
Report
Gut microbiota suppress f
eeding induced by
palatable foods
Highlights
d Gut microbiota depletion of mice reversibly results in

palatable food overconsumption

d Microbiota-depleted mice exhibit greater motivation to

pursue a high-sucrose reward

d Colonization with S24-7 and L. johnsonii reduces

vancomycin-induced binge eating
Ousey et al., 2023, Current Biology 33, 147–157
January 9, 2023 ª 2022 The Author(s). Published by Elsevier Inc.
https://doi.org/10.1016/j.cub.2022.10.066
Authors

James Ousey, Joseph C. Boktor,

Sarkis K. Mazmanian

Correspondence
jousey@caltech.edu (J.O.),
sarkis@caltech.edu (S.K.M.)

In brief

Ousey et al. find that gut microbiota

depletion in mice results in exacerbated

binge-like intake of palatable foods and

increased motivation to pursue a high-

sucrose reward. They identify microbial

taxa correlated with feeding suppression

and a mixture of commensal microbes

capable of suppressing palatable food

intake in vancomycin-treated mice.
ll

mailto:jousey@caltech.edu
mailto:sarkis@caltech.edu
https://doi.org/10.1016/j.cub.2022.10.066
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2022.10.066&domain=pdf


OPEN ACCESS

ll
Report

Gut microbiota suppress feeding
induced by palatable foods
James Ousey,1,* Joseph C. Boktor,1 and Sarkis K. Mazmanian1,2,*
1Division of Biology and Biological Engineering, California Institute of Technology, 1200 E California Blvd, Pasadena, CA 91125, USA
2Lead contact

*Correspondence: jousey@caltech.edu (J. O.), sarkis@caltech.edu (S.K. M.)

https://doi.org/10.1016/j.cub.2022.10.066
SUMMARY
Feeding behaviors depend on intrinsic and extrinsic factors including genetics, food palatability, and the
environment.1–5 The gut microbiota is a major environmental contributor to host physiology and impacts
feeding behavior.6–12 Here, we explored the hypothesis that gut bacteria influence behavioral responses to
palatable foods and reveal that antibiotic depletion (ABX) of the gut microbiota in mice results in overcon-
sumption of several palatable foods with conserved effects on feeding dynamics. Gut microbiota restoration
via fecal transplant into ABX mice is sufficient to rescue overconsumption of high-sucrose pellets. Operant
conditioning tests found that ABX mice exhibit intensified motivation to pursue high-sucrose rewards.
Accordingly, neuronal activity in mesolimbic brain regions, which have been linked with motivation and
reward-seeking behavior,3 was elevated in ABX mice after consumption of high-sucrose pellets. Differential
antibiotic treatment and functional microbiota transplants identified specific gut bacterial taxa from the fam-
ily S24-7 and the genus Lactobacillus whose abundances associate with suppression of high-sucrose pellet
consumption. Indeed, colonization of mice with S24-7 and Lactobacillus johnsonii was sufficient to reduce
overconsumption of high-sucrose pellets in an antibiotic-induced model of binge eating. These results
demonstrate that extrinsic influences from the gut microbiota can suppress the behavioral response toward
palatable foods in mice.
RESULTS

Regulation of feeding behaviors is critical for health.13Circulating

metabolic signals,1–3 gastrointestinal (GI) feedback,4,5 and food

palatability14 are integrated to coordinate food pursuit and con-

sumption. In mammals, feeding behavior is subdivided into ho-

meostatic feeding, necessary to maintain energy balance, and

hedonic feeding, driven by pleasure.2,3,14–16

Hedonic feeding is influenced by food palatability, an ascribed

valuation of food reward influenced by taste and past food-asso-

ciated experiences.16,17 Under conditions of limited access,

palatable food exposure will promptly induce feeding in

rodents, even when unfasted.18,19 This ‘‘binge-like’’ consump-

tion behavior is frequently observed upon access to high-sugar

or high-fat foods.20 Behavioral analyses have uncovered that

temporal characteristics of intake, such as feeding bout duration

and consumption rate, associate with the sensory pleasure of

the diet.21–25 Operant conditioning assays measure the incentive

salience of a palatable food by tracking the effort exerted to

obtain a food reward.26–28 The neural circuitry underlying hedon-

ic feeding, primarily residing within the mesolimbic system, ap-

pears distinct from the hypothalamic circuitry regulating homeo-

static feeding.3,29

The gut microbiota affects host metabolism and expression

of feeding behaviors.6–12 Germ-free (GF) mice and mice

whose gut bacterial communities have been depleted with an-

tibiotics show changes in glycemia and levels of circulating
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feeding hormones.7,8 Administration of short-chain fatty acids

(SCFAs), byproducts of gut microbial fermentation, has

anorectic effects in mice.30,31 Studies have suggested

microbiome-mediated effects on homeostatic feeding, but

these observations vary depending on diet and age of

mice.7,8,32–34 Recent findings have uncovered gut microbiota

influences on host diet selection and that hypothalamic

sensing of microbial peptides regulates appetite in mice.11,12

Regarding hedonic feeding, GF mice consume greater

amounts of a sucrose solution over a 2-day period than con-

ventional controls at high (8%–16%), but not low (0.5%–4%),

sucrose concentrations, thus demonstrating a palatability-

dependent gut microbiota effect on intake behavior.35

Additionally, fecal microbiota transplantation (FMT) from

diet-induced obese (DIO) mice transfers DIO-associated re-

ductions in binge-like consumption to recipient animals.9

A thorough characterization of gut microbiota effects on palat-

ability-induced food intake behaviors has yet to be reported.

Here, we explore how gut microbiota depletion may regulate

the intake dynamics and incentive salience of palatable foods

and investigate if specific gut bacterial species mediate mi-

crobiota-dependent changes in host feeding behavior.

Gut microbiota suppress high-sucrose pellet
consumption in mice
To uncover microbiota-dependent differences in response to a

palatable food, we treated C57BL/6J specific-pathogen-free
nuary 9, 2023 ª 2022 The Author(s). Published by Elsevier Inc. 147
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Gut bacteria suppress consumption of high-sucrose pellets in mice

(A) Cumulative retrieval of high-sucrose pellets between VEH (n = 16) and ABX (n = 17) mice. Shown is the mean (± SEM) plotted every 5 min. Significance

calculated via two-way repeated measures ANOVA using 30-min time points followed by �Sidák’s multiple comparisons test.

(B) Empirical cumulative distribution plot of mice in VEH and ABX cohorts that have retrieved 50 high-sucrose pellets (1 g). Significance calculated via Mann-

Whitney U test.

(C) Modeled rates of high-sucrose pellet retrieval events for VEH and ABX mice. Shown is the mean (± SEM). Significance calculated via two-way repeated

measures ANOVA using 30-min time points followed by �Sidák’s multiple comparisons test.

(D) Raster plot of pellet retrieval events.

(E) Bout structure analyses of high-sucrose pellet retrieval events over 2 h of access. Shown is the mean (± SEM). Significance calculated via two-tailed Student’s

t test.

(F) High-sucrose pellets eaten by VEH (n = 9) and ABX (n = 12) mice in a 10-min stimulus-baited hole-board assay. Shown is the mean (± SEM). Significance

calculated via two-tailed Student’s t test.

(G) Cumulative retrieval of high-sucrose pellets between VEH (n = 10), ABX +SHAM (n = 9), and ABX + FMT (n = 10)mice. Shown is themean (± SEM) plotted every

5 min. Significance calculated via two-way repeated measures ANOVA using 30-min time points followed by Tukey’s multiple comparisons test (within time

points). Black and blue asterisks denote ABX + SHAM versus VEH and ABX + SHAM versus ABX + FMT comparison significance, respectively.

(H) Empirical cumulative distribution plot of mice in VEH, ABX + SHAM, and ABX + FMT cohorts that have retrieved 1 g of high-sucrose pellets. Significance

calculated via one-way ANOVA Kruskal-Wallis followed by Dunn’s multiple comparisons test.

