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18 ABSTRACT

19  Despite the enormous harms of alcohol use disorders (AUDs), many mechanisms, as well
20 as effective prevention or treatment strategies remain elusive. Genetic factors dictate a
21 majority of AUD risk. These risk factors can manifest as reduced naive sensitivity to
22 alcohol’s intoxicating effects and increased functional tolerance, i.e., brain-mediated
23 decreases in sensitivity upon repeat exposure. The underlying neurobiology of how
24  AUD-associated genes alter these endophenotypes remains poorly understood. Genes
25 implicated in AUDs include epigenetic modifiers, such as histone demethylases,
26  including Kdm3. We previously showed that whole-body and neuronal Kdm3 strongly
27  affect ethanol sensitivity and tolerance in Drosophila. Here, we investigate the
28  mechanisms of these effects, and, by extension, mechanisms of sensitivity and tolerance.
29 RNA-seq and pathway analysis on Kdm3*® flies revealed disproportionate upregulation
30 of genes involved in amino acid metabolism, including 1-carbon pathways. We show that
31 acute amino acid feeding modulates sensitivity and tolerance in a Kdm3-dependent
32 manner. Global manipulation of 1-carbon genes, especially glycine N-methyltransferase
33  (Gnmt), glycine decarboxylase (Gldc), and sarcosine dehydrogenase (Sardh), alters
34  alcohol sensitivity and tolerance. These changes in alcohol responses are likely mediated
35 by global glycine levels (a substrate of these enzymes) rather than by 1-carbon input.
36  Conversely, neuronal manipulations of 1-carbon pathways change alcohol sensitivity and
37 tolerance in a pattern that suggests a mechanism through S-adenosyl methionine (SAM),
38 a 1-carbon metabolite that is the universal methyl donor required for epigenetic
39  methylation. Increasing SAM production specifically in glutamatergic neurons increases

40  sensitivity and tolerance. Together, these findings reveal distinct mechanisms affecting
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41  alcohol sensitivity and tolerance globally (via glycine) and neuronally (via SAM), thus
42  revealing an important and complex role of 1-carbon metabolism in mediating AUD
43 phenotypes.
44
45 INTRODUCTION
46  Alcohol use disorders (AUDs) exact an immense toll on individuals, families, and society.
47  Genetic factors determine up to 60% of an individual’s risk of developing problematic
48  alcohol habits (Goldman, Oroszi, & Ducci, 2005). To better identify genetic factors,
49  alcohol addiction can be broken down into discrete endophenotypes, including naive
50 sensitivity and rapid functional tolerance (i.e., brain-mediated decreases in sensitivity
51  measured after all EtOH from initial exposure has completely metabolized). The degree to
52  which an individual displays reduced naive sensitivity to EtOH and develops rapid functional
53  tolerance suggests their propensity for developing AUDs (Atkinson, 2009; Mayfield, Harris,
54 & Schuckit, 2008; Schuckit, 2009). Yet, the genetic, neuronal, and molecular mechanisms
55  behind these two EtOH responses are not well understood (Goldman et al., 2005; Park,
56  Ghezzi, Wijesekera, & Atkinson, 2017; Rodan & Rothenfluh, 2010; Scholz, Ramond, Singh,
57 & Heberlein, 2000).
58 The genetic amenability of Drosophila melanogaster makes it an excellent model
59  system for discovering conserved genes and elucidating mechanisms. Vinegar flies exhibit
60 strong face and mechanistic validity as models for EtOH abuse (Gonzalez et al., 2018;
61 Narayanan & Rothenfluh, 2016; Ojelade, Jia, et al., 2015; Park et al., 2017; Robinson &
62  Atkinson, 2013; Rodan & Rothenfluh, 2010). Like humans, flies become hyperactive upon

63  exposure to low doses of EtOH but sedate at high doses (Rodan, Kiger, & Heberlein, 2002).
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64  Further, Drosophila readily develop rapid functional tolerance to EtOH (Berger, Heberlein,
65 & Moore, 2004; Scholz et al., 2000). This tolerance is not due to altered pharmokinetics
66  (Scholz et al., 2000) and is similar to rapid ethanol tolerance in rodents, which is a proxy of
67  AUD-associated chronic tolerance (Kalant, 1998; Khanna, Kalant, Shah, & Weiner, 1991; Lé
68 & Kiianmaa, 1988; Rustay & Crabbe, 2004). Drosophila also exhibit strong predictive
69  validity, as exemplified by unbiased alcohol studies implicating Drosophila orthologs of
70  genes that are subsequently implicated in human alcoholism (Gonzalez et al., 2018).

71 Recent studies using Drosophila and other model systems support an important role
72 of histone demethylases (HDMs) in AUD-associated behaviors (T. D. Berkel & Pandey,
73 2017; Ramirez-Roman, Billini, & Ghezzi, 2018; Shukla et al., 2008). Exposure to alcohol
74  and other drugs of abuse alters gene expression by changing cells’ epigenetic landscapes (T.
75 D. Berkel & Pandey, 2017; Shukla et al., 2008). In addition, epigenetic modifiers such as
76  histone methyltransferases (HMTs) and HDMs affect EtOH phenotypes, likely by
77  influencing transcriptional control (Barbier et al., 2017; T. D. Berkel & Pandey, 2017; T. D.
78 M. Berkel, Zhang, Teppen, Sakharkar, & Pandey, 2019; Maze et al., 2010; Pinzon et al.,
79  2017; Ponomarev, 2013; Qiang, Denny, Lieu, Carreon, & Li, 2011; Zakhari, 2013). We
80  previously showed that among all Drosophila HDM orthologs, loss of lysine-specific histone
81 demethylase 3 (KdmB3) strongly alters alcohol phenotypes, increasing naive sensitivity and
82  decreasing tolerance (Pinzon et al., 2017). However, as is true for most AUD-associated
83  genes, how Kdm3 produces these responses is unknown.

84 HMTs require S-adenosyl methionine (SAM), the universal methyl donor for
85  methyltransferases. SAM is a key output of the methionine cycle and the folate cycle, which

86  together form the core of 1-carbon (1-C) metabolism. Recent evidence suggests that SAM,
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1-C enzymes, and HDMs influence histone methylation (Friso, Udali, De Santis, & Choi,
2017; Liu, Barnes, & Pile, 2015; Mentch & Locasale, 2016; Mentch et al., 2015; Serefidou,
Venkatasubramani, & Imhof, 2019).

