot sur tot sur tot surtotsur D 39097 * and increased mIPSC sensitivity, (8)
OL4|‘ ' E E - g”‘ - wol < DHM potentiates GABA,Rs in hip-

) 3/;\200- 2 pocampal slices and cultured neurons and
B-actlnl... — o ||—' | 8; 2 retains efficacy in potentiating GABA,Rs
=52 J even after EtOH exposure/withdrawal,

@ A§ 0@ 4\$ 0@ 5&’100 which induces tolerance to EtOH, (9)

< & 0. DHM effects on GABA,Rs are inhibited

Figure9.
EtOH prevents EtOH exposure/removal-induced GABA,R plasticity in vitro. A, B, In cultured hipp

24 h after EtOH exposure (60 mm, 30 min), DHM still enhanced both GABA,R-mediated /,,,,; (4) and mIPSCarea (B) concentration

dependently without tolerance (compare Fig. 6 A, B; n = 8 =9 neurons per group). *Significantd

neurons per group). ¢, Coadministration of EtOH with DHM prevents EtOH exposure/removal-induced GABA,R plasticity. Representative
Western blot shows cell-surface expression (sur) versus total (tot) expression of GABA,R a4 subunit in cultured hippocampal neurons

(DIV13-DIV14) detected 24 h after the four treatments of V/W, E/W, E++D/W, or D/W, respectively. 3

and was not detectable on cell surfaces. D, Quantification of surface GABA,R x4 protein (% V/W). Surface signal was normalized to the
respective B-actin signal (vehicle, 100%). EtOH induced a 1.5-fold increase in surface expression of GABA,R ce4 protein, while E-+D

prevented this increase (n = 5/group). *Significant difference versus the V/W group.

ern blot analysis. EtOH pre-exposed neurons showed increased
a4 subunit surface expression (significant difference vs the V/W
group); while in neurons pre-exposed to EtOH plus DHM, this
increase was blocked (two-way ANOVA analysis revealed a signif-
icant DHM effect by EtOH exposure/withdrawal interaction on the
total 4 subunit surface expression; F; ;5, = 29.71; p < 0.001; Fig.
9C,D). DHM did not alter a4 surface expression. These data indi-
cate that co-administration of EtOH with DHM prevents EtOH
exposure/removal-induced GABA R plasticity in vitro.

Discussion

DHM is a flavonoid compound first found in Hovenia dulcis, in the
plant Ampelopsis grossedentata, and in teas (Li et al., 2003); few of its
pharmacological properties have been examined. In this study, we
found that (1) DHM potently (1 mg/kg) counteracts acute EtOH
intoxication, (2) the counteracting effects are antagonized by the
general BZ antagonist flumazenil in vivo, and (3) DHM amelio-
rates EtOH exposure/withdrawal-induced behavioral changes, in-
cluding tolerance to EtOH, increase in basal anxiety, and
hypersensitivity to PTZ-induced seizures (hyperexcitability). At
the same doses, (4) DHM does not cause intoxication, sedation,

DHM potentiates GABA,R-mediated inhibition in EtOH pre-exposed cultured neurons. Coadministration of DHM with

by flumazenil in vitro, (10) DHM compet-
itively inhibits BZ site [ *H]flunitrazepam
binding in rat cortical membrane homog-
enates, (11) DHM blocks EtOH exposure/
withdrawal-induced increases in the
amount of GABA,R a4 subunits in rat
hippocampus, and (12) DHM blocks
EtOH pre-exposure-induced increase in
a4 subunit surface expression in culture
hippocampal neurons. In summary, we
determined the effects of DHM on EtOH
actions in animal models, a major molec-
ular target of DHM for counteracting
EtOH intoxication and dependence, as well as its underlying cel-
lular mechanisms.

