8 frontiers ‘ Frontiers in Psychiatry

@ Check for updates

OPEN ACCESS

EDITED BY
Wendy J. Lynch,
University of Virginia, United States

REVIEWED BY
David N. Kearns,

American University, United States

Ryan K. Bachtell,

University of Colorado Boulder, United States

*CORRESPONDENCE
Mariana Angoa-Perez
maperez@med.wayne.edu

RECEIVED 12 January 2024
ACCEPTED 12 February 2024
PUBLISHED 27 February 2024

CITATION
Greenberg JM, Winters AD, Zagorac B,
Kracht DJ, Francescutti DM, Cannella N,
Ciccocioppo R, Woods LCS, Mackle J,
Hardiman GT, Kuhn BN, Kalivas PW, Kuhn DM
and Angoa-Perez M (2024) Long access
heroin self-administration significantly alters
gut microbiome composition and structure.
Front. Psychiatry 15:1369783.

doi: 10.3389/fpsyt.2024.1369783

COPYRIGHT

© 2024 Greenberg, Winters, Zagorac, Kracht,
Francescutti, Cannella, Ciccocioppo, Woods,
Mackle, Hardiman, Kuhn, Kalivas, Kuhn and
Angoa-Perez. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Psychiatry

TvpPE Original Research
PUBLISHED 27 February 2024
DOI10.3389/fpsyt.2024.1369783

Long access heroin self-
administration significantly
alters gut microbiome
composition and structure

Jonathan M. Greenberg'?, Andrew D. Winters'?,

Branislava Zagorac®, David J. Kracht'?, Dina M. Francescutti'?,
Nazzareno Cannella®, Roberto Ciccocioppo?,

Leah C. Solberg Woods*, James Mackle®, Gary T. Hardiman®,
Brittany N. Kuhn®, Peter W. Kalivas®, Donald M. Kuhn*?

and Mariana Angoa-Perez*"™*

‘Department of Psychiatry & Behavioral Neurosciences, Wayne State University School of Medicine,
Detroit, MI, United States, 2John D. Dingell Veterans Affairs (VA) Medical Center, Detroit, MI, United
States, *Pharmacology Unit, School of Pharmacy, Center for Neuroscience, University of Camerino,
Camerino, ltaly, “Department of Molecular Medicine, School of Medicine, Wake Forest University,
Winston-Salem, NC, United States, *School of Biological Sciences and Institute for Global Food
Security, Queen’s University Belfast, Belfast, United Kingdom, ¢Department of Neuroscience, Medical
University of South Carolina, Charleston, SC, United States, “Department of Physiology, Wayne State
University School of Medicine, Detroit, MI, United States

Introduction: It is well known that chronic opioid use disorder is associated with
alterations in gastrointestinal (Gl) function that include constipation, reduced
motility, and increased bacterial translocation due to compromised gut barrier
function. These signs of disrupted Gl function can be associated with alterations
in the gut microbiome. However, it is not known if long-access opioid self-
administration has effects on the gut microbiome.

Methods: We used 16S rRNA gene sequencing to investigate the gut microbiome
in three independent cohorts (N=40 for each) of NIH heterogeneous stock rats
before onset of long-access heroin self-administration (i.e., naive status), at the
end of a 15-day period of self-administration, and after post-extinction
reinstatement. Measures of microbial a- and B-diversity were evaluated for all
phases. High-dimensional class comparisons were carried out with MaAsLin2.
PICRUSt2 was used for predicting functional pathways impacted by heroin based
on marker gene sequences.

Results: Community a-diversity was not altered by heroin at any of the three
phases by comparison to saline-yoked controls. Analyses of B-diversity showed
that the heroin and saline-yoked groups clustered significantly apart from each
other using the Bray-Curtis (community structure) index. Heroin caused
significant alterations at the ASV level at the self-administration and extinction
phases. At the phylum level, the relative abundance of Firmicutes was increased
at the self-administration phase. Deferribacteres was decreased in heroin
whereas Patescibacteria was increased in heroin at the extinction phase.
Potential biomarkers for heroin emerged from the MaAsLin2 analysis. Bacterial
metabolomic pathways relating to degradation of carboxylic acids, nucleotides,
nucleosides, carbohydrates, and glycogen were increased by heroin while
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pathways relating to biosynthesis of vitamins, propionic acid, fatty acids, and
lipids were decreased.

Discussion: These findings support the view that long access heroin self-
administration significantly alters the structure of the gut microbiome by
comparison to saline-yoked controls. Inferred metabolic pathway alterations
suggest the development of a microbial imbalance favoring gut inflammation and
energy expenditure. Potential microbial biomarkers and related functional
pathways likely invoked by heroin self-administration could be targets for

therapeutic intervention.
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Introduction

The use of opioid drugs, which includes prescription pain
relievers, heroin, and synthetic opioids such as fentanyl, ranges
along a continuum from clinical therapeutics to abuse/addiction to
fatal overdose. In 2017, 1.7 million Americans suffered from use
disorders related to prescription pain relievers and > 650,000
suffered from heroin use disorder (1). In 2019, nearly 50,000
deaths in the USA were attributed to opioid overdose (2, 3). The
total economic burden of opioid use disorder and fatal opioid
overdose in 2017 was estimated to be $1.02 trillion (4). Therefore,
opioid use disorder and overdose constitutes a significant national
public health crisis with attendant social and economic impacts. At
present, FDA-approved treatments of opioid dependence are
limited to buprenorphine, methadone, and naltrexone. However,
the steady increase in heroin-related morbidity and mortality over
the past two decades in the USA alone and the chronic nature of
opioid use disorder points to repeated cycles of cessation of drug use
and relapse (5), and the need for more effective and longer
lasting treatments.

Opioid pharmacological actions are mediated primarily by a
series of opioid receptors expressed by central and peripheral
neurons, as well as by neuroendocrine, immune and ectodermal
cells (6). The three main opioid receptors in the CNS- mu, delta and
kappa- mediate analgesia and euphoria and are sites of action for
buprenorphine (partial mu agonist), methadone (mu agonist),
and naltrexone (nonselective opioid antagonist). For the most
part, these CNS receptors have been the focus of study for
understanding the addictive properties of the opioid drugs.
However, it is also well known that long-term opioid use disorder
is associated with alterations in gastrointestinal (GI) function to
include constipation, reduced motility, and increased bacterial
translocation by compromising gut barrier function (7-9). These
signs of disrupted GI function suggest the possibility that the gut
microbiome has been altered (10).
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The bulk of the microbiome resides in the GI tract and is
composed of bacteria, viruses, archaea, and fungi. It has been
estimated that the human GI system contains > 1000 bacterial
species and approximately 4 X 10'* microorganisms [roughly the
same number of human cells (11)], and the gut microbiome
expresses ~100 times as many genes as the host human genome
(12, 13). Normal functioning of the gut microbiome is essential to
the maintenance of human health. A disruption in gut microbiome
composition (i.e., dysbiosis) has been linked to numerous diseases,
including cancer, diabetes, obesity, immune dysfunction, and
inflammatory bowel disease (14, 15). Emerging research is also
showing that gut microbiome dysbiosis can play a role in numerous
neurologic [e.g., Parkinson disease, Alzheimer disease (16)] and
psychiatric conditions [e.g., autism (17), depression, and anxiety
(18)], and in eating disorders (19).

Research on gut microbiome involvement in substance use
disorders lags well behind most other health disorders, but an
increasing number of publications are documenting drug-induced
alterations in it and modulation of opioid effects by the gut
microbiome. For instance, morphine causes significant alterations
in the gut microbiome of animals (9, 20-23) and humans (24-28).
The morphine-induced alteration in the gut microbiome causes
impairment in reward and sensory responses (29, 30). The gut
microbiome has also been shown to mediate morphine analgesic
tolerance (31, 32) and withdrawal (33, 34). Exposure to morphine
during pregnancy (35) or in newborn rats (36) induces a dysbiosis
that persists from the neonatal period into adulthood. Other
opioids, including oxycodone (37-39), fentanyl (40, 41), and
heroin (22), have also been shown to cause dysbiosis in the gut
microbiome. The interactions of opioid drugs with the gut
microbiome have been also described in numerous review articles
(10, 42-49).

The studies cited above showing gut microbiome alterations in
opioid dependence models used noncontingent (e.g., slow-release
morphine pellets or minipumps, injection) drug administration.
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However, it is not known if long-access opioid self-administration
has effects on the gut microbiome. Therefore, to simulate
contingent opioid use in humans more closely, outbred rats were
trained to self-administer heroin using operant schedules of
reinforcement. The effect of heroin self-administration on gut
microbiome status was determined by 16S rRNA gene sequencing
of fecal samples collected before onset of heroin self-administration,
at the completion of long-term self-administration, and after post-
extinction reinstatement. The results document that long-access
heroin self-administration causes a significant disruption of the
gut microbiome.