We investigated the mechanisms through which histone modifiers like Kdm3
modulate AUD phenotypes. Here, we show that Kdm3 is linked to 1-C metabolism and that
1-C metabolites and enzymes alter ethanol sensitivity and tolerance. Globally, glycine and
enzymes involved in glycine metabolism alter alcohol phenotypes, whereas in neurons,

particularly glutamatergic neurons, SAM mediates alcohol sedation sensitivity and tolerance.

RESULTS

Genes associated with 1-car bon metabolism are upregulated in Kdm3<© flies

As an epigenetic modifier, we hypothesized that Kdm3 loss would result in substantial
changes in gene expression, which might in turn affect alcohol responses. Therefore, we
first asked how knocking out Kdm3 altered gene expression. RNA-seq analysis of
Kdm3*© fly heads revealed 359 downregulated genes and 457 upregulated genes (Fig.
1A). Gene ontology and pathway enrichment analysis revealed that pathways associated
with amino acid metabolism were enriched for upregulated genes (Fig. 1B; p = 2.99x10™*,
Benjamini-Hochberg adjusted). Many of these genes are components of 1-C pathways,
including glycine N-methyltransferase (Gnmt), serine hydroxymethyl transferase (Shmt),
and glycine dehydrogenase (Gldc, a.k.a. CG3999 in flies) (Fig. 1A). Subsequent RT-
gPCR analysis confirmed elevated transcription of Gnmt and Gldc, but not of Shnt (Fig.

10).
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110  Glycine decreases alcohol sensitivity and tolerance in a Kdm3-dependent manner
111  Because Kdm3 knockout upregulates genes involved in amino acid metabolism and 1-C
112  pathways, we hypothesized that changes in amino acids may play a role in Kdm3-
113 mediated alcohol phenotypes. To test this hypothesis, we fed adult flies casamino acids
114  for three days before testing alcohol sensitivity and tolerance. Casamino acids are a
115  mixture of all primary amino acids except tryptophan. In control flies, casamino acid
116  feeding dose-dependently decreased alcohol sensitivity without affecting tolerance (Fig.
117  2A). To determine whether altered amino acid metabolism affects alcohol phenotypes via
118  Kdm3, we performed equivalent experiments using Kdm3“® flies. Kdm3 knockout
119  abolished the casamino acid-induced sensitivity to alcohol (Fig. 2B). To home in on
120  which amino acids underlie the observed resistance to alcohol sedation, we fed flies
121 glycine, which is a substrate for Gnmt and Gldc. Glycine feeding caused decreased
122 sensitivity and tolerance in control flies (Fig. 2C). Again, these effects were abolished in
123 Kdm3*? flies (Fig. 2D). The alcohol sedation and tolerance differences between controls
124  and Kdm3“° flies were not due to lower amino acid consumption by Kdm3“° flies
125 compared to controls (Fig. S1). Together, these results suggest that glycine is involved in
126  alcohol-induced sedation sensitivity and tolerance via a Kdm3-dependent mechanism.
127
128 Increased folate cycle activity isnot a primary driver of sensitivity and tolerance
129  Through Gldc, glycine can be a source of methyl groups fueling the 1-C methionine cycle
130 (Fig. 3A). Glycine could decrease sensitivity and tolerance by increasing folate cycle
131  activity. In this case, Gldc loss would decrease methyl group input and cause the opposite

132 phenotype as glycine feeding. We tested this hypothesis using a Gldc null mutant, Gldc™",
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133 which is an intronic Minos-mediated integration cassette (MiMIC) gene trap insertion
134  (Venken et al., 2011). gPCR using probes spanning the MiMIC-containing intron yielded
135 no amplification, indicating aberrant transcription. Mutating one or both copies of Gldc
136 led to decreased alcohol sensitivity and tolerance instead of the expected opposite
137  phenotype, suggesting that input into the folate cycle does not underlie the glycine-
138 induced phenotypes we observed (Fig. 3B-C). Gldc loss increases glycine levels (Leung
139 et al,, 2017; Pai et al., 2015), so we wished to determine if increased glycine levels
140  themselves caused the glycine feeding and Gldc™ results. To that end, we tested whether
141  Gldc mutation potentiated glycine-induced phenotypes. Interestingly, Gldc™ flies died
142  when fed 1% or 3% glycine, suggesting that Gldc plays a critical role in glycine
143  breakdown. Indeed, Gldc loss induces glycine-dependent toxicity in mouse brain (Kim et
144  al., 2015), and elevated glycine levels cause cessation of feeding and growth in flies
145  (Zinke, Kirchner, Chao, Tetzlaff, & Pankratz, 1999). When previously fed 3% glycine,
146  control flies showed decreased alcohol sensitivity and tolerance (Fig. 2C). When fed only
147  0.3% glycine, control flies showed no changes in alcohol sensitivity or tolerance (Fig.
148 3D). As expected, Gldc™ flies again showed decreased sensitivity to alcohol and
149  decreased tolerance compared to control flies. In contrast with controls, feeding Gldc™
150 flies with 0.3% glycine did not induce a sedation phenotype, but tolerance was decreased
151 (Fig. 3D). We detected significant main effects of genotype for both sensitivity and
152  tolerance and a significant genotype x glycine feeding interaction for tolerance. This
153  suggests that Gldc loss exacerbates rather than eliminates the effects of glycine.
154  Therefore, glycine levels, rather than input into the folate cycle, mediate our glycine-

