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22 Abstract: Opioids are highly addictive substances with a relapse rate of over 90%. While preclinical
23  models of chronic opioid exposure exist for studying opioid dependence, none recapitulate the relapses
24  observed in human opioid addiction. The mechanisms associated with opioid dependence, the
25  accompanying withdrawal symptoms and the relapses that are often observed months or years after opioid
26  dependence are poorly understood. Therefore, we developed a novel model of chronic opioid exposure
27  whereby the level of administration is self-directed with periods of behavior acquisition, maintenance and
28  then extinction alternating with reinstatement. This profile arguably mirrors that seen in humans, with
29  initial opioid use followed by alternating periods of abstinence and relapse. Recent evidence suggests that
30  dietary interventions that reduce inflammation, including omega-3 fatty acids such as docosahexaenoic
31  acid (DHA), may reduce substance misuse liability. Using the self-directed intake model, we characterize
32  the observed profile of opioid use and demonstrate that a diet enriched in polyunsaturated fat acids
33  (PUFAs) ameliorates oxycodone-seeking behaviors in the absence of drug availability and reduces anxiety.
34  Guided by the major role gut microbiota have on brain function, neuropathology, and anxiety, we profile
35  the microbiome composition and the effects of chronic opioid exposure and DHA supplementation. We
36  demonstrate that withdrawal of opioids led to a significant depletion in specific microbiota genera whereas
37  DHA supplementation increased microbial richness, phylogenetic diversity, and evenness. Lastly, we
38  examined the activation state of microglia in the striatum and found that DHA supplementation reduced
39  the basal activation state of microglia. These preclinical data suggest that a diet enriched in PUFAs could
40  be used as a treatment to alleviate anxiety induced opioid-seeking behavior and relapse in human opioid
41  addiction.

42

43 Keywords: opioid; microbiome-brain axis; DHA; anxiety; polyunsaturated fatty acids; intravenous self-
44 administration; mice
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45 1. Introduction

46 Several factors converged in the early 2000s to contribute to the escalating opioid epidemic. These
47  included an over-prescription of potent and synthetic opioids, a belief that chronic pain was protective
48  against the development of addictive behavior, an aggressive marketing strategy by the manufacturers,
49  and the incorrect translation that long-term use of extended release opioids, safe in terminally-ill cancer
50  patients, could be used in non-cancer patients without caution [1]. Alarming statistics from recent years
51  document the increase in mortality from the use of fentanyl other synthetic opioids that are often prescribed
52  for pain [2-5]. For many of these cases, the initial exposure to opioids began with oxycodone and other
53  prescription analgesics and was then transferred to other more rapidly acting opioids [6]. We demonstrate
54  in this paper that rapidly acting opioids are powerfully reinforcing and that dietary supplementation of
55  polyunsaturated fatty acids (PUFAs) such as docosahexaenoic acids (DHA) may reduce the ability of these
56  rapid-acting and potent compounds to maintain addictive-like behaviors via action on gut microbiome
57  composition.

58

59 Whichever the opioid, an inherent property of these addictive substances is the high rate (~91%) of
60  relapse [7] and the relative lack of effective treatment [8]. The rate of relapse following chronic opioid use
61  has been linked to allostatic mechanisms that maintain persistent drug seeking such as a decline in
62  cognitive control over habituated behaviors and tolerance to drug effects over time. The mechanisms that
63  produce these long-lasting addictions are complex and can induce cravings that lead to relapse months or
64  years after the physical opioid dependence is no longer a factor. According to the iRISA model of addiction
65  proposed by Rita Goldstein and colleagues, the increased salience of drug-paired cues and impaired
66  response inhibition in the absence of drug contribute to increased drug seeking over time and a persistence
67  of seeking in the absence of drug [9-11]. These physical and emotional changes result in a persistent
68  negative emotional state culminating in an inability to transition to an opioid-free state and to remain
69  opioid-free [12]. Coupled with an increased vulnerability to stress and both physical and psychological
70 stressors that trigger drug use in drug addicted humans and animals [13], relapse after prior opioid use is
71 a common occurrence that must be addressed.

72

73 Several studies have focused on the bidirectional communication that takes place between the
74  gastrointestinal tract and the central nervous system (CNS). Previous studies have revealed the major role
75  gutmicrobiota have on brain function and consequently, neuropathology [14-18]. Anxiogenic affective-like
76  behaviors are lower in mice that exhibit increases in specific genera including Lactobacillus and
77  Bifidobacterium and these changes were linked to altered neural function [19, 20]. A similar relationship
78  between Bifidobacterium and anxiety in humans has been established [21]. Still, the role of nutrition and
79  supplementation in the microbiome-brain axis in psychiatry is not fully understood.

80

81 DHA is an essential long chain PUFA (DHA c22:6n-3) that is obtained from dietary sources and
82  supplementation. The beneficial effects of supplementary DHA for many conditions and diseases have
83  been the subject of ongoing research. A recurrent observation is that dietary omega-3 supplementation
84  relieves anxiety and depression symptoms in mood disorders often co-diagnosed in substance abuse
85  disorder patients (reviews; [22-24]. Accordingly, n-3 supplements enriched in DHA have been shown to
86  reduce anxiogenic affective-like behaviors in preclinical models [22, 25, 26] and clinical trials [23, 27-31].
87  DHA is required as a structural component of plasma, microsomal and synaptic membranes in the brain
88  [32, 33] and is essential for numerous brain functions including development [34], and diverse cellular
89  functions [35-39]. There is also evidence that DHA supplementation has an effect on the gut microbiota,
90  which can contribute to changes in brain function [40-42]. The overarching hypothesis for our study is that
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91  DHA intake induces a beneficial shift in gut microbiome composition to normalize the genera that become

92  overgrown with opioid-self administration.

93

94 We have previously shown that chronic, noncontingent, morphine induces diverse adaptations of the

95  glutamatergic system in the striatum, a hub of the reward-centered mesolimbic circuitry [43]. Many of these

96  cellular and behavioral adaptations were reduced or offset by a PUFA-enriched diet. The model of opioid

97  exposure used in this previous study was an escalating dose of morphine, administered over 5 days by

98  subcutaneous injection twice daily, followed an additional 3 days of morphine (at the highest dose) by a

99  noncontingent method of delivery. In the present study, we used an opioid exposure model with greater
100  predictive and face validity to mimic opioid use disorder. This model uses a contingent exposure whereby
101  thereis a choice as to how much opioid to self-administer through an indwelling intravenous catheter. The
102 delivery of each drug infusion was contingent on pressing a designated active lever in an operant box. This
103  allowed us to generate a profile of opioid use beginning with the acquisition of this behavior, followed by
104  a period of maintenance, then periods of extinction alternating with reinstatement. This profile of opioid
105  self-administration arguably recapitulates that seen in humans — with initial opioid use followed by
106 alternating periods of abstinence and relapse. Using this model, we first outline this opioid use profile and
107 then asked to what extent a PUFA enriched diet may alter drug-seeking behaviors. We also assessed to
108  what extent the DHA supplementation had on affective-like behavior using a light dark test. We then
109  examined how the chronic opioid self-administration and the DHA supplementation, separately and in
110  combination, altered gut microbiome composition. We achieved this by examining the gut microbiome
111 during multiple phases of the opioid exposure model. Lastly, we examined the state of the microglia in the
112 striatum, a site we had previously studied [43], at the completion of the trial to determine if there was
113 evidence of altered microglial activation due to the opioid exposure or DHA supplementation.