(legend continued on next page)
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(SPF) mice with an oral antibiotic mixture that resulted in near-

complete depletion of the intestinal commensal microbiota36–38

without durable weight loss8,38–40 or changes in homeostatic

food intake8,41 (Figures S1A–S1D). Unfasted antibiotic (ABX)

and vehicle (VEH)-treated mice were then given free access to

high-sucrose pellets via dispensers which record the times at

which pellets are retrieved from the delivery port.42 We validated

that pellet retrieval events reflect consumption behavior via

manual scoring of video recordings (Figures S1E and S1F).

ABX mice promptly retrieved greater numbers of high-sucrose

pellets than VEH mice, with differences in cumulative pellet

retrieval persisting for at least 2 h (Figure 1A). After 3 h of high-su-

crose pellet availability, 100% (17/17) of the ABX cohort had ob-

tained at least 50 pellets (1 gram) compared with 13% (2/16) of

the VEH mice (Figure 1B). Differences in the pellet retrieval rate

between ABX and VEH mice were greatest immediately after

diet presentation and normalized after 1 h (Figure 1C), a feature

not ascribable to differences in latency to retrieve the first pellet

(Figure S1G).

Feeding behavior in rodents is characterized by discrete

bursts, or ‘‘bouts,’’ of intake.21,43,44 Upon high-sucrose pellet ac-

cess, feeding bouts of ABX mice were significantly longer than

those of VEH mice, with more pellets retrieved per bout

(Figures 1D and 1E). ABXmice also demonstrated a strong trend

toward an increased number of feeding bouts (Figure S1H).

ABX mice exclusively fed the same high-sucrose diet ad libitum

consumed less than VEH controls (Figure S1I). We controlled for

VEH and possible off-target antibiotic effects by administering

ABX via intragastric8 or subcutaneous routes (Figures S1J and

S1K). Additionally, GF mice overconsumed high-sucrose pellets

compared with SPF controls, although significant between-

group differences manifested only after more than 1 h had

passed (Figures S1L and S1M).

ABX mice consumed significantly more high-sucrose pellets

than VEH mice in a hole-board arena despite exhibiting similar

levels of exploratory behavior, suggesting novelty-induced

hypophagia associated with the food dispenser did not drive

differences in pellet consumption45,46 (Figures 1F and S1N).

Furthermore, VEH and ABX mice did not display differences

in generalized anxiety, a potential contributor to hyponeo-

phagia,47 as measured by the elevated plus maze and open field

assays48–51 (Figures S1O–S1P). Our data demonstrate that the

absence of a gutmicrobiota inmice results in high-sucrose pellet

overconsumption.

Gut microbiota reduce intake of various palatable foods
To evaluate if ABX mice universally overconsume in states of

excessive intake, perhaps due to reduced post-ingestive nega-

tive feedback,52,53 we induced hyperphagia by fasting mice

and refeeding with standard chow or high-sucrose pellets. There

was no effect of microbiota depletion in mice refed with chow

(Figure S1Q). By contrast, ABXmice refedwith high-sucrose pel-

lets consumed approximately 60% more than VEH mice within
(I) Modeled rates of pellet retrieval events for VEH, ABX + SHAM, and ABX + FMTm

measures ANOVA using 30-min time points followed by Tukey’s multiple compa

versus VEH and ABX + SHAM versus ABX + FMT comparison significance, resp

****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ns, not significant.

See also Figures S1 and S2.
2 h (Figure S1R), suggesting that microbiota effects on hyper-

phagic behavior depend on dietary composition. Next, VEH

and ABX mice were given access to high-sucrose pellets or a

mimic containing taste-inert cellulose.54 Only the sucrose-

containing pellets induced differential consumption between

groups (Figure S1S). Remarkably, ABXmice also overconsumed

pellets containing the non-metabolizable sweetener sucralose

compared with VEH controls, suggesting the energy provided

by dietary sucrose was unnecessary for microbiota-dependent

intake differences (Figure S1T).

We tested if microbiota intake suppression extended to other

palatable foods reported to prompt binge-like consumption in

mice.55,56 Gut microbiota depletion significantly augmented

consumption of a high-fat diet (HFD) (Figure S2A) and Ensure

(Figures S2B and S2C). In agreement with our high-sucrose pel-

let observations, the differences in Ensure intake rate were great-

est at the beginning of food access (Figure S2D). However, sig-

nificant effects on the number and duration of Ensure drinking

bouts were not observed (Figures S2E and S2F). Thus, micro-

biota depletion increases spontaneous feeding of various palat-

able foods.

Microbiota restoration reverses high-sucrose pellet
overconsumption of ABX mice
The gut microbiota of ABX animals can be restored through

FMT.57We treated ABXmice with fecal transplants from SPF do-

nors (ABX + FMT) or saline (ABX + SHAM) and confirmed that af-

ter 2 weeks, ABX + FMT mice had greater fecal microbial load,

increased gut microbiome diversity, and harbored gut commu-

nities phylogenetically more similar to their pre-ABX state than

ABX + SHAM mice (Figures S2G–S2K). ABX + FMT mice

retrieved fewer high-sucrose pellets than ABX + SHAM mice,

with cumulative intake not significantly differing from VEH mice

(Figures 1G and 1H). The pellet retrieval dynamics of ABX +

FMTmice recapitulated those of VEHmice, notably with a blunt-

ed response in the first hour after high-sucrose pellet presenta-

tion compared with ABX + SHAM treatment (Figures 1I and

S2L). Furthermore, gut microbiota restoration was sufficient to

rescue the increase in average bout length (Figure S2M). These

findings are unlikely to depend on microbially produced

SCFAs, as SCFA supplementation of ABX mice had no effect

on high-sucrose pellet retrieval (Figure S2N). Collectively, a com-

plex gutmicrobiota is sufficient to suppress feeding induced by a

high-sucrose diet in mice.

Gutmicrobiota alter the incentive salience of a palatable
reward
To test if gut microbiota regulate the incentive salience of a high-

sucrose reward, we trained VEH and ABX mice in a nose-poke

operant conditioning paradigm58 (Figure 2A). During 1-h fixed-

ratio 1 (FR1) training sessions, ABXmice retrieved approximately

50% more high-sucrose pellets each day than VEH mice (Fig-

ure 2B), with no between-treatment differences in learning
ice. Shown is themean (± SEM). Significance calculated via two-way repeated

risons test (within time points). Black and blue asterisks denote ABX + SHAM

ectively.
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Figure 2. Gut microbiota reduce the incen-

tive salience of a high-sucrose reward and

decrease activity inmesolimbic brain regions

linked to reward behaviors

(A) Schematic illustrating timeline of fixed-ratio 1

(FR1) training and progressive ratio (PR) breakpoint

testing.

(B) High-sucrose pellets obtained during daily FR1

training sessions of VEH (n = 12) and ABX (n = 12)

mice. Shown is the mean (± SEM). Significance

calculated via two-way repeated measures ANOVA

followed by �Sidák’s multiple comparisons test.

(C) Breakpoints of VEH (n = 10) and ABX (n = 12)

mice from the progressive ratio requirement assay.

Shown is the mean (± SEM). Significance calculated

via two-tailed Student’s t test.

(D) Representative images of the nucleus ac-

cumbens (NAc) and ventral tegmental area (VTA) in

VEH and ABX mice given 1 h of free access to high-

sucrose pellets, with c-Fos intensity represented in

green. Scale bars are 100 mm. Images are cropped

to emphasize the region of interest.

(E) Density of c-Fos+ neurons in the NAc shell, NAc

core, and VTA (n = 8/group) after 1 h of access to

high-sucrose pellets. Shown is the mean (± SEM).

Significance calculated via two-way ANOVA with

microbiota status and access to high-sucrose pellets as factors, followed by Bonferroni’s multiple comparisons test (within brain regions). Data for mice not given

access to high-sucrose pellets is shown in Figures S3A and S3B.

