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Abstract

Background: Little is known about the targets in the CNS that mediate ethanol analgesia. This study explores the role of
spinal astrocyte aldehyde dehydrogenase-2 (ALDH2), a key ethanol-metabolising enzyme, in the analgesic effects of
ethanol in mice.

Methods: Astrocyte and hepatocyte ALHD2-deficient mice were generated and tested in acute and chronic pain models.
Cell-type-specific distribution of ALDH2 was analysed by RNA in situ hybridisation in spinal slices from astrocytic ALDH2-
deficient mice and their wild-type littermates. Spinal ethanol metabolites and y-aminobutyric acid (GABA) content were
measured using gas chromatography/mass spectrometry and liquid chromatography/mass spectrometry.

Results: ALDH2 mRNA was expressed in both astrocytes and neurones in spinal cord slices. Astrocyte ALDH2-deficient
mice had decreased expression of ALDH2 mRNA in astrocytes, but not in neurones. Astrocyte ALDH2 deficiency inhibited
ethanol-derived acetate, but not acetaldehyde content in spinal cord tissues. Depletion of spinal astrocyte ALDH2
selectively inhibited ethanol-induced anti-nociceptive effect, but not the effect of ethanol, on motor function. Astrocyte
ALDH2 deficiency abolished ethanol-induced GABA elevation. The ethanol metabolite acetate produced anti-nociception
and increased GABA synthesis in a manner similar to ethanol. I.T. delivery of either GABA, or GABAg receptor antago-
nists prevented ethanol and acetate-induced analgesia.

Conclusions: These findings provide evidence that ALDH? in spinal astrocytes mediates spinal ethanol metabolism and
ethanol-induced analgesic effects by promoting GABA synthesis and GABAergic transmission in spinal cord.
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Editor’s key points e ALDH2 was expressed in mouse astrocytes and neu-
rones of wild-type mice, but was selectively absent
from astrocyte-specific ALDH2 knockout mice.

e Depletion of spinal astrocyte ALDH2 inhibited the
anti-nociceptive effect of ethanol, but not its

e The targets that mediate ethanol analgesia were
explored by examining the role of spinal astrocyte
aldehyde dehydrogenase-2 (ALDH2), a key ethanol-
metabolising enzyme, in the analgesic effects of
ethanol in mice.
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locomotor effects, and reduced spinal y-amino-
butyric acid (GABA) synthesis.

e Thus, the analgesic mechanism of ethanol requires
ALDH2-mediated metabolism in spinal astrocytes,
which promotes GABA synthesis and GABA-
mediated analgesia.

Ethanol is one of the oldest and most widely used drugs in the
world. Ethanol produces a variety of behavioural changes
because of its ability to suppress the CNS. Like opioids and
cannabinoids, ethanol has been used for pain relief since
ancient times. One quarter of people experiencing chronic
pain turn to ethanol to relieve their suffering.”> Unfortunately,
reaching maximum pain relief always requires binge drink-
ing.® Prolonged and excessive use of ethanol to stop pain leads
to a number of harmful health consequences in humans.* The
most notable effect is increased risk for ethanol dependence.?
Besides, chronic ethanol drinking causes peripheral neuropa-
thy, and ethanol withdrawal often results in hyperalgesia in
rodents and in humans.>® In addition, chronic ethanol use
increases dose requirements for general anaesthetic agents
and risk of postoperative complications.”

Unlike opioids and cannabinoids, ethanol does notbind to a
single specific protein target in the CNS. The metabolites of
ethanol can be more active than ethanol alone. Ethanol
metabolism is controlled through various genetic factors in
humans.? The key enzyme that converts acetaldehyde to ac-
etate is acetaldehyde dehydrogenase-2 (ALDH2). A major ge-
netic deficiency in ALDH2 is found in nearly one-third of the
East Asian population.® This naturally occurring point muta-
tion disrupts ALDH2 activity, increases blood acetaldehyde
content, and produces various adverse reactions to ethanol.

ALDH?2 deficiency in humans and rodents is associated
with increased pain sensitivity to various noxious stimuli.**°
Deficiency of ALDH2 results in serum and tissue acetalde-
hyde elevation and acetate ablation.'>!? Although elevated
acetaldehyde is found to produce peripheral neuronal
inflammation and pain hypersensitivity,'° little is known
about the role of acetate in pain modulation. Brain acetate has
been thought to derive from hepatic ethanol metabolism.*
The in vivo consequence of brain ethanol metabolism re-
mains elusive because the levels of the metabolising enzymes,
including ALDH2, are very low.® There is strong evidence
suggesting that acetate is utilised and metabolised exclusively
by astrocytes in the brain.’* Unfortunately, the cell-type-
specific distribution of brain ALDH2 is unknown because of a
lack of specific approaches in vivo.

Ethanol produces motor impairment, sedative, and anxi-
olytic effects through enhancement of y-aminobutyric acid
(GABA)A receptor function.!® Both GABA, and GABAg re-
ceptors play a major role in pain control in rodents and
humans.’® '8 Several positive modulators of GABAp re-
ceptors are used to treat ethanol preference and dependence
in animals and humans.'® The relationship between ethanol
and GABA synthesis remains controversial. In vivo nuclear
magnetic resonance (NMR) studies have demonstrated con-
version of systemic [®CJacetate to [*C]GABA in the brain.'*
The metabolic pathways from ethanol to GABA are less
clear. Emerging evidence suggests that both ALDH1lal and
ALDH2 can promote GABA synthesis through putrescine
degradation and utilisation pathways in neurones and
astrocytes.?%?!

