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SUMMARY

Many genetic and environmental factors increase susceptibility to cognitive impairment (Cl), and the gut mi-
crobiome is increasingly implicated. However, the identity of gut microbes associated with Cl risk, their ef-
fects on Cl, and their mechanisms remain unclear. Here, we show that a carbohydrate-restricted (ketogenic)
diet potentiates Cl induced by intermittent hypoxia in mice and alters the gut microbiota. Depleting the micro-
biome reduces Cl, whereas transplantation of the risk-associated microbiome or monocolonization with
Bilophila wadsworthia confers Cl in mice fed a standard diet. B. wadsworthia and the risk-associated micro-
biome disrupt hippocampal synaptic plasticity, neurogenesis, and gene expression. The Cl is associated with
microbiome-dependent increases in intestinal interferon-gamma (IFNg)-producing Th1 cells. Inhibiting Th1
cell development abrogates the adverse effects of both B. wadsworthia and environmental risk factors on
Cl. Together, these findings identify select gut bacteria that contribute to environmental risk for Cl in mice

by promoting inflammation and hippocampal dysfunction.

INTRODUCTION

Cognitive impairment (Cl) is characterized by deficient atten-
tion, causal reasoning, and learning and memory, and afflicts
a reported 3%-19% of people over 65 years old worldwide
(Mavrodaris et al., 2013). In addition to its prevalence in aging
and aging-related neurodegenerative disorders such as
Alzheimer’s and Parkinson’s disease, Cl is also associated
with a wide variety of chronic metabolic, immunological, neuro-
psychiatric, and sleep disorders, making Cl a pressing global
health concern. Genetic, environmental, and behavioral factors
together predispose to Cl, and many biological pathways
are implicated, including neuroinflammation, mitochondrial
dysfunction, and blood-brain barrier disruptions (Han et al.,
2020; Sweeney et al., 2018). In particular, both hypoxia-associ-
ated physiological stressors, such as high altitude, strenuous
activity, sleep apnea, vascular dysfunction (Akinyemi et al.,
2013; Das et al., 2018; Duncombe et al., 2017; Pun et al.,
2019; Solis et al., 2020; Zhao, and Gong, 2015), and the high-
fat high-sugar “Western” diet (Kanoski and Davidson, 2011;
Noble et al., 2017; Pistell et al., 2010; Wei et al., 2018) are
well-known to increase risk for Cl, whereas the high-fat low-
carbohydrate ketogenic diet is being explored for treatment
of Cl, with variable results to date (Bahr et al., 2020; Lauritzen
et al.,, 2016; Nagpal et al.,, 2019; Ota et al.,, 2019; Phillips

et al., 2018; van Berkel et al., 2018; Zhao et al., 2004). Despite
many studies on environmental risks for Cl, exactly how envi-
ronmental factors, such as diet and physical stress, modify sus-
ceptibility for Cl remains poorly understood.

The gut microbiome is emerging as an important mediator of
environmental contributions to host health and disease. Environ-
mental factors, including diet, stress, and age can shape the
composition and function of the gut microbiota (Marques et al.,
2010; O'Toole and Jeffery, 2015; Rea et al., 2016). Alterations
in the gut microbiome can, in turn, mediate effects of environ-
mental challenges on various behavioral abnormalities, including
impaired communication in response to maternal immune acti-
vation, anxiety-related behavior in response to stress, and
reduced sociability in response to high-fat diet (Bravo et al.,
2011; Buffington et al., 2016; Gareau et al., 2011; Hsiao et al.,
2013; Savignac et al., 2015). Moreover, depleting the micro-
biome by germ-free rearing or antibiotic treatment disrupts
cognitive performance across various tasks for working and
spatial memory when compared with controls raised with con-
ventional microbiomes (Chu et al., 2019; D’Amato et al., 2020;
Frohlich et al., 2016; Gareau et al., 2011; Hoban et al., 2016;
Sampson and Mazmanian, 2015; Vuong et al., 2017; Yu et al.,
2019). These animal studies provide fundamental proof-of-
concept that investigating interactions between the gut micro-
biome and environmental risk factors for Cl may reveal
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previously uncharacterized cellular and molecular signaling
pathways that regulate CI.