Materials and methods
Subjects

Three independent cohorts (N=40 per cohort, 20 males and 20
females) of heterogeneous stock (NMcwiWFsm : HS) rats were
used in these studies. Rats were pair-housed initially and left
undisturbed in a climate-controlled colony room with a
standard 12-hour light-dark cycle for 3 weeks prior to the start of
heroin self-administration testing at the Medical University of
South Carolina (MUSC). Rats had ad libitum access to food and
water. Rats arrived at MUSC at 5 weeks of age, and their first
testing/fecal pellet collection occurred at 8 weeks of age. Testing
occurred during the dark cycle, between 18:00 h and 6:00 h. During
the course of experimentation 47 rats were excluded from the study
due to technical issues regarding data collection or to early deaths.
The total number of rats tested was 23 (10 male, 13 female), 27 (15
male, 12 female), and 23 (12 male, 11 female) in the three cohorts,
respectively. All experimental procedures using animals were
approved by the Institutional Care and Use Committee at MUSC.

10.3389/fpsyt.2024.1369783

This research was also conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and the Assessment and Accreditation of Laboratory
Animals Care.

Heroin self-administration

Heroin hydrochloride was obtained from the National Institute
on Drug Abuse Drug Supply Program and dissolved in 0.9% sterile
saline for use. Indwelling jugular catheters were implanted in each
rat under isoflurane anesthesia, with an antibiotic (cefazolin, 0.2
mg/kg, sc) and an analgesic (Ketorolac, 2 mg/kg, sc) administered
postoperatively. Animals were given a minimum of 3 days recovery
prior to testing (see Figure 1A). At the conclusion of
experimentation each week, all rats received 0.1 ml of
Taurolidine-Citrate Solution (-TCS- Braintree Scientific, Inc) as
an antimicrobial and to promote catheter patency. Heroin self-
administration was carried out as previously described in detail
(49-51) and included saline-yoked controls (4/cohort). Briefly, rats
were placed singly into standard operant chambers (Med
Associates, St. Albans, VT) outfitted with 2 levers for heroin self-
administration. During a session, bar presses on the active lever
resulted in presentation of light and tone cues for 5 seconds and an
iv infusion of heroin (20 ug/kg/100 ul infusion over 3 seconds). At
the time of infusion, the house light turned off for 20 seconds
signaling a time-out period whereupon additional presses on the
active lever were recorded but without consequence. A session
lasted for 12 hours, or terminated once 300 infusions was reached,
and a fixed ratio 1 schedule of reinforcement was used. Presses on
the inactive lever were recorded but were without consequence. The
self-administration phase lasted for 15 sessions (Figure 1A).
Immediately after the self-administration phase, rats were placed
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FIGURE 1

Experimental timeline and indicators of heroin addiction-like behavior. Experimental timeline indicating the three experimental phases of the study
(naive, self-administration, and extinction), self-administration training sessions (green bars), and stool sample collections over the study duration (A).
Number of heroin infusions (one infusion = 20 pg/kg of body weight) for male and female rats over 15 training sessions that are indicated with
ribbons (mean + standard error of the mean) (B). Number of heroin infusions by sex during the progressive ratio test (mean + standard error of the
mean) (C). Active lever presses for male and female rats at three distinct timepoints (end of self-administration, extinction and cue induced
reinstatement). Data for active lever presses are an average over training sessions 13-15 for the self-administration timepoint, and single day session
measurements for the extinction and cued-induced reinstatement timepoints (median + interquartile range; **p < 0.005, ****p < 0.00005, paired

Wilcoxon) (D), similar to the previous panels.
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under extinction conditions whereupon presses on either active or
inactive levers were recorded but not reinforced with heroin
infusions or presentation of the tone/cue light stimuli. A total of
6 extinction training sessions (2 hour/session) occurred. At the
conclusion of the extinction phase, rats were exposed to a 2-hour
cue-induced reinstatement test whereby active lever presses resulted
in tone/cue-light presentation and pump activation but no heroin
infusion. Fecal boli were collected from the operant chamber of
each subject before the start of self-administration, after completion
of the heroin long-access self-administration phase (after training
session 15) and after extinction and cued reinstatement phases
(Figure 1A). Fecal boli were collected immediately after the
indicated sessions using sterile forceps, placed into sterile plastic
tubes, and frozen immediately at -80°C. Thereafter, fecal boli were
shipped on dry-ice to Wayne State University for 16S rRNA gene
sequencing and analysis. Analyses of the number of heroin
infusions over the self-administration period were carried out
using a mixed-effects model (REML) with sex, heroin training
sessions and the interaction between sex and training session as
variables. Comparisons at the progressive ratio test (average
number of infusions) were performed with student’s t tests. The
log-normalized number of active-lever presses at the end of heroin
self-administration, after extinction and at cue-induced
reinstatement in males and females were compared using the
Friedman one-way repeated measure ANOVA followed by
Wilcoxon post hoc comparisons.

Gut microbiome analysis

Fecal samples were collected and processed for sequencing of
the 16S rRNA gene. These samples, along with the appropriate
positive/negative controls and mock community, were processed
for amplicon metagenomic library preparation and sequencing
using an Illumina MiSeq system as we have previously described
(50-54). The V4 region of the 16S rRNA gene was amplified and
sequenced via the dual indexing strategy developed by Kozich et al.
(55). 16S rRNA gene sequences were clustered into amplicon
sequence variants (ASVs) using the Divisive Amplicon Denoising
Algorithm (DADA2) (56) pipeline to obtain merged, denoised,
chimera-free, inferred ASVs, with the exception that forward and
reverse reads were truncated at 240 and 150 bases, respectively.
Sequences were then classified using the silva_nr_v132_train_set
database with a minimum bootstrap value of 80%, and sequences
that were derived from Archaea, chloroplast, Eukaryota,
mitochondria, or that could not be classified to a bacterial
phylum were removed. All samples were normalized to 11,377
reads using the rarefy function in phyloseq R package (v 1.44.0).
Good’s coverage was > 97.9% for all samples and contained a total
of 2314 ASVs from 14 bacterial phyla. For analyses, 219 bacterial
profiles were used from 73 rats with samples from each
experimental phase (naive, self-administration, extinction). o-
diversity of bacterial profiles was characterized using Chaol,
Shannon, and Inverse Simpson indices calculated via the phyloseq
package. Differences in o-diversity were statistically evaluated
through linear modeling using base R (v 4.3.1) and three-way

Frontiers in Psychiatry

10.3389/fpsyt.2024.1369783

ANOVAs factoring cohort, treatment, and sex, using the R
package car (v 3.1.2). B-diversity was characterized using the
Bray-Curtis dissimilarity index based on relative abundance data
(i.e., percent abundance), calculated via the vegan R package (v
2.6.4). Three-dimensional principal coordinate analysis (PCoA)
plots were used to visualize the similarity of the sample profiles
with the car package (v 3.1.2). To account for any potential effect of
individual rat identity, cohort variation, or sex on the gut
microbiome, these variables were controlled for within and across
experimental phases, as appropriate. Changes in [B-diversity
were statistically evaluated with non-parametric MANOVAs
(NPMANOVAs) using the vegan package. R* values were also
included to indicate the percentage of variation in the response
that was explained by each model utilized. Differential relative
abundance of bacterial ASVs and phyla between the heroin and
saline-yoked controls and between sexes were assessed using a
negative binomial model as implemented in the R package
Microbiome Multivariable Associations with Linear Models
(MaAsLin2, v 1.14.1). MaAsLin2 is an established methodology to
assess multivariable association of microbial community features
with complex metadata in population-scale observational studies
(57). A minimum prevalence of 0.40 was used and multiple
comparisons were adjusted using the Benjamini-Hochberg
method. Values for q < 0.05 were deemed statistically significant.

Inference of functional genes
and pathways

PICRUSt2 software package version 2.5.2 (58) was used for
predicting functional pathway occurrence based on marker gene
sequences (16S rRNA sequencing data). MetaCyc ontology
predictions (59) were used for metabolic pathway classification and
were compared by Statistical Analysis of Metagenomic Profiles
(STAMP) (60) using the Welsh’s t-test (filtered p > 0.05) corrected
for multiple tests with Benjamini-Hochberg. Functional pathways
were then annotated based on the individual MetaCyc Superpathways.