The precise mechanisms underlying ethanol-induced anal-
gesic effects remain elusive. Although ethanol can produce both
analgesia and anaesthesia, there is strong evidence suggesting
that ethanol produces anti-nociceptive effects in a mechanism
independent of ethanol-induced anaesthetic action and motor
impairment in human and animal studies.””?> A supraspinal
mechanism of action likely contributes to the relief of stress and
emotional pain by ethanol because of its anxiolytic action.’
Although the spinal cord is an important gateway for trans-
mitting nociceptive signals to the brain, the role of the spinal
cord in ethanol-induced behavioural effects has not been
established. A recent study has suggested that spinal ALDH2
contributes to neuroprotection and recovery after spinal cord
injury.?* Nevertheless, little is known about the roles of spinal
ALDH?2 in ethanol metabolism and ethanol-induced behavioural
changes because of a lack of in vivo approaches that can separate
peripheral and central ALDH2-mediated effects.

In this study, we asked if spinal ALDH2 regulates ethanol
metabolites and the ethanol-induced analgesic effect in mice.
We tested this hypothesis by performing various in vitro and
in vivo experiments in cell-type-specific ALDH2-deficient mice.
We also explored the possible mechanism underlying astro-
cytic ALDH2 control of ethanol analgesia.

Methods

This study was performed in accordance with National In-
stitutes of Health guidelines for care and use of laboratory
animals. All procedures were approved by both National
Institute on Alcohol Abuse and Alcoholism Animal Use and
Animal Care Committee and the Institutional Animal Care and
Use Committee of Anhui Medical University. Expanded
methods can be found in the Supplementary material.

Animals

C57BL/6] wild-type and glial cell (Aldh2%~7) and
hepatocellular-specific (Aldh2"®~/~) ALDH2-deficient male mice
were used in this study. The ALDH2 floxed mice and tissue-
specific ALDH2 knockout mice were generated as described®?
(Supplementary material).

Spinal cord virus injection

For spinal cord astrocyte-specific Aldh2 gene deficiency, AVV5-
GFAPCre (105550-AAVS5; Addgene, MA, USA) and AVV5-GFP
(37825-AAVS; Addgene, MA, USA) lentivirus were injected bilat-
erally into the dorsal horn of the spinal cord (L3—4) at a depth of
300 pm in ALDH?2 floxed male mice. Four weeks after the virus
injection, the mice were tested for tail flick reflex (TFR), complete
Freund’s adjuvant (CFA)-induced inflammatory pain with elec-
tronic von Frey, paw thermal stimulating, locomotion activity,
and rotarod performance after i.p. administration with ethanol
1.2 or 2 gkg™! (Supplementary material).

Detection of ALDH2 protein, mRNA, and enzyme
activity

ALDH2 protein, mRNA, and enzyme activity were detected by
immunoblot, immunofluorescence, RNA in situ hybridisation
(ISH), gRT—PCR, and ALDH2 enzyme activity (detailed infor-
mation in Supplementary materials). The probes used for ISH
were designed and generated by Advanced Cell Diagnostics,
Inc. (Hayward, CA, USA).
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Fig 1. Spinal aldehyde dehydrogenase-2 (ALDH2) expression is reduced in astrocyte ALDH2-deficient mice. (a—b) Microscopy of ALDH2
mMRNA (green), ALDH1L1 mRNA (red), and MAP2 mRNA (violet) in spinal cord slices from Aldh2%/%*/+ mice. The grey area represents the co-
localisation of ALDH2 with ALDH1L1 or MAP2 (n=4—6 mice for each group). Red scale bar: 100 pm; white scale bar: 20 um; Yes: co-
localisation; No: no co-localisation. (c) Bars represent the percentage of ALDH2-, ALDH1L1-, and MAP2-positive cells to total cells in
grey matter of the spinal cord. (d—e) Microscopy of ALDH2 mRNA (green), ALDHIL1 mRNA (red), and MAP2 mRNA (violet) in spinal cord
slices from Aldh2%/%~/~ mice (n=4—6 mice per group). Red scale bar: 100 um; white scale bar: 20 um; Yes: co-localisation; No: no co-
localisation. (f) Bars represent relative expression of spinal ALDH2 mRNA detected by qRT—PCR, data normalised to the value of
Aldh2¢fa+/+ (n—8 mice for each group). (g) Representative bands and peaks of quantitative densitometry of ALDH2 protein. (h) Summary of
ALDH? protein levels in lumbar spinal cord from Aldh2%%~~ and Aldh2%%+/+ mice (n=11 mice per group). (i ALDH2 enzymatic activity in
lumbar spinal cord from Aldh2%%~~ and Aldh2%%*/* mice, normalised to the value of Aldh2%®** (n=9 mice per group). (j) Confocal
immunofluorescence microscopy of ALDH2 (green) and GFAP (red) in spinal cord slices from Aldh2%%~/~ and Aldh2%/%*+/+ mice. White scale