Herein, we examine the effects of two environmental modifiers
of Cl—intermittent hypoxia and the ketogenic diet —on the gut
microbiota, neurophysiology, and cognitive behavior. We eval-
uate causal roles for environmentally induced changes in the
gut microbiome in promoting Cl, and further identify specific mi-
crobial taxa that contribute to environmental risk for impaired
hippocampal function and cognitive deficits. Finally, we investi-
gate functional effects of risk-associated microbes to reveal that
microbial stimulation of type-1 immune responses contribute to
microbiome-mediated environmental susceptibility to Cl.

RESULTS

The ketogenic diet exacerbates hypoxia-induced
cognitive impairment

Hypoxia is an environmental risk factor for Cl associated with
high altitude exposure, sleep apnea, vascular dementia, and Alz-
heimer’s disease, among many other pathological conditions
(Biswal et al., 2016; de Aquino Lemos et al., 2012; Desbonnet
et al., 2014; Giuliani et al., 2019; Qaid et al., 2017). To determine
the impact of acute intermittent hypoxia on cognitive behavior,
conventional mice (specific pathogen-free, SPF) consuming a
control diet (CD, Table S1) were subjected to 6 h of restricted
12% oxygen (normobaric hypoxia, Hyp) or ambient 21% oxygen
(normoxia, Mock) daily for 5 days, a regimen within the range of
hypoxic treatments sufficient to induce Cl in mice (Deguil et al.,
2016). Following a 4-day recovery period, mice were then evalu-
ated for cognitive and spatial learning and memory behavior in
the Barnes maze task (Figure 1A). Consistent with prior literature
(Aubrecht et al., 2015; Mei et al., 2020), mice exposed to Hyp ex-
hibited impaired cognitive behavior in the Barnes maze, as indi-
cated by increased latency to enter the escape box, errors made,
and use of random search strategy as compared with Mock con-
trols (Figures 1B-1F). These impairments were observed even on
the first trial of testing, suggesting that Cl that can include disrup-
ted learning and memory, in addition to deficits in other underly-
ing cognitive processes (Li et al., 2013; Shen et al., 2020). There
were no significant differences in velocity or total distance trav-
eled in the Barnes maze (Figures S1A and S1F), suggesting no
confounding abnormalities in motor function. There were also
no differences in performance in the open field test and prepulse
inhibition task, suggesting no overt alterations in stress-induced
exploration or sensorimotor gating (Figure S1N). These results
indicate that acute intermittent hypoxia impairs cognitive
behavior in mice, which is consistent with previous reports
(Aubrecht et al., 2015; Mei et al., 2020).

High dietary fat intake modifies cognitive behavior in humans
and animal models. For example, consumption of the high-fat
high-sugar “Western” diet leads to deficits in memory speed,
flexibility, prospective memory, and spatial learning and memory
(Beilharz et al., 2015; Cordner and Tamashiro, 2015; Kanoski and
Davidson, 2011; Noble et al., 2017; Pistell et al., 2010; Wei et al.,
2018), particularly in response to physical or psychosocial
stress (Arcego et al., 2018; Kesby et al., 2015). In contrast, the
ketogenic diet (KD), which is also based on high fat intake, but
includes carbohydrate restriction, is used clinically for its neuro-
protective effects in refractory epilepsy, and is now increasingly
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applied to human neurodegenerative and cognitive disorders,
despite limited experimental studies in this context (McDonald
and Cervenka, 2019; Vinciguerra et al., 2020). Although some
studies suggest that the KD may protect against Cl, other studies
report that it may be detrimental (Lauritzen et al., 2016; Zhao
et al., 2004). To examine effects of the KD on cognitive behavior,
SPF mice were pretreated with the ketogenic chow, used
commonly to model the classical clinical KD (Dutton et al.,
2011; Samala et al., 2008), and subjected to Mock or Hyp as
described earlier (Figure 1G). Mice fed the KD exhibited no sig-
nificant differences in cognitive behavior in the Barnes maze,
as compared with mice fed the vitamin and mineral-matched
CD (Figure 1, SPF CD Mock versus SPF KD Mock), indicating
that the KD alone has no overt effect on cognitive behavior in
the Barnes maze. Notably, however, mice fed the KD and
exposed to Hyp (SPF KD Hyp) exhibited a substantial increase
in latency to enter the escape box, errors made, and random
search strategy as compared with Mock controls fed the KD
(SPF KD Mock) (Figures 1H-1L). The Hyp-induced behavioral
impairment was significantly more severe in KD-fed mice than
in CD-fed mice (Figures 1 and S1K-S1M). There was no signifi-
cant difference across experimental groups in velocity or total
distance traveled in the Barnes maze (Figures S1B and S1G) or
in performance in the open field and prepulse inhibition tasks
(Figures STN-S1R). These results indicate that the KD potenti-
ates the adverse effects of Hyp on cognitive behavior in mice,
and further highlight synergistic interactions between diet and
hypoxic stress as environmental risk factors for Cl.