Results

Heroin intake at self-administration and
addictive-like behaviors

Analysis of the number of heroin infusions over the self-
administration period showed a significant escalation in drug
intake across the 12 training sessions (Fj3yg 2504 = 15.18, p <
0.05). The ranges of heroin intake were 0-5.2 mg/kg in females and
0-3.74 mg/kg in males. This drug escalation was independent of sex
as both males and females showed a similar pattern of increase
(Figure 1B). The interaction between sex and training sessions was
not significant. Following the training sessions, a progressive ratio
test was performed to determine the motivation for the rats to work
for the drug. In this test the effort needed to retrieve an infusion
reward increased across trials. While comparisons between the
males and females in the number of infusions at this test showed
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a reduced response in males, this was not statistically significant
(Figure 1C). Addiction-like behaviors in males and females were
also evaluated by comparing the number of active lever presses at
the end of self-administration, extinction and cue induced
reinstatement (F, = 44.1, df 2, p < 0.0001 for males; F, = 54, df 2,
p < 0.0001 for females) (Figure 1D). The number of active lever
presses decreased significantly at the extinction phase compared to
the end of self-administration training (p < 0.00001 for both sexes),
but increased at cue-induced reinstatement (p < 0.00001 for
females, p = 0.001 for males). Similar to the escalation of heroin
intake, behaviors indicating addiction-like patterns were shown in
both sexes but no statistical differences were detected by sex.

Alterations in gut microbiome diversity by
heroin self-administration

Figure 2 presents the analyses of the effects of long-access self-
administration on microbial o-diversity. Three-way ANOVA
analyses revealed that heroin did not change o-diversity in any of
the experimental phases as assessed using the Chao-1 (richness,
panel A), Shannon (evenness, panel B), and Inverse Simpson
(heterogeneity, panel C) indices. Results from analyses of -
diversity of the bacterial profiles are presented in Figure 3. An
initial NPMANOVA analysis controlling for experimental phase
showed significant main effects for heroin self-administration
(F146 = 2.155, p = 0.001, R? = 0.009), sex (Fy 46 = 2.04, p =
0.0009, R* = 0.011) and rat identity (F79146 = 1.375, p = 0.0009, R* =
0.401). No significant interactions were detected between any of these
factors. Given that the overall effects of heroin self-administration
were statistically significant, the effects of each experimental phase
were subsequently tested with NPMANOVAs while controlling for
cohort. Heroin self-administration, sex, or self-administration X sex

10.3389/fpsyt.2024.1369783

interactions were not found at the naive phase (i.e., before initiation
of heroin self-administration) (Figure 3A). At the self-administration
phase, heroin self-administration (F; g9 = 1.45, p = 0.03, R? = 0.02)
and sex (F g = 1.57, p = 0.01, R* = 0.02) were both significant but the
interaction between self-administration and sex was not (Figure 3B).
At the extinction phase, heroin self-administration (F; g = 1.61, p =
0.007, R* = 0.02), sex (F1 g9 = 1.7, p = 0.005, R* = 0.02) and the
interaction between self-administration and sex (F;g9 = 1.65, p =
0.002, R* = 0.02) were significant (Figure 3C). For clarity purposes,
PCoAs displaying sex effects for each experimental phase are
presented in Figure 4A (Naive), 4B (heroin self-administration),
and 4C (extinction).

MaAsLin2 analysis for biomarkers

Differential abundance analysis with MaAsLin2 at the ASV level
identified 23 bacterial ASVs that were significantly altered at the
self-administration phase (Figure 5). Among these, 19 bacterial
ASVs were increased by heroin self-administration and 4 ASVs
were decreased compared to saline-yoked controls (Figure 5A). Of
the 23 ASVs that emerged from this analysis, most could be
identified at the taxonomic level of family (N=13) with fewer
identified at the level of genus (N=7) and order (N=3). In
addition, the majority of these taxa (91%) are in the phyla of
Bacteroidetes (N=11) and Firmicutes (N=10). Those taxa that were
increased to the greatest extent by heroin self-administration
included Bacteroides (ASV105), Lachnospiraceae (ASV102), and
Muribaculaceae (ASV69) while those associated with greater
decreases after heroin self-administration included Rikenellaceae
(ASV28), Muribaculaceae (ASV95) and Alistipes (ASV159). At the
extinction phase, 13 ASVs were found significantly altered by
heroin self-administration. Among these, 9 ASVs were increased
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FIGURE 2

Saline

Saline Heroin

Effects of heroin self-administration on a-diversity. The o-diversity metrics Chao-1 (A), Shannon (B) and Inverse Simpson (C) were determined for
16S rRNA gene sequencing profiles of rat fecal samples from each of the experimental phases. Data are presented as median + interquartile range
(line through box, respectively) and include data from each subject. No statistical significances were detected.
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FIGURE 3

Effects of heroin self-administration on B-diversity. Principal Coordinates Analysis (PCoA) plots of the bacterial profiles from the 16S rRNA gene
sequencing at the naive (A), self-administration (B), and extinction (C) phases. Percentages along the X and Y axes indicate the amount of variance
explained for principal coordinates 1 through 3, respectively. PCoAs were generated using the Bray-Curtis index. Ellipses indicate 80% confidence
intervals and individual data points are color-coded by group (blue = saline-yoked controls; red = heroin self-administration). The plot orientations

were chosen for clarity of the data in three-dimensional space.

(ASV156) while those showing the greatest decreases included
Mucisprillum (ASV185), Ruminiclostridium 5 (ASV300) and
and family (N=6). The majority of these ASVs associated with the = Lachnospiraceae (ASV453). MaAsLin2 also revealed 17 bacterial
extinction phase are in the phyla of Bacteroidetes (N=5) and  ASVs differentially abundant by sex at the self-administration phase
Firmicutes (N=4). Those taxa increased to the greatest extent in  (Figure 6A). Of the 17 ASVs, ten were increased in males, while

seven were increased in females. Of the 17 ASVs that emerged from

the heroin self-administration group included Ruminoclostridium 6
(ASV41), Muribaculaceae (ASV230) and Ruminiclostridium 5  this analysis, most could be identified at the taxonomic level of

and 4 were decreased in the heroin group (Figure 5B). Of these
ASVs, most were identified at the taxonomic levels of genus (N=6)
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FIGURE 4
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Effects of heroin self-administration on the B-diversity of the gut microbiome in males and females. Principal Coordinates Analysis (PCoA) plots of
the bacterial profiles from the 16S rRNA gene sequencing at the naive (A), self-administration (B), and extinction (C) phases. Plots represent the same
data as in Figure 2, but are color-coded by sex (red circles = females; blue boxes = males). Percentages along the X and Y axes indicate the amount
of variance explained for principal coordinates 1 through 3, respectively. PCoAs were generated using the Bray-Curtis index. Ellipses indicate 80%
confidence intervals and are color-coded by sex. The plot orientations were chosen for clarity of the data in three-dimensional space.

genus (N=8) with fewer identified at the level of family (N=7) and
order (N=2). Similarly, in the extinction phase, sixteen bacterial
ASVs were differentially abundant, with 10 higher in males, and 6
higher in females (Figure 6B). Notably, only one ASV was detected
as differentially abundant in both phases and was higher in females,
Ruminococcus 1 (ASV20). Similarly to the treatment comparisons,
the majority of taxa (85%) differentially abundant between the sexes
were of the phyla Bacteroidetes (N=11) and Firmicutes (N=17).
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Analysis of the gut microbiome in heroin
self-administration at the phylum level

Broad assessment of the bacterial communities at the phylum level
revealed that Bacteroidetes and Firmicutes accounted for >90% average
relative abundance (Figure 7), regardless of experimental group (saline,
heroin) or experimental phase (naive, self-administration, extinction).
MaAsLin2 was used to identify specific phyla that were differentially
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FIGURE 5

Bacterial taxa differentially abundant after heroin self-administration. Relative abundance of taxa identified as increased or decreased after the heroin
self-administration phase when compared to saline-yoked controls (A). Relative abundance of taxa differentially abundant following the extinction
phase (B). Bars indicate mean relative abundance + SEM. All taxa depicted are statistically significant (q < 0.05) as assessed via MaAsLin2.

abundant between the heroin and saline groups. No phyla were
differentially abundant between groups at the naive phase
(Figure 7A). Firmicutes was the only differentially abundant phylum
at the self-administration phase (q < 0.05; Figure 7B) and was higher in
the heroin group when compared to the saline-yoked controls (49.3%
vs 37.4%). At the extinction phase (Figure 7C), two phyla were shown
to be significantly altered by heroin (q < 0.05). In the heroin group,
Deferribacteres was less relatively abundant (0.05% vs 0.66%) and
Patescibacteria was more relatively abundant compared to saline-yoked
controls (0.015% vs 0.004%). Similarly, to above, Bacteroidetes and
Firmicutes accounted for >84% average relative abundance for each
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sex, regardless of phase, however several lower abundance phyla were
differentially abundant by sex (Figure 8). Prior to heroin self-
administration, Verrucomicrobia was higher in females (0.16% vs
0.02%) and persisted following heroin self-administration (1.44% vs
0.63%) increasing in average relative abundance across each phase for
both sexes (Figures 8A, B). After extinction, the sex difference was no
longer significant (2.7% vs 0.94%). Actinobacteria was also higher in
females at the self-administration phase (2.7% vs 1.8%) as well as the
extinction phase (5.0% vs 3.0%). In the extinction phase, Spirochaetes
and Tenericutes were higher in males (Spirochaetes: 3.9% vs 1.5%;
Tenericutes: 0.91% vs 0.51%) (Figure 8C).
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Predictive functional profiling of heroin
self-administration administration