bar: 20 um. All data are expressed as mean (standard error of the mean). Analysis was performed using unpaired two-tailed Student’s t-
test, *P<0.05, **P<0.001, and ***P<0.0001 compared with Aldh2%/%*/* mice.
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Fig 2. Astrocyte ALDH2 regulates ethanol-induced anti-nociception in spinal cord. (a) Schematic diagram of tail flick reflex (TFR), hot-plate
test, and experimental procedure. (b) The dose—response curves of ethanol (EtOH) anti-nociception in TFR test in Aldh2%%~/~ and
Aldh2%%+/+ mice (0.5, 1, and 3 g kg% n=13 mice per group; 2 g kg~ =12 mice per group). (c) The time courses of ethanol (2 g kg~%, i.p.)
anti-nociception in TFR test in Aldh2%®~~ and Aldh2%%*/* mice (n=12 mice per group). (d) The time courses of ethanol (1.2 g kg™?, i.p.)
induced anti-nociception in hot-plate test in Aldh2%P~/~ and Aldh2%/%+/* mice (Aldh2%/%+/*: n=18 mice per group; Aldh2%%~/~: n—=16 mice
per group). (e) Representative bands and peaks of quantitative densitometry, and statistic summary of ALDH2 protein in lumbar spinal
cord from Aldht®*/+ and Aldh2"~/~ mice (n=8 mice per group). (f) The time courses of ethanol (2 gkg !, i.p.) anti-nociception in TFR test in
AldnteP+/+ and Aldh2"®*~~ mice (n=11 mice per group). (g) Schematic diagram of complete Freund’s adjuvant (CGFA)-induced inflammatory
pain and experimental procedure. (h—i) Mechanical hypersensitivity after ethanol (1.2 gkg™%, i.p.) administration under the CFA-induced
inflammatory model via electronic von Frey in Aldh2%/%~/~ (h: n=10 mice per group), Aldh2"®P~~ (i: n=8 mice per group) and their litter-
mates. (j) Bar graphs showing total distance of locomotion from 0 to 30 min after ethanol (1.2 and 2 gkg™}, i.p.) administration in Aldh2%/%~/
~ and Aldh2%%*/+ mice (n=11 mice per group). All data are expressed as mean (standard error of the mean). Analysis was performed using
unpaired two-tailed Student’s t-test (e), or two-way analysis of variance (anova) followed by Tukey’s test (b, j), or two-way repeated-
measures anova followed by Tukey’s test (c, d, f, h, i); *P<0.05, **P<0.01, **P<0.001, and ****P<0.0001. MPE, maximum possible effect; ns, not
significant.



300 | Jinetal

Hepatocytic ALDH2-deficient mice

e ?l,\e@/\/ ?},\e‘f‘\* .
NCRENCY 81500 ns
ALDH?2 |see o e we | 56 kD2 % Lo
-~ [ )
< | .
practin [emememen| 45kDa £ 1001 pds mg
L2 °
]
iy ALDH2 protein P °
g 157 56 kDa 5 50
£ 1.0 ~ X
g o5 ‘_//L 2
g . s
g0.0 T T T ; v 0 , :
z 12 40 56 66 2 v
\,\eﬂ’ \,\69/
MW (kDa) O
O e
— Aldh2Her+i* . Ajgh2Her-i- SN
g h
CFA-induced
inflammatory pain S 7 -
T 6
2
CFA @ 5 -
injection g 4
T 3
‘E’ 2
©
§ 11
20

-h

Hepatocytic ALDH2-deficient mice

Tail flick reflex latency (s)

2 T T T T T T T
Baseline 0 15 30 45 60 75

90 105120
Time (min) after EtOH (2 g kg™, i.p.)
-o- Aldh2HeP**_saline

—o— Aldh2Her**_EtOH

-o- Aldh2HeP-—_saline

—o— Aldh2HeP~—_EtOH

Astrocytic ALDH2-deficient mice
CFA

*kkk
*%

* %,

Electronic von Frey

Hepatocytic ALDH2-deficient mice
"1 cFA
6 - —
5
4
3
2
14
01—~ T T T
Baseline -30 0 30 60

Time (min) after EtOH (1.2 g kg™, i.p.)

[ns

Mechanical threshold (g)

90 120
—o— Aldh2terti* _o_ Alcih2Her—-

Fig 2. (continued)

Baseline —30

1
0 30 60 90 120

Time (min) after EtOH (1.2 g kg™, i.p.)

—o— Aldh2GTeprl* _o  Aldh2GTap—~

E  Astrocytic ALDH2-deficient mice

c 15 - ns

o 1

= ns

g 12 ns

° ns ns ns

§ 9 - ns

5 4 : « o

2 o °

(%) [ ]

S 3l mpe] g e
o0 ® | |eag

% 0 ﬁ * " LJ ﬁ ﬁ

2 Saline  EtOH EtOH

|—

(1.2gkg™") (2gkg™)

—o— Aldh2Gfap*l* _o_ Ajgh2GFap—i-



Spinal astrocyte ALDH2 control of ethanol analgesia | 301

a Serum—EtOH b Serum—AcH ¢ Spinal cord—EtOH
80 40 -
T T T304
E ns € %” ns
o ] 2
L £ 220
3 20 S S 1
& <07/ @ Aldn26krt £ 0.02 { | - Aldn26fap+* & 'Y/ -e Aldn2Cmp
-8~ Aldh26%r-- -8~ Aldh26%r- -®- Aldh26p-I-
0 T T T T T 1 000 T T T T T 1 0 T T T T T 1
0 10 20 30 40 50 6 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) after Time (min) after Time (min) after
EtOH (2 g kg™, i.p.) EtOH (2 g kg™, i.p.) EtOH (2 g kg™, i.p.)
d . e f
Spinal cord-AcH Serum-acetate Spinal cord-acetate
0.04 - g 300 g 200 - *
— =250 =
< 0.03 A o 8 150-
o £ % 200 ST
<] S | ns &£
g0.0Zf 0@ 150 - © g 100
2 - 2 g
:5 o 2 100 22
< 0017 // o Algh26tep+'+ E | & Aidh2SEe § 50 -e- Aldn2Gfe+
[} T Q
Gfap—/— o Gfap—/— o -@- Aldh2Gfap—I-
0.00 4|.7 AIIdh2I T T 1 < O f Alldh2l T T 1 < O T T T T T 1
0 10 20 30 40 50 6 0 10 20 30 40 50 6 0 10 20 30 40 50 6
Time (min) after Time (min) after Time (min) after
EtOH (2 g kg™, i.p.) EtOH (2 g kg™, i.p.) EtOH (2 g kg™, i.p.)
g ns h l : .
GABA immunostaining