Ketogenic diet- and hypoxia-associated alterations in
the gut microbiota impair cognitive behavior
Environmental factors, including diet and stress, play important
roles in shaping the composition and function of the gut micro-
biota (David et al., 2014; Lobionda et al., 2019; Sbihi et al.,
2019; Tripathi et al., 2018; van de Wouw et al., 2018). To gain
insight into whether the gut microbiota contributes to KD- and
Hyp-induced disruptions in cognitive behavior, SPF mice were
pretreated with broad-spectrum antibiotics (Abx) to deplete
the gut microbiota prior to KD and Hyp exposure (Figure 2A)
(Reikvam et al., 2011). Compared with vehicle-treated controls,
KD- and Hyp-exposed mice that were pretreated with Abx
exhibited improved cognitive performance, as indicated by
decreased latency to enter the escape box, errors made, and
use of random search strategy (Figures 2B-2F, SPF KD Hyp
versus Abx KD Hyp). Results for each of these behavioral pa-
rameters were comparable with those seen in Mock controls
fed the KD (Figures 2B-2F, S1C, and S1H; Abx KD Hyp versus
SPF KD Mock), suggesting that depletion of the microbiota
abrogated KD and Hyp-induced impairments in cognitive
behavior. To determine whether mice reared in the absence of
the microbiome exhibit similar protection against KD- and Hyp-
induced ClI, germ-free (GF) mice were fed the KD and exposed
to Hyp under sterile conditions and then tested in the Barnes
maze using aseptic technique. gPCR for fecal loads of the 16S
rRNA gene after the last day of Barnes maze testing revealed
that the behaviorally tested GF mice exhibit 16S rRNA gene
levels comparable with those seen in untested GF mice, sug-
gesting no overt contamination during behavioral testing (Fig-
ure S2l). However, given the possibility that there could be
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Figure 1. The ketogenic diet potentiates hypoxia-induced impairments in cognitive behavior

(A and B) (A) Experimental timeline (B) Representative Barnes maze traces for SPF mice fed the CD and exposed to Mock or Hyp. White lines indicate movement
trajectories, whereas blue hues denote increasing durations of time spent at a specific location. Orange circles indicate the escape hole.

(C) Latency to enter the escape hole of the Barnes maze across six 300-s trials (two-way ANOVA with Sidak, n = 13-17).

(D) Errors made as measured by number of incorrect nose pokes (two-way ANOVA with Sidak, n = 13-17).

(E) Errors made during the final trial (probe) (unpaired two-tailed Students t test, n = 13-17).

(F) Search strategy used during the probe trial (n = 13-17).

(G) Experimental timeline (n = 11-13).

(H) Representative Barnes maze traces for SPF mice fed the KD and exposed to Mock or Hyp.

(I) Latency to enter the escape hole across six 300-s trials (two-way ANOVA with Sidak, n = 11-13).

(J) Errors made (two-way ANOVA with Sidak, n = 11-13).

(K) Errors made during the probe trial (unpaired two-tailed Students t test, n = 11-13).