See also Figures S2 and S3.
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(Figures S2O and S2P). Successfully trained animals underwent

progressive ratio (PR) breakpoint testing, in which ABX mice

completed greater ratio requirements than VEH mice to receive

a high-sucrose pellet (Figure 2C), suggesting themicrobiota sup-

presses motivation to pursue a food reward.

Activity in reward-related brain regions is affected by
the gut microbiota
The perceived incentive salience of a reward is associated

with activity in the mesolimbic dopaminergic neural sys-

tem.2,3,59–61 In mice that were given 1 h of access to high-su-

crose pellets, ABX treatment significantly augmented the level

of brain activity observed in the ventral tegmental area (VTA),

nucleus accumbens (NAc) core, and NAc shell compared with

VEH controls, as a likely consequence of consuming a greater

number of high-sucrose rewards (Figures 2D and 2E). VEH

and ABX mice that did not receive high-sucrose pellets did

not exhibit differences in neural activity in the same regions

(Figures S3A and S3B). In contrast to the VTA and NAc, there

was no significant effect of microbiota status on high-sucrose

pellet-induced brain activity in the dorsal striatum, lateral hy-

pothalamus (LH), or basolateral amygdala (BLA)

(Figures S3C and S3D). Furthermore, there were no differ-

ences in baseline neuronal activity of homeostatic hunger-en-

coding neuropeptide Y-expressing (NPY+) neurons in the

arcuate nucleus of the hypothalamus62,63 (Figures S3E and

S3F) or in expression of hypothalamic neuropeptides that

vary with homeostatic need64–66 (Figure S3G), suggesting

changes in energy balance are unlikely to mediate gut micro-

bial regulation of palatable food intake. These results demon-

strate that the microbiota influences neural activity in reward-

related brain regions in mice administered high-sucrose
150 Current Biology 33, 147–157, January 9, 2023
pellets, but whether these effects are required for overcon-

sumption of palatable foods remains unknown.

Specific microbial taxa associate with suppression of
high-sucrose pellet intake
The gut microbiota contains various bacterial taxa with special-

ized functions.67 We sought to identify if hedonic feeding sup-

pression is a general property of the gut microbiota or specific

to certain bacterial species. Mice were administered individual

antibiotics from the ABX mixture, each having a different

spectrum of antimicrobial activity, and assayed for high-sucrose

pellet consumption. Ampicillin (A) and vancomycin (V)-treated

mice exhibited elevated consumption of high-sucrose

pellets compared with VEH controls, whereasmice administered

neomycin (N) or metronidazole (M) demonstrated no significant

differences in intake compared with VEH mice (Figures 3A

and 3B).

To verify functional changes to the gut microbiota, we per-

formed fecal transplants from differentially treated antibiotic

donor mice into ABX-treated recipients. Remarkably, microbiota

transplants from A- or V-treated mice were insufficient to rescue

increased pellet consumption behaviors compared with FMT

from VEH donor mice (Figures 3C and 3D), demonstrating that

specific antibiotics robustly and durably remodeled the gut mi-

crobiota to adopt an altered profile incapable of reducing host

feeding behavior. The loss of function suggests microbial taxa

sensitive to A and V suppress high-sucrose pellet consumption

in mice.

16S ribosomal RNA gene sequencing confirmed that the anti-

biotic treatment modified microbiome community composition

and V-, N-, and M-treated mice showed no significant change

in fecal microbial load compared with VEH mice (Figures 3E,
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Figure 3. Certain microbial taxa correlate with suppression of high-sucrose pellet consumption

(A) Cumulative retrieval of high-sucrose pellets between mice given vehicle (VEH), combined antibiotics (ABX), or individual antibiotics (A, ampicillin; V, van-

comycin; N, neomycin; M, metronidazole) (n = 8/group). Shown is the mean (± SEM) plotted every 5min. Significance calculated via two-way repeated measures

ANOVA using 30-min time points followed by Dunnett’s multiple comparisons test to VEH (within time points). VEH data reproduced in each panel for reference.

(B) Times at which mice in (A) had retrieved 50 high-sucrose pellets (1 g). Significance calculated via one-way ANOVA Kruskal-Wallis followed by Dunn’s multiple

comparisons test to VEH.

(C) Cumulative retrieval of high-sucrose pellets between ABX-treatedmicemaintained on ABX or given FMT from animals administered no antibiotics or individual

antibiotics (n = 8/group). Shown is the mean (± SEM) plotted every 5 min. Significance calculated via two-way repeated measures ANOVA using 30-min time

points followed by Dunnett’s multiple comparisons test to VEH-FMT (within time points). VEH-FMT data reproduced in each panel for reference.

(legend continued on next page)
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3F, and S4A–S4D). Differential abundance analysis revealed four

amplicon sequence variants (ASVs) depleted in the microbiome

of V-treated mice compared with VEH, N-, and M-treated micro-

biomes (Figures 3G and 3H). Three of the four V-depleted ASVs

aligned to members of family S24-7, a largely uncultured taxon

within the order Bacteroidales,68 and the fourth corresponded

to Lactobacillus johnsonii and Lactobacillus gasseri. We isolated

a strain of Lactobacillus from our SPF mouse colony with perfect

16S rRNA sequence identity to the differentially abundant ASV

and confirmed its identity as L. johnsonii (Figure S4E).Akkerman-

sia muciniphila was more abundant in V-treated mice compared

with the intake-suppressing VEH, N, and M microbiomes, sug-

gesting A. muciniphila is unlikely to suppress high-sucrose pellet

intake (Figure 3H).

As the microbial features associated with reduced food intake

were identified in reference to the V condition, and we aimed to

capture potential microbe-microbe interactions absent in ABX

mice,we usedV treatment as amodel to explore the effect of spe-

cific microbes on feeding behavior. Employing a limited-access

binge intake assay,19,69,70 we found that microbial transplants

from SPF donor mice into V-treated mice (V + SPF) suppressed

high-sucrose pellet consumption, whereas autologous FMT

(V + Auto) or saline gavage (V + Sal) did not (Figures 4A and 4B).

Compared with V + Auto and V + Sal mice, both V-naive (VEH)

andV+SPFmicedisplayeddistinct changes inmicrobiomediver-

sity and greater relative abundances of family S24-7 and an ASV

corresponding to L. johnsonii (Figures 4C, S4F, and S4G). To

test if S24-7 and L. johnsonii contributed to the binge-suppressing

outcome, V-treated animals were administered a fecal microbiota

suspension from an SPF mouse (V + SPF), a mixture of commer-

cially available S24-7 isolates and the previously isolated strain

of L. johnsonii (V + 4-mix), or A. muciniphila as a control (V + A.

muc) (Figure 4D). 4-mix treatment was sufficient to suppress

high-sucrose pellet consumption compared with A. muciniphila

treatment (Figure 4E). We confirmed greater abundances of

S24-7 and an ASV corresponding to L. johnsonii in the V + 4-mix

treatment group compared with V + A. muc mice (Figure 4F),

with significant effects on microbial diversity (Figures S4H–S4I).

We conclude that specificmembers of the commensal gut micro-

biota can suppress feeding behavior in mice induced by a palat-

able food.

DISCUSSION

Herein, we reveal that the gut microbiota reduces feeding

induced in response to various palatable foods in mice. We
(D) Times at which mice in (C) had retrieved 50 high-sucrose pellets (1 g). Significa

comparisons test to VEH-FMT.

(E and F) PCoA and boxplot of pairwise comparisons of weighted UniFrac distanc

Significance calculated via permutational analaysis of variance (PERMANOVA)

treatment groups compared with VEH.

(G) Summary of ASVs and the highest-resolution taxonomic classification of each

against metronidazole-, neomycin-, and vehicle-treated animals, filtered for those

Lactobacillus sp. is denoted with an asterisk (*). Significance calculated using a g

random effect. False discovery rate threshold was set to 0.1. Significance values

(H) Relative abundances of select taxa that significantly negatively (S24-7 family a

across all three comparisons as determined by MaAsLin2 analysis. Shown is

Dunnett’s multiple comparisons test to V.