@
£ 150 4 = 121 ns *% Ml Bascline 30 min 60 min
] P * ¥
0N ° = L4 Q
LS ool el 1 @
£ 100 o Po £ o . S
2 ‘. E o |° <
o E 6-|e % Y o =€
= £
E 50 < R Baseline 30 min 60 min
5 2 3 8
® o &
< <
= oLl L 0 3
& ;& € Baseline 30 min 60 min < £ v s
oS Q Q
& ? ® Aldh2C%r+* @ Algh2Cfer-~

Fig 3. Astrocytic ALDH2 regulates ethanol metabolism in the spinal cord. (a—d) Graphs showing acetaldehyde (AcH) and ethanol (EtOH)
concentrations detected by gas chromatography/mass spectrometry in the serum and spinal cord at 10, 30, and 60 min after ethanol (2 g
kg%, i.p.) administration in Aldh2%%~/~ and Aldh2%/%*/* mice (0 min: n=5 per group; 10 min: n=6 mice per group; 30 min: n=5 mice per
group; 60 min: n=6 mice per group). (e—f) Bar graphs showing acetate relative concentration in serum (0 min: n=5 [Aldh2%%+/*], n=6
[A1dh2%%~/~]; 10 min: n=6 [Aldh2%/%+/*], n=5 [Aldh2%/%~/~]; 30 min: n=6 mice per group; 60 min: n=6 mice per group) and spinal cord (0 min:
n=9 [Aldh2%®+/+], n=8 [Aldh2%®~/~]; 10 min: n=8 mice per group; 30 min: n=10 [Aldh2%/%+/*], n=9 [Aldh2%/%~/~]; 60 min: n=8 mice per
group) at 10, 30, and 60 min after ethanol (2 g kg™, i.p.) in Aldh2%/%"~~ and Aldh2%%+/*+ mice. (g) Statistical summary of the potentiation of
y-aminobutyric acid (GABA) by ethanol (2 g kg™%, i.p.) at 30 and 60 min in the spinal cord of Aldh2%/%*/+ mice (n=7 mice per group). (h) Bar
graphs showing GABA concentrations in the spinal cord at 30 and 60 min after ethanol (2 g kg~%, i.p.) in Aldh2%%*~/~ and Aldh2%%+/* mice
(baseline: n=7 mice per group; 30 min: n=7 [Aldh2%/%+/*], n—8 [Aldh2%%~/~]; 60 min: n=7 mice per group). (i) Microscopic images showing
the GABA immunostaining in spinal dorsal horn at baseline and 30 and 60 min after ethanol (2 g kg™, i.p.) administration in Aldh2%/%P~/~
and Aldh2%%+/+ mice. White scale bar: 30 ym. All data are expressed as mean (standard error of the mean). Groups were compared by one-
way analysis of variance (anova) followed by Tukey’s test (g), or two-way anova followed by Tukey’s test (a—f, h), *P<0.05 and *P<0.01
compared with Aldh2%%+/* mice, #/P<0.01 compared with baseline (0 min). ns, not significant.
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Fig 5. GFAP-Cre virus abolished ethanol-induced analgesia, but not locomotion in spinal cord. (a) Schematic diagram of adeno-associated
virus (AAV) microinjection into the spinal cord (L3—4) and experimental procedure. (b) Microscopic images of Cre (red) and green fluo-
rescent protein (GFP) (green) immunostaining in the spinal cord 4 weeks after AAV5-GFAPCre and AAVS5-GFP virus injection. White scale
bar: 200 pm. (c—d) Representative bands and statistic summary of aldehyde dehydrogenase-2 (ALDH2) protein in lumbar spinal cord from
AAVS5-GFAPCre and AAVS5-GFP virus-injected mice (n=6 mice per group). (e) Time courses of tail flick reflex (TFR) latency showing ethanol
(EtOH; 2 g kg™, i.p.)-induced anti-nociception in AAV5-GFAPCre and AAV5-GFP virus-injected mice (n=10 mice per group). (f—g) Me-
chanical and thermal hypersensitivities with time courses of ethanol (1.2 g kg™%, i.p.) anti-nociception in the complete Freund’s adjuvant
(CFA) model in spinal cord virus-injected mice (n=8 mice per group). (h) Total distance of locomotion from 0 to 30 min after ethanol (1.2 and
2 gkg™',i.p.) administration in spinal cord virus-injected mice (n=10 mice per group). (i) Bar graphs showing rotarod performance after 30
min of ethanol (1.2 and 2 gkg™?, i.p.) administration in spinal cord virus-injected mice (n=7 mice per group). (j) The core body temperature
was measured by a thermometer after 30 min of ethanol (1.2 and 2 gkg *, i.p.) administration in spinal cord virus-injected mice (n=8 mice
per group). All data are expressed as mean (standard error of the mean). Analysis was performed using unpaired two-tailed Student’s t-test
(d), two-way analysis of variance (anova) followed by Tukey’s test (h—j), or two-way repeated-measures anova followed by Tukey’s test
(e—g), *P<0.05, **P<0.01, **P<0.001, and ****P<0.0001 compared with AAV5-GFAPCre virus-injected mice or saline. ns, not significant.
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Fig 6. Ethanol- and acetate-induced analgesia via y-aminobutyric acid (GABA) signalling pathways in spinal cord. (a) Diagram of experi-
mental design to test the effects of i.t. GABA, and GABAg receptor antagonists on ethanol analgesia. (b—c) Time courses of tail flick reflex
latency showing abolishment of ethanol (EtOH; 2 g kg%, i.p.)-induced anti-nociception by intrathecal injection of GABA, receptor
antagonist (bicuculline [BIC]; 200 ng) or GABAg receptor antagonist (CGP55845 [CGP]; 200 ng) in C57BL/6] mice (n=8 mice per group). (d) Bar
graphs showing that impairment of rotarod performance 30 min after ethanol (2 g kg%, i.p.) administration was not abolished by an
intrathecal injection of GABA, or GABAg receptor antagonist in C57BL/6] mice (n=8 mice per group). (e—g) GABA, or GABAg receptor
antagonist only abolished acetate (1.5 g kg2, i.p.) induced anti-nociception, but not impairment of rotarod performance in C57BL/6] mice
(e: n=8 mice per group; f: n=9 mice per group; g: n=8 mice per group). (h) Schematic illustration of proposed aldehyde dehydrogenase-2
(ALDH?)-dependent mechanism underlying ethanol-induced acetate, GABA synthesis, and analgesia. All data are expressed as mean
(standard error of the mean). Analysis was performed using two-way analysis of variance (anova) followed by Tukey’s test (d and g), or two-
way repeated-measures anova followed by Tukey’s test (b, c, e, and f). *P<0.05, **P<0.01, **P<0.001, and ***P<0.0001 compared with the same
time point of ethanol or acetate with GABA receptor antagonist (i.t.) or saline. ns, not significant.
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Fig 6. (continued)