155 feeding and Gldc phenotypes. Also consistent with this hypothesis, flies containing a
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156  putative global Shmt mutation that disrupts serine-dependent folate cycle input did not
157  show altered alcohol sensitivity or tolerance (Fig. 3E). Finally, to confirm that the folate
158  cycle is not involved in glycine-induced resistance to alcohol, we fed flies with formate
159 for three days. Formate augments methylene-tetrahydrofolate (CH,-THF) to act as an
160 alternate carbon source parallel to Gldc-dependent CH,-THF synthesis from glycine
161  (Brosnan & Brosnan, 2016). We found no significant effects from supplemental formate
162  (Fig. 3F). Together, our results suggest that the folate cycle is not involved in glycine-
163  mediated decreases in alcohol sensitivity and tolerance, but rather that glycine levels
164 themselves are responsible. Further supporting this hypothesis, glycine may fail to
165  produce phenotypes in Kdm3“© flies (Fig. 2D) because upregulation of Gldc and Gnmt
166  (Fig. 1A,C) enhances glycine catabolism and prevents glycine buildup, suggesting that
167  glycine rather than its metabolic products creates the alcohol phenotypes.
168
169  Gnmt modulates glycine-induced changes to alcohol sensitivity and tolerance
170  Since glycine did not affect alcohol sensitivity and tolerance via its role in the folate
171  cycle, we next examined its role in the methionine cycle. Gnmt, which is upregulated in
172 Kdm3“© flies, consumes glycine in the latter cycle (Fig. 4A). Using Gnmt™, a validated
173 null mutation (Obata & Miura, 2015), we found that global Gnmt loss of either one or
174  Dboth alleles decreased sensitivity and tolerance (Fig. 4B-C). These data indicate
175  haploinsufficiency of Gnmt, similar to Gldc, and sensitivity to total enzyme activity. We
176  corroborated our whole-body Gnmt™ results with whole-body Gnmt knockdown using
177  tubulin84B-Gal4 driven Gnmt™ (Fig. 4D). Notably, the tubulin84B-Gal4 driver does

178  not induce alcohol phenotypes (Supp. 2A). A second RNAI construct targeting a distinct
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179  region of Gnmt and validated by other groups (Obata et al., 2014; Obata & Miura, 2015)
180 caused the same phenotype (Supp. 3A-B). Both RNAIi knockdowns yielded the same
181  result as Gnmt knockout and glycine feeding (i.e. decreased sensitivity and tolerance; Fig.
182 4D and Supp. 3A-B). Augmenting glycine may enhance Gnmt activity, so we again
183  performed 2-way ANOVA to determine if Gnmt is necessary for glycine-induced
184  phenotypes. Indeed, global Gnmt™ expression abolished sensitivity and tolerance
185  phenotypes induced by glycine feeding in control flies (Fig. 4E; we detected a significant
186  glycine main effect for sensitivity and a significant interaction for both sensitivity and
187  tolerance). This reduced phenotype could indicate a ceiling effect. However, a similar
188  possible ceiling effect from excess glycine in glycine-fed Gldc mutants caused lethality,
189  whereas Gnmt mutants tolerated 3% gly feeding. Therefore, our result showing occluded
190 glycine-induced reductions in sensitivity and tolerance could alternatively suggest that,
191 unlike Gldc, Gnmt is required for the effects of glycine on alcohol sensitivity and
192  tolerance. Thus, glycine may modify alcohol phenotypes via Gnmt-dependent buffering
193 of SAM (Fig. 4A). To further disrupt this buffering capability, we used an RNAI
194  construct (Obata et al., 2014; Obata & Miura, 2015) to globally knock down Sardh, an
195 enzyme that synthesizes glycine and performs the inverse function of Gnmt (Fig. 4A).
196  Sardh knockdown decreased alcohol sensitivity and tolerance (Fig. 4F) similar to Gnmt
197 loss, despite opposite expected effects on glycine. Thus, the functionality of the Gnmt-
198  Sardh cycle may predict alcohol phenotypes better than glycine levels alone.

199

200  Neuronal S-adenosyl-methionine (SAM) increases sensitivity and tolerance
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201  Loss of Gnmt or Sardh may both increase SAM levels by interrupting Gnmt buffering in
202  the methionine cycle (Fig. 5A). Indeed, Gnmt mutants and Sardh mutants exhibit
203 increased SAM levels (Kashio et al., 2016; Luka, Capdevila, Mato, & Wagner, 2006;
204  Obata et al., 2014). Thus, we next tested the hypothesis that Ghmt acts via SAM to alter
205  alcohol responses. Opposite phenotypes from Gnnt loss (i.e., higher SAM) and SAM
206  reduction would support this hypothesis. However, when we fed flies cycloleucine, an
207  inhibitor of SAM synthase (SamS) (Sufrin, Coulter, & Talalay, 1979), we observed
208  decreased sensitivity and tolerance, similar to results using Gnmt™' flies (Fig. 5B-C).
209  Since ethanol sensitivity and tolerance are neuronal phenomena (Robinson & Atkinson,
210 2013; Rodan et al., 2002; Scholz et al., 2000) and numerous genes are required in
211 neurons for normal sensitivity and tolerance (Engel et al., 2016; Ojelade, Acevedo,
212 Kalahasti, Rodan, & Rothenfluh, 2015; Ojelade, Jia, et al., 2015; Pinzon et al., 2017; B. R.
213 Troutwine, Ghezzi, Pietrzykowski, & Atkinson, 2016), we next shifted our focus to
214  neurons. We hypothesized that altering SamS in neurons is sufficient to alter alcohol
215  responses. First, we verified that the pan-neuronal driver elav-Gal4 alone did not cause
216  alcohol phenotypes (Supp. 3B). Expressing SamS-RNAI neuronally was lethal in males
217  but significantly reduced sensitivity and tolerance in females (Fig. 5D) (Obata & Miura,
218 2015). This result was consistent with cycloleucine feeding. Furthermore, SamS
219  overexpression (Obata & Miura, 2015), which increases SAM levels, caused increased
220  sensitivity and tolerance (Fig. 5E), suggesting that alcohol sensitivity is correlated with
221 SamS levels. Next, we increased SAM levels by knocking down Gnmt in neurons using
222 both RNAI constructs (Luka et al., 2006; Obata et al., 2014). Consistent with neuronal