114 2. Materials and Methods

115 All the experiments were conducted in accordance with the AALAC Guide for the Care and Use of
116  Laboratory Animals and approved by the UCLA IACUC committee (OARO #1999-179). Mice (C57B16/] Jax
117 stock # 000664), 6-8 weeks of age at the start of the experiment, were randomly assigned to a control lab
118  chow diet containing 0.5% DHA (Control) alone or supplemented with 2.5% DHA, 1.1% EPA and 0.75%
119 other omega-3 PUFAs, (Nordic Naturals, Watsonville, CA) for 8 weeks. As we have previously shown a
120 relative lack of effect of this DHA supplementation protocol on DHA enrichment in specific brain regions
121 in female C57Bl6/] mice [43], only male C57Bl6/] mice were used for these experiments. Where possible,
122 experimenters were blind to treatment and diet for both behavioral testing and data analyses.

123

124 Intravenous self-administration (IVSA) administration. Mice were divided into 4 groups: control diet + saline
125  (n=14), control diet + opioid (n=14), DHA diet + saline (n=5), and DHA diet + opioid (n=10). An intravenous
126 catheter (0.2 mm i.d., 0.4 mm o.d., Cathcams, Oxford, UK) was inserted into the right jugular vein of mice
127  under sterile conditions as others and we have previously described [44-46]. Post-operative care included
128 Carprofen gel food (MediGel CPF, Portland, ME, USA). Catheters were flushed daily with 0.02 ml
129  Heparin/saline (30 USP/ml). The overarching timeline of experiments is described in Figure 1. Mice were
130  monitored twice daily for the first 48h after surgery and exclusion criteria of more than a 15% weight lost
131  or a moribund state for over 24h were applied. Catheter patency was tested using an infusion of propofol
132 (20 ul of 1% propofol w/v in saline) every five days. After 3 days of postoperative recovery, mice were
133  trained to lever press in the self-administration operant boxes (Med-Associates Georgia, VT, USA) by using
134  a droplet of 20% sweetened condensed milk placed above both the active (AL) and inactive (IAL) levers
135  (3x per session) during the first two 120 min sessions. Mice underwent daily 2h self-administration sessions
136 where the active lever was paired with remifentanil and inactive lever was paired with saline infusion
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137  using arandom lever-infusion assignment (Figure 1). An AL press resulted in an intravenous drug infusion
138 (0.67ul/g body weight) and the presentation of a 10s tone and visual cue (light), together these comprise a
139 “reinforcer” (RNFS). A 10-s ‘timeout’ period followed each RNFS during which time no further RNFS could
140  be earned. The mice first underwent a minimum of 3 days of acquisition training using remifentanil (0.05
141  mg/kg/infusion) as the delivered opioid at a fixed ratio of one drug infusion for each lever press (FR1) to a
142  maximum of 50 RNEFS or 2h, whichever came first (the acquisition phase). Once the criterion of 50 RNFS or
143  20% stability was obtained for 2 consecutive days, the mice were transitioned to oxycodone (0.25
144 mg/kg/infusion) under the same short-access 2h FR1 schedule for 10 days (the maintenance phase). This
145  was followed by 5 days of extinction (1E) in which no further drug was delivered in response to AL-
146  pressing but the same environment and reward-associated cue conditions were presented but with no limit
147  on the number of RNFS that could be earned with the session ending after 2h. This was followed by a 2-
148  day period of reinstatement in which oxycodone was administered intravenously at the same dose and
149  cues as used during maintenance. Thereafter the mice underwent a second extinction for an additional 5
150  days under the same conditions as during the first extinction with no limit on the number of RNFS that
151  could be earned and the session ending after 2h (2E). Due to the loss of catheter patency, the number of
152 mice in these later stages declined from those at the beginning of the experiment. Statistical Analyses. The
153  inter-and intra-session data were analyzed as a function of group and time using a linear mixed model in

154 R (R Core Team, 2015) using the package “ImerTest” [47]. The linear models were generated for each
155  experimental group of interest. The models were used to assess the effect of time, diet group, or an
156  interaction of these factors on AL presses and RNFS earned. Whenever a significant effect was observed, a
157  new reduced model was generated by removing the significant factor and compared with the original
158  model using an ANOVA in order to assess the impact of the respective factor on the goodness-of-fit for the
159  model. The resulting model is a regression equation where the intercept is allowed to vary for each subject:
160 Ycuracteristic= o + BGroup XGroup * Brime Xtime + Usubject Where Ycharacteristic is the characteristic being modeled (e.g.,
161  active lever presses, reinforcers earned), each predictor variable is represented by its subscripted X, and
162 Usuject represents the random effect of each individual subject. The coefficients () are estimated and
163  assessed for significance and the contribution to the goodness of fit of the model was assessed.

164

165  Light dark assay. The apparatus consisted of light and dark compartments of a square box (28cm? square
166  18cm height) separated by a guillotine door in a quiet room illuminated at 50-55 lux. The light compartment
167  was illuminated at 1000 lux by a halogen lamp, measured at the guillotine door. Mice (control diet; n=7,
168  DHA diet; n=7) were placed in the dark compartment with the door closed for 2 minutes after which the
169  guillotine door was raised to allow free movement between the light and dark compartments for an
170  additional 2 minutes. Video tracking was recorded by a A1300-60gm Basler ace camera (106580-08, Basler,
171  Germany), saved by the downloadable VLC video software (VideoLAN) and analyzed for the time for a
172 full body exit from the dark compartment by experimenters blind to diet and opioid treatments. Statistical
173 Analysis. Data were analyzed by Linear Mixed Models as previously described [48]. This test was conducted
174 3 days before insertion of the intravenous catheter and just before the operant session on the second day of
175  the second extinction period (25 days after the initial test).

176

177 Microbiome characterization: 16S ribosomal RNA sequencing. Stool collection was done at the following time
178 points: baseline (control diet; n=5, DHA diet; n=3), 1st day of oxycodone IVSA (control diet; n=11, DHA diet;
179 n=11), 10* day oxycodone IVSA (control diet; n=15, DHA diet; n=10), 5* day of first extinction (control diet;
180 n=15, DHA diet; n=10), and 1% day of second extinction (control diet; n=7, DHA diet; n=7). Stool was
181  collected a minimum of 30 minutes before any behavioral tests, including IVSA. Stool was collected fresh,
182  and did not interact with any non-sterile surfaces. Mice were placed on top of cage (to provide them with
183  something to hold onto), held gently at the base of their tails and massaged until stool started to be naturally
184  expelled. Once stool was partly exposed, sterile forceps was used to remove the stool and place it into a
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185  sterile tube. Within 2 minutes of extraction, they were placed in an -80°C freezer and stored for 2-3 months
186  prior to 16S rRNA sequencing. DNA was extracted from frozen fecal pellets using the PowerSoil DNA
187 Isolation Kit (MO BIO Laboratories, Carlsbad, CA) with bead beating following the manufacturer’s
188  instructions. The V4 region of 165 ribosomal RNA genes was amplified and underwent 2x150 sequencing
189  onanIllumina MiSeq as previously described [49]. The base pair reads were processed using QIIME v1.9.1
190  with default parameters [50]. Sequence depth ranged from 47,843 to 128,236 sequences per sample.
191  Operational taxonomic units (OTUs) were picked against the May 2013 version of the Greengenes database,
192 pre-filtered at 97% identity. OTUs were removed if they were present in less than 10% of samples. Alpha
193  diversity (i.e. diversity within a sample) and beta diversity (differences in composition across samples)
194  were calculated in QIIME using OTU-level data rarefied to 47,843 sequences. Statistical Analyses. The
195  significance of differences in alpha diversity metrics - Faith’s phylogenetic diversity (Faith’s PD), Chaol,
196  and Shannon index - was calculated by analysis of variance. Beta diversity was calculated using square
197  root Jensen-Shannon divergence and visualized by principal coordinates analysis. Adonis, a permutational
198  analysis of variance, was performed using 100,000 permutations to test for differences in square root
199  Jensen-Shannon divergence distances across diet and groups[51]. Association of microbial genera with diet
200  and group (oxycodone and extinction phase) were evaluated using DESeq2 in R, which employs an
201  empirical Bayesian approach to shrink dispersion and fit non-rarified count data to a negative binomial
202  model [52]. After DESeq2 analysis, it was seen that a few mice in the colony were affected by an overgrowth
203  of segmented filamentous bacteria (i.e. Candidatus Arthromitus). Because this represented a contaminant
204  genus unrelated to the experimental interventions, it was excluded from analysis. P-values for differential
205  abundance were converted to q-values to correct for multiple hypothesis testing (< 0.05 for significance)
206 [53].