(L) Search strategy used during the probe trial. (n = 11-13). Data are presented as mean + SEM. * p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. n.s., not
statistically significant; SPF, specific pathogen-free (conventionally colonized); CD, control diet; KD, ketogenic diet; Mock, intermittent normoxia exposure; Hyp,
intermittent hypoxia exposure.

low-level contamination within typical variation seen in fecal 16S  SPF mice, however, ex-GF mice fed the KD exhibited impaired
rRNA gene levels from GF mice, we refer to behaviorally tested  cognitive behavior at baseline, as indicated by increased latency
GF mice as “ex-GF.” Consistent with results from Abx treat- to enter and increased errors made in the Barnes maze. This
ment, ex-GF mice fed the KD were resistant to Hyp-induced Cl  suggests detrimental effects of KD particularly in mice raised
in the Barnes maze (Figures S2A-S2H). Compared with KD-fed GF (Gareau et al., 2011). To additionally evaluate potential
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Figure 2. Alterations in the gut microbiota contribute to ketogenic diet and hypoxia-induced impairments in cognitive behavior

(A) Experimental timeline.

(B) Representative Barnes maze traces for SPF or Abx mice fed the KD and exposed to Hyp. White lines indicate movement trajectories, whereas blue hues
denote increasing durations of time spent at a particular location. Orange circles indicate the escape hole.

(C) Latency to enter the escape hole of the Barnes maze across six 300-s trials (two-way ANOVA with Sidak, n = 8 for Abx groups; SPF data are as in Figure 1).
(D) Errors made as measured by number of incorrect nose pokes (two-way ANOVA with Sidak, n = 8 for Abx groups; SPF data are as in Figure 1).

(E) Errors made during the probe trial (one-way ANOVA with Dunnett, n = 8 for Abx groups; SPF data are as in Figure 1).

(F) Search strategy used during probe trial (n = 8).

(G) Experimental timeline.

(H) Representative Barnes maze traces for GF transplanted with fecal microbiota from SPF KD Mock or SPF KD Hyp donors. Transplanted recipient mice
receiving SPF KD Mock microbiota are denoted GF+Mock. Transplanted recipient mice receiving SPF KD Hyp microbiota are denoted GF+Hyp.

(I) Latency to enter the escape hole (two-way ANOVA with Sidak, n = 23).

(J) Errors made (two-way ANOVA with Sidak, n = 23).

(K) Errors made during the probe trial (unpaired two-tailed Students t test, n = 23).

(L) Search strategy used during probe trial. (n = 14-15). Data are presented as mean + SEM * p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n.s., not statistically
significant; SPF, specific pathogen-free (conventionally colonized); Abx, treated with antibiotics (ampicillin, vancomycin, metronidazole, and neomycin); KD,
ketogenic diet; Mock, intermittent normoxia exposure; Hyp, intermittent hypoxia exposure; GF, germ-free; GF+Mock, GF mice transplanted with microbiota from
SPF mice fed KD and exposed to Mock; GF+Hyp, GF mice transplanted with microbiota from SPF mice fed KD and exposed to Hyp.

off-target effects of antibiotic treatment, GF mice were pre- errors made by KD-fed ex-GF mice, regardless of Mock or Hyp
treated with Abx to determine whether antibiotics can impact treatment (Figures S2J-S20). This indicates that Abx pretreat-
hypoxia-induced impairments in Barnes maze behavior in the  ment has microbiome-independent effects that increase errors
absence of the microbiome. Abx treatment had no significant ef- made by ex-GF mice in the Barnes maze and further suggests
fect on latency to enter in the Barnes and significantly increased  that microbiome-dependent effects drive the Abx-induced
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Figure 3. Bilophila is enriched by the ketogenic diet and hypoxia, and sufficiently impairs cognitive behavior

(A) Principal coordinates analysis of weighted UniFrac distance based on 16S rRNA gene profiling of feces from SPF mice fed KD and exposed to Hyp or Mock
(n = 4 cages).

(B) Average taxonomic distributions of low abundance bacteria (n = 13 cages).

(C) Relative abundances of Clostridium cocleatum (left) and Bilophila spp. (right) in fecal microbiota (Kruskal-Wallis with Bonferroni, n = 13 cages).

(D) Principal coordinates analysis of weighted UniFrac distance based on 16S rRNA gene profiling of feces from GF mice transplanted with fecal microbiota from
SPF KD Mock or SPF KD Hyp mice (in A-C) (n = 4-5 cages).

(E) Average taxonomic distributions of low abundance bacteria (n = 9 cages).