Behavioural tests

C57BL/6] and spinal cord virus-injected male mice and
astrocytic-specific ALDH2-deficient hepatocytic-specific
ALDH2-deficient male mice and their wild-type littermates
were used in behaviour tests. TFR, electronic von Frey, paw
thermal stimulating, hot plate, locomotion activity, and rotarod
tests were performed to evaluate ethanol- or acetate-induced
anti-nociception. All animals were habituated to the proced-
ure room for at least 1 h before testing (see detailed informa-
tion in the Supplementary material).

Measurement of ethanol and acetaldehyde

Aldh2%%~/~ and their wild-type littermate mice (Aldh2%f%+/+)
were randomly assigned different groups, weighed, individually
housed, and acclimated for at least 1 h before testing. All mice
were anaesthetised with isoflurane and decapitated to harvest
whole blood and spinal cord tissue after ethanol 2 gkg™! or an
equal volume of saline via i.p. injection. Procedures for deter-
mination of serum and spinal cord ethanol and acetaldehyde by
gas chromatography/mass spectrometry (GC/MS) are described
in the Supplementary material.

Measurement of spinal cord GABA content

Aldh28+/+ and Aldh2%%~/~ littermate mice were randomly
assigned different groups and acclimated for atleast 1 h before
testing. At 30 and 60 min after injection with ethanol 2 gkg™?,
acetate 1.5 gkg?, or an equal volume of saline (i.p.), mice were
anaesthetised with isoflurane and decapitated to harvest spi-
nal cord tissue. GABA was measured by liquid chromatog-
raphy/mass spectrometry/mass spectrometry (detailed
information in Supplementary material).

Measurement of serum and spinal cord acetate

Spinal cord and serum were used to measure acetate using a
spectrophotometric assay kit according to the manufacturer’s
instructions (ab204719; Abcam, Inc., Cambridge, MA, USA;
details in Supplementary digital content).
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Statistical analysis

Data are expressed as mean (standard error of the mean) and
analysed with GraphPad Prism version 7.0 for Windows (San
Diego, CA, USA). The unpaired two-tailed Student’s t-test was
used for comparison between two groups, and one-way anal-
ysis of variance (aNova) or two-way aNova followed by Tukey’s
test was used for multiple comparisons of more than two
groups. Repeated-measures anova followed by Tukey’s test
was performed to analyse values for pain latency and
threshold at different time points. The sample size in each
group was calculated using G*Power, version 3.1.7 (Franz Faul,
University of Kiel, Kiel, Germany). We set significance at 5%
and power at 80%, with P<0.05 considered to be significant.
Effect sizes between groups are based on our previous
work. %2

Results

We used 98 C57BL/6] mice for the experiments on i.t. drug
delivery; two of 51 ALDH2 floxed mice were removed after
intra-spinal injection with adeno-associated virus because of
motor impairment. From a total of 65 mice, three mice were
disqualified based on a criterion test of rotarod performance. A
total of 257 ALDH2-deficient mice and their wild-type litter-
mates were used in the studies of ethanol pharmacokinetics
and biochemical and behavioural studies. There was no data
exclusion from analysis for in vitro experiments.

Astrocytic expression of ALDH2 in spinal cord

The cell-type-specific distribution of ALDH2 has not been
described. We therefore conducted ISH using RNAscope
(Advanced Cell Diagnostics, Inc., Hayward, CA, USA) analysis
to examine ALDH2 mRNA distribution in mouse spinal cord
slices. ALDH1L1 was used to detect spinal astrocyte-selective
gene expression,’® and MAP2 was used to detect the signal of
a subpopulation of neurones.”’ A strong signal of ALHD2 was
detected in spinal cells evenly distributed in both white and
grey matter (Fig. 1a). ALDH2 mRNA was expressed in 36.4% of
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total grey matter cells (Fig. 1c). Although ALDH1L1 mRNA was
mainly expressed in dorsal horn cells (27.1% of total cells),
MAP2 mRNA was primarily detected in the large cells of the
anterior grey horn (6.6% of total cells) (Fig. 1b). ALDH2 mRNA
was detected in 76.5% of ALDH1L1-positive cells (Figs 1a) and
82.6% of MAP2-positive cells (Fig. 1b). To validate astrocyte
ALDH2 expression in vivo, we generated astrocyte ALDH2
conditional knockout mice, Aldh2¥®~~ mice (target for as-
trocytes) using the Cre—loxP recombination system. In spinal
slices from these transgenic mice, the ALDH2 mRNA signal
seemed weak, and there was a substantial reduction in ALDH2
co-localisation with ALDH1L1 compared with slices shown in
Fig. 1a (from 76.5% to 15.9%) (Fig. 1d). In contrast, only a slight
decrease was observed in the co-localisation of ALDH2- and
MAP2-positive cells in the anterior horn of astrocytic ALDH2
knockout mice (Fig. le; 82.6% vus 79.9%). This suggests an
astrocytic-specific depletion of ALDH2 mRNA in Aldh2%f%~/~
mice. Consistent with this, expression of ALDH2 mRNA, pro-
tein, and enzyme activity was significantly reduced in
Aldh2%%~/~ mice (Fig. 1f—i). Similarly, astrocytic ALDH2 defi-
ciency disrupted the co-localisation of ALDH2 with GFAP
immunoactivity in spinal slices (Fig. 1j).