See also Figure S4 and Table S2.
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find the gut microbiota diminishes the incentive salience of

high-sucrose pellets and regulates activity in reward-related

brain regions. Gut community profiling exposed microbial taxa

associated with feeding suppression, and S24-7 family mem-

bers and L. johnsonii were sufficient to reduce binge intake in

an antibiotic-treatment model of overconsumption.

We found that microbiota-depleted mice overconsumed high-

sucrose pellets, a HFD, and Ensure, suggesting our observations

may generalize to other rewarding foods. Indeed, a recent report

has demonstrated an antibiotic-induced increase in binge-like

consumption of a high-fat high-sugar diet in mice.9 Although

these sweet and fat stimuli model the processed diets contrib-

uting to disease in current Western populations,71 their compos-

ite nature limits our ability to draw conclusions about specific

dietary properties required for microbiota-dependent changes

in feeding. Targeted experiments involving foods with controlled

levels of sweetness and fat, coupled with sensory pathway inter-

vention, are needed to define these relationships. Pertinently,

two-bottle tests reveal GF mice overconsume sucrose solutions

and fat emulsions and differentially express lingual fat-detection

proteins compared with SPF controls.35,72

We observed microbiota-dependent changes in neural

activity in the VTA and NAc, regions associated with hedonic

feeding,2,3,15 in line with reports that microbiota perturbations

may affect brain activity.73–75 Central regulators of palatable

food intake, including dopamine, brain-derived neurotrophic

factor, and endocannabinoids, differ in GF mice compared

with mice with intact microbiotas76–78 and may regulate reward

pathways that influence microbiota-mediated effects on palat-

able food consumption. Future research will explore specific

molecular pathways linking the gut microbiota to mesolimbic

brain activity.

Microbes from the S24-7 family and L. johnsonii are sufficient

to suppress high-sucrose pellet intake in our model system,

compared with treatment with A. muciniphila. Intriguingly, a

strain of Bacteroides uniformis, of the same phylogenetic order

as S24-7, can suppress binge eating in mice, and multiple spe-

cies of Lactobacillus are reported to affect metabolism and

feeding.10,79–81 A next stage of this research will define the

mechanisms required for gut microbes to suppress palatable

food consumption.

Altered gut microbiome profiles have been associated with

human eating disorders, including anorexia nervosa and

binge-eating disorder,82–86 as well as in rodent studies of palat-

able food intake, dietary preference, and eating disorder

models.9–11,87–89 Our findings contribute new insights to
nce calculated via one-way ANOVA Kruskal-Wallis followed by Dunn’s multiple

es in VEH (n = 8), ABX (n = 2), A (n = 4), V (n = 8), N (n = 8), and M (n = 8) animals.

(Table S1). Asterisks in (F) denote significance of the PERMANOVA test of

that significantly associate with vancomycin treatment in all three comparisons

with a >0.01 absolute MaAsLin2 effect coefficient. The ASV corresponding to

eneral linear model in MaAsLin2 with antibiotic as a fixed effect and cage as a

are reported in Table S2.

nd Lactobacillus sp.) and positively (A. muciniphila) associate with vancomycin

the mean (± SEM). Significance illustrated via one-way ANOVA followed by
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Figure 4. Family S24-7 and L. johnsonii functionally alter feeding in an induced model of binge-like intake
(A) Schematic illustrating timeline of vehicle (VEH) or vancomycin (V) treatment and removal, treatment with saline vehicle (V + Sal), autologous FMT (V + Auto), or

FMT from an SPF donor (V + SPF), and testing of binge intake. VEH mice received saline gavages.

(B) Total 1 h intake of high-sucrose pellets in VEH, V + Sal, V + Auto, and V + SPFmice (n = 20/group). Shown is themean (± SEM). Significance calculated via one-

way ANOVA followed by Tukey’s multiple comparisons test.

(C) Relative abundances of S24-7 family, Lactobacillus sp., and A. muciniphila in VEH, V + Sal, V + Auto, and V + SPF mice (n = 8/group). Shown is the mean

(± SEM). Significance calculated via one-way ANOVA followed by Tukey’s multiple comparisons test.

(D) Schematic illustrating timeline of vehicle (VEH) or vancomycin treatment and removal, microbial treatment with an SPF microbiota (V + SPF), A. muciniphila

(V + A.muc), or a mixture of three S24-7 family members and Lactobacillus johnsonii (V + 4-mix), and testing of binge intake. VEH mice received saline gavages.

(E) Total 1 h intake of high-sucrose pellets in VEH, V + SPF, V +A.muc, and V + 4-mix mice (n = 15/group). Shown is the mean (± SEM). Significance calculated via

one-way ANOVA followed by Tukey’s multiple comparisons test.

(F) Relative abundances of S24-7 family, Lactobacillus sp., and A. muciniphila in V + A. muc and V + 4-mix mice (n = 8/group). Shown is the mean (± SEM).

Significance calculated via two-tailed Student’s t tests.

See also Figure S4.
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growing evidence for functional gut microbiota modulation of

host feeding behavior and identify candidate species for further

study.10,12,13
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ThermoFisher Scientific Cat#A10042; RRID:AB_2534017
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GmbH (DSMZ)
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GmbH (DSMZ)
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Microorganisms and Cell Cultures

GmbH (DSMZ)

Cat#100764

Akkermansia muciniphila BAA-835 American Type Culture Collection (ATCC) Cat#BAA-835

Lactobacillus johnsonii This study N/A

Chemicals, peptides, and recombinant proteins

Ampicillin sodium salt Patterson Veterinary Cat#07-893-3819

Vancomycin hydrochloride Almaject Inc. Cat#72611-765-10

Neomycin sulfate Fisher Scientific Cat#BP266925

Metronidazole Acros Organics Cat#210340050

Sodium acetate Millipore Sigma Cat#S2889

Sodium propionate Millipore Sigma Cat#P5436

Sodium butyrate Millipore Sigma Cat#303410

Critical commercial assays

Quick-DNA Fecal/Soil Microbe Miniprep Kit Zymo Research Cat#D6010

Quick-RNA Miniprep Kit Zymo Research Cat#R1055

MoBio PowerSoil DNA Isolation Kit Qiagen Cat#12888

PowerUp SYBR Green Master Mix ThermoFisher Scientific Cat#A25742

Apex Taq RED Master Mix Genesee Scientific Cat#42-138B

iScript cDNA Synthesis Kit Bio-Rad Cat#1708891

Deposited data

Raw sequencing data from 16S profiling This study NCBI SRA: BioProject PRJNA789557

All data to reproduce figures This study CaltechDATA Repository:

https://doi.org/10.22002/s8tfx-hwq49

Experimental models: Organisms/strains

Mus musculus: C57BL/6J The Jackson Laboratory Cat#000664

Mus musculus: Gnotobiotic C57BL/6J Caltech Gnotobiotic Facility N/A

Mus musculus: B6.FVB-Tg(Npy-hrGFP)1Lowl/J The Jackson Laboratory Cat#006417

Oligonucleotides

See Table S3 Caporaso et al.,90 Lane,91 Turner et al.,92

Piper et al.,93 and Reichenbac et al.94
N/A

Software and algorithms

R (Version 3.6.3) R Core Team95 https://www.r-project.org/

RStudio (Version 1.4.1106) RStudio Team96 https://www.rstudio.com/

QIIME2 (Version 2019.10) Bolyen et al.97 https://www.qiime2.org/
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Ethovision XT 10 Noldus et al.98 https://www.noldus.com/

Fiji/ImageJ (Version 1.53f51) Schindelin et al.99 https://www.imagej.net/software/fiji/