223 SamS overexpression, neuronal Gnmt knockdown caused increased alcohol sensitivity
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224  and tolerance (Fig. 5F and Supp. 3C). Though Gnnt is expressed at low levels in the
225  Drain and in neurons (Li et al., 2022), our results indicate that neuronal Gnmt plays an
226  important role in alcohol sensitivity and tolerance. Taken together, these results suggest
227  that neuronal SAM levels affect alcohol sensitivity and tolerance phenotypes.
228 Surprisingly, neuronal Gnmt knockdown caused a phenotype opposite to global
229  Gnmt loss, suggesting that Gnmt has distinct mechanisms of action in neurons compared
230 to the whole body (i.e., SAM acts in neurons while glycine acts in the body). Consistent
231 with this hypothesis, glycine feeding and global Gnmt null mutation previously showed
232 an interaction (Fig. 4E; green bars), but glycine feeding in neuronal Gnmt™* * knock
233 down showed no interaction for the sensitivity phenotypes and only a subtle interaction
234  on tolerance (Fig. 5G; orange bars). These data suggest that whole-body Gnmt loss
235  affects the same pathways as glycine feeding, whereas neuronal Gnmt loss primarily
236  affects pathways distinct from global glycine. The slight tolerance interaction may
237  indicate that the global glycine effects dominate over the effects of neuronal Gnm.
238 Glycine is used as an inhibitory neurotransmitter in the brain, so altered glycine
239  metabolism could affect glycinergic neurotransmission to produce neuronal Gnmt
240  knockdown phenotypes. Thus, we disrupted glycinergic neurotransmission by knocking
241 down a glycine receptor gene (Grd (Frenkel et al., 2017)) and a glycine synaptic reuptake
242 transporter (GIyT; Supp. 4A). Knocking down Grd in all neurons increased alcohol
243  sedation and tolerance (Supp. 4B), while knocking down GlyT only increased tolerance
244 (Supp. 4C). If elevated glycine or glycinergic signaling explained neuronal Gnmt
245  phenotypes, we would expect opposing results from Gnmt loss (and expected subsequent

246 glycine increases) and interruption of glycinergic signaling, but this was not the case.
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247  These data suggest that SAM, rather than glycine or glycinergic neurotransmission,
248  mediates neuronal sensitivity and tolerance to alcohol.
249 Neuronal SAM levels could be regulated via mechanisms external to neurons,
250  such as input from the fat body or by glia. The fat body regulates metabolism and energy
251  storage, similar to the human liver and adipocytes (Rizki & Rizki, 1978). Further, Gnnt,
252 Sardh, Shmt, and Gldc are highly expressed in the fat body (Li et al., 2022). Additionally,
253  Gnmt expressed in the fat body is central to SAM regulation in flies (Obata et al., 2014).
254  Glia are critical for regulating synaptic levels of neurotransmitters and other molecules
255 (Y. Kim, Park, & Choi, 2019). Therefore, we tested if the fat body or glia might control
256  our observed global phenotypes by knocking down Gnmt in these structures using RNAI
257  (Supp. 5A). However, our results phenocopied Gnmt loss in neurons rather than Gnmt
258 loss in whole flies (Supp. 5B-C). Though the identity of the non-neuronal tissue
259  determining the global Gnmt phenotype remains to be determined, our experiments
260 indicate that neuronal SAM modulates alcohol sensitivity and tolerance.
261
262  SAM in glutamater gic neurons modulates sensitivity and tolerance
263  Alcohol-induced sedation can occur via dysregulation of the homeostatic balance
264  between competing excitatory and inhibitory neuron activity (Ghezzi, Li, Lew,
265  Wijesekera, & Atkinson, 2017). Glycine may influence the former via its role as required
266  co-agonist of NMDA-type glutamate receptors (NMDAR). Further, although no
267  glycinergic neuron-specific Gal4 driver exists, glycine is often co-released with GABA at
268 inhibitory synapses, and both neurotransmitters rely on the vesicular transporter VGAT

269  (Aubrey & Supplisson, 2018). Thus, we knocked down Gnmt in excitatory glutamatergic
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270 and inhibitory VGAT-expressing neurons (Fig. 6A). Gnmt knockdown in inhibitory
271 neurons did not affect sedation or tolerance (Fig. 6B). In contrast, Gnmt knockdown in
272 glutamatergic neurons increased alcohol sensitivity and tolerance, similar to pan-neuronal
273  Gnmt knockdown (Fig. 6C). These results suggest that SAM activity in glutamatergic
274  neurons regulates alcohol phenotypes.
275
276 DISCUSSION
277 The present study investigates Kdm3-dependent mechanisms of alcohol sedation
278  sensitivity and tolerance. In so doing, we have elucidated a role of amino acids and 1-C
279  metabolism in modulating AUD phenotypes, culminating in our finding that SAM levels
280 in glutamatergic neurons regulate alcohol sensitivity and tolerance phenotypes (Fig. 7).
281  We show that loss of Kdm3 upregulates expression of 1-C enzymes. These genes in turn
282  affect alcohol phenotypes, consistent with Kdm3 playing a role in regulating alcohol
283  behaviors (Pinzon et al., 2017). Many other studies indicate that Kdm3 plays a critical role
284  in alcohol abuse (Mulligan et al., 2006; Ponomarev, Wang, Zhang, Harris, & Mayfield, 2012;
285 Qiang et al., 2011; Subbanna et al., 2013). An outstanding question is how Kdm3 loss
286  changes expression of these genes. As a histone modifier, Kdm3 may directly regulate
287  these genes by demethylating their associated histones. Alternatively, Kdm3 loss may
288  affect expression of 1-C genes by altering methyl group availability and necessitating
289  compensatory homeostatic responses. Multiple studies have provided evidence that
290 histone methylation is more important as a methyl sink than as a regulator of gene
291  expression (Ye, Sutter, Wang, Kuang, & Tu, 2017; Ye et al., 2019). Under this

292  hypothetical framework, Kdm3 loss results in hypermethylation of histones.
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293  Hypermethylation may cause reduced recycling of methyl groups back into the folate
294  cycle and reduced methyl group availability in the form of SAM. Indeed, HDM loss can
295  decrease SAM (Ye et al., 2019). In response, other regulators of gene expression may
296 upregulate 1-C genes to augment SAM output, leading to our observed expression
297  changes. More work is needed to investigate these hypotheses.
298 We also show that amino acid feedings, particularly of glycine, are sufficient to
299  alter sensitivity and tolerance phenotypes. These effects disappear with Kdm3 loss. The
300 reason that casamino acids and glycine fail to affect Kdm3“© flies is unknown but may be
301 due to Kdm3*®-induced upregulation of Gldc and Gnmit, which buffer out excess glycine.
302 Global and neuronal 1-C manipulations induce changes in sensitivity and
303 tolerance via different mechanisms. Globally, methyl group input into the folate cycle, as
304  assessed via Gldc knockout and formate feeding, does not drive sensitivity and tolerance
305 phenotypes. This may be true despite the neuronal importance of SAM because folate
306 cycle inputs must pass several intermediate steps of regulation and buffering before those
307 inputs can influence SAM. For instance, Wang et al. found that methionine depletion
308 caused large drops in methylation levels, whereas serine or glycine loss caused only
309 modest decreases (Wang et al., 2019). Leung et al. found that Gldc deficiency had no
310 effect on the abundance of SAM, SAH, or the ratio of SAM/SAH (Leung et al., 2017).
311  Further, mice with homozygous null mutation of a key folate cycle enzyme, Mthfr,
312  exhibited no neural defects. Indeed, our results suggest that global glycine levels, rather
313 than folate cycle methyl group levels, determine changes to alcohol sensitivity and
314 tolerance, such that decreased sensitivity and tolerance are almost unanimously