The results from 16S rRNA gene sequencing were analyzed by
PICRUSt2 (61) to predict the functional composition of the current
database as shown in Figure 9. A total of 176 of the 354 (49.7%)
functional pathways predicted to be present in the saline-yoked and
heroin fecal metagenomes differed significantly between the two
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treatment groups. After annotating the functional pathways based
on the individual MetaCyc Superpathways, it was revealed that 8 of
the 21 (38.1%) predicted functions were decreased in heroin
compared to saline-yoked controls. These pathways included
the biosynthesis of vitamins, energy secondary metabolites,
carbohydrates, propionic acid and nucleotides, and the degradation
of guanine. Complementarily, 13 of the 21 (61.9%) functional groups
were increased in heroin samples compared to saline-yoked controls.
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These pathways included the degradation of carboxylic acids, amines,
nucleotides, carbohydrates, glycogen and nucleosides, and the
biosynthesis of methionine, amino acids, cell structure, and
aromatic amino acids, as well as the metabolism of inorganic
nutrients, precursor metabolite production, and glycolysis.
PICRUSt2 analyses comparing males and females revealed that
heroin administration was not associated with sex-dependent
changes in functional profiling.

Discussion

The goal of the present study was to determine if long access
heroin self-administration disrupts the gut microbiome in outbred
heterogeneous rats. The NMcwiWFsm : HS rats are outbred rodent
populations that are known for their high genotypic and phenotypic
variability. This strain closely resembles the variation found in
human populations (62), and increases the translational relevance
of this study. The escalation of heroin intake across the self-
administration training sessions, the decrease in active lever
responses at extinction, and the recovery of these responses at

cue-induced reinstatement, indicate the presence of addiction-like
behaviors, rather than non-disordered opioid use. However, these
responses were similar in males and females, indicating that both
sexes are responsive to the rewarding and reinforcing effects of
heroin self-administration. This was consistent with a lack of sex
differences in opioid intake at fixed and progressive ratios reported
by Ren and Lotfipour in a fentanyl self-administration model (63).
While sex effects were not observed in heroin intake, our results
show that the gut microbiome was significantly altered after the self-
administration and extinction/reinstatement phases of contingent
heroin intake by comparison to saline-yoked controls. Heroin did
not alter o-diversity of the gut microbiome at any of the
experimental phases but it did significantly alter B-diversity in the
self-administration and extinction/reinstatement phases. Sex
differences were also observed for B-diversity during the self-
administration and extinction/reinstatement phases. These
differences were not detected prior to heroin use, which is
consistent with previous reports that the gut microbiome does
not vary by sex in control rats (64, 65). These changes in -
diversity confirm that the structure of the gut microbial
community was changed significantly by heroin self-
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administration. Furthermore, these differences in the gut
microbiome structure across the experimental phases varied by
sex (Figures 4B, C). These results contrast with the study by Ren and
Lotfipour, where sex differences were found after opioid self-
administration in o-diversity but not in B-diversity. Given that
baseline sex variances in o-diversity were reported in Sprague
Dawley rats by these authors, it is possible that these differences
could be explained by the divergence in drug and rat strains.

To expand the examination of the consequences of drug-
induced alterations in B-diversity, the effects of heroin self-
administration on the taxonomic makeup of the gut microbiome
were examined. Changes at the ASV (Figure 5) and phylum levels
(Figure 7) of analysis for the self-administration phase were in close
agreement and showed that Bacteroidetes (48%) and Firmicutes
(43%) were the taxonomic levels at which the majority (>90%
together) of alterations were observed. This pattern was expected in
light of the fact that the rat microbiome is dominated by these two
phyla (66). The relative abundances of the genus Bacteroides as well
as the Lachnospiraceae and Muribaculaceae families were increased
to the greatest extent during the self-administration phase.
Members of the Bacteroides genus have numerous commensal
effects, yet many are pathogenic. B. fragilis is very commonly
found in infections and after disruption of the intestinal wall or
other perforations (67). This anaerobic species often participates in
secondary phases of infection of the gut following the acute phase of
infection by E. coli (67). These pathogenic roles of the Bacteroides
genus are consistent with the opioid-induced potentiation
of infection virulence and increases in systemic bacterial
dissemination (68), exacerbation of Gram-positive sepsis (69), as
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well as the impairment of intestinal epithelial repair in HIV-infected
humanized mice (70). Members of the Lachnospiriceae family, such
as those of the Bacteroides genus, have beneficial effects including
production of short chain fatty acids and maturation of the immune
system. However, this family has also been implicated in several
disease states, most of which are characterized as inflammatory
conditions (e.g., metabolic disease, irritable bowel disease (71)).
This is consistent with the known ability of morphine to cause gut
barrier disruption and systemic inflammation (9). The alterations in
Muribaculaceae in the heroin self-administration phase is
paradoxical. A total of 7 different Muribaculaceae ASVs were
significantly altered in this phase and 5 of these were increased in
relative abundance while 2 were decreased. Muribaculaceae
abundance is negatively correlated with inflammation (72) and its
abundance has been shown to decline in morphine treated
humanized HIV rats and their controls (73). This present result is
difficult to link to heroin specifically as increases in the
Muribaculaceae would be expected to counteract opioid induced
gut inflammation. On the other hand, it is possible that these
increases represent a protective response that was of insufficient
magnitude to alter heroin self-administration. The differences in the
taxonomic makeup of the gut microbiome across the heroin phases
by sex were also examined at the ASV (Figure 6) and phylum levels
(Figure 8). While most of the bacterial taxa differentially abundant
in heroin vs saline-yoked controls at the ASV level were also
identified by sex, some ASVs were exclusive to sex. This is the
case for Prevotella 9 (ASV18) and Dubosiella (ASV91) for the self-
administration phase, as well as Lactobacillus (ASV15, ASV297)
and Gastranaerophiliales (ASV77) for the extinction phase
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(Figure 6). Likewise, comparisons in phyla structure in males
and females across phases identified taxa that were specifically
changed by sex, but not by heroin treatment. Members of
Spirochaetes, Actinobacteria, Verrucomicrobia and Tenericutes
were differentially abundant in males compared to females
(Figure 8). These results contribute to the sex-dependent
differences in B-diversity identified in each experimental phase.

At the end of the extinction/reinstatement phase, fewer taxa
were altered in relative abundance (N=13) than in the self-
administration phase (N=23), possibly reflecting a rebalancing of
the gut microbiome after cessation of heroin intake. The
Muribaculaceae family showed the greatest number of changes in
the extinction/reinstatement phase, with 4 showing increased
abundance and one showing a decrease. The taxa showing the
greatest increases in extinction were Ruminiclostridium 6 and
Coriobacteriaceae. Ruminoclostridium 6 has been associated with
high fat diet (74) and diabetes-induced inflammation (75), and
Coriobacteriaceae abundance is increased significantly in irritable
bowel disease (76). This finding is consistent with opioid-induced
disturbances in gut inflammation (9, 31) and suggests that this
effect is quite persistent. Significant decreases in Mucispirillum
were observed in the extinction/reinstatement phase as well.
Muscispirillum schaedleri has been shown to protect the gut from
colitis (77) suggesting that the large reduction in its abundance in
the extinction/reinstatement phase could contribute further to gut
inflammation. Similarly, the decrease in Ruminiclostridium 5 would
be predicted to worsen gut health because this genus is a short chain
fatty acid producer (78).

PICRUSt2 analysis was undertaken to predict metabolic
alterations that would be expected based on bacterial marker gene
sequences. While the low variance of microbial functional profiles
can affect the accuracy of PICRUSt2 base metrics, and degrade its
performance outside of human datasets (79), there are advantages
in using this tool. PICRUSt2 is becoming increasingly popular in
microbial ecology studies as it contains an updated and larger
database of gene families and reference genomes than other similar
tools (58, 80). This predictive tool allows for initial exploration of
hypotheses prior to shotgun sequencing or metabolomics analyses.
In this study, PICRUSt2 was used in an exploratory manner and
confirmatory studies can follow. The results from this analysis were
in consensus with the literature on changes in opioid-induced
metabolomics measured from metabolites in serum and urine [see
review by Dinis-Oliveira (81, 82)]. Pathways predicted to be
reduced by the PICRUSt2 analysis have been documented in
studies on opioid-induced metabolomics to include vitamin
biosynthesis (83, 84), carbohydrate biosynthesis (85, 86),
propionic acid production (87), nucleotide biosynthesis (81, 88),
guanine degradation (89) and fatty acid and lipid biosynthesis (84,
85). Those pathways predicted to increase also aligned with existing
literature on opioid induced metabolomics alterations. These
include amino acid and amine biosynthesis (85, 86, 89-91),
nucleotide and nucleoside degradation, and increased depletion of
energy sources (82, 89). Indicators of oxidative stress related to
opioid-induced increases in lipid peroxidation and membrane
disruption (89) were also consistent with the PICRUSt2

Frontiers in Psychiatry

12

10.3389/fpsyt.2024.1369783

predictions. Together, pathways predicted by PICRUSt2 to be
increased or decreased by heroin and other opioids suggest an
overall reduction in the tricarboxylic acid cycle, increased energy
expenditure and altered amino acid metabolism, and agree with
alterations in opioid metabolomic seen in vivo (81, 89). These
results add a new dimension to existing metabolomics research on
opioids by suggesting at least some of these changes are mediated at
the level of the gut microbiome.