(F) Relative abundances of C. cocleatum (left) and Bilophila spp. (right) in fecal microbiota (Kruskal-Wallis with Bonferroni, n = 9 cages).

(G) Experimental timeline.

(H) Representative Barnes maze traces for GF mice monocolonized with Clos or Bilo. White lines indicate movement trajectories, whereas blue hues denote
increasing durations of time spent at a particular location. Orange circles denote the escape hole.

(I) Latency to enter the escape hole across six 300-s trials for ex-GF mice and GF mice monocolonized with Clos or Bilo (two-way ANOVA with Sidak, n = 15, 24, 6).
(J) Errors made (two-way ANOVA with Sidak, n = 15, 24, 6).

(K) Errors made during the probe trial (unpaired two-tailed Students t test, n = 15, 24, 6).

(L) Search strategy used during probe trial (n = 15, 24, 6).

(legend continued on next page)
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reductions in errors made by SPF KD Hyp mice in the Barnes
maze (Figures 2D and 2E). Altogether, these data suggest that
depletion of the gut microbiota prevents the synergistic effects
of KD and Hyp on Cl in mice.

To further test whether microbiota alterations in response to
KD and Hyp contribute to disruptions in cognitive behavior, GF
mice were transplanted with fecal microbiota from donor SPF
mice fed KD and exposed to either Hyp or Mock (GF + Hyp
and GF + Mock, respectively) (Figure 2G). Compared with con-
trols colonized with the KD and Mock-associated microbiota,
mice colonized with KD and Hyp-associated microbiota ex-
hibited poor cognitive performance (Figures 2H-2L, S1D, and
S1l), akin to that seen in mice fed KD and exposed to Hyp (Fig-
ures 1H-1L). Relative to SPF mice, transplanted control mice
exhibited impaired performance on the first trial that improved
with subsequent trials of the task, which may reflect initial con-
founding effects of GF status on behavior. Taken together, these
results indicate that (1) the KD potentiates Hyp-induced impair-
ments in cognitive behavior (Figures 1 and S1K-M), (2) depletion
of the microbiota prevents the adverse synergistic effects of KD
and Hyp on cognitive behavior (Figures 2A-2F), and (3) trans-
plantation of the KD- and Hyp-associated microbiota into naive
GF mice impairs cognitive behavior (Figures 2G-2L). These re-
sults strongly suggest that changes in the gut microbiota
contribute to KD- and Hyp-induced impairments in cognitive
behavior in mice.

Bilophila is enriched by the ketogenic diet and hypoxia
and impairs cognitive behavior

To identify candidate microbial taxa that may be responsible for
promoting KD- and Hyp-induced abnormalities in cognitive
behavior, fecal microbiota were sequenced from SPF mice fed
KD and exposed to Hyp or Mock (Figures 1G-1L), as well as
from the mice transplanted with the corresponding microbiota
from those SPF mice (Figures 2G-2L). Although there were no
global alterations in the microbiota of mice fed KD and exposed
to Hyp (Figures 3A and S3), select bacterial taxa were signifi-
cantly altered in the Hyp group, compared with Mock controls
(Figures 3B and 3C; Table S2). In particular, the relative abun-
dances of Clostridium cocleatum were reduced in Hyp-exposed
animals fed KD, whereas Bilophila species were elevated in Hyp-
exposed animals fed KD (Figures 3B and 3C). The absolute
abundance of Bilophila species was enriched particularly in
mice exposed to both KD and Hyp, but not in mice exposed to
either KD or Hyp alone (Figure S3E). This aligns with the
observed synergistic effects of KD and Hyp on CI (Figures 1
and S1K-S1M), and with previous reports that dietary fat favors
the growth of Bilophila, an obligate anaerobic pathobiont, in mice
(Devkota et al., 2012). Similar reductions in C. cocleatum and in-
creases in Bilophila were seen in mice transplanted with KD and
Hyp-associated microbiota (Figures 3D-3F; Table S2). Overall,
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these results reveal that KD and Hyp together enrich Bilophila
and also impair cognitive behavior in mice.