315 associated with expected global glycine elevation. These phenotypes are consistent even
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316  though we would expect some to increase SAM (e.g., Gnmt loss) and others to decrease
317 SAM (e.g., cycloleucine feeding). Therefore, global glycine levels affect alcohol
318  sensitivity and tolerance in a SAM-independent manner.
319 Further supporting this hypothesis, many studies have implicated glycine in AUD.
320 EtOH targets and potentiates glycine receptors (Burgos, Mufioz, Guzman, & Aguayo,
321  2015; San Martin et al., 2020) and blocking the glial glycine transporter GlyT1 reduces
322  EtOH consumption, preference, and relapse in rats (Molander, Lid0, Lo6f, Ericson, &
323  Soderpalm, 2007; Vengeliene, Leonardi-Essmann, Sommer, Marston, & Spanagel, 2010).
324  Similarly, systemic glycine treatment attenuates EtOH intake and preference in rats
325 (Olsson, Hoifodt Lido, Danielsson, Ericson, & Soéderpalm, 2021). In humans, fronto-
326  cortical glycine levels are associated with recent heavy drinking (Prisciandaro et al.,
327  2019).
328 Glycine may act by directly enhancing inhibitory glycinergic neurotransmission.
329  The directionality of our results from neuronal Gnmt knockdowns and neuronal Grd or
330 GlyT knockdowns does not support a glycinergic-dependent explanation of our observed
331 neuronal phenotypes (i.e., both manipulations generally increased sensitivity and
332  tolerance despite opposite expected effects on glycinergic signaling). However, inhibiting
333  glycinergic signaling (via Grd and GlyT knockdowns) and feeding glycine or globally
334  knocking down Gnmt changed alcohol sensitivity and tolerance in opposite directions,
335 consistent with glycinergic neurotransmission mediating systemic glycine effects.
336  Supporting this hypothesis, glycinergic signaling in rodents modulates alcohol sedation
337 (Blednov, Benavidez, Homanics, & Harris, 2012; Quinlan, Ferguson, Jester, Firestone, &

338 Homanics, 2002; San Martin et al., 2020), dopamine release (Lidd, Ericson, Marston, &
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339  Soderpalm, 2011; Molander, Lof, Stomberg, Ericson, & Soéderpalm, 2005), and alcohol
340 consumption (Molander et al., 2005; San Martin et al., 2020). Additionally, an EtOH-
341  resistant knock-in mutation of GlyRs in mice increased alcohol consumption and EtOH-
342 induced conditioned place preference (Mufioz et al.,, 2020). Importantly, it also
343  substantially reduced EtOH sedation sensitivity (~40%) in a loss of righting reflex assay
344  and reduced tolerance in a rotarod motor assay (Aguayo et al., 2014). These studies and
345 our Grd and GIyT knockdowns suggest that glycine may affect alcohol sensitivity and
346 tolerance via glycinergic activity.

347 Alternatively, glycine could act through its role as a required NMDAR co-agonist.
348 NMDARs are a key locus of neural plasticity, a major target of EtOH inhibition, and a
349 modulator of many EtOH phenotypes (Carpenter-Hyland & Chandler, 2006; Ron &
350 Wang, 2009). Supporting this hypothesis, administration in rodents of an antagonist of
351 the NMDAR glycine binding site limited alcohol-related reward learning (Biata &
352  Kaotlinska, 1999), dependence (Kotlinska, 2001), and withdrawal seizures (Kotlinska &
353  Liljequist, 1996). Moreover, mutation of a fly NMDAR subunit altered EtOH sensitivity
354  (B. Troutwine et al., 2019), and reduction of the same subunit reduced alcohol tolerance
355 (Maiya et al., 2012). Multiple association studies have implicated NMDARSs in human
356 alcoholism (Karpyak, Geske, Colby, Mrazek, & Biernacka, 2012; J. H. Kim et al., 2006;
357 Rujescu et al., 2005; Wernicke et al., 2003). Other studies suggest that glycine modulates
358 and counteracts the inhibitory effect of EtOH on NMDARSs (Buller, Larson, Morrisett, &
359  Monaghan, 1995; Dildy-Mayfield & Leslie, 1991; Popp, Lickteig, & Lovinger, 1999;
360 Rabe & Tabakoff, 1990; Woodward & Gonzales, 1990). Therefore, as NMDAR co-

361  agonist, glycine can enhance glutamatergic excitatory tone. This outcome would reduce
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362 naive sedation sensitivity, as we indeed observed. Glycine may also influence functional
363 tolerance by potentiating NMDAR-mediated neuronal plasticity. Therefore, the role of
364  glycine as NMDAR co-agonist may explain our results demonstrating that glycine levels
365 modulate alcohol sensitivity and tolerance, though further research is needed to test this
366  hypothesis.
367 We have furthermore shown distinct effects and mechanisms of whole-body and
368 neuronal experiments. Global changes influence neuronal milieu, so we expect global
369  Gnnt loss to increase both global glycine and neuronal SAM. Despite the activation of
370  both mechanisms, however, global Gnnt loss recapitulates glycine feeding rather than
371  neuronal Gnmt loss, indicating that the effects of augmented global glycine dominate
372 over neuronal effects.
373 In contrast to global mechanisms, we find through SamS knockdown and
374  overexpression that neuronal SAM levels (i.e., methylation potential) determine alcohol
375  phenotypes, wherein higher SAM produces greater alcohol sensitivity and tolerance.
376  Further supporting this hypothesis, Gnnmt loss in flies raises SAM (Obata et al., 2014;
377 Obata & Miura, 2015) and the SAM/SAH ratio (Obata et al., 2014), which is sometimes
378 suggested as an alternate indicator of methylation potential. Our neuronal Gnmt
379  knockdowns (i.e., SAM increases) increased sensitivity and tolerance. Thus, together
380  with neuronal SamS knockdown and overexpression, we present three distinct lines of
381 evidence consistently indicating that neuronal SAM increases alcohol sensitivity and
382 tolerance. SAM is the universal donor of methyl groups for methyltransferase-mediated
383  methylation reactions, including methylation of nucleic acids, lipids, histones, and other