207

208  IBAI and CD68 labeling. Brains from the four testing groups including the control diet + saline (n=2), control
209 diet + oxycodone (n=2), DHA diet + saline (n=2), and DHA diet + oxycodone (n=5) were collected 48h after
210  the last operant session. They were then placed in 4% paraformaldehyde overnight at 4°C followed by 24-
211  48h in 30% sucrose until equilibrated, then frozen in a dry ice/ isopropanol bath and stored at -80°C. Fifty
212 um sections were later cut and collected into phosphate buffered saline (PBS), washed in PBS with 0.1%
213 Triton X-100 (Sigma, MO, PBS-T) 3 x, 10" each, and blocked for 2h at RT in 5% NGS + 3% BSA in PBS-T.
214 They were then incubated in the following antibodies diluted in the wash buffer; anti-rabbit IBA-1 (1,2,000,
215 Wako, Richmond VA, cat. # 019-19741) and anti-mouse CD68 (1:1000, BioRad Hercule, CA, USA, cat. #
216 MCA 1957) overnight at 4°C. After another 3 washes for 10’ each, sections were incubated in the following
217  secondary antibodies; goat anti-rabbit 488 (1:1000) and goat anti-Rat 647 (1:1000, both from Thermofisher,
218 Waltham, MA) diluted in PBS-T, for 2h at RT. After a final 2 washes in PBS-T and one in PBS for 10" at RT,
219  the sections were mounted on Permamount slides and coverslipped with a DAPI Antifade mounting
220  medium (VectorLabs, Burlingame, CA). A Leica DM5500 B upright microscope with a Leica DFC9000 GT
221  sCMOS camera and LAS X software (Lieica, Germany) and a 20x objective was used to obtain tiled images
222 of each section. Sections (10x10”) from dorsomedial and dorsolateral regions of the striatum were exported
223 to Image] [54]. Statistical Analyses. The shape and intensity of CD68 labeled cells was quantified by a user
224  blind to the group identity with 5-30 cells quantified in each image and 5-10 images quantified for each of
225  the dorsolateral and dorsomedial striatal sections of each mouse, and as there was no effect of region, they
226  were combined into a single dataset for analysis by one-way ANOVA (Prizm v8).

227
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3. Results

3.1 The experimental timeline.

A schematic of the timeline used is shown in Figure 1 and described as follows. The basal light dark
test and fecal collection occurred prior to the IVSA surgery which was then followed by the IVSA self-
administration protocol consisting of 5 sequential phases; acquisition, maintenance, extinction,
reinstatement, and a second extinction. Fecal collection was performed between each of these phases with
the final light dark test taking place on day 24 during the second extinction. The experiment terminated
with the collection of brain tissue on day 27 (Figure 1).

Acquisition Maintenance

remifentanil  oxycodone 1st extinction 2nd extinction

reinstatement

< > € > € > O —

||+|||||+||||||||+||||+||+|||||
] [ ] [ R T | N

Day -3 0 5 10 15 20 25
LD test |VSA LD test [HC

Surgery

@ Fecal collection

Figure 1. The Experimental Timeline. This schematic shows the type and order of interventions in the 27-
day protocol used for mice that had received a DHA-enriched or control diet for 8 weeks prior to the start
of the protocol. Following the implant of the jugular catheter (IVSA surgery), mice underwent daily sessions
where, after acquisition of remifentanil self-administration, oxycodone or saline infusion was self-
administered for 10 days (the maintenance phase) followed by 5 days of extinction (extinction 1, 1E) in which
no further drug was delivered but the same environment and reward-associated cues were presented. This
was followed by a 2-day period of reinstatement (reinstatement) in which oxycodone was administered at
the same dose and cues as used during maintenance. Thereafter the mice underwent a second extinction
(extinction 2, 2E) over the following 5 days under the same conditions as during 1E. Fecal boli were collected
before the surgery and at each change in this protocol as indicated. The light dark (LD) test was conducted
before the surgery and on the 2" day of 2E. Brain tissue was collected at the end the protocol for microglial
analysis by immunohistochemistry (IHC).

3.2 A DHA-enriched diet reduces oxycodone-seeking behaviors.

To both characterize the opioid self-administration profile and to assess the effect of a DHA-enriched
diet on this profile, mice maintained on a standard laboratory chow diet were compared to mice given an
increased level of DHA supplemented into the food. Both groups of mice were trained to self-administer
opioids in order to analyze drug specific behaviors, the first when remifentanil was self-administered
(Figure S1A-S1B) and the second when oxycodone was self-administered (Figure 2A-2F).
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Figure 2. A DHA enriched diet reduces oxycodone seeking behaviors. (A) Active Lever Presses. Mice on
both the control diet (black) and the DHA diet (purple) showed an increase in AL pressing on the first day
of 1E (a; p<0.0001) and a decline in lever pressing thereafter (b; p<0.0001). AL pressing during reinstatement
did not differ from the last day of 1E training or maintenance. However, during 2E there was an increase in
lever pressing above that of reinstatement (R1 or R2 vs 2E1; ¢; p<0.01) for the control mice but not for the
DHA mice. Furthermore, active lever pressing by the DHA mice was lower than that of the control mice for
all days of 2E (d; p<0.05). (B) Inactive lever presses. There was no effect of diet or day on this parameter (C)
Percent active lever presses. Although both saline groups showed <50% accuracy in AL presses as a percent
of total lever presses this was not different from both opioid groups with>50% AL presses. (D) Reinforcers.
Control diet mice earned more RNFS on 1E1 (a; p<0.001) and this declined during the remaining days of 1E
(b; p<0.0001). The number of RNFS earned by the controls again increased above that of reinstatement
during 2E (R1 or R2 vs 2E1; ¢; p<0.01). DHA mice had a similar initial profile as those on the control diet
with an increase in RNFS earned on 2E1(a; p<0.0001) and a decline in RNFS earned for each day of 1E
thereafter (b; p<0.0001). However, the 2E1-5 sessions did not induce an increase in RNFS earned from that
seen during reinstatement. (E) Active Lever Presses during 2E1. During the first hour of this session the
control mice pressed the AL more than DHA mice (a; p<0.05) and this rate declined during the second hour
(b; p<0.05).(F) Reinforcers during 2E1.During the second but not the first hour the number of RNFS earned

d0i:10.20944/preprints201907.0247.v1
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275 declined more rapidly in the DHA than control mice (DHA vs control diet; ¢; p<0.01, and an effect of time

276 in DHA but not control mice d; p<0.01). (G) Light Dark Test. Although the DHA intervention did not alter

277 the basal levels of anxiety, this diet did reduce anxiety, reflected as a quicker entry into the light

278 compartment from the dark compartment by the DHA group on 2E2 (a; p<0.05 vs extinction of the control

279 mice).