ocampal neurons (DIV13-DIV14)

ifference versus drug 0 (n = 8-9

-Actin is shown as a loading control

DHM counteracts acute EtOH intoxication and ameliorates
AWS by acting on GABA,Rs

We and others (Valenzuela, 1997; Cagetti et al., 2003; Liang et al.,
2006, 2007; Kumar et al., 2009; Heilig et al., 2010) have shown
that acute and chronic EtOH administration produce GABA,R
plasticity in rats that contribute to altered behaviors in AWS and
alcohol dependence. We identified DHM by screening herbal
medicines used for alcohol disorders for the ability to ameliorate
EtOH-induced GABA R plasticity and found that DHM not only
had that action but also was effective in blocking acute EtOH
intoxication, and withdrawal, as well as accelerated EtOH volun-
tary consumption. Our findings are consistent with current the-
ories linking acute and chronic effects of EtOH with GABA,Rs
and suggest strongly that DHM blocking EtOH’s effect involves
GABA Rs, especially in light of flumazenil’s block of all DHM
effects in vivo and on GABA ,R-mediated current in vitro.
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Current medications for EtOH intoxication and AUD

BZs are classical medications for reducing symptoms of AWS,
and they act on GABA ,\Rs. However, BZs (e.g., diazepam) exhibit
cross-tolerance in behavioral depression and GABA 4R enhance-
ment after EtOH treatment (Devaud et al., 1996). Yet, frequent
use of BZs can lead to dependence. Therefore, although BZs can
treat life-threatening AWS, developing dual addictions makes
BZs unsuitable for alcohol abuse therapy.

Besides BZs, only three medications (oral naltrexone, acam-
prosate, and disulfiram) are currently approved for treating alco-
hol dependence by the U.S. Food and Drug Administration. All of
these medications aim to treat relapse to heavy drinking; how-
ever, all have limited success. In all of these cases, the receptors for
alcohol actions are not directly affected, or even targeted, nor are
the underlying mechanisms of interaction with alcohol clarified
(except for disulfiram, which blocks acetaldehyde metabolism).
Considering the heterogeneous nature of alcohol use disorders,
many patients have limited or no response to these medications.
Other candidate targets are under study but so far lack convinc-
ing evidence for success (Hester and Miller, 2003; O’Malley et al.,
2003; Heilig and Egli, 2006; Johnson, 2010).

Kudzu is the only Eastern medication mentioned by the

NIAAA (http://grants1.nih.gov/grants/guide/pa-files/PA-10-100.

html). Possible treatment of alcohol craving and reduced EtOH
drinking by animals and human heavy drinkers were reported for
kudzu extract (Keung and Vallee, 1993; Lukas et al., 2005) due to
some isoflavone ingredients, like daidzein, puerarin, and
genistein (Johnson, 2010), mimicked by a synthetic analog CVT-
10216 (Arolfo et al., 2009). Kudzu’s mechanism of action was
suggested to reduce blood EtOH levels involving mitochondrial
acetaldehyde dehydrogenase ALDH2 and/or gastric emptying ef-
fects. Reduction of EtOH-induced LORR by daidzin was ob-
served for EtOH administered gastrically but not
intraperitoneally (Lin and Li, 1998), consistent with delayed
stomach emptying.