Astrocytic ALDH2 mediates ethanol analgesia

The preceding observations suggest that Aldh2%%~/~ mice are
a valuable approach to study the in vivo consequences of spinal
astrocyte ALDH2. We tested if astrocyte ALDH2 deficiency al-
ters ethanol-induced analgesic effects. We tested the effect of
systemic ethanol in doses from 1.2 to 2 g kg~! because such
doses produce blood ethanol concentrations (0.07—0.2 g d1™?),
as observed in human binge drinking.?® We first measured
latency in the TFR test after ethanol administration (Fig. 2a).
Systemic administration of ethanol, in a dose-dependent
manner (0.5-3 g kg™}, i.p.), produced an analgesic effect in
the TFR test in wild-type (Aldh2¥®+/%) mice (Fig. 2b). The
magnitude of ethanol analgesia reached a maximum 15—30
min after systemic ethanol (Fig. 2c). Ethanol-induced analgesia
was significantly reduced in astrocyte ALDH2-deficient
(Aldh2%%~/7) mice (Fig. 2b and c). For instance, astrocyte
ALDH2 deficiency decreased percentage of maximum possible
effect (MPE) induced by ethanol from 23.9% to 8.2% (P=0.1142;
ethanol at 1 gkg™}) and from 47.8% to 27.6% (P=0.0156; ethanol
at 2 g kg™1). Although the TFR test represents a spinal reflex,
the hot-plate hyperalgesia assay is used generally for supra-
spinal actions of analgesics.?” In line with a previous study,*°
ethanol increased response latency in the hot-plate test.
However, astrocyte ALDH2 deficiency did not significantly
alter the analgesic effect of ethanol in the hot-plate test
(Fig. 2d).

Liver is thought to be the primary organ for alcohol meta-
bolism."® Hepatocyte ALDH2-deficient (Aldh2"~~) mice have
significantly elevated serum acetaldehyde after systemic
ethanol.'? To determine whether hepatocyte ALDH2 defi-
ciency affects ethanol analgesia, we first examined expression
of ALDH2 protein in spinal cord in Aldh2"®~~ mice. Spinal
ALDH2 protein did not significantly differ between Aldh2HeP~/~
mice and their wild-type littermates (Aldh2HeP+/+) (Fig. 2e).
Unlike astrocyte ALDH2 deficiency, hepatocyte ALDH2 defi-
ciency did not significantly affect the analgesic effect of
ethanol in the TFR test (Fig. 2f).

We next tested whether astrocyte ALDH2 deficiency alters
ethanol analgesia in chronic inflammatory pain induced by

intra-plantar administration of CFA. Mechanical allodynia was
evaluated using electronic von Frey filaments before and after
injection of CFA (Fig. 2g). In line with our previous study,?” CFA
administration reduced the mechanical pain threshold to
tense von Frey stimuli (Fig. 2h). Systemic administration of
ethanol significantly reduced mechanical allodynia by
enhancing the pain threshold from 0.67 (0.05) to 5.08 (0.22) g.
Astrocyte ALDH2 deficiency significantly inhibited ethanol
enhancement of pain threshold by ~42% (P<0.0001; Fig. 2h).
Hepatocyte ALDH2 deficiency abolished liver ALDH2 enzy-
matic activity.'? In contrast to astrocyte ALDH2-deficient mice,
hepatocyte ALDH2-deficient mice did not significantly alter
ethanol-induced analgesic effect on CFA-induced pain hy-
persensitivity in mice (Fig. 2i).

Ethanol suppresses motor activity in animals and humans.
We next tested if spinal astrocyte ALDH2 deficiency could alter
ethanol-induced hypolocomotion. Locomotor activity was
reduced after systemic ethanol at both 1.2 and 2 gkg™! in mice
(Fig. 2j). There was no significant difference in locomotion af-
ter ethanol between astrocyte ALDH2-deficient mice and their
wild-type littermates. Together, these findings suggest that
astrocyte ALDH2 deficiency selectively mediates ethanol-
induced anti-nociceptive action in acute and chronic pain.

Astrocytic ALDH2 mediates ethanol conversion to
acetate in the spinal cord

To examine the impact of spinal ALDH2 on alcohol meta-
bolism, we assessed serum and spinal cord ethanol and acet-
aldehyde in Aldh2%%+/+ and Aldh2%%~~ mice using GC/MS.
Although serum and spinal ethanol and acetaldehyde rapidly
rose after systemic administration of ethanol, there was no
difference observed in serum and spinal ethanol metabolites
between astrocyte ALDH2-deficient mice and their wild-type
littermates (Fig. 3a—d). We next examined serum and spinal
acetate levels using a colorimetric kit in the wild-type and
astrocyte ALDH2-deficient mice. Both serum and spinal ace-
tate levels were elevated after systemic ethanol in mice (Fig. 3e
and f). Astrocyte ALDH2 deficiency did not significantly alter
serum acetate derived from ethanol; however, the deficiency
in astrocytic ALDH2 completely prevented ethanol-induced
elevation of acetate in spinal cord (Fig. 3e and f).