280 Mice underwent at least three days of acquisition training using remifentanil as the delivered opioid

281  onan FR1 schedule. There was no effect of diet in the initial acquisition of opioid self-administration; using
282 remifentanil as the reinforcer, neither active lever presses (F (288 =1.185, p=0.3) nor reinforcers (F (288 =0.837,
283  p=0.44) were significantly different between diet groups (Figure S1A-S1B).

284

285 The number of AL presses across this profile showed an effect of day (p<0.001, x2 = 12.147) and diet
286  (p<0.05, x? = 4.646), as well as, a significant day-by-diet interaction (p<0.01, x? = 7.526). For mice on the
287  control diet, post-hoc analysis revealed an increase in AL pressing on 1E1 (p<0.0001, x2 = 21.367) and a
288  decline in lever pressing thereafter during sessions 2E2-5(p<0.0001, x> = 31.481). AL pressing during
289  reinstatement did not differ from the last day of the first extinction period (1E), but again increased on the
290  first day of 2E following the 2-day reinstatement of oxycodone (R1 or R2 vs 2E1; p<0.01, x? = 7.164). For
291  mice on the DHA diet, post-hoc analysis showed an initial similarity as those on the control diet with an
292 increase in lever pressing on 1E1 (p<0.01, x? = 10.583) and a decline in lever pressing for each day of 1E
293 thereafter (p<0.0001, x? = 20.022). However, the second extinction period following the 2 reinstatement
294  sessions did not induce an increase in ALs. Furthermore, AL pressing across sessions 2E1-5 by the DHA
295  mice was lower than that of the control mice (p<0.05, x? = 5.136) (Figure 2A). These results are consistent
296  with the DHA-enriched diet reducing oxycodone seeking behaviors during the second but not first
297  extinction period.

298

299 In assessing goal-directed lever pressing behavior, the number of inactive (no drug infusion) lever
300  presses showed significant day-by-diet interaction (p<0.05, x? =4.775); however, there was no independent
301  effect of diet, (p=0.70, x2 = 0.143) or day (p=0.58, x2 = 0.305) on this parameter (Figure 2B). Goal-directed
302  lever pressing behavior can also be evaluated by the percent of active lever presses out of the total lever
303  presses (AL/(AL +IAL)). This showed an effect of day (p<0.0001, x2=19.231), but not diet (p=0.67, x2=0.178)
304  nor any day-by-diet interaction (p=0.69, x?=0.156) (Figure 2C).

305

306 A press on the AL followed by the delivery of oxycodone or saline, a tone and 10s visual light cue, and
307  a 10s time-out period together comprised the reinforcer (RNFS). When measuring the number of RNFS
308  earned, we found that this parameter mirrored the AL presses in that there was a day (p<0.01, x2=10.361)
309  and diet effect (p<0.05, x?=4.694), as well as a day-by-diet interaction (p<0.01, x2=9.726). Further post-hoc
310 analysis showed that, for mice on the control diet, the number of RNFS earned increased on 1E1 (p<0.0001,
311 x? = 16.547) and declined thereafter (p<0.0001, x? = 25.288). The number of RNFS obtained during
312  reinstatement did not differ from the last day of E1 and were lower than the last day of maintenance (p<0.01,
313 x?=10.538). However, there was an increase in RNFS earned on the first day of the second extinction period
314  (2E1) above that of reinstatement (R1 vs 2E1; p<0.01, x>=7.790). For mice on the DHA diet, post-hoc analysis
315  revealed an initial similarity with those on the control diet showing an increase in RNFS earned on 1E1
316  (p<0.0001, x2=17.498) and a decline in RNFS for each day of 1E thereafter (p<0.0001, x2=20.478). However,
317  the 2E1-5 sessions did not induce an increase in RNFS earned when compared to the level observed during
318  reinstatement. Furthermore, RNFS earned by the DHA mice across the five days of this 2E period were
319  lower than that of the control mice (p<0.01, x?> = 6.842) (Figure 2D).

320
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321 Given our observation that the first day of 2E showed a clear protective effect for the DHA diet on
322  opioid seeking behaviors, we then focused on the within-session behavior. Specifically, we analyzed the
323  rate of AL pressing or RNFS earned within the 2 h access window on the first day of 2E. Using mixed
324  models linear analysis of these datasets we found that the rate of AL pressing showed an effect of diet
325 (p<0.05, x2>=3.889), time (p<0.0001, x> =30.788), and an interaction of diet and time (p<0.01, x> = 6.800) with
326  the control group pressing more frequently than the DHA group (Figure 2E-2F).Further in-depth analysis
327  of the hourly data showed an effect of diet (p<0.05, x?=4.018), but not time, on the frequency of AL pressing
328  with the control group pressing more during the first hour. During the second hour, the frequency of AL
329  pressing declined resulting in an effect of time (p<0.05, x2 = 4.155), and a diet-by-time interaction (p<0.05,
330  x?=4.884), but no effect of diet alone (Figure 2E). In contrast, the rate of RNFS earned did not show any
331 clear effect of diet, time, nor an interaction between the control and DHA diet for the entire 2h session.
332  Post-hoc analysis of each hour revealed no significant difference in RNFS earned during the first hour.
333 However, there was an effect of diet (p<0.01, x? = 7.254), time (p<0.01, x?> = 8.041), and a diet-by-time
334  interaction (p<0.001, x?=10.993) for the second hour. This was due to the rate of RNFS earned by the DHA
335  mice declining more rapidly than the control group during this hour (Figure 2F).

336 3.3 The DHA-enriched diet reduced anxiety-like behavior during extinction.

337 We have previously shown that a DHA-enriched diet reduces the anxiety state of mice following
338  chronic morphine [43]. Here we used the well-established light-dark test to repeatedly assess the state of
339  anxiety [48] [55] (Figure 2G). Using linear regression analysis we found that, although the DHA diet did
340  notalter the basal levels of anxiety (p = 0.4845, F1,121=—-0.5203), that the DHA-enriched diet reduced anxiety-
341  like behavior as assessed by decreased latency into the anxiogenic light compartment (p<0.05, F[1,12] =
342 7.027).

343 3.4 Microbiome profiles change with a DHA-enriched diet and with opioid extinction.