384  proteins. SAM is also critical to metabolic pathways such as synthesis of creatine,
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385  phosphatidylcholine, cysteine, and glutathione. Thus, SAM represents a powerful
386  chokepoint capable of influencing metabolism, RNA processing, gene expression, protein
387 translocation, signal transduction, and other protein and lipid functions. Intracellular
388 SAM levels influence methylation rates, including histone methylation (Mentch &
389 Locasale, 2016; Mentch et al., 2015; Shyh-Chang et al., 2013; Wang et al., 2019) (Liu et
390 al, 2015; Liu & Pile, 2017), and even small fluctuations in SAM concentration may
391 drastically alter HMT activity and methylation rates (Mentch & Locasale, 2016; Mentch
392 etal, 2015). HDM loss enhances histone methylation (Liu et al., 2015; Liu & Pile, 2017),
393  and neuronal loss of the HDM Kdm3 increases EtOH sensitivity (Pinzon et al., 2017).
394 Thus, these data support the hypothesis that greater methylation leads to greater
395  sensitivity and tolerance.
396 In our study, pharmacologically or genetically reducing SAM yielded less alcohol
397  sensitivity and tolerance. All our feedings were acute manipulations during the flies’
398 adulthood, suggesting that their effects on alcohol responses represent acute
399 physiological changes, not developmental insults. It is unknown if such physiological
400 changes arise from altered methylation in the brain or from homeostatic adaptations to
401 changes in SAM levels. To shed light on this question, future studies should examine the
402 impact of acutely elevated SAM on gene expression, histone methylation, and various
403  metabolites associated with the 1-C cycles, both before and after ethanol exposure. One
404  interesting possibility is that SAM levels affect alcohol phenotypes through SAM’s
405 eventual conversion into glutathione, which reduces oxidative stress. SAM regulates
406  glutathione levels (Ouyang, Wu, Li, Sun, & Sun, 2020). EtOH administration rapidly

407  decreases glutathione (S. K. Kim, Seo, Jung, Kwak, & Kim, 2003), and glutathione and
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408  oxidative stress have previously been linked to the damaging effects of AUDs and to
409  propensity to develop the disease (Bjork et al., 2006; Covolo et al., 2005; Liang et al.,
410 2004). Alternatively, protein methylation affects neurite outgrowth (Amano et al., 2020;
411  Cimato, Ettinger, Zhou, & Aletta, 1997; Sontag, Nunbhakdi-Craig, Mitterhuber, Ogris, &
412  Sontag, 2010), so elevated SAM may facilitate neuronal connections. These heightened
413  connections may in turn contribute to faster spreading of EtOH-induced neuronal
414  sedation and to greater neuronal plasticity, enhancing tolerance. Indeed, ethanol promotes
415 growth of dendritic spines (Carpenter-Hyland & Chandler, 2006). Ultimately, future
416  studies should better elucidate the mechanisms by which SAM modulates alcohol
417  sensitivity and tolerance.
418 We have narrowed down SAM'’s influence to glutamatergic neurons, while
419  detecting no effects in inhibitory neurons. This contrast may suggest that Drosophila
420 glutamatergic systems play a generally larger role in alcohol sensitivity and tolerance.
421  Other studies have found that glutamatergic circuits modulate alcohol-associated
422  memories (Scaplen et al., 2020). However, glutamate is not the primary excitatory
423  neurotransmitter in the fly brain and thus may not be the best poised to alter
424  excitatory/inhibitory homeostatic balance (Chvilicek, Titos, & Rothenfluh, 2020). Thus,
425 glutamatergic neurons may not impact alcohol sensitivity and tolerance more than other
426  neurons per se; instead, SAM may more powerfully influence sensitivity and tolerance
427  via these neurons than it does via others, for reasons yet to be determined. Regardless,
428 our glutamate data supports our previous hypothesis that glycine levels may influence
429 alcohol sensitivity and tolerance by acting through glutamatergic NMDAR signaling. In

430 fact, glutamatergic signaling could mediate all our observed phenotypes: higher glycine
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431  may enhance NMDAR activity to decrease sedation, while lower neuronal SAM could
432  decrease methylation reactions, ultimately enhancing glutamatergic neurotransmission
433  through unknown mechanisms and reducing sensitivity. Future studies should assess
434  neuronal activity in various neuronal subpopulations and NMDAR activity as functions
435  of glycine and SAM levels. Taken together, our study reveals a novel connection between
436  epigenetic modifiers, 1-C metabolism, and alcohol responses that opens the door to
437  greater understanding of AUDs.
438
439

440
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441 MATERIALSAND METHODS

442

443  Fly Stocks and Husbandry

444  Flies were kept on standard cornmeal/agar medium at 25°C with 70% relative humidity.
445  For all experiments, adult flies were sorted into separate vials 2-3 days prior to testing,
446  and flies were generally 2-7 days post-eclosion at the time of experimentation. Male flies
447  were used in all experiments except for those in Fig. 2 and Supp. 1 (because females
448  consumed more of the special food) and SamS neuronal knockdown (which was lethal in
449  males). w* Berlin flies were used as +/+ controls. Kdm3*°, Gnmt™', Gldc™, elav™*-Gal4,
450  tubulin84B-Gal4, and repo-Gal4 flies were outcrossed for at least five generations. In

A2 as the variable, the unexpressed RNAI construct was first

451  experiments using Gnmt
452  confirmed to have no effect on alcohol responses. Kdm3“© flies were generated in our
453  previous study (Shalaby et al., 2017). Transgenic flies were obtained from the
454  Bloomington Stock Center: Gldc™ (BDSC_59491), Gnm™ (BDSC_67643), Gnmt™*' *
455 (BDSC_43148), VGlut-Gal4 (BDSC_84697), vgat3-Gal4 (BDSC_58409), Shmi<®
456  (BDSC_14948), and Shmt™ (BDSC_57739). Dr. Clement Chow (University of Utah)
457  provided the repo-Gal4 flies. Dr. Carl Thummel (University of Utah) provided the r4-
458  Gal4 flies. Dr. Fernanda Ceriani (Fundacion Instituto Leloir) graciously gifted us Grd™
459 (VDRC v2702) and GIyTRNAi (NIG-FLY Stocks, Transformant ID 5549R). Dr. Masayuki
460  Miura and Dr. Fumiaki Obata (University of Tokyo) graciously gifted us UAS-Gnmt™ 2
461  (VDRC v25983), UAS-Sardh™" (Obata et al., 2014; Obata & Miura, 2015), UAS-SamS
462  (Obata & Miura, 2015), and UAS-SamS™ (VDRC v103143).