Ethanol can promote GABA-mediated neurotransmission
via presynaptic, postsynaptic, and extra-synaptic mecha-
nisms.’’** We next asked whether astrocyte ALDH2 defi-
ciency alters spinal cord GABA content in mice. Systemic
ethanol increased spinal cord GABA by 21% after 30 min
(P=0.007; Fig. 3g). No such spinal GABA increase by ethanol
was observed in astrocyte ALDH2-deficient mice (Fig. 3h). The
concentrations of spinal GABA were slightly lower than
baseline GABA 30 and 60 min after ethanol in astrocyte
ALDH2-deficient mice (Fig. 3h). There was a significant differ-
ence in spinal GABA after systemic ethanol between
Aldh2%+/+ and Aldh2%%~/~ mice. Consistent with this, GABA
immunoactivity was increased in the dorsal horn of spinal
cord slices from wild-type mice, but from astrocyte ALDH2-
deficient mice after systemic ethanol (Fig. 3i).

Acetate mediates ethanol analgesia and GABA
synthesis

The preceding observations suggest that astrocytic ALDH2
mediates ethanol analgesia and ethanol-derived acetate
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increases in the brain. To test if acetate can mimic ethanol
analgesia, we examined the analgesic effect of systemic ace-
tate in acute and chronic pain models (Fig. 4a). Systemic
administration of acetate dose dependently increased the la-
tency of the pain threshold in the TFR test (Fig. 4b), peaking at
30 min and lasting for 90 min (Fig. 4c). Acetate also alleviated
mechanical allodynia induced by CFA in mice (Fig. 4d). The
time courses of acetate-induced analgesia on both TFR- and
CFA-induced pain were nearly identical to ethanol analgesia,
suggesting that acetate mediates the ethanol-induced anal-
gesic effect. Like ethanol, systemic acetate enhanced GABA
concentrations in lumbar spinal cord from 7.2 (0.3) to 8.7 (0.4)
nmol mg~! (P=0.0237) (Fig. 4e). Consistent with this, GABA
immunoactivity was enhanced in the dorsal horn area of the
spinal slices from mice 60 min after systemic acetate (Fig. 4f).

Spinal ALDH2 mediates ethanol analgesia

The dorsal horn of the spinal cord is the first centre for
receiving and relaying nociceptive and non-nociceptive in-
puts. To explore whether localised astrocyte ALDH? in spinal
dorsal horn contributes to ethanol-induced anti-nociception,
we injected AAV5-GFAPCre and AAVS5-GFP vector virus into
both dorsal horns of the spinal cord of L3—4 in Aldh2 floxed
mice (Fig. 5a). Both Cre and green fluorescent protein (GFP)
immunoactivities were detected in the area of spinal dorsal
horn 4 weeks after the viral injections (Fig. 5b). The levels of
spinal ALDH2 protein were reduced by 61.9% (P=0.0005) in
mice previously injected with AAV5-GFAPCre compared with
mice injected with AAV5-GFP (Fig. 5c and d). These findings
suggest that mice with spinal dorsal horn injection of AAV-
GFAPCre are valuable for exploring the role of spinal astro-
cytic ALDH2 in ethanol analgesic action. Ethanol increased
pain threshold in the TFR test from a baseline of 3.5 (0.6) to 5.5
(0.3) s in AAV-GFP mice (Fig. 5e). Spinal astrocyte ALDH2-
deficient mice attenuated the peak of ethanol analgesic
magnitude by 22% (P=0.0259). Similarly, spinal astrocyte
ALDH2 deficiency significantly inhibited peak magnitudes of
ethanol analgesia in both thermal-stimulation-induced
hyperalgesia and mechanical-stimulation-induced allodynia
in CFA-injected mice (Fig. 5f and g). However, spinal astrocyte
ALDH2 deficiency did not significantly alter ethanol-induced
hypolocomotion,  discoordination, and  hypothermia
(Fig. 5Sh—j). These findings suggest that spinal astrocyte ALDH2
selectively mediates ethanol-induced analgesia.

Spinal GABA receptors mediate ethanol- and acetate-
induced analgesic effects

Both GABAA and GABAg receptors are the primary targets for
ethanol action in the brain®**> and are also critical for spinal
pain mechanisms.’® To test if spinal GABA, and GABAj re-
ceptors are involved in ethanol- or acetate-induced anti-
nociception, we delivered a GABA, receptor antagonist, bicu-
culline (BIC; 200 ng), or a GABAg receptor antagonist, CGP55845
(CGP; 200 ng) via i.t. infusion in mice (Fig. 6a). Either antagonist
prevented ethanol-induced analgesia without significantly
affecting ethanol-induced discoordination (Fig. 6b—d). Simi-
larly, GABAs and GABAjp receptor antagonists inhibited
acetate-induced analgesia but not acetate-induced dis-
coordination (Fig. 6e—g). These observations favour a working
hypothesis that spinal astrocyte ALDH2 critically regulates the
metabolic pathway from ethanol to acetate. Acetate mediates

ethanol-induced analgesia through promoting GABA synthe-
sis (Fig. 6h).

Discussion

About 28% of patients with chronic pain use alcohol to alle-
viate pain frequently.! The underlying mechanisms impli-
cated in ethanol-induced analgesia are unknown. The results
presented here show that ALDH2 is mainly expressed in as-
trocytes in the spinal cord. This astrocytic ALDH2 was essen-
tial for ethanol metabolism in the spinal cord, which
determined the production of acetate and GABA after low to
intermediary doses of systemic ethanol. We also provide evi-
dence suggesting that spinal ALDH2 is a potential target that
mediates ethanol metabolism and ethanol-induced analgesic
effects via acetate—GABA metabolic pathways in the spinal
cord.