344 We characterized the effect of DHA on gut microbiome composition in the context of opioid exposure
345 by performing 165 rRNA sequencing of fecal samples collected from the two dietary groups at baseline,
346  during oxycodone maintenance (days 1 and 10), 1E, and 2E. There was a significant difference in overall
347  microbial composition between mice on the control diet and mice on the DHA-enriched diet (p-value <0.05)
348  after adjusting for study phase (Figure 3A). There was also a significant difference in the microbiome
349  during the oxycodone maintenance phase as compared to both extinction group periods (1E & 2E) while
350  controlling for diet (p-value <0.05). There was no statistical difference between microbiome profiles at day
351 1 (D1-OXY) of oxycodone maintenance and day 10 (D10-OXY). There was also no statistical difference in
352  overall microbial composition between 1E and 2E. DHA supplementation lead to a significant increase in
353  species richness measured by the number of types of organisms (Chaol, p-value =0.01), phylogenic
354  diversity measured by the evolutionary distance between organisms (Faith’s PD, p-value =0.003), and
355  species evenness measured by the abundance of organisms across species (Shannon Index, p-value=0.01)
356 (Figure 3B).

357

358
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Figure 3. DHA supplementation and opioid extinction alter gut microbiome profiles. (A) Principal
coordinate analysis plot separated by diet and study phase (D1-OXY: Day 1 of oxycodone; D10-OXY: Day
10 of oxycodone; 1E: First extinction phase, 2E: Second extinction phase). Each symbol represents one fecal
sample, with color denoting dietary group and shape denoting phase. The axis labels indicate the percentage
of variation represented by each coordinate. (B) Microbial composition and diversity. Species richness
(Chaol) (left), species evenness (Shannon Index) (middle), and phylogenetic diversity (right) by diet (control
diet in red and DHA enriched diet in blue). (C) Phylum and (D) genus summary by groups. Bar plots show
the average relative abundance of microbes at the phylum and genus levels. D1-OXY and D10-OXY were
combined, as were 1E and 2E.

Differential abundance testing was performed at the genus level to identify microbes that were
associated with DHA supplementation during the oxycodone maintenance and opioid extinction phases
using DESeq2 models at a 5% false discovery rate threshold (g-value<0.05). DHA supplementation lead to
a significant decrease during the oxycodone maintenance phase in Akkermansia (4-fold) and Parabacteroides
(5.5-fold) and a significant increase in multiple genera including Lactobacillus (8-fold), Allobaculum (7-fold)
and Bifidobacterium (7-fold) (Figure 4A). During the opioid extinction phase, DHA supplementation was
similarly associated with depletion of Parabacteroides (3.4-fold) and enrichment of Bifidobacterium (8.5-fold),
but Lactobacillus was not significantly different and additional differences were observed including
increased Desulfovibrio (6-fold) (Figure 4B). Similar analysis was then performed to identify genera
associated with the opioid extinction phase compared to the oxycodone maintenance phase in one or both
diets. Opioid extinction led to a significant decrease in Akkermansia (64-fold) and Bifidobacterium (8-fold)
independent of diet. Opioid extinction also led to a significant decrease in Parabacteroides (5-fold) but only
within the control diet group (Figure 4C-4D). Lactobacillus did not significantly change with opioid
extinction.
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385 Figure 4: Differential abundance of microbes differ by DHA supplementation and opioid extinction. (A)
386 Effects of DHA on genera abundance during oxycodone maintenance. DESeq2 models were used to identify
387 differentially abundant genera (q<0.05) in the DHA supplementation group, combining data from D1-OXY
388 and D10-OXY and adjusting for time point. Differences are expressed as log2 fold change, with dot size
389 proportional to mean genera abundance across samples and dot color indicative of phylum. (B) Effects of
390 DHA on genera abundance during opioid extinction. DESeq2 analysis of combined 1E and 2E data, adjusted
391 for phase. (C) Effects of opioid extinction on genera abundance while on DHA supplementation. (D) Effects
392 of opioid extinction on genera abundance while on control diet.

393 3.5 The activation state of microglia is affected by the DHA-enriched diet but not opioid IVSA.

394 To assess the activation state of microglia we labeled these cells with 2 antibodies, one against CD68,
395  alysosomal protein expressed in high levels in activated microglia [56] and one against IBA1, a calcium
396  binding protein found in microglia and macrophages [57]. This enabled us to count the number of CD68-
397  labeled microglia in the dorsomedial and dorsolateral striatum and then assess the shape and density of
398  IBA1 labeling in these CD68-positive cells. A representative slice image is included in Figure 5A.

399
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Figure 5. The activation state of microglia is affected by the DHA-enriched diet but not by oxycodone
self-administration. To assess the activation state of microglia, the number of CD68-labeled cells in the
dorsomedial and dorsolateral striatum were counted and the shape and density of IBA1 labeling in these
CD68+ cells was assessed. There was no effect of region on any of these parameters so the dorsomedial and
dorsolateral data were combined. (A) A representative example of a coronal section with CD68 labeled in
red and IBA1 in green. An example of the dorsolateral region is enlarged with the arrows showing cells that
are labeled with both the CD68 and IBA1 antibodies. (B) CD68.The DHA dietary regimen reduced the
number of CD68+ cells compared to the control group (p<0.001) but opioid IVSA did not induce any further
change. (C) Cell area. The area of the cells of the controls, whether saline or opioid-treated, was lower than
that of the DHA control (***, p<0.001) or opioid-treated (¥, p<0.05) groups. (D) Mean grey value or average
pixel density. This parameter showed an effect of treatment with the DHA groups, whether saline or opioid-
treated, showing less pixel density than the control groups (***, p<0.001 in both groups). (E) Integrated
density or the sum of the pixels in the selected area. This parameter was similarly altered by treatment
with an effect of DHA (***, p<0.001) but no effect of opioid exposure.

The DHA group showed a basal reduction in the number of CD68+ cells as compared to the control
diet group (F @,16= 14.66, p<0.001; one-way ANOVA), but the opioid self-administration did not induce
any further change (Figure 5B). We next analyzed cell morphology by assessing cell area for the CD68+
cells. The cell area of the control diet group, whether saline or opioid-treated, was lower than that of the
DHA control (p<0.001) or opioid self-administration (p<0.05) groups. There was no effect of opioid self-
administration in the control diet group, but opioid exposure lead to a decrease the cell area in the DHA
group (F @19 = 6.760, p=0.003, one-way ANOVA, Figure 5C). Next, we measured the mean grey value or
average pixel density of the CD68+ cells. This analysis revealed that the DHA group had a significant
decrease in mean density compared to the control diet group, regardless of opioid exposure (F (3,15 =83.17,
p<0.001 in each diet group) (Figure 5D). However, there was no effect of opioid self-administration in either
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425  diet group (p=0.4 in each diet group) (Figure 5D). We then measured the integrated density of CD68
426  immunolabeling by taking the sum of the pixels in the standardized selected area within the dorsal
427  striatum. This parameter was similarly altered by diet (F @ 18 = 38.42, p<0.001) with the DHA group showing
428  asignificant decrease in integrated density, but there was no effect of opioid exposure (p=0.95 in control
429  and p<0.9 in DHA groups) (Figure 5E).