The magnitude of the gut microbiome changes resulting from
long-access heroin self-administration seen presently appeared to
be smaller than observed in other studies of opioid-induced
dysbiosis, particularly as it relates to the relative abundance of
taxa. The total dose of heroin self-administered in the present
experiment amounted to approximately 10 mg/kg over 15 days, or
an average daily dose of 0.75 mg/kg/day. Despite the lower doses
achieved with heroin self-administration, this method allowed for
the study of volitional use of heroin. Other studies used higher doses
(20-80 mg/kg) and administered opioids via slow-release pellets or
minipumps, or by systemic injection (20-23). These results agree
with the observation by Taylor and colleagues (29) showing that
differing opioid regimens influence the gut microbiome in a specific
manner. The results of our study also agree with previous studies
showing significant alterations in B-diversity (20, 22, 31) without
changes in o-diversity (21, 22) after opioid administration.

This study has a number of strengths. First, it is the first to study
to assess the effects of heroin self-administration on the gut
microbiome. Second, the use of a long-access, contingent heroin
self-administration model with heterogeneous stock rats as subjects
to better reflect behavioral and genetic variance associated with
human opioid abuse. Third, it recapitulates the sex dependent
effects of opioids on various pharmacological and behavioral
outcomes. Fourth, it establishes similarity of the effects of heroin
with those of morphine and other opioids on the gut microbiome
and potentially identifies biomarkers for heroin self-administration
using MaAsLin2 analysis. Weaknesses of this study include
sequencing at the 16S rRNA level which does not always allow
identification of altered bacteria at the species level (as opposed to
whole genome sequencing), lack of analyses of gut inflammation
and function, and lack of a correlation between gut microbiome
changes and behavioral outcomes such as heroin intake. Additional
studies are underway to address these weaknesses.

Data availability statement

The raw data supporting the conclusions of this article was
deposited in the SRA database, BioProject # PRINA1066745.

Ethics statement

The animal study was approved by Institutional Care and Use
Committee at Medical University of South Carolina. The study
was conducted in accordance with the local legislation and
institutional requirements.

frontiersin.org


https://doi.org/10.3389/fpsyt.2024.1369783
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Greenberg et al.

Author contributions

JG: Data curation, Formal analysis, Writing - original draft,
Writing - review & editing. AW: Writing — review & editing. BZ:
Data curation, Writing - review & editing. DJK: Writing - review &
editing. DF: Writing - review & editing. NC: Writing - review
& editing, Methodology. RC: Methodology, Writing - review &
editing. LS: Writing - review & editing. JM: Writing — review &
editing, Data curation. GH: Writing - review & editing, Investigation.
BK: Writing - review & editing, Formal analysis, Investigation,
Methodology, Resources. PK: Formal analysis, Investigation,
Methodology, Writing - review & editing, Resources. DMK:
Formal analysis, Investigation, Methodology, Writing — review &
editing, Conceptualization, Funding acquisition, Resources, Writing
- original draft. MA-P: Conceptualization, Formal analysis,
Methodology, Writing - original draft, Writing - review & editing,
Data curation, Investigation, Supervision.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The heroin
self-administration studies were supported by NIDA grant
5U01DA045300. The gut microbiome sequencing and analyses
studies were supported by Department of Veterans Affairs grants

References

1. Quality CfBHSa. 2017 National Survey on Drug Use and Health: Detailed Tables.
Rockville, MD: Substance Abuse and Mental Health Services Administration (2018).

2. Mattson CL, Tanz L], Quinn K, Kariisa M, Patel P, Davis NL. Trends and geographic
patterns in drug and synthetic opioid overdose deaths - United States, 2013-2019. MMWR
Morb Mortal Wkly Rep. (2021) 70:202-7. doi: 10.15585/mmwr.mm7006a4

3. National vital Statistics System, Mortality. Cdc Wonder (2019). Available at:
https://wonder.cdc.gov/.

4. Florence C, Luo F, Rice K. The economic burden of opioid use disorder and fatal
opioid overdose in the United States, 2017. Drug Alcohol Depend. (2021) 218:1-7.
doi: 10.1016/j.drugalcdep.2020.108350

5. Han B, Volkow ND, Compton WM, McCance-Katz EF. Reported heroin use, use
disorder, and injection among adults in the United States, 2002-2018. Jama. (2020)
323:568-71. doi: 10.1001/jama.2019.20844

6. Stein C. Opioid receptors. Annu Rev Med. (2016) 67:433-51. doi: 10.1146/
annurev-med-062613-093100

7. Camilleri M, Lembo A, Katzka DA. Opioids in gastroenterology: treating adverse
effects and creating therapeutic benefits. Clin Gastroenterol Hepatol. (2017) 15:1338-49.
doi: 10.1016/j.cgh.2017.05.014

8. Meng J, Yu H, Ma J, Wang J, Banerjee S, Charboneau R, et al. Morphine induces
bacterial translocation in mice by compromising intestinal barrier function in a tlr-
dependent manner. PloS One. (2013) 8:254040. doi: 10.1371/journal.pone.0054040

9. Banerjee S, Sindberg G, Wang F, Meng ], Sharma U, Zhang L, et al. Opioid-
induced gut microbial disruption and bile dysregulation leads to gut barrier
compromise and sustained systemic inflammation. Mucosal Immunol. (2016)
9:1418-28. doi: 10.1038/mi.2016.9

10. Wang F, Roy S. Gut homeostasis, microbial dysbiosis, and opioids. Toxicol
Pathol. (2016) 45:150-6. doi: 10.1177/0192623316679898

11. Sender R, Fuchs S, Milo R. Revised estimates for the number of human and
bacteria cells in the body. PloS Biol. (2016) 14:1-14. doi: 10.1371/journal.pbio.1002533

12. Savage DC. Microbial ecology of the gastrointestinal tract. Annu Rev Microbiol.
(1977) 31:107-33. doi: 10.1146/annurev.mi.31.100177.000543

Frontiers in Psychiatry

13

10.3389/fpsyt.2024.1369783

11S1 BX005515, 1 IK6 RX002419, and 5 IK6 RX002419, and by the
Lycaki-Young Fund from the Department of Psychiatry and
Behavioral Neurosciences, Wayne State University School
of Medicine.

Acknowledgments

The authors thank David Rosenberg, MD, Chair, Department of
Psychiatry and Behavioral Neurosciences, Wayne State University
School of Medicine for his generous support of these studies.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

13. Hamady M, Knight R. Microbial community profiling for human microbiome
projects: tools, techniques, and challenges. Genome Res. (2009) 19:1141-52.
doi: 10.1101/gr.085464.108

14. Pflughoeft KJ, Versalovic J. Human microbiome in health and disease. Annu Rev
Pathol. (2012) 7:99-122. doi: 10.1146/annurev-pathol-011811-132421

15. Shreiner AB, Kao JY, Young VB. The gut microbiome in health and in disease.
Curr Opin Gastroenterol. (2015) 31:69-75. doi: 10.1097/MOG.0000000000000139

16. Tremlett H, Bauer KC, Appel-Cresswell S, Finlay BB, Waubant E. The gut
microbiome in human neurological disease: A review. Ann Neurol. (2017) 81:369-82.
doi: 10.1002/ana.24901

17. Dinan TG, Cryan JF. The microbiome-gut-brain axis in health and disease.
Gastroenterol Clin North Am. (2017) 46:77-89. doi: 10.1016/j.gtc.2016.09.007

18. Foster JA, McVey Neufeld KA. Gut-brain axis: how the microbiome influences
anxiety and depression. Trends Neurosci. (2013) 36:305-12. doi: 10.1016/j.tins.2013.01.005

19. Seitz J, Trinh S, Herpertz-Dahlmann B. The microbiome and eating disorders.
Psychiatr Clin North Am. (2019) 42:93-103. doi: 10.1016/j.psc.2018.10.004

20. WangF, Meng ], Zhang L, Johnson T, Chen C, Roy S. Morphine induces changes
in the gut microbiome and metabolome in a morphine dependence model. Sci Rep.
(2018) 8:1-15. doi: 10.1038/s41598-018-21915-8