463
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464 RNA-seq

465  Total RNA was isolated from heads of control and Kdm3*® flies (50 flies per replicate; 3
466  replicates per genotype) using TRIzol Reagent (Invitrogen) and a PureLink RNA
467  purification kit (ThermoFisher). Then, rRNA was removed from each sample with a
468 Ribo-Zero rRNA Removal kit (Illumina). RNA libraries were constructed using a
469 NEBNext Ultra Il RNA Library Kit for Illumina and NEBNext Multiplex Oligos for
470  Illumina, Primer Set 1 (New England Biolabs). Libraries were sequenced on an Illumina
471  HiSeq 2500 instrument using 50-bp single-end reads.

472

473 RNA-seq data analysis

474  Fastq files were aligned to the BDGP6 genome assembly using the STAR aligner (Dobin
475 et al.,, 2013). The resulting BAM files were sorted and indexed using Samtools (Li et al.,
476  2009). HTSeq count was used to collect count data (Anders, Pyl, & Huber, 2015).
477  Differentially expressed genes were analyzed using the DEseg2 R package (Love, Huber,
478 & Anders, 2014). Gene ontology analysis was performed using the ChlPseeker package
479 in R (Yu, Wang, & He, 2015). Volcano plots were generated with the EnhancedVolcano

480 R package (version 1.14.0, https://github.com/kevinblighe/EnhancedVolcano).

481

482  Quantitative RT-PCR

483  Total RNA was purified from ~100 male Kdm3*° fly heads using TRIzol Reagent
484  (Invitrogen). RNAse-free glycogen was used as a carrier to precipitate isolated RNA.
485  cDNA was made from 1 ug DNase-treated total RNA using iScript cDNA Synthesis Kits.

486  Quantitative PCR was performed using Tagman Gene Expression Assays (ThermoFisher;
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487 Assay IDs: Gnmt — Dm02139745_gl; CG3999 - Dm02138658 _gl; Shmt -
488 Dm01796134 _g1). Samples were run on an Applied Biosystems 7900HT real time PCR
489 instrument using RpL32 (ThermoFisher; Assay ID: Dm02151827_g1) as internal control.
490

491  Specialized feedings

492  Adult flies were allowed to feed for three days ad libitum on food made from 1% (w/v)
493  agar with 200 mM sucrose, with or without casamino acids (MP Biomedicals), glycine
494  (Fisher Bioreagents), formate (Sigma), or cycloleucine (TCI Chemicals). Vials were
495  replaced once if needed to prevent fungal/bacterial growth. Sensitivity and tolerance were
496  assayed at the end of the three days.

497

498 Ethanol sensitivity and tolerance assays

499  Maples assays were performed as previously described, with minor modifications
500 (Maples & Rothenfluh, 2011). In brief, 10 flies were exposed to EtOH vapor for 22
501 minutes and scored for sedation. They were returned to their home vials at 25°C, then
502 exposed again four hours after the start of first exposure to assess tolerance. Casamino
503 acid feedings were performed using the Booze-o-mat as described previously (Wolf,
504 Rodan, Tsai, & Heberlein, 2002). Briefly, flies were allowed to acclimate to air flow for 5
505 minutes. Then, the flies were exposed to 110/40 vaporized EtOH/air, which flowed for 31
506 minutes. Flies were considered sedated when they lost their self-righting ability. In all
507  alcohol experiments, results were excluded for any vials in which >1/2 of the flies died.
508

509 Blue Dye Consumption Assay
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510 Flies were collected under CO, anesthesia and allowed to recover for 24 hours in
511 standard food vials. Flies were then transferred to vials with water-soaked cotton balls
512  and strips of filter paper (7 x 1.75 cm) soaked with 350 ul feeding solution (200 mM
513  sucrose, 0.68% (v/v) propionic acid, amino acids, and 0.3% (v/v) blue food dye (FD&C
514  Blue Dye no. 1). After 24 hours, dead flies were removed and frozen at —20°C. Flies were
515 grouped into sets of five and homogenized in 10 ul water. Homogenates were centrifuged
516 for 5 minutes at 14,000 rpm. A NanoDrop spectrophotometer was used to measure 630
517 nm and 700 nm absorbance of the dyed supernatant, avoiding the topmost lipid layer.
518 Feeding volume for each fly was calculated as nL eaten = (OD 630 nm - 1.1*OD 700
519 nm)*CF, where CF is a conversion factor specific to the Blue#1 stock solution.
520
521 Data Analyssand Statistics
522  Statistical analyses were performed with GraphPad Prism 9. Previous studies indicate that
523  sensitivity and tolerance phenotypes follow normal distributions (Pinzon et al., 2017), so
524  we used Student’s t-tests for all two-group comparisons and standard 1-way ANOVA (for
525  three-group comparisons) and 2-way ANOVA (for four-group comparisons), followed by
526  Tukey’s post-hoc tests. Differences between standard deviations were tested with F tests
527 and the Brown-Forsythe test. Where significant differences were found, Welch’s t-tests
528  were used.
529
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Fig. 1 — Genes associated with 1-C metabolism are upregulated in Kdm3<© flies.

(A) Significantly upregulated (red) or downregulated (blue) transcripts in Kdm3“© fly heads. (B) Gene
ontology (GO) and enriched pathway analysis of genes upregulated in Kdm3"© flies showing the top
four overrepresented pathway terms. Gene ratio indicates the ratio of genes in the dataset to all genes
associated with GO pathways. (C) RT-qPCR confirming Gnmt and Gldc upregulation in Kdm3<© fly
heads. Gene expression was normalized to Rpl32 expression. Statistical differences were analyzed using
Student’s t-tests in (C) and in all subsequent two-group comparisons. The data in (C) and in all
subsequent graphs represent the mean £ SEM, with *p < 0.05; **p < 0.01; ***p < 0.001. n= 3.
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Fig. 2 — Glycine feeding decreases sensitivity and tolerance in a Kdm3-dependent manner.