430 4. Discussion

431 We have previously shown that a PUFA-enriched diet alters the behavioral and cellular adaptations
432 to non-contingent chronic morphine exposure [43]. In this study, we examined how this same dietary
433  regimen altered contingent opioid use. Our novel mouse model behavior paradigm enabled us to assess
434  the effect of volitional opioid exposure across a profile of opioid use that is arguably closer to the human
435  condition. In doing so, we generated a profile of opioid use that differs from most IVSA studies published
436  to date in that we focused on the drug-seeking behaviors during a drug use cycle — of extinction,
437  reinstatement, and another period of extinction — to model the phases of abstinence and relapse typical of
438  opioid exposure. Interestingly, we found that oxycodone IVSA established under a short-access FR1
439  schedule does not result in an increase in the number of active lever presses or reinforcers gained above
440  that of mice receiving saline during the initial maintenance phase, possibly due to an inverted U-dose effect
441  often seen in such studies [58] However, during an initial extinction period, when the drug is no longer
442 available but all drug-associated cues are present, there is a sharp increase in drug-seeking behaviors
443  irrespective of diet during this first extinction. This drug-seeking declines over subsequent days to a level
444  that is indistinguishable from when the drug is again delivered during the reinstatement phase. A second
445  extinction period results in the same increase in drug-seeking in the control group but now the mice on the
446 ~ DHA djiet fail to show this sharp increase in drug-seeking behavior which is indistinguishable from that of
447  mice receiving the saline reinforcer.

448

449 Our previous study shows how this DHA enriched diet reduces the anxiogenic behavioral profile
450  induced by morphine and striatal glutamatergic signaling [43]. In this study we investigated how this diet
451  could modulate drug seeking behaviors and the gut microbiome, knowing that there is microbiome-brain
452 axis that modulates anxiety and depression (review; [59]). We show that the addition of DHA altered the
453  gut microbiome during opioid exposure and withdrawal, resulting in increased species richness,
454  phylogenetic diversity, and evenness compared to controls. Since dysbiosis (i.e. disease-associated
455  perturbation of the microbiome) is often associated with lower species richness and diversity, DHA
456  supplementation may protect against adverse phenotypes mediated by the microbiome such as anxiety-
457  like behavior. This effect is similar to previously published studies examining the role of DHA on
458  microbiome-brain axis. For example, Robertson et al. showed that DHA supplementation was associated
459  with enhanced cognition in C57BL/6 mice and an overabundance of Bifidobacterium [60]. A second study
460  found that DHA-induced enrichment of Allobaculum was correlated with reduction of anxiety-like behavior
461  (PMID 27621225). Confirming these prior studies, we show that DHA supplementation was associated with
462  anincrease in Bifidobacterium and Allobaculum. While the comparison of microbial composition before and
463  after opioid introduction was inconclusive, we do demonstrate a significant reduction in Akkermansia and
464  Bifidobacterium with opioid withdrawal, we do demonstrate a significant reduction in Akkermansia and
465  Bifidobacterium with opioid withdrawal. Interestingly, the addition of DHA during the extinction phase
466  dampened the reduction of Bifidobacterium as compared to control. Prior research has shown that
467  Bifidobacterium may increase the bioavailability of opioids by deconjugating glucuronide in the gut lumen
468  [61]. By having a higher level of deconjugating bacteria, DHA may ameliorate the effect of opioid extinction
469  as compared to control. However, the effect of DHA on the IVSA profile during the second extinction phase
470  suggests that the reduction in opioid-seeking is not only the result of increased opioid bio-availability. One
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471  possibility is that DHA-induced Bifidobacterium and Lactobacillus reduce opioid-seeking behavior through
472 microbiome-brain signaling, consistent with literature demonstrating anxiolytic properties of specific
473  strains within these genera [20, 62]. DHA may also work by suppressing bacteria such as Akkermansia that
474  can induce anxiety-like behavior [63].

475

476 The underlying mechanism causing the increase in drug seeking behaviors during the extinction cycle
477 is not completely understood and therefore it is also unclear how the DHA enriched diet led to a decrease
478  in these behaviors. Intuitively, it is assumed that the opioid conditioned response is to the positive
479 reinforcement associated with drug use, however, negative reinforcement mechanisms can drive the
480  compulsivity of drug addiction and relapse. The negative emotional state that is experienced during drug
481  abstinence following chronic opioid use and reinforcers paired with drug withdrawal have been shown to
482  lead to drug seeking behaviors [64]. Studies in mice and humans suggest that an elevated level of stress
483  and anxiety increase the probability of relapse and that exposure to stressors reliably reinstates drug
484  seeking behaviors even after prolonged drug-free periods. This negative emotional state and the associated
485  negative reinforcements may be the driving influence in our study that leads the control mice to increase
486  their drug seeking behaviors during the extinction phases of this behavior paradigm. The reduction in drug
487  seeking behaviors due to the DHA supplementation corresponded to gut microbiome changes during
488  opioid maintenance and withdrawal. The DHA supplementation could be playing a protective role in the
489  gut-microbiome by mitigating the microbiome changes (i.e., the reduction in Bifidobacterium) observed due
490  to opioid withdrawal during the extinction phase. The DHA enriched diet also alleviated the anxiety-
491  associated behaviors in the light/dark test, which was induced by the opioid use and subsequent
492  withdrawal during the extinction period. There is a strong possibility that the effect of DHA
493  supplementation seen in the gut microbiome offset the increased levels of anxiety during forced
494  withdrawal period caused by extinction.

495

496 Intermittent noncontingent but not continuous morphine has been shown to alter the gut microbiome
497  and to induce neuro-inflammation. This can be offset by restoring the microbiome to control levels [65]. In
498  light of our findings that the DHA diet altered the gut microbiome and offset some of the opioid-induced
499  changes seen during the second extinction phase, we hypothesized that the PUFA-enriched diet would
500  reduce microglial activation induced by oxycodone self-administration. Assessing the size of the microglia,
501  identified by the presence of CD68 labeling and shape and intensity of IBA-1 label CD68 cells, we found
502  that this diet reduced the basal activation state of microglia, shown as an increase in size and reduction in
503  the number of cells and intensity of label. However, contrary to our hypothesis, there was no effect of
504  oxycodone self-administration on microglial activation. This may be a result of the low, continuous levels
505  and relatively short access (2 h) of opioid self-administered across the 27 days of the experiment, a regimen
506  that is similar to continuous opioid exposure [65] that may not induce measurable neuro-inflammation.
507  The low sample number of this experiment also warrants caution in furthering our interpretation of this
508  dataset.

509

510 This study outlines a profile of opioid self-administration of an initial maintenance phase followed by
511  periods of abstinence, when drug-seeking becomes pronounced, and may imitate relapse. It is this
512  heightened period of drug-seeking that can be reduced by supplemental DHA which, we also show,
513  reduces anxiety. We propose that such periods of opioid exposure and subsequent withdrawal generate a
514  long-term pathological state of anxiety that leads to the high rate of relapse associated with opioid use and
515  that this may be offset by DHA supplementation. As DHA has beneficial effects on the gut microbiome,
516  this PUFA may offset the effect of opioids on the gut-brain axis. The evidence for this interaction between
517  the gut microbiome and neuropathology continues to grow; we propose that this may be the link by which
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518  DHA offsets the cellular and behavioral effects of opioids as shown in this, and our previous work.
519  Additional research does need to be completed in order to understand if affective-like behaviors and long-
520  term drug seeking behaviors could be treated by normalizing the intestinal environment. Whichever the
521  mechanism involved, our findings do suggest that this supplemental dietary intervention could form part
522 of a treatment protocol for opioid use disorder.
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533 Supplemental Figure 1. The acquisition of remifentanil self-administration. (A) There was no effect of
534 diet (control diet shown in black, DHA diet shown in purple) in the initial acquisition of opioid self-
535 administration using remifentanil as the RNFS when observing (A) AL presses (p=0.3) or (B) RNFS earned
536 (p=0.4).