MaAsLin2 Mallick et al.100 https://huttenhower.sph.harvard.edu/maaslin/

Chromas (2.6.6) Technelysium https://technelysium.com.au/wp/chromas/

BLAST Altschul et al.101 https://blast.ncbi.nlm.nih.gov/Blast.cgi/

BORIS (7.13) Friard and Gamba102 https://boris.unito.it/

GraphPad Prism (9.1.0) GraphPad Software https://www.graphpad.com/

Other

Laboratory Autoclavable Rodent Diet LabDiet Cat#5010

High-Sucrose Purified Rodent Tablet (5TUL) Test Diets Cat#1811142

Calorie-Free Cellulose Reward Tablet (5TUW) Test Diets Cat#1812939

Custom Cellulose-Substituted Purified Rodent

Tablet

Test Diets N/A

Custom Sucralose-Substituted Purified Rodent

Tablet

Test Diets N/A

Custom AIN-76A 5 gram Purified Rodent Tablet Test Diets N/A

Rodent Diet with 60 kcal% Fat (High-Fat Diet) Research Diets, Inc. Cat#D12492

Chocolate Flavor Ensure� Abbott Nutrition Cat#53623

Bacto Brain Heart Infusion Broth BD Cat#237500

Chopped Meat Tubes Anaerobe Systems Cat#AS-811

Lactobacilli MRS Broth BD Cat#288130

Brucella Agar Plates with 5% Sheep’s Blood Teknova Cat#B0150

Feeding Experimentation Device 2.0 (FED2) Nguyen et al.42 https://hackaday.io/project/72964-feeding-

experimentation-device-fed-20

Feeding Experimentation Device 3.0 (FED3) Matikainen-Ankney et al.58 https://hackaday.io/project/106885-feeding-

experimentation-device-3-fed3
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sarkis K.

Mazmanian (sarkis@caltech.edu).

Materials availability
No new reagents were generated in this study.

Data and code availability
Microbial sequencing data have been deposited at the Sequence Read Archive (SRA: BioProject PRJNA789557) and are publicly

available as of the date of publication. All other experimental data used to generate the figures reported in this paper can be found

in the CaltechDATA Repository (CaltechDATA: https://doi.org/10.22002/s8tfx-hwq49), publicly available as of the date of

publication.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Wild-type C57BL/6J (The Jackson Laboratory, Cat#000664) and B6.FVB-Tg(Npy-hrGFP)1Lowl/J (The Jackson Laboratory,

Cat#006417) mice were obtained from Jackson Laboratory at 8 weeks of age. Germ-free C57BL/6J mice were obtained from the

Caltech gnotobiotic facility. All experiments were performed with male mice. Animals were group housed (2–5 mice per cage) unless

otherwise specified. No statistical methods were used to predetermine sample size. For behavioral experiments, investigators were

not blinded to treatment group unless otherwise specified.
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Experimental mice were housed in sterilized microisolator cages and maintained on ad libitum autoclaved 5010 PicoLab Rodent

Diet (LabDiet, Cat#5010) and sterilized water. Ambient temperature in the animal housing facilities was maintained at 21-24�C,
30-70% humidity, with a cycle of 13 hours light, 11 hours dark. All experiments were performed with approval from the Caltech Insti-

tutional Animal Care and Use Committee (IACUC).

Bacterial culture conditions
Akkermansia muciniphila (ATCC BAA-835),Muribaculum intestinale YL7 (DSM 100746),Muribaculum intestinale YL27 (DSM 28989),

Paramuribaculum intestinale (DSM 100764), and the isolated strain of L. johnsonii were cultured, unshaken, under anaerobic condi-

tions (10% CO2, 10% H2, 80% N2) at 37
�C.M. intestinale strains and P. intestinale were cultured in Chopped Meat Broth (Anaerobe

Systems, Cat#AS-811), A. muciniphila was cultured in Bacto Brain Heart Infusion broth (BD Cat#237500), supplemented with 5 mg

hemin and 0.1 mgmenadione per liter, and the L. johnsonii isolate was cultured in BD Difco Lactobacilli MRS Broth (BDCat#288130).

METHOD DETAILS

Antibiotic (ABX) treatment
Gut microbiota depletion with oral antibiotics (ABX) was performed by administration of ampicillin as sodium salt (1 g ampicillin/L,

Patterson Veterinary, Cat#07-893-3819), vancomycin as hydrochloride salt (0.5 g vancomycin/L, Almaject Inc., Cat#72611-765-

10), neomycin sulfate (1 g/L, Fisher Scientific, Cat#BP266925), and metronidazole (0.5 g/L, Acros Organics, Cat#210340050) to

8-week-old mice for a period of 4 weeks.38,40 To encourage antibiotic uptake, ABX and VEH water was supplemented to 1%

(w/v) with sucrose vehicle before filter sterilization (0.22 mm). Drinking water was replaced weekly. Administration of individual anti-

biotics was conducted using the same antibiotic concentrations and vehicle conditions. Animals removed from ABX for experimental

reasons were switched to vehicle, which was maintained throughout behavioral testing.

For intragastric gavage administration of ABX, 200 mL of a filter-sterilized (0.22 mm) solution of ampicillin as sodium salt (15 mg

ampicillin/mL), vancomycin as hydrochloride salt (7.5 mg vancomycin/mL), neomycin sulfate (15 mg/mL), and metronidazole

(7.5 mg/mL) in water was administered once-daily to 8-week-old mice for a period of 10 days. Concentrated ABX solution was stored

at 4�C for the treatment duration. Due to precipitation, ABX was briefly sonicated prior to daily gavage. VEH – i.g. animals were given

an equal volume daily gavage of sterile water. The final ABX/VEH gavage occurred 2 hours prior to behavioral testing.

For subcutaneous administration of ABX, 200 uL of a filter-sterilized (0.22 mm) and sonicated solution of ampicillin as sodium salt

(15 mg ampicillin/mL) and metronidazole (7.5 mg/mL) in saline were injected into the loose skin over the shoulders of the mouse 1

hour prior to behavioral testing. Neomycin and vancomycin were not included in the subcutaneous antibiotic cocktail as these an-

tibiotics undergo negligible absorption when administered orally.103 VEH – s.c. animals were given an equal-volume subcutaneous

injection of saline.

Germ-free (GF) C57BL/6J mice were removed from gnotobiotic isolators under sterile conditions and transferred to sterilized mi-

croisolator cages 3 days prior to behavioral testing.

Microbiota transplant and microbial treatment
Fecal samples were collected from experimental mice, weighed, and resuspended in a 10-fold volume of sterile filtered (0.22 mm)

reduced phosphate buffered saline (PBS) containing 1.5% (w/v) sodium bicarbonate under anaerobic conditions. The sample

was mashed with a pipette tip to create a fecal slurry, which was centrifuged at 250 x g for 5 minutes to separate fecal solids.

The bacterial supernatant was collected and 200 mL was administered by intragastric gavage to recipient mice. This procedure

occurred once-daily for 3 days following antibiotic removal. Mice were rehoused in a new sterile cage on the first day receiving

FMT. Non-FMT receiving control animals received gavages of reduced PBS with 1.5% (w/v) sodium bicarbonate. For autologous

fecal microbiota transplants, mice from the same cage were assumed to share the same microbiota, and therefore samples from

one cage would be collected and used for FMT in a given cage. Animals were given 2 weeks from the first day of FMT to allow

for microbiota recovery prior to behavioral testing.

In the gut microbiota reconstitution experiment comparing the microbial diversity and bacterial loads between VEH, ABX+FMT,

and ABX+SHAMmice, 3/4 ABX+SHAMmice in one cagewere found dead during the 2-week recovery period between saline gavage

and behavioral testing. We tentatively ascribe this phenomenon to opportunistic expansion of a gut pathobiont.