(A-B) Casamino acid consumption for three days decreased sensitivity in control flies (A) but not in

Kdm3“© flies (B). Sensitivity was measured as the time at which 50% of the flies in each via were
sedated (ST50). A higher initial ST50 represents reduced sensitivity. Tolerance was measured as the

percent change between the ST50 at the second exposure and the initial ST50. (C-D) Glycine

consumption for three days decreases sensitivity and tolerance in control flies (C) but not in Kdm3*°

flies (D). Statistical differences were analyzed using one-way ANOVA followed by Tukey post-hoc

tests, aswell asin all subsequent three-group comparisons. n > 7. Each dot in (A-B) represents 20 flies.

Each dot in (C-D) and all other EtOH experiments represents 10 flies.
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(A) Schematic of the folate cycle. (B) Schematic of manipulation locations. Green represents whole-
body manipulations. (C) Heterozygous or homozygous Gldc null mutation decreases alcohol sensitivity
and tolerance. (D) Low glycine feeding had no effect on sedation sensitivity in control or Gldc mutants
but had a synergistic effect on tolerance in Gldc mutants. (Sensitivity: glycine main effect, p = .236;
genotype main effect, p < .001; interaction, p = .896. Tolerance: glycine main effect, p = .087; genotype
main effect, p < .001; interaction, p = .022). Statistical differences were analyzed using two-way
ANOVA followed by Tukey post-hoc tests, as well as in all subsequent two-factor comparisons. (E)
Shmt knockout mutation does not affect alcohol sensitivity or tolerance. (F) Formate feeding for three

days does not affect alcohol sensitivity or tolerance. n> 9.
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Fig. 4 — Gnmt modulates glycine-induced changes to alcohol sensitivity and tolerance.

(A) Schematic depicting the relationships between Gnmt, Sardh, and glycine. (B) Color-coded
schematic of manipulation locations. (C) Heterozygous or homozygous Gnmt knockout decreases
alcohol sensitivity and tolerance. (D) Whole-body Gnmt knockdown driven by Tubulin84B-Gal4
decreases alcohol sensitivity and increases tolerance. (E) Control flies fed 3% glycine show decreased
sensitivity and tolerance to alcohol-induced sedation, while Gnmt-null mutants show no changes.
Glycine feeding and Gnmt knockout show inhibitory interaction in both sensitivity and tolerance
(Sensitivity: glycine main effect, p = .049; genotype main effect, p = .512; interaction, p < .001.
Tolerance: glycine main effect, p = .055; genotype main effect, p = .087; interaction, p < .001). (F)
Whole-body Sardh knockdown decreases alcohol sensitivity and tolerance. n> 9.
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Fig. 5— Neuronal S-adenosyl methionine (SAM) increases alcohol sensitivity and tolerance.

(A) Schematic of the methionine cycle. (B) Color-coded schematic of manipulation locations. (C)
Cycloleucine feeding for three days decreases alcohol sensitivity and tolerance. (D) Pan-neuronal SamS
knockdown using elav-Gal4 and UAS-SamS™ substantially decreases sensitivity and tolerance,
whereas pan-neuronal SamS overexpression shows the opposite effect. (E) Pan-neuronal Gnmt
knockdown increases alcohol sensitivity and tolerance. (F) 2-way ANOVA with glycine feeding and
neuronal Gnmt knockdown shows no sensitivity interaction and slight tolerance interaction. (Sensitivity:
glycine main effect, p < .001; genotype main effect, p < .001; interaction, p = .406. Tolerance: glycine

main effect, p < .001; genotype main effect, p = .016; interaction, p =.034). n> 9.
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Fig. 6 — S-adenosyl methionine (SAM) in glutamater gic neurons modulates alcohol sengtivity and

tolerance.

(A) Color-coded schematic of manipulated neurons. (B) Gnmt loss in inhibitory neurons using VGAT-
Gal4, a GABAergic/glycinergic neuron-specific driver, did not affect alcohol sedation and tolerance,
whereas Gnmt loss in glutamatergic neurons using vGlut-Gal4, a glutamatergic neuron-specific driver,

increased alcohol senstivity and tolerance. n > 10.
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Upregulating SamS or reducing Gnmt increases SAM levels in glutamatergic neurons, which in turn

increases alcohol sensitivity and tolerance.
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Fig. S1— Kdm3“° does not decrease amino acid consumption.
Blue feeding analysis reveals that Kdm3“© flies do not eat less amino acid-filled food than controls [CA,

casamino acids; gly, glycine; ser, serine]. n = 9. Each dot represents fiveflies.
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Fig. S3 — Second RNAI construct confirms global and neuronal Gnmt phenotypes.

(A) Schematic of manipulation locations. Green represents whole-fly manipulations and orange
represents neuronal manipulations. (B) Consistent with the first RNAI construct, global Gnmt
knockdown using Tubulin84B-Gal4 and UAS-Gnmt™ ? decreases alcohol sensitivity and tolerance. (C)
Neuronal Gnmt knockdown using UAS-Gnmt™ 2 increases alcohol sensitivity and tolerance, consistent

with UAS-Gnmt™~4* n > 18,
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Fig. $4 - Glycinergic signaling playsarolein alcohol sensitivity and tolerance.
(A) Schematic of experimental setup. (B) Pan-neuronal glycine receptor (Grd) knockdown increased
alcohol sensitivity and tolerance. (C) Glycine reuptake transporter (GlyT) knockdown only increased

tolerance. n > 15.
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Supp. 5 — Gnmt knockdown in the fat body or glia recapitulates neuronal, but not global, Ghmt
knockdown.

(A) Color-coded schematic of manipulationsin glia (olive) or the fat body (blue). (B) Gnmt knockdown
in the fat body using r4-Gal4, afat body-specific driver, increases sensitivity, consistent with neuronal
phenotypes rather than global phenotypes. (C) Gnmt knockdown in glia using repo-Gal4, a glia-specific
driver, causes the same result. n> 10.
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