537


https://doi.org/10.20944/preprints201907.0247.v1
https://doi.org/10.3390/nu11081900

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 July 2019 d0i:10.20944/preprints201907.0247.v1

538 References

539 1. Severino, A.L., et al., Pain Therapy Guided by Purpose and Perspective in Light of the Opioid
540 Epidemic. Front Psychiatry, 2018. 9: p. 119.

541 2. SAMHSA. Available from: https://www.samhsa.gov/.

542 3. Kibaly, C., et al., Non-nociceptive roles of opioids in the CNS: opioids' effects on neurogenesis,
543 learning, memory and affect. Nat Rev Neurosci, 2019. 20(1): p. 5-18.

544 4. Evans, C.J. and C.M. Cahill, Neurobiology of opioid dependence in creating addiction vulnerability.
545 F1000Res, 2016. 5.

546 5. Cahill, C.M., et al., Allostatic Mechanisms of Opioid Tolerance Beyond Desensitization and
547 Downregulation. Trends Pharmacol Sci, 2016. 37(11): p. 963-976.

548 6. Muhuri, P.K., J.C. Gfroerer, and M.C. Davies, Associations of Nonmedical Pain Reliever Use and
549 Initiation of Heroin Use in the United States. The CBHSQ Data Review, 2013.

550 7. Chopra, N. and L.H. Marasa, The opioid epidemic: Challenges of sustained remission. Int J
551 Psychiatry Med, 2017. 52(2): p. 196-201.

552 8. Volkow, N.D., et al., Prevention and Treatment of Opioid Misuse and Addiction: A Review. JAMA
553 Psychiatry, 2018.

554 9. Zilverstand, A., et al., Neuroimaging Impaired Response Inhibition and Salience Attribution in
555 Human Drug Addiction: A Systematic Review. Neuron, 2018. 98(5): p. 886-903.

556 10. Goldstein, R.Z. and N.D. Volkow, Drug addiction and its underlying neurobiological basis:
557 neuroimaging evidence for the involvement of the frontal cortex. Am J Psychiatry, 2002. 159(10):
558 p. 1642-52.

559 11. Goldstein, R.Z., et al., The neurocircuitry of impaired insight in drug addiction. Trends Cogn Sci,
560 20009. 13(9): p. 372-80.

561 12. Carmack, S.A., et al., Heroin addiction engages negative emotional learning brain circuits in rats.
562 J Clin Invest, 2019. 130.

563 13. Shaham, Y., S. Erb, and J. Stewart, Stress-induced relapse to heroin and cocaine seeking in rats: a
564 review. Brain Res Brain Res Rev, 2000. 33(1): p. 13-33.

565 14. Moloney, R.D., et al., The microbiome: stress, health and disease. Mamm Genome, 2014. 25(1-2):
566 p. 49-74.

567 15. Diaz Heijtz, R., et al., Normal gut microbiota modulates brain development and behavior. Proc Natl
568 Acad Sci US A, 2011. 108(7): p. 3047-52.

569  16. Clarke, G., et al., The microbiome-gut-brain axis during early life regulates the hippocampal
570 serotonergic system in a sex-dependent manner. Mol Psychiatry, 2013. 18(6): p. 666-73.

571 17. Sudo, N., et al., Postnatal microbial colonization programs the hypothalamic-pituitary-adrenal
572 system for stress response in mice. ) Physiol, 2004. 558(Pt 1): p. 263-75.

573 18. Neufeld, K.A., et al., Effects of intestinal microbiota on anxiety-like behavior. Commun Integr Biol,
574 2011. 4(4): p. 492-4.

575 19. Desbonnet, L., et al., Effects of the probiotic Bifidobacterium infantis in the maternal separation
576 model of depression. Neuroscience, 2010. 170(4): p. 1179-88.

577 20. Bravo, J.A,, et al., Ingestion of Lactobacillus strain regulates emotional behavior and central GABA
578 receptor expression in a mouse via the vagus nerve. Proc Natl Acad Sci U S A, 2011. 108(38): p.
579 16050-5.

580 21. Taylor, A.M., et al., Associations among diet, the gastrointestinal microbiota, and negative
581 emotional states in adults. Nutr Neurosci, 2019: p. 1-10.

582  22. Pusceddu, M.M,, et al., n-3 PUFAs have beneficial effects on anxiety and cognition in female rats:

583 Effects of early life stress. Psychoneuroendocrinology, 2015. 58: p. 79-90.


https://doi.org/10.20944/preprints201907.0247.v1
https://doi.org/10.3390/nu11081900

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 July 2019 d0i:10.20944/preprints201907.0247.v1

584  23. Ross, B.M., J. Seguin, and L.E. Sieswerda, Omega-3 fatty acids as treatments for mental illness:
585 which disorder and which fatty acid? Lipids Health Dis, 2007. 6: p. 21.

586  24. Bozzatello, P., et al., Supplementation with Omega-3 Fatty Acids in Psychiatric Disorders: A Review
587 of Literature Data. ) Clin Med, 2016. 5(8).

588 25. Pifferi, F., et al., Long-chain n-3 PUFAs from fish oil enhance resting state brain glucose utilization
589 and reduce anxiety in an adult nonhuman primate, the grey mouse lemur. J Lipid Res, 2015. 56(8):
590 p. 1511-8.

591 26. Trofimiuk, E. and J.J. Braszko, Concomitant docosahexaenoic acid administration ameliorates
592 stress-induced cognitive impairment in rats. Physiol Behav, 2013. 118: p. 171-7.

593 27. Lin, P.Y. and K.P. Su, A meta-analytic review of double-blind, placebo-controlled trials of
594 antidepressant efficacy of omega-3 fatty acids. J Clin Psychiatry, 2007. 68(7): p. 1056-61.

595 28. Zhang, X.W,, et al., Omega-3 fatty acids and risk of cognitive decline in the elderly: a meta-analysis
596 of randomized controlled trials. Aging Clin Exp Res, 2016. 28(1): p. 165-6.

597  29. Zhang, Y., et al., Intakes of fish and polyunsaturated fatty acids and mild-to-severe cognitive
598 impairment risks: a dose-response meta-analysis of 21 cohort studies. Am J Clin Nutr, 2016. 103(2):
599 p. 330-40.

600  30. Lesperance, F., et al., The efficacy of omega-3 supplementation for major depression: a
601 randomized controlled trial. J Clin Psychiatry, 2011. 72(8): p. 1054-62.

602  31. Robinson, D.G., et al., A potential role for adjunctive omega-3 polyunsaturated fatty acids for
603 depression and anxiety symptoms in recent onset psychosis: Results from a 16week randomized
604 placebo-controlled trial for participants concurrently treated with risperidone. Schizophr Res,
605 2018.

606  32. Jones, C.R., et al., Preferential in vivo incorporation of [3H]arachidonic acid from blood in rat brain
607 synaptosomal fractions before and after cholinergic stimulation. J} Neurochem, 1996. 67(2): p.
608 822-9.

609 33. Suzuki, H., et al., Rapid incorporation of docosahexaenoic acid from dietary sources into brain
610 microsomal, synaptosomal and mitochondrial membranes in adult mice. Int J Vitam Nutr Res,
611 1997.67(4): p. 272-8.