For experiments involving the supplementation ofA.muciniphila or themixture of S24-7 strains and Lactobacillus johnsonii (4-mix),

autologous fecal bacterial supernatants were used to resuspend pelleted turbid bacterial cultures (2,400 x g for 20minutes) for a final

microbial density of 108-109 CFU/mL per microbe.81 The S24-7 mixture consisted of equal bacterial culture volumes ofMuribaculum

intestinale YL7, Muribaculum intestinale YL27, and Paramuribaculum intestinale B1404. Resulting microbial suspensions were

administered to recipient mice according to the same timeline as FMT administration.

Short-chain fatty acid treatment
SCFAs were administered as dissolved sodium salts (67.5 mM sodium acetate (Millipore Sigma, Cat#S2889), 25 mM sodium propi-

onate (Millipore Sigma, Cat#P5436), 40 mM sodium butyrate (Millipore Sigma, Cat#303410)) in the drinking water before filter ster-

ilization.104,105 Control animals were placed on sodium- and pH-matched drinking water. Drinking water was replaced weekly and

SCFA or sodium-matched treatment occurred throughout the entire course of ABX depletion and through behavioral testing.
e3 Current Biology 33, 147–157.e1–e7, January 9, 2023



ll
OPEN ACCESSReport
Colony forming unit (CFU) analyses
Fecal material from mice was collected, weighed, and resuspended in a 10-fold volume of aerobic or anaerobic PBS in a sterile

1.5-mL microcentrifuge tube. Aerobic and anaerobic samples were briefly centrifuged at 250 x g for 5 minutes and the bacterial

supernatants were serially diluted in aerobic or anaerobic PBS, respectively. Samples were plated in quadruplicate on both Brain

Heart Infusion (BD, Cat#237500) agar supplementedwith 5mg hemin and 0.1mgmenadione per liter (BHIS), and Brucella agar plates

supplementedwith 5% (v/v) defibrinated sheep’s blood (Teknova, Cat#B0150). Aerobic and anaerobic supernatants were cultured at

37�C aerobically and anaerobically, respectively, for 48 hours before counting of colony forming units. Plates where no colonies grew

were given a measurement of 0 CFU/mg feces for purposes of statistical testing.

Analysis of fecal microbial load
Fecal samples were collected from experimental mice and immediately snap-frozen in liquid nitrogen before storage at -80�C. Sam-

ples were weighed and total fecal DNA was extracted using either a Qiagen PowerMag Soil DNA Isolation Kit (Qiagen, Cat#12888) or

a Zymo Quick-DNA Fecal/Soil Microbe Miniprep Kit (Zymo Research, Cat#D6010), according to the manufacturer’s protocol. DNA

concentrations were determined via spectrophotometer. Extracted DNA was used as template for triplicate qPCR reactions

(ThermoFisher Scientific, Cat#A25742) using universal bacterial primers (200 nM forward and reverse) against the microbial 16S

rRNA (515F: 5’-GTGCCAGCMGCCGCGGTAA-3’, 806R: 5’-GGACTACHVGGGTWTCTAAT-3’).90 qPCR signal was normalized to

fecal DNA content and sample weight. See also Table S3.

Fecal microbiome community profiling
Bacterial 16S rRNA genes from extracted fecal DNAwere PCR-amplified with barcoded primers targeting the V4 region. Sequencing

was performed by either Microbiome Insights, Inc. (Vancouver, BC), or Laragen, Inc (Culver City, CA). For sequences prepared

by Microbiome Insights, amplicons were sequenced with an Illumina MiSeq using the 300-bp paired-end kit (v.3) according to the

protocol of Kozich et al.106 For sequences prepared by Laragen, amplicons were sequenced according to the Earth Microbiome

Protocol.107 Sequences were analyzed using the QIIME2 (2019.10) software package.97

Demultiplexed reads were filtered for quality and denoised using the q2-deblur package. Sequences were trimmed to different

lengths based on the quality scores of separate sequencing runs. These trim lengths are 147 bp, 220 bp, 151 bp, and 151 bp for

the VEH/ABX+SHAM/ABX+FMT, individual antibiotic administration, SPF and autologous FMT, and microbial rescue experiments,

respectively. Taxonomic classification of amplicon sequence variants (ASVs) was performed in QIIME2 using classify-sklearn with a

classifier pre-trained on the Greengenes database (13_8 release). Phylogenetic diversity metrics were generated from ASV feature

tables using q2-phylogeny and q2-diversity plugins.Within-subject diversity comparisons acrossmultiple timepoints were generated

using the q2-longitudinal plugin. Sampling depth was chosen based on manual analysis of the reads per sample in a given experi-

ment. These sampling depths are 8836, 1147, 14785, and 22785 reads, for the VEH/ABX+SHAM/ABX+FMT, individual antibiotic

administration (6/8 ABX and 4/8 Ampicillin samples did not meet rarefaction threshold), SPF and autologous FMT, and microbial

rescue experiments, respectively. Weighted and unweighted UniFrac diversity metrics, alpha-diversity metrics, and Principal Coor-

dinate Analyses (PCoAs) of diversity metrics were generated as implemented in QIIME2. Hypothesis tests for differences in diversity

were tested using PERMANOVA as implemented in QIIME2. Differential abundance analysis of ASVs was performed using the

MaAsLin2 R package to identify features that associate with treatment conditions.100 In the individual antibiotic treatment experi-

ment, the vancomycin condition was used as the reference level in a one-versus-all comparison. Differential abundance analysis

based on relative abundances was restricted to the vancomycin condition given the significant reduction of microbial load in ABX

and ampicillin-treated mice. For this analysis, cage was included as a random effect and treatment group was included as a fixed

effect. Features were normalized by total sum scaling, and an FDR-corrected significance threshold was set at 0.1. Significant results

from the differential abundance analysis are in Table S2.

Isolation of Lactobacillus johnsonii

Fecal samples from amouse from the VEH experimental condition were collected and resuspended in a 10-fold volume of anaerobic

Lactobacilli MRSBroth (BD, Cat#288130) in a sterile 10-mLmicrocentrifuge tube. Serial 10-fold dilutions inMRS brothwere plated on

MRS agar plates and cultured for 48 hours under anaerobic conditions (10%CO2, 10%H2, 80%N2) at 37
�C. Single colonies were re-

streaked on MRS agar plates and colony PCR Sanger sequencing was conducted by Laragen, Inc. using universal 16S ribosomal

RNA primers. 16S: (27F: 5’- AGAGTTTGATCMTGGCTCAG-3’, 1492R: 5’- GGTTACCTTGTTACGACTT-3’).91,92 Chromatogram

traces were analyzed using Chromas (2.6.6) (Technelysium) and sequence alignment visualization to the differentially abundant

Lactobacillus sp. ASV (100% match) was performed using EMBOSS Matcher.108 The sequenced 16S rRNA was used as a query

sequence for a BLASTN analysis (NCBI) and found to have >99.8% sequence identity to cultured strains of Lactobacillus johnsonii.101

See also Table S3.

Hypothalamic neuropeptide expression
VEH and ABX animals were euthanized by cervical dislocation and hypothalami were extracted and snap-frozen in TRIzol

reagent. Hypothalamic RNA was isolated using a Zymo Quick-RNA Miniprep Kit (Zymo Research, Cat#R1055) and reverse

transcribed into cDNA using an iScript cDNA Synthesis Kit (Bio-Rad, Cat#1708891). Both steps were performed according to the

manufacturer’s directions. Triplicate qPCR reactions (ThermoFisher Scientific, Cat#A25742) were run using the following primer
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sets:AgRP: (5’-TGCTACTGCCGCTTCTTCAA-3’ and 5’-CTTTGCCCAAACAACATCCA-3’),NPY: (5’-TAACAAGCGAATGGGGCTGT-

3’ and 5’-ATCTGGCCATGTCCTCTGCT-3’), POMC: (5’-AGGCCTGACACGTGGAAGAT and 5’-AGGCACCAGCTCCACACAT-3’).93

qPCR signal was normalized to the expression of the 18S eukaryotic rRNA 18S: (5’-TTCCGATAACGAACGAGACTCT-3’ and 5’-TGG

CTGAACGCCACTTGTC-3’).94 See also Table S3.