21. Hofford RS, Mervosh NL, Euston TJ, Meckel KR, Orr AT, Kiraly DD. Alterations
in microbiome composition and metabolic byproducts drive behavioral and
transcriptional responses to morphine. Neuropsychopharmacology. (2021) 46:2062—
72. doi: 10.1038/s41386-021-01043-0

22. Ayoub SM, Piscitelli F, Silvestri C, Limebeer CL, Rock EM, Smoum R, et al.
Spontaneous and naloxone-precipitated withdrawal behaviors from chronic opiates are
accompanied by changes in N-oleoylglycine and N-oleoylalanine levels in the brain and
ameliorated by treatment with these mediators. Front Pharmacol. (2021) 12:706703.
doi: 10.3389/fphar.2021.706703

23. Kolli U, Jalodia R, Moidunny S, Singh PK, Ban Y, Tao J, et al. Multi-omics
analysis revealing the interplay between gut microbiome and the host following opioid
use. Gut Microbes. (2023) 15:2246184. doi: 10.1080/19490976.2023.2246184

frontiersin.org


https://doi.org/10.15585/mmwr.mm7006a4
https://wonder.cdc.gov/
https://doi.org/10.1016/j.drugalcdep.2020.108350
https://doi.org/10.1001/jama.2019.20844
https://doi.org/10.1146/annurev-med-062613-093100
https://doi.org/10.1146/annurev-med-062613-093100
https://doi.org/10.1016/j.cgh.2017.05.014
https://doi.org/10.1371/journal.pone.0054040
https://doi.org/10.1038/mi.2016.9
https://doi.org/10.1177/0192623316679898
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1146/annurev.mi.31.100177.000543
https://doi.org/10.1101/gr.085464.108
https://doi.org/10.1146/annurev-pathol-011811-132421
https://doi.org/10.1097/MOG.0000000000000139
https://doi.org/10.1002/ana.24901
https://doi.org/10.1016/j.gtc.2016.09.007
https://doi.org/10.1016/j.tins.2013.01.005
https://doi.org/10.1016/j.psc.2018.10.004
https://doi.org/10.1038/s41598-018-21915-8
https://doi.org/10.1038/s41386-021-01043-0
https://doi.org/10.3389/fphar.2021.706703
https://doi.org/10.1080/19490976.2023.2246184
https://doi.org/10.3389/fpsyt.2024.1369783
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Greenberg et al.

24. Zhernakova A, Kurilshikov A, Bonder MJ, Tigchelaar EF, Schirmer M, Vatanen
T, et al. Population-based metagenomics analysis reveals markers for gut microbiome
composition and diversity. Science. (2016) 352:565-9. doi: 10.1126/science.aad3369

25. Vincent C, Miller MA, Edens TJ, Mehrotra S, Dewar K, Manges AR. Bloom and
bust: intestinal microbiota dynamics in response to hospital exposures and clostridium
difficile colonization or infection. Microbiome. (2016) 4:12. doi: 10.1186/s40168-016-
0156-3

26. Acharya C, Betrapally NS, Gillevet PM, Sterling RK, Akbarali H, White MB, et al.
Chronic opioid use is associated with altered gut microbiota and predicts readmissions
in patients with cirrhosis. Aliment Pharmacol Ther. (2017) 45:319-31. doi: 10.1111/
apt.13858

27. Gicquelais RE, Bohnert ASB, Thomas L, Foxman B. Opioid agonist and
antagonist use and the gut microbiota: associations among people in addiction
treatment. Sci Rep. (2020) 10:19471. doi: 10.1038/541598-020-76570-9

28. Le Bastard Q, Al-Ghalith GA, Gregoire M, Chapelet G, Javaudin F, Dailly E, et al.
Systematic review: human gut dysbiosis induced by non-antibiotic prescription
medications. Aliment Pharmacol Ther. (2018) 47:332-45. doi: 10.1111/apt.14451

29. Lee K, Vuong HE, Nusbaum DJ, Hsiao EY, Evans CJ, Taylor AMW. The gut
microbiota mediates reward and sensory responses associated with regimen-selective
morphine dependence. Neuropsychopharmacology. (2018) 43:2606-14. doi: 10.1038/
541386-018-0211-9

30. Zhang J, Deji C, Fan ], Chang L, Miao X, Xiao Y, et al. Differential alteration in
gut microbiome profiles during acquisition, extinction and reinstatement of morphine-
induced cpp. Prog Neuropsychopharmacol Biol Psychiatry. (2020) 104:1-8.
doi: 10.1016/j.pnpbp.2020.110058

31. Zhang L, Meng J, Ban Y, Jalodia R, Chupikova I, Fernandez I, et al. Morphine
tolerance is attenuated in germfree mice and reversed by probiotics, implicating the role
of gut microbiome. Proc Natl Acad Sci U.S.A. (2019) 116:13523-32. doi: 10.1073/
pnas.1901182116

32. Kang M, Mischel RA, Bhave S, Komla E, Cho A, Huang C, et al. The effect of gut
microbiome on tolerance to morphine mediated antinociception in mice. Sci Rep.
(2017) 7:42658. doi: 10.1038/srep42658

33. Truitt B, Venigalla G, Singh P, Singh S, Tao J, Chupikova I, et al. The gut
microbiome contributes to somatic morphine withdrawal behavior and implicates a
tlr2 mediated mechanism. Gut Microbes. (2023) 15:2242610. doi: 10.1080/
19490976.2023.2242610

34. Thomaz AC, Iyer V, Woodward TJ, Hohmann AG. Fecal microbiota
transplantation and antibiotic treatment attenuate naloxone-precipitated opioid
withdrawal in morphine-dependent mice. Exp Neurol. (2021) 343:113787.
doi: 10.1016/j.expneurol.2021.113787

35. Abu Y, Tao J, Dutta R, Yan Y, Vitari N, Kolli U, et al. Brief hydromorphone
exposure during pregnancy sufficient to induce maternal and neonatal microbial
dysbiosis. ] Neuroimmune Pharmacol. (2022) 17:367-75. doi: 10.1007/s11481-021-
10019-2

36. Antoine D, Singh PK, Tao J, Roy S. Neonatal morphine results in long-lasting
alterations to the gut microbiome in adolescence and adulthood in a murine model.
Pharmaceutics. (2022) 14. doi: 10.3390/pharmaceutics14091879

37. Hakkak R, Korourian S, Foley SL, Erickson BD. Assessment of gut microbiota
populations in lean and obese zucker rats. PloS One. (2017) 12:¢0181451. doi: 10.1371/
journal.pone.0181451

38. Lyu Z, Schmidt RR, Martin RE, Green MT, Kinkade JA, Mao J, et al. Long-term
effects of developmental exposure to oxycodone on gut microbiota and relationship to
adult behaviors and metabolism. mSystems. (2022) 7:¢0033622. doi: 10.1128/
msystems.00336-22

39. Simpson S, Kimbrough A, Boomhower B, McLellan R, Hughes M, Shankar K,
et al. Depletion of the microbiome alters the recruitment of neuronal ensembles of
oxycodone intoxication and withdrawal. eNeuro. (2020) 7:1-17. doi: 10.1523/
eneuro.0312-19.2020

40. Ren M, Lotfipour S. Antibiotic knockdown of gut bacteria sex-dependently
enhances intravenous fentanyl self-administration in adult sprague dawley rats. Int |
Mol Sci. (2022) 24. doi: 10.3390/ijms24010409

41. Hofford RS, Meckel KR, Wiser EJ, Wang W, Sens JP, Kim M, et al. Microbiome
depletion increases fentanyl self-administration and alters the striatal proteome
through short-chain fatty acids. eNeuro. (2023) 2062-2072. doi: 10.1523/
eneuro.0388-23.2023

42. Akbarali HI, Dewey WL. The gut-brain interaction in opioid tolerance. Curr
Opin Pharmacol. (2017) 37:126-30. doi: 10.1016/j.coph.2017.10.012

43. Mischel RA, Muchhala KH, Dewey WL, Akbarali HI. The “Culture” of pain
control: A review of opioid-induced dysbiosis (Oid) in antinociceptive tolerance. J Pain.
(2020) 21:751-62. doi: 10.1016/j.jpain.2019.11.015

44. Akbarali HI, Dewey WL. Gastrointestinal motility, dysbiosis and opioid-induced
tolerance: is there a link? Nat Rev Gastroenterol Hepatol. (2019) 16:323-4. doi: 10.1038/
s41575-019-0150-x

45. Ren M, Lotfipour S. The role of the gut microbiome in opioid use. Behav
Pharmacol. (2019) 31:113-21. doi: 10.1097/FBP.0000000000000538

46. Muchhala KH, Jacob JC, Kang M, Dewey WL, Akbarali HI. The guts of the
opioid crisis. Physiol (Bethesda). (2021) 36:315-23. doi: 10.1152/physiol.00014.2021