The role of brain ethanol metabolism has been a contro-
versial topic.’® Brain acetate has until recently been thought
to derive from liver ethanol metabolism.*” The in vivo impact
of brain ALDH2 has been largely ignored because the level of
ALDH?2 in the brain is relatively low.® We observed that
ALDH2 mRNA and protein were distributed in both astro-
cytes and neurones. However, astrocyte ALDH2 is mainly
distributed in the spinal dorsal horn area, a centre for
receiving and relaying pain sensory signalling. ALDH2 mRNA
was found in motor neurones located in the spinal anterior
horn, identified by MAP2. There is a possibility that dorsal
root ganglion neuronal or astrocytic ALDH2 is involved in
ethanol-induced analgesic effect. We injected intra-spinal
Cre virus to delete spinal ALDH2 selectively. Deletion of
astrocytic ALDH2 protein mainly occurred in the spinal dor-
sal horn, as indicted by immunostaining and immunoblot-
ting. Using astrocyte ALDH2 conditional knockout mice, we
showed that astrocyte ALDH2 controlled acetate production
from ethanol metabolism in the spinal cord. We failed to
detect any difference in spinal acetaldehyde content in
astrocytic ALDH2-deficient mice compared with their wild-
type littermates after ethanol administration. One possible
explanation is that acetaldehyde can cross between central
and peripheral pools after systemic administration of low-
dose ethanol (1-2 g kg™}).

Our results show that ALDH2 mediated ethanol-induced
analgesic effects in an astrocyte-specific and spinal-cord-
specific manner. There was selective disruption of the co-
localisation between ALDH2 mRNA and astrocyte-specific
markers, but not neuronal markers in spinal slices from
astrocyte ALDH2-deficient mice. Selective deletion of astro-
cyte ALDH2 from either brain or spinal cord inhibited ethanol-
induced anti-nociception. Such inhibition of ethanol-induced
analgesia appeared to be separable from other ethanol-
induced behavioural changes. For example, spinal astrocyte
ALDH2 deficiency did not affect ethanol-induced dis-
coordination or hypothermia. Consistent with a spinal ALDH2
mechanism, astrocyte ALDH2 deficiency did not alter pain
sensitivity in the hot-plate test, which represents a supra-
spinal nociceptive pathway.

Ethanol can produce anaesthesia and motor impairment.
This raises the question as to whether our assessment of
ethanol-induced analgesia is complicated by ethanol-induced
anaesthetic effects and motor impairment. Systemic admin-
istration of ethanol can produce loss of righting reflex in
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mice.®® However, this effect was only observed at higher doses
of ethanol (>2.5 g kg™?, i.p.). The doses of ethanol given to
animals in this study were <2 g kg%, i.p., which does not
induce loss of righting reflex in mice. Such low-to-
intermediate doses of ethanol can impair motor function in
mice. However, no significant difference was observed in
rotarod performance after systemic ethanol between spinal
astrocyte ALDH2-deficient and wild-type mice. These findings
support the idea that spinal astrocyte ALDH2 selectively con-
tributes to ethanol-induced analgesia.

Amongst ethanol metabolites, acetaldehyde has been
described as the most active metabolite in regulating noci-
ception.'®!! Local injection of acetaldehyde increases pain
hypersensitivity in rodents,*° which is unlikely to contribute
to the analgesic effect of ethanol. Astrocyte ALDH2 deficiency
did not affect serum or spinal acetaldehyde content. Hepato-
cyte ALDH2 deficiency did not affect ethanol analgesia even
though it led to an elevation of serum acetaldehyde concen-
trations.'? Rather, we provide evidence suggesting that acetate
is the key ethanol metabolite that mediates the analgesic ef-
fects of ethanol via promoting GABA synthesis.

There are multiple pathways that may contribute to the
conversion of ethanol—acetate to GABA in the brain. Amongst
them, the tricarboxylic acid cycle in glia and neurones is likely
the primary pathway. There is strong evidence suggesting that
acetate is mainly utilised by astrocytes in the brain.>” Several
invivo studies using NMR have revealed a metabolic pathway in
the brain that directly mediates conversion of [*3CJacetate to
[**C]GABA in mice and rats.'**%* There is also evidence that
astrocytes can directly synthesise GABA in the brain.**?
Although the concentrations of GABA were found to reach
5—-10 mM in cerebellar Bergmann glial cells,* the source of glial
GABA is unknown. Recent studies have shown that astrocytes
can produce GABA via a putrescine catabolic pathway.** One
key enzyme in this pathway is ALDH2. Such astrocytic GABA
synthesis mediates tonic GABAergic inhibition and motor
function in the cerebellum and hippocampus.?"+*?

We cannot exclude the contribution of neuronal ALDH2 to
ethanol-induced analgesic effects. It appears that spinal
ALDH2 mRNA is abundantly expressed in the cells of spinal
cord grey mater. ALDH2 mRNA co-localised with MAP2 by
82%. Depletion of ALDH2 from astrocytes did not completely
inhibit expression of ALDH2 mRNA, protein, and enzymatic
activity. Use of Aldh2%%~/~ mice has a few limitations. One
of them is that expression of the Cre gene is brain-region
specific in adulthood (http://www.informatics.jax.org/allele/
MGI:3522215?romRibbon=open) such that tissue-specific
depletion of ALDH2 in Aldh2%%~~ mice may not truly
represent the actual distribution of astrocyte ALDH2 in
normal mice.

In summary, these findings suggest that spinal ALDH2
mediates the production of acetate from ethanol metabolism
by an astrocyte-dependent mechanism. Astrocyte ALDH2
regulates ethanol-induced analgesic effects via distinct
acetate—GABA synthesis pathways. Spinal astrocyte ALDH2 is
an important target not only for the analgesic effect of ethanol,
but also for the pathophysiology of pain at the spinal level.
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