612  34. Ibarguren, M., et al., Partitioning of liquid-ordered/liquid-disordered membrane microdomains
613 induced by the fluidifying effect of 2-hydroxylated fatty acid derivatives. Biochim Biophys Acta,
614 2013. 1828(11): p. 2553-63.

615  35. Lee, J.W., et al.,, Orphan GPR110 (ADGRF1) targeted by N-docosahexaenoylethanolamine in
616 development of neurons and cognitive function. Nat Commun, 2016. 7: p. 13123.

617  36. de Vera, .M., et al., Identification of a Binding Site for Unsaturated Fatty Acids in the Orphan
618 Nuclear Receptor Nurrl. ACS Chem Biol, 2016. 11(7): p. 1795-9.

619  37. Moniri, N.H., Free-fatty acid receptor-4 (GPR120): Cellular and molecular function and its role in
620 metabolic disorders. Biochem Pharmacol, 2016. 110-111: p. 1-15.

621 38. Bennett, M. and D.W. Gilroy, Lipid Mediators in Inflammation. Microbiol Spectr, 2016. 4(6).

622 39. Ji, R.R., et al., Emerging roles of resolvins in the resolution of inflammation and pain. Trends
623 Neurosci, 2011. 34(11): p. 599-609.

624 40. Costantini, L., et al., Impact of Omega-3 Fatty Acids on the Gut Microbiota. Int J Mol Sci, 2017.
625 18(12).

626  41. Menni, C., et al., Omega-3 fatty acids correlate with gut microbiome diversity and production of
627 N-carbamylglutamate in middle aged and elderly women. Sci Rep, 2017. 7(1): p. 11079.

628 42, Davis, D.J., et al., Sex-specific effects of docosahexaenoic acid (DHA) on the microbiome and
629 behavior of socially-isolated mice. Brain Behav Immun, 2017. 59: p. 38-48.

630  43. Hakimian, J., et al., Specific behavioral and cellular adaptations induced by chronic morphine are

631 reduced by dietary omega-3 polyunsaturated fatty acids. PLoS One, 2017. 12(4): p. e0175090.


https://doi.org/10.20944/preprints201907.0247.v1
https://doi.org/10.3390/nu11081900

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 July 2019 d0i:10.20944/preprints201907.0247.v1

632 44, James, A.S., et al., Opioid self-administration results in cell-type specific adaptations of striatal
633 medium spiny neurons. Behav Brain Res, 2013. 256: p. 279-83.

634 45, Mittal, N., et al., Beta-arrestin 1 regulation of reward-motivated behaviors and glutamatergic
635 function. PLoS One, 2017. 12(10): p. e0185796.

636 46. Storey, G.P., et al., Nicotine Modifies Corticostriatal Plasticity and Amphetamine Rewarding
637 Behaviors in Mice(1,2,3). eNeuro, 2016. 3(1).

638 47. Kuznetsova, A., P.B. Brockhoff, and R.H.B. Christensen, ImerTest Package: Tests in Linear Mixed
639 Effects Models. 2017, 2017. 82(13): p. 26.

640 48. Holter, S.M,, et al., Tests for Anxiety-Related Behavior in Mice. Curr Protoc Mouse Biol, 2015. 5(4):
641 p. 291-309.

642  49. Tong, M., et al., Sampling of intestinal microbiota and targeted amplification of bacterial 16S rRNA
643 genes for microbial ecologic analysis. Curr Protoc Immunol, 2014. 107: p. 7 41 1-11.

644  50. Caporaso, J.G., et al., QIIME allows analysis of high-throughput community sequencing data. Nat
645 Methods, 2010. 7(5): p. 335-6.

646  51. Anderson, M.J., A new method for non-parametric multivariate analysis of variance. Austral
647 Ecology, 2001. 26(1): p. 32-46.

648  52. Love, M.l.,, W. Huber, and S. Anders, Moderated estimation of fold change and dispersion for RNA-
649 seq data with DESeq2. Genome Biology, 2014. 15(12): p. 550.

650  53. Storey, J.D. and R. Tibshirani, Statistical significance for genomewide studies. Proceedings of the
651 National Academy of Sciences, 2003. 100(16): p. 9440-9445.

652  54. Schneider, C.A., W.S. Rasband, and K.W. Eliceiri, NIH Image to ImageJ: 25 years of image analysis.
653 Nat Methods, 2012. 9(7): p. 671-5.

654 55. Bourin, M. and M. Hascoet, The mouse light/dark box test. Eur ) Pharmacol, 2003. 463(1-3): p. 55-
655 65.

656 56. Safaiyan, S., et al., Age-related myelin degradation burdens the clearance function of microglia
657 during aging. Nat Neurosci, 2016. 19(8): p. 995-8.

658  57. Imai, Y., et al., A novel gene ibal in the major histocompatibility complex class Ill region encoding
659 an EF hand protein expressed in a monocytic lineage. Biochem Biophys Res Commun, 1996.
660 224(3): p. 855-62.

661  58. Zhang, Y., et al., Behavioral and neurochemical changes induced by oxycodone differ between
662 adolescent and adult mice. Neuropsychopharmacology, 2009. 34(4): p. 912-22.

663  59. Foster, J.A. and K.A. McVey Neufeld, Gut-brain axis: how the microbiome influences anxiety and
664 depression. Trends Neurosci, 2013. 36(5): p. 305-12.

665  60. Robertson, R.C., et al., Omega-3 polyunsaturated fatty acids critically regulate behaviour and gut
666 microbiota development in adolescence and adulthood. Brain Behav Immun, 2017. 59: p. 21-37.
667 61. Stain-Texier, F., P. Sandouk, and J.M. Scherrmann, Intestinal absorption and stability of morphine
668 6-glucuronide in different physiological compartments of the rat. Drug Metab Dispos, 1998. 26(5):
669 p. 383-7.

670  62. Bercik, P., et al., The anxiolytic effect of Bifidobacterium longum NCC3001 involves vagal pathways
671 for gut-brain communication. Neurogastroenterol Motil, 2011. 23(12): p. 1132-9.

672 63. McGaughey, K.D., et al., Relative abundance of Akkermansia spp. and other bacterial phylotypes
673 correlates with anxiety- and depressive-like behavior following social defeat in mice. Sci Rep, 2019.
674 9(1): p. 3281.

675  64. Koob, G.F. and M. Le Moal, Plasticity of reward neurocircuitry and the 'dark side' of drug addiction.
676 Nat Neurosci, 2005. 8(11): p. 1442-4.

677 65. Lee, K., et al.,, The gut microbiota mediates reward and sensory responses associated with
678 regimen-selective morphine dependence. Neuropsychopharmacology, 2018. 43(13): p. 2606-

679 2614.


https://doi.org/10.20944/preprints201907.0247.v1
https://doi.org/10.3390/nu11081900

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 July 2019 d0i:10.20944/preprints201907.0247.v1

680
681


https://doi.org/10.20944/preprints201907.0247.v1
https://doi.org/10.3390/nu11081900

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 July 2019 d0i:10.20944/preprints201907.0247.v1

682 Supplemental Figure 1. The acquisition of remifentanil self-administration. (A) There was no effect of
683 diet (control diet shown in black, DHA diet shown in purple) in the initial acquisition of opioid self-
684 administration using remifentanil as the RNFS when observing (A) AL presses (p=0.3) or (B) RNFS earned

685 (p=0.4).
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