Frontiers in Psychiatry

14

10.3389/fpsyt.2024.1369783

47. Rueda-Ruzafa L, Cruz F, Cardona D, Hone AJ, Molina-Torres G, Sanchez-
Labraca N, et al. Opioid system influences gut-brain axis: dysbiosis and related
alterations. Pharmacol Res. (2020) 159:104928. doi: 10.1016/j.phrs.2020.104928

48. Kolli U, Roy S. The role of the gut microbiome and microbial metabolism in
mediating opioid-induced changes in the epigenome. Front Microbiol. (2023)
14:1233194. doi: 10.3389/fmicb.2023.1233194

49. Jalodia R, Abu YF, Oppenheimer MR, Herlihy B, Meng ], Chupikova I, et al.
Opioid use, gut dysbiosis, inflammation, and the nervous system. J Neuroimmune
Pharmacol. (2022) 17:1-18. doi: 10.1007/s11481-021-10046-z

50. Angoa-Perez M, Zagorac B, Anneken JH, Briggs DI, Winters AD, Greenberg JM,
et al. Repetitive, mild traumatic brain injury results in a progressive white matter
pathology, cognitive deterioration, and a transient gut microbiota dysbiosis. Sci Rep.
(2020) 10:8949. doi: 10.1038/541598-020-65972-4

51. Angoa-Perez M, Zagorac B, Francescutti DM, Theis KR, Kuhn DM. Responses
to chronic corticosterone on brain glucocorticoid receptors, adrenal gland, and gut
microbiota in mice lacking neuronal serotonin. Brain Res. (2021) 1751:1-11.
doi: 10.1016/j.brainres.2020.147190

52. Angoa-Perez M, Zagorac B, Francescutti DM, Theis KR, Kuhn DM. Effects of gut
microbiota remodeling on the dysbiosis induced by high fat diet in a mouse model of
gulf war illness. Life Sci. (2021) 279:119675. doi: 10.1016/j.1fs.2021.119675

53. Angoa-Perez M, Zagorac B, Francescutti DM, Winters AD, Greenberg JM,
Ahmad MM, et al. Effects of a high fat diet on gut microbiome dysbiosis in a
mouse model of gulf war illness. Sci Rep. (2020) 10:9529. doi: 10.1038/s41598-020-
66833-w

54. Angoa-Perez M, Zagorac B, Winters AD, Greenberg JM, Ahmad M, Theis KR,
et al. Differential effects of synthetic psychoactive cathinones and amphetamine
stimulants on the gut microbiome in mice. PloS One. (2020) 15:e0227774.
doi: 10.1371/journal.pone.0227774

55. Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. Development of
a dual-index sequencing strategy and curation pipeline for analyzing amplicon
sequence data on the miseq illumina sequencing platform. Appl Environ Microbiol.
(2013) 79:5112-20. doi: 10.1128/AEM.01043-13

56. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. Dada2:
high-resolution sample inference from illumina amplicon data. Nat Methods. (2016)
13:581-3. doi: 10.1038/nmeth.3869

57. Mallick H, Rahnavard A, Mclver L], Ma S, Zhang Y, Nguyen LH, et al.
Multivariable association discovery in population-scale meta-omics studies. PloS
Comput Biol. (2021) 17:¢1009442. doi: 10.1371/journal.pcbi. 1009442

58. Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR, Taylor CM, et al.
Picrust2 for prediction of metagenome functions. Nat Biotechnol. (2020) 38:685-8.
doi: 10.1038/s41587-020-0548-6

59. Caspi R, Billington R, Keseler IM, Kothari A, Krummenacker M, Midford PE,
et al. The metacyc database of metabolic pathways and enzymes - a 2019 update.
Nucleic Acids Res. (2020) 48:D445-D53. doi: 10.1093/nar/gkz862

60. Parks DH, Tyson GW, Hugenholtz P, Beiko RG. Stamp: statistical analysis of
taxonomic and functional profiles. Bioinformatics. (2014) 30:3123-4. doi: 10.1093/
bioinformatics/btu494

61. Langille MG, Zaneveld ], Caporaso JG, McDonald D, Knights D, Reyes JA, et al.
Predictive functional profiling of microbial communities using 16s rrna marker gene
sequences. Nat Biotechnol. (2013) 31:814-21. doi: 10.1038/nbt.2676

62. Solberg Woods LC, Palmer AA. Using heterogeneous stocks for fine-mapping
genetically complex traits. Methods Mol Biol. (2019) 2018:233-47. doi: 10.1007/978-1-
4939-9581-3_11

63. Ren M, Lotfipour S. Dose- and sex-dependent bidirectional relationship between
intravenous fentanyl self-administration and gut microbiota. Microorganisms. (2022)
10. doi: 10.3390/microorganisms10061127

64. Duan X, Xie X, Zhu C, Duan Z, Chen R, Xu J, et al. Sex difference of effect of
sophora flavescens on gut microbiota in rats. Evid Based Complement Alternat Med.
(2022) 2022:4552904. doi: 10.1155/2022/4552904

65. Lozano VL, Defarge N, Rocque LM, Mesnage R, Hennequin D, Cassier R, et al.
Sex-dependent impact of roundup on the rat gut microbiome. Toxicol Rep. (2018) 5:96—
107. doi: 10.1016/j.toxrep.2017.12.005

66. Coklo M, Maslov DR, Kraljevi¢ Pavelic S. Modulation of gut microbiota in
healthy rats after exposure to nutritional supplements. Gut Microbes. (2020) 12:1-28.
doi: 10.1080/19490976.2020.1779002

67. Wexler HM. Bacteroides: the good, the bad, and the nitty-gritty. Clin Microbiol
Rev. (2007) 20:593-621. doi: 10.1128/cmr.00008-07

68. Wang F, Meng ], Zhang L, Roy S. Opioid use potentiates the virulence of
hospital-acquired infection, increases systemic bacterial dissemination and exacerbates
gut dysbiosis in a murine model of citrobacter rodentium infection. Gut Microbes.
(2019) 11:172-90. doi: 10.1080/19490976.2019.1629237

69. Meng J, Banerjee S, Li D, Sindberg GM, Wang F, Ma J, et al. Opioid exacerbation
of gram-positive sepsis, induced by gut microbial modulation, is rescued by il-17a
neutralization. Sci Rep. (2015) 5:10918. doi: 10.1038/srep10918

70. MengJ, Banerjee S, Zhang L, Sindberg G, Moidunny S, Li B, et al. Opioids impair
intestinal epithelial repair in hiv-infected humanized mice. Front Immunol. (2019)
10:2999. doi: 10.3389/fimmu.2019.02999

frontiersin.org


https://doi.org/10.1126/science.aad3369
https://doi.org/10.1186/s40168-016-0156-3
https://doi.org/10.1186/s40168-016-0156-3
https://doi.org/10.1111/apt.13858
https://doi.org/10.1111/apt.13858
https://doi.org/10.1038/s41598-020-76570-9
https://doi.org/10.1111/apt.14451
https://doi.org/10.1038/s41386-018-0211-9
https://doi.org/10.1038/s41386-018-0211-9
https://doi.org/10.1016/j.pnpbp.2020.110058
https://doi.org/10.1073/pnas.1901182116
https://doi.org/10.1073/pnas.1901182116
https://doi.org/10.1038/srep42658
https://doi.org/10.1080/19490976.2023.2242610
https://doi.org/10.1080/19490976.2023.2242610
https://doi.org/10.1016/j.expneurol.2021.113787
https://doi.org/10.1007/s11481-021-10019-2
https://doi.org/10.1007/s11481-021-10019-2
https://doi.org/10.3390/pharmaceutics14091879
https://doi.org/10.1371/journal.pone.0181451
https://doi.org/10.1371/journal.pone.0181451
https://doi.org/10.1128/msystems.00336-22
https://doi.org/10.1128/msystems.00336-22
https://doi.org/10.1523/eneuro.0312-19.2020
https://doi.org/10.1523/eneuro.0312-19.2020
https://doi.org/10.3390/ijms24010409
https://doi.org/10.1523/eneuro.0388-23.2023
https://doi.org/10.1523/eneuro.0388-23.2023
https://doi.org/10.1016/j.coph.2017.10.012
https://doi.org/10.1016/j.jpain.2019.11.015
https://doi.org/10.1038/s41575-019-0150-x
https://doi.org/10.1038/s41575-019-0150-x
https://doi.org/10.1097/FBP.0000000000000538
https://doi.org/10.1152/physiol.00014.2021
https://doi.org/10.1016/j.phrs.2020.104928
https://doi.org/10.3389/fmicb.2023.1233194
https://doi.org/10.1007/s11481-021-10046-z
https://doi.org/10.1038/s41598-020-65972-4
https://doi.org/10.1016/j.brainres.2020.147190
https://doi.org/10.1016/j.lfs.2021.119675
https://doi.org/10.1038/s41598-020-66833-w
https://doi.org/10.1038/s41598-020-66833-w
https://doi.org/10.1371/journal.pone.0227774
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1371/journal.pcbi.1009442
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1093/nar/gkz862
https://doi.org/10.1093/bioinformatics/btu494
https://doi.org/10.1093/bioinformatics/btu494
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1007/978-1-4939-9581-3_11
https://doi.org/10.1007/978-1-4939-9581-3_11
https://doi.org/10.3390/microorganisms10061127
https://doi.org/10.1155/2022/4552904
https://doi.org/10.1016/j.toxrep.2017.12.005
https://doi.org/10.1080/19490976.2020.1779002
https://doi.org/10.1128/cmr.00008-07
https://doi.org/10.1080/19490976.2019.1629237
https://doi.org/10.1038/srep10918
https://doi.org/10.3389/fimmu.2019.02999
https://doi.org/10.3389/fpsyt.2024.1369783
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Greenberg et al.