Brain sample collection
For c-Fos analysis of NPY+ neurons in the ARC, VEH, ABX, and overnight fasted mice were taken from their home cages and eutha-

nized. For c-Fos analysis of reward-related brain regions, single-housed VEH and ABX mice were euthanized 60 minutes after the

introduction of either an empty glass dish (-Stimulus) or a glass dish containing approximately 2 grams of high-sucrose pellets

(5TUL, Test Diets, Cat#1811142) (+Stimulus) into their home cage. Treatment groups were given prior exposure to the glass dish

and previously acclimated to the high-sucrose pellets (100mg provided in the home cage the day before) to reduce effects of novelty.

Euthanasia was conducted via a 150 mL intraperitoneal injection of a 1:10 saline dilution of Euthasol (Virbac, Cat#PVS111), a solution

of sodium pentobarbital and sodium phenytoin. Mice were transcardially perfused with chilled PBS followed by chilled 4% parafor-

maldehyde in PBS. Brains were harvested and stored in 4%paraformaldehyde in PBS for 2 days at 4�Cbefore transfer to a solution of

0.02% sodium azide in PBS at 4�C prior to sectioning.

Brain sectioning and c-Fos measurement
Brains were embedded in 2% (w/v) UltraPure low melting point agarose (ThermoFisher Scientific, Cat#16520100) in PBS containing

0.02% sodium azide and 50-mm-thick coronal sections were sectioned using a vibratome (Leica Biosystems, Cat#VT1000). Every

third slice was collected and stored at 4�C in 0.02% sodium azide in PBS until staining. Coronal brain sections were incubated

with primary antibody (1:500 rabbit anti-cFos (9F6), CST Cat#2250) in blocking buffer (10% horse serum, 0.3% Triton X-100,

0.02% sodium azide in PBS) and placed on a benchtop rocker overnight at room temperature. Primary antibody-stained slices un-

derwent three 45-minute room temperature washes in PBS containing 0.3% Triton X-100. Secondary antibody (1:1000 donkey anti-

rabbit Alexa Fluor 568, ThermoFisher Scientific, Cat#A10042) in blocking buffer was incubated with the washed slices for 2 hours

rocking at room temperature protected from light. Slices underwent three washes, 2 hours each, in sterile PBS at room temperature,

before mounting on Superfrost Plus microscope slides (Fisher Scientific, Cat#12-550-15). Slices were drained of excess liquid using

a Kimwipe (Fisher Scientific) and Prolong Diamond Antifade Mountant with DAPI (ThermoFisher Scientific, Cat#P36962) was used to

adhere the coverslip. Slides were left at room temperature overnight protected from light to solidify the mountant prior to imaging.

Microscopic imaging and cell quantification
Imaging was performed using a Zeiss LSM 880 confocal laser scanningmicroscope using Zen software. All images shown and quan-

tified are maximum intensity projections in the z-direction of z-stacks of mounted 50-mm-thick coronal slices using a 10X objective

lens. Tile-scans with stitching were employed to capture brain regions larger than a single field of view. c-Fos+ and NPY+ cell bodies

unambiguously brighter than background signal were quantified manually in Fiji/ImageJ (1.53f51) by a researcher blinded to treat-

ment group and stimulus status. All images wereminimally processed for brightness and contrast. Regions of interest (ROI) for quan-

tification of cell density were defined using anatomical landmarks. For each mouse, the slice with greatest correspondence to the

anterior-posterior coordinates of the target brain region was used for quantification.

Anterior-posterior coordinates for imagingwere +1.0mm to +1.3mm (nucleus accumbens, dorsal striatum), -1.7 to -1.3mm (lateral

hypothalamus), -1.8 to -1.5 (arcuate nucleus of the hypothalamus) -3.7 to -3.4 mm (ventral tegmental area), -1.2 to -0.9 mm (baso-

lateral amygdala).109

Free-feeding intake of high-sucrose pellets
Experimental mice were single-housed the day prior to behavioral testing. To reduce effects of neophobia, mice were housed over-

night with an automated pellet dispenser42 (Feeding Experimentation Device 2.0, (FED2)) in the ‘‘off’’ state and acclimated to 100 mg

(five pellets) of the high-sucrose pellets (5TUL, Test Diets, Cat#1811142) in their home cage. This palatable food is a pelleted formu-

lation of the widely studied AIN-76A complete diet, frequently used as a high-sugar stimulus for binge behavior in rodent studies, and

is reported to be preferred at a ratio of >9:1 compared to standard chow in food choice assays.19,69,110–112 Themorning of behavioral

testing, cages were manually checked to ensure the five acclimation pellets were consumed. Mice were provided ad lib chow and

treatment water during the acclimation period. The unfasted mice, FED2, and treatment water were moved into a new cage without

chow and the FED2 was stocked with high-sucrose pellets and placed in the ‘‘on’’ state. Mice were left to consume pellets from the

FED2, which records occurrences of pellet retrieval events to an internal memory card, for at least 2 hours or until 50 pellets had been

retrieved. In the sucralose substitution experiment, the sucrose in the high-sucrose pellets was replaced with a mixture of microcrys-

talline cellulose and sucralose for a final diet concentration of 48% (w/w) cellulose and 2% (w/w) sucralose (Test Diets). Intake rate

was modeled using RStudio running R (3.6.3) by fitting an exponential function25 with a fixed y-intercept of zero to each trace of cu-

mulative 2-hour intake. The derivative of this function was taken and calculated at each minute.

To confirm that the FED2s provided an accurate representation of pellet consumption, a cohort of VEH and ABX mice (n=5/group)

were tested for free-feeding intake as above but with simultaneous video recording during the 2-hour test session. Pellet consump-

tion events over the 2-hour test session were manually recorded using BORIS102 (7.13) by an experienced researcher blinded to

animal treatment status. The average FED accuracy, calculated as (Pellets Eaten / FED Retrieval Events) of all tested mice was
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1.00 when rounded to the nearest hundredth place (mean=1.0019, standard deviation=0.0154). On five occasions, representing

�1% of all recorded retrieval events for this cohort (5/493, 3 VEH and 2 ABX), the FED2s were observed to dispense two pellets

instead of one, in line with the previously reported accuracy of the FED2s,42 and enabling values of FED accuracy >1. On four occa-

sions, representing <1% of all recorded retrieval events for this cohort (4/493, 2 VEH and 2 ABX), mice were observed to retrieve a

pellet from the FED2 without having consumed it by the end of the 2-hour session. To test if the comparisons of time-series pellet

retrieval data could be considered representative of time-series pellet consumption data, we performed within-mouse

Kolmogorov-Smirnov comparisons (R, 3.6.3) of cumulative probability distributions of FED-recorded retrieval events and manually

determined pellet consumption events. In all mice (10/10), the p-value was >0.995 and the KS statistics were <0.08 (mean =

0.0478, standard deviation = 0.0187), suggesting that FED-based pellet retrieval metrics are reflective of consumption events.

Full information regarding comparisons to pellet consumption data can be found in Table S1.

Free-feeding intake of a high-fat diet
Experimental mice were single-housed the day prior to behavioral testing. To reduce effects of neophobia, mice were housed with

200mg of the high-fat diet (HFD) (Research Diets, Cat#D12492) provided in a glass dish. The HFD chosen has previously been shown

to induce binge-like consumption responses in mice.55 The morning of behavioral testing, cages were manually checked to ensure

the 200 mg of HFD was consumed. Mice were provided ad lib chow and treatment water during the acclimation period. The unfasted

mice and treatment water were moved into a new cage without chow containing a pre-weighed amount of HFD (�2 g). Mice were

free to consume for 2 hours. Every 30 minutes, the HFD was briefly removed from the cage, weighed, and returned to the cage.