DHM effects beyond EtOH pharmacokinetics

It has been reported that Hovenia relieves hangover by de-
creasing blood EtOH concentrations, promoting alcohol
clearance, and enhancing the alcohol metabolic enzymes,
ADH and ALDH (Kim et al., 2000; Chen et al., 2006). In this
study, we showed that DHM, like other flavonoids, has a rel-
atively weak ability to reduce the rate of rise of blood alcohol
concentration. However, this cannot account for the actions
of DHM on blocking EtOH effects in vivo, since when we
decreased the doses of DHM to 0.3 and 0.5 mg/kg, DHM
apparently did not affect EtOH pharmacokinetics while still
strongly counteracting EtOH-induced LORR (Fig. 1B), sug-
gesting potency of DHM. When we increased the dose of
EtOH (4 g/kg), 1 mg/kg DHM did not have a significant effect
on the magnitude nor the time course of plasma [EtOH] (Ta-
ble 1), but greatly reduced the EtOH-induced LORR. In this
study, we demonstrated a likely more important mechanism.
DHM has direct effects on GABA,Rs, the major targets of
EtOH that contribute to AWS and EtOH dependence. More
importantly, the DHM effects on EtOH intoxication and
GABA R plasticity can be reversed by flumazenil in vivo (Fig.
1) and in vitro (Figs. 4, 5). These results indicate that DHM has
complex interactions with GABA,Rs that counteract EtOH
effects. DHM potentiates GABA Rs in CNS neurons and re-
tains efficacy in potentiating GABA ,Rs even after EtOH expo-
sure/withdrawal, which induces tolerance to EtOH (Figs. 6,9);
thus, it may be an effective pharmacotherapy for patients who
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are tolerant to other medications for alcoholism and AWS
such as BZs.

DHM compared with other BZ ligands: preliminary
observations suggest novel pharmacology

There is some evidence that selected BZ ligands may block some
EtOH actions (Suzdak et al., 1986; Koob, 2004; Hanchar et al.,
2005; Paul, 2006; Wallner et al., 2006; Lovinger and Homanics,
2007), but this has not resulted in any therapeutic agents. Nota-
bly, the imidazobenzodiazepine Ro15-4513 was reported (Su-
zdak et al., 1986; Paul, 2006) to specifically block EtOH
behavioral effects in vivo but not other GABAergic sedatives like
pentobarbital; Ro15-4513, but not other inverse agonists, was
able to inhibit EtOH enhancement of GABA R function in vitro
(Suzdak et al., 1986). More recent data show that Ro15-4513 and
selected analogues that are also able to block alcohol behavioral
effects can antagonize the EtOH enhancement of extrasynaptic 6
subunit-containing subtypes of GABA,Rs (Wallner et al., 2006,
2008). However, although DHM also is able to block EtOH ef-
fects and is a GABA,R ligand, DHM and Ro15-4513 are very
different, both chemically and pharmacologically. Ro15-4513 has
proconvulsant and anxiogenic effects and inhibits most GABA ,R
subtypes (Paul, 2006). On the contrary, DHM potentiates
GABA  R-mediated synaptic and especially extrasynaptic tonic
currents (Figs. 5A-C, 6A,B) and antagonizes EtOH potentiation
of GABA,Rs. DHM is a positive modulator of GABA ,Rs acting
on the benzodiazepine site potentiating both extrasynaptic and
postsynaptic GABA,Rs (Fig. 5A-C), but appears to differ also
from “traditional” BZs like diazepam. It is not anxiolytic or sed-
ative at the dose (1 mg/kg) that blocks EtOH effects. It induces
short-time LORR only when doses hundreds-fold higher than its
pharmacological dose are applied (Table 1). It will be interesting
to study other possible pharmacological actions of DHM consis-
tent with a positive modulation of GABA ,Rs, as well as the pos-
sible subunit selectivity. Such information may be helpful in
understanding how DHM interacts with EtOH in vivo. DHM
prevents the escalation of EtOH consumption and remains effec-
tive for a long period of time in a chronic intermittent voluntary
EtOH intake paradigm. The underlying mechanisms might be
related to DHM preventing EtOH-induced GABA,R dysfunc-
tion/plasticity by multiple withdrawals from EtOH (Figs. 7, 8). In
other words, alcohol craving induced by the hyperexcitable state
of AWS is ameliorated by DHM coadministered with EtOH,
which reduces initial responses and thus AWS to EtOH. Yet,
DHM greatly reduces EtOH consumption when the high volun-
tary EtOH consumption is already established by exposure to
EtOH (Fig. 3). DHM applied even 1 half hour before EtOH ad-
ministration counteracts EtOH intoxication as effectively as if
DHM is concurrently applied with EtOH (Fig. 1D). Therefore,
DHM is a realistic, unique candidate for development as a med-
ication for AUDs.
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