71. Vacca M, Celano G, Calabrese FM, Portincasa P, Gobbetti M, De Angelis M. The
controversial role of human gut lachnospiraceae. Microorganisms. (2020) 8.
doi: 10.3390/microorganisms8040573

72. Shang L, Liu H, Yu H, Chen M, Yang T, Zeng X, et al. Core altered
microorganisms in colitis mouse model: A comprehensive time-point and fecal
microbiota transplantation analysis. Antibiotics (Basel). (2021) 10. doi: 10.3390/
antibiotics10060643

73. Satish S, Abu Y, Gomez D, Kumar Dutta R, Roy S. Hiv, opioid use, and
alterations to the gut microbiome: elucidating independent and synergistic effects.
Front Immunol. (2023) 14:1156862. doi: 10.3389/fimmu.2023.1156862

74. Mao Z, Ren Y, Zhang Q, Dong S, Han K, Feng G, et al. Glycated fish protein
supplementation modulated gut microbiota composition and reduced inflammation
but increased accumulation of advanced glycation end products in high-fat diet fed rats.
Food Funct. (2019) 10:3439-51. doi: 10.1039/c9f000599d

75. Li K, Zhang L, Xue ], Yang X, Dong X, Sha L, et al. Dietary inulin alleviates
diverse stages of type 2 diabetes mellitus via anti-inflammation and modulating gut
microbiota in db/db mice. Food Funct. (2019) 10:1915-27. doi: 10.1039/c8{002265h

76. Alam MT, Amos GCA, Murphy AR]J, Murch S, Wellington EMH, Arasaradnam
RP. Microbial imbalance in inflammatory bowel disease patients at different taxonomic
levels. Gut Pathog. (2020) 12:1. doi: 10.1186/s13099-019-0341-6

77. Herp S, Brugiroux S, Garzetti D, Ring D, Jochum LM, Beutler M, et al.
Mucispirillum schaedleri antagonizes salmonella virulence to protect mice against
colitis. Cell Host Microbe. (2019) 25:681-94.e8. doi: 10.1016/j.chom.2019.03.004

78. Liu D, Wen B, Zhu K, Luo Y, Li J, Li Y, et al. Antibiotics-induced perturbations
in gut microbial diversity influence metabolic phenotypes in a murine model of high-fat
diet-induced obesity. Appl Microbiol Biotechnol. (2019) 103:5269-83. doi: 10.1007/
500253-019-09764-5

79. Sun S, Jones RB, Fodor AA. Inference-based accuracy of metagenome prediction
tools varies across sample types and functional categories. Microbiome. (2020) 8:46.
doi: 10.1186/540168-020-00815-y

80. Wang S, Wang Y, Liu H, Li X, Zhao J, Dong Z, et al. Using picrust2 to
explore the functional potential of bacterial community in alfalfa silage harvested at
different growth stages. Chem Biol Technol Agric. (2022) 9:98. doi: 10.1186/s40538-022-
00372-6

Frontiers in Psychiatry

15

10.3389/fpsyt.2024.1369783

81. Dinis-Oliveira R]. Metabolism and metabolomics of opiates: A long way of
forensic implications to unravel. ] Forensic Leg Med. (2019) 61:128-40. doi: 10.1016/
jflm.2018.12.005

82. Li RS, Takeda T, Ohshima T, Yamada H, Ishii Y. Metabolomic profiling of brain
tissues of mice chronically exposed to heroin. Drug Metab Pharmacokinet. (2017)
32:108-11. doi: 10.1016/j.dmpk.2016.10.410

83. el-Nakah A, Frank O, Louria DB, Quinones MA, Baker H. A vitamin profile of
heroin addiction. Am J Public Health. (1979) 69:1058-60. doi: 10.2105/ajph.69.10.1058

84. Ghanbari R, Li Y, Pathmasiri W, McRitchie S, Etemadi A, Pollock JD, et al.
Metabolomics reveals biomarkers of opioid use disorder. Transl Psychiatry. (2021)
11:103. doi: 10.1038/s41398-021-01228-7

85. Zheng T, Liu L, Aa ], Wang G, Cao B, Li M, et al. Metabolic phenotype of rats
exposed to heroin and potential markers of heroin abuse. Drug Alcohol Depend. (2013)
127:177-86. doi: 10.1016/j.drugalcdep.2012.06.031

86. Lu W, Zhang R, Sheng W, Feng L, Xu P, Wang Y, et al. Identification of
morphine and heroin-treatment in mice using metabonomics. Metabolites. (2021) 11.
doi: 10.3390/metabo11090607

87. Yang]J, Xiong P, Bai L, Zhang Z, Zhou Y, Chen C, et al. The association of altered
gut microbiota and intestinal mucosal barrier integrity in mice with heroin dependence.
Front Nutr. (2021) 8:765414. doi: 10.3389/fnut.2021.765414

88. Li K, He HT, Li HM, Liu JK, Fu HY, Hong M. Heroin affects purine nucleotides
metabolism in rat brain. Neurochem Int. (2011) 59:1104-8. doi: 10.1016/j.neuint.2011.10.001

89. Caspani G, Sebok V, Sultana N, Swann JR, Bailey A. Metabolic phenotyping of
opioid and psychostimulant addiction: A novel approach for biomarker discovery and
biochemical understanding of the disorder. Br ] Pharmacol. (2022) 179:1578-606.
doi: 10.1111/bph.15475

90. Zhou Y, Xie Z, Zhang Z, Yang J, Chen M, Chen F, et al. Plasma metabolites
changes in male heroin addicts during acute and protracted withdrawal. Aging (Albany
NY). (2021) 13:18669-88. doi: 10.18632/aging.203311

91. Ning T, Leng C, Chen L, Ma B, Gong X. Metabolomics analysis of serum in a rat
heroin self-administration model undergoing reinforcement based on (1)H-nuclear
magnetic resonance spectra. BMC Neurosci. (2018) 19:4. doi: 10.1186/s12868-018-
0404-5

frontiersin.org


https://doi.org/10.3390/microorganisms8040573
https://doi.org/10.3390/antibiotics10060643
https://doi.org/10.3390/antibiotics10060643
https://doi.org/10.3389/fimmu.2023.1156862
https://doi.org/10.1039/c9fo00599d
https://doi.org/10.1039/c8fo02265h
https://doi.org/10.1186/s13099-019-0341-6
https://doi.org/10.1016/j.chom.2019.03.004
https://doi.org/10.1007/s00253-019-09764-5
https://doi.org/10.1007/s00253-019-09764-5
https://doi.org/10.1186/s40168-020-00815-y
https://doi.org/10.1186/s40538-022-00372-6
https://doi.org/10.1186/s40538-022-00372-6
https://doi.org/10.1016/j.jflm.2018.12.005
https://doi.org/10.1016/j.jflm.2018.12.005
https://doi.org/10.1016/j.dmpk.2016.10.410
https://doi.org/10.2105/ajph.69.10.1058
https://doi.org/10.1038/s41398-021-01228-7
https://doi.org/10.1016/j.drugalcdep.2012.06.031
https://doi.org/10.3390/metabo11090607
https://doi.org/10.3389/fnut.2021.765414
https://doi.org/10.1016/j.neuint.2011.10.001
https://doi.org/10.1111/bph.15475
https://doi.org/10.18632/aging.203311
https://doi.org/10.1186/s12868-018-0404-5
https://doi.org/10.1186/s12868-018-0404-5
https://doi.org/10.3389/fpsyt.2024.1369783
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	Long access heroin self-administration significantly alters gut microbiome composition and structure
	Introduction
	Materials and methods
	Subjects
	Heroin self-administration
	Gut microbiome analysis
	Inference of functional genes and pathways

	Results
	Heroin intake at self-administration and addictive-like behaviors
	Alterations in gut microbiome diversity by heroin self-administration
	MaAsLin2 analysis for biomarkers
	Analysis of the gut microbiome in heroin self-administration at the phylum level
	Predictive functional profiling of heroin self-administration administration

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