The difference in HFD weight from baseline was taken as intake.

Free-feeding intake of Ensure�
Experimental mice were single-housed the day prior to behavioral testing. To reduce effects of neophobia, mice were housed with

1mL of chocolate Ensure� (Abbott Nutrition, Cat#53623) provided in a glass dish. Ensure� is a palatable liquid diet known to induce

binge-like consumption responses in mice.56 Themorning of behavioral testing, cages weremanually checked to confirm the 1mL of

Ensure�was consumed. Mice were provided ad lib chow and treatment water during the acclimation period. The unfasted mice and

treatment water were moved into a new cage without chow containing an Ensure�-filled graduated 10-mL pipet outfitted with a ball-

bearing sipper tube to allow for controlled consumption.113 The end of the ball-bearing sipper was primed with chocolate Ensure� to

assist in induction of consumption. Mice were free to consume for 2 hours and recorded with a video camera. Recordings were

analyzed for drinking activity using BORIS by an experienced researcher blinded to treatment condition. The levels of Ensure�
were measured visually at 30-minute timepoints. Differences in Ensure� volume from baseline were taken as intake. Cages were

visually examined after the experiment for any evidence of Ensure� leakage and no leakage was observed.

Bout structure analyses
For measurements of FED bout length, pellets per bout, and number of bouts, a feeding bout was defined as at least two pellet

retrieval events occurring within 60 seconds of each other.58,114 A bout was considered terminated when at least 60 seconds

have passed between pellet retrieval events.58 Analysis of time-series data was performed in RStudio running R (3.6.3).

For measurements of Ensure� drinking bout length, drinking events within 60 seconds of one another were defined as being within

the same bout.115

Operant conditioning
Custom-built acrylic arenas (10’’x10’’x12’’) equipped with an operant conditioning unit with programmable active and inactive nose-

poke ports (FED3) were used for fixed-ratio 1 (FR1) training and progressive ratio (PR) testing.28,58 The assignment of active and inac-

tive ports was reversed for half of the mice within a given treatment group to account for potential arena effects. Experimental mice

were single-housed and acclimated to 100 mg of high-sucrose pellets the day prior to beginning FR1 training. During FR1 training,

mice were placed on a restricted feeding schedule of 2–3 g chow/day, given as a single bolus after the daily training session, to main-

tain�95%of their starting body weight. FR1 training sessions, where a single nose-poke in the active port resulted in the delivery of a

single high-sucrose pellet, lasted for 60minutes and proceeded for at least 7 days. Mice unable to reach the training criterion, defined

as 3 consecutive days ofR75% correct port discrimination with at least 20 pellets retrieved, were trained up to amaximum of 7 addi-

tional days, or until the criterion was met. 12/12 ABX mice and 10/12 VEH mice successfully reached the training criteria.

Successfully trained mice were returned to an ad libitum feeding schedule for 3 days before proceeding to PR testing. Mice under-

went daily 90-minute PR breakpoint sessions, where the number of active pokes, N, required to obtain pellet n+1 is increased after

each successful pellet retrieval event, based on the formula Nn+1 = 5e(0.2n) – 5, rounded to the nearest integer.116 The breakpoint is

defined as the final ratio completed by themouse in thePR session. Unfasted animalswere tested daily until breakpointswere consid-

ered stabilized (either within ±10% variance in the number of pellets obtained or ±1 pellet when <10 pellets are obtained, over 3

consecutive days).28,117 Performance in the final PR assay was taken as the breakpoint for comparisons between treatment groups.

Brief-access dietary selection assay
Unfasted experimental micewere habituated to the testing chamber (an empty cagewith no bedding) for 10minutes prior to the intro-

duction of a bolus of pre-weighed edible stimuli in a glass dish—either standard chow, pure microcrystalline cellulose pellets (5TUW,
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Test Diets, Cat#1812939), a custom formulation of the high-sucrose pellets in which the sucrose was replaced by microcrystalline

cellulose (Test Diets), or the high-sucrose pellets used throughout the study (5TUL, Test Diets, Cat#1811142). The stimuli were tested

in the order listed. Animalswere left to freely consume the stimulus for 10minutes and the difference in stimulusweight wasmeasured

as intake. To reduce neophobia, the day prior to testing the mice were given a small amount of each edible stimulus in their home

cage (100 mg/mouse) and housed with a glass dish overnight. The morning of behavioral testing, cages were checked to ensure

the acclimation stimulus was consumed. Mice were given 1 day of rest between assays.

High-sucrose pellet binge-like consumption assay
To reduce anxiety and neophobia, animals were habituated to the testing chamber (an empty cage with no bedding) for 1 hour and

given free access to �1 gram of the high-sucrose pellets (5TUL, Test Diets, Cat#1811142) in a glass dish.70,118 This habituation step

occurred prior to antibiotic removal to reduce potential environmental contamination of antibiotic-treated mice.

For behavioral testing, habituatedmice were placed in the testing chamber for 10minutes prior to being given a pre-weighed bolus

of approximately 1.5 grams of high-sucrose pellets in a glass dish and allowed to consume freely for 1 hour. The uneaten pellets were

weighed, and the difference was recorded.

Fasting-refeeding assays
Single-housed experimental mice were fasted overnight for 16 hours with access to treatment water. To reduce neophobia, the day

prior to fasting, animals refed with high-sucrose pellets were given access to 100 mg (five pellets) of high-sucrose pellets, and during

the fast, were housedwith a FED2 in the ‘‘off’’ state. For chow refeeding, a pre-weighed amount of chowwas returned to the cage and

weighed at 30-minute intervals. The difference in chow weight over time was taken as intake. For refeeding with the high-sucrose

pellets, the FED2 was stocked with pellets and placed into the ‘‘on’’ state.

Homeostatic food intake measurements
Experimental mice were single-housed and provided with ad lib chow for the duration of VEH/ABX treatment. The difference in chow

weight was measured and taken as intake.

For home-cage AIN-76A intake, custom-manufactured 5-gram tablets of AIN-76A were provided as the exclusive food source to

VEH/ABXmice for 1 week, starting after 4 weeks of VEH/ABX. The difference in AIN-76Aweight compared to baseline wasmeasured

and taken as intake.

Baited and unbaited hole board assay
Experimental mice were placed in a hole board apparatus (40 cm x 40 cm x 35 cm, 3 cm hole diameter, Stoelting, Cat#62015) with

16 holes arranged in a 4 x 4 grid and left to explore for 10 minutes. In the unbaited assay, the holes were empty, mice were video

recorded, and the number of spontaneous head dips was measured by a researcher blinded to treatment group as a metric for

exploratory behavior. In the stimulus-baited assay, each apparatus hole was baited with a single high-sucrose pellet, and the number

of pellets consumed after 10 minutes was used as a readout.46

Anxiety assays
Open field assays were conducted in white acrylic arenas (50 x 50 x 30 cm). Mice were recorded via an overhead camera for 10 mi-

nutes. The time spent in the center (30 x 30 cm) zone was measured and quantified using Ethovision XT 10 (Noldus Information

Technology).

Elevated plus maze assays were conducted on a white EPM apparatus (28-cm arm length, 9 x 9 cm center zone) with black acrylic

walls (16 cm).Micewere placed in the center and recorded via an overhead camera for 5minutes. The time spent in the exposed open

arms was measured and quantified using Ethovision XT 10.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests and data visualization were performed in GraphPad Prism (9.1.0), QIIME2 (2019.10),97 and RStudio96 running R

(3.6.3)95 using the ggplot2 package. Statistical tests and replicate numbers are indicated in the respective figure legends and exact

p-values for all comparisons made are reported in Table S1. Significantly different features as detected by MaAsLin2 analysis100 are

reported in Table S2. Error bars represent the standard error of the mean. For box-and-whisker plots, the whiskers represent the

minimum and maximum values, the box extends from the 25th to the 75th percentile of the data, and the line within the box denotes

the median. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, ns: not significant.
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