To test whether Bilophila may contribute to the Cl induced by
KD and Hyp exposure, GF mice fed standard chow were mono-
colonized with Bilophila wadsworthia and tested for cognitive
behavior, relative to GF mice and GF mice monocolonized with
C. cocleatum (Figure 3G). B. wadsworthia was selected because
it exhibited the highest sequence identity to the Bilophila opera-
tional taxonomic units elevated in mice fed KD and exposed to
Hyp (Figures 3B and 3C). Mice colonized with B. wadsworthia
exhibited impaired cognitive behavior compared with ex-GF
and C. cocleatum-colonized controls, with no overt deficits in
motor ability (Figures 3H-3L, S1E, and S1J). Notably, there
were no statistically significant differences between ex-GF and
C. cocleatum-colonized mice in latency to enter the escape
box or errors made during the probe trial of the Barnes maze
test, suggesting detrimental effects of B. wadsworthia, rather
than beneficial effects of C. cocleatum, on cognitive behavior
(Figures 3H-3L, S1E, and S1J). The effect of B. wadsworthia
on Cl during the probe trial of the Barnes maze assay was com-
parable with that seen with exposure to KD and Hyp and with
transplantation of the KD- and Hyp-associated microbiota (Fig-
ure 3M). Overall, these data reveal that monocolonization with
B. wadsworthia phenocopies the adverse effects of the KD-
and Hyp-associated microbiota on cognitive behavior in mice.

The gut microbiota, and Bilophila in particular,
modulates hippocampal activity

The hippocampus is sensitive to alterations in diet and hypoxic
stress and is a critical site for learning and memory (Goldbart
et al., 2006; Gozal et al., 2002; Kanoski and Davidson, 2011; Ka-
noski et al., 2010; Titus et al., 2007). To study effects of the KD
and Hyp, and potential roles for the microbiota, on hippocampal
physiology, field potential recordings were acquired from acute
hippocampal slices from SPF mice fed KD and exposed to
Hyp or Mock, as well as from GF mice colonized with
B. wadsworthia or C. cocleatum. Compared with Mock-exposed
controls, KD-fed mice that were exposed to Hyp exhibited signif-
icant reductions in hippocampal long-term potentiation (LTP,
Figures 4A and 4B), population spike relative to field excitatory
postsynaptic potential (fFEPSP) slope, as a measure of excitatory
postsynaptic potential spike coupling (Figure 4C) and paired-
pulse facilitation (Figure 4D). Pretreatment with Abx diminished
these abnormalities in hippocampal synaptic physiology (Fig-
ures S4A-S4D), suggesting that the gut microbiome contributes
to the adverse effects of KD and Hyp on hippocampal
physiology. Consistent with this, mice monocolonized with
B. wadsworthia exhibited reduced hippocampal LTP (Figures
4E and 4F), reduced fiber volley amplitude versus fEPSP slope
(Figure 4G) and reduced paired-pulse facilitation (Figure 4H)
when compared with C. cocleatum-colonized controls. The

(M) Effect size of hypoxia on latency to enter the escape hole during the probe trial, as measured by the difference between Hyp groups and respective Mock
controls for SPF, Abx, ex-GF, microbiota-transplanted (GF+Hyp-Mock), or monocolonized (GF+Bilo-Clos) mice fed CD or KD (two-way ANOVA with Dunnett,
n = 8-24). Data are presented as mean + SEM * p < 0.05, **p < 0.01, ***p < 0.001. n.s., not statistically significant; SPF, specific pathogen-free (conventionally
colonized); KD, ketogenic diet; Mock, intermittent normoxia exposure; Hyp, intermittent hypoxia exposure; GF, germ-free; GF+Mock, GF mice transplanted with
SPF KD Mock microbiota; GF+Hyp, GF mice transplanted with SPF KD Hyp microbiota; GF+Clos, GF mice monocolonized with C. cocleatum; GF+Bilo, GF mice
monocolonized with B. wadsworthia; Abx, treated with antibiotics (ampicillin, vancomycin, metronidazole, and neomycin); CD, control diet; ex-GF, behaviorally

tested GF mice.
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Figure 4. Bilophila colonization phenocopies ketogenic diet and hypoxia-induced impairments in hippocampal activity

(A) Hippocampal long-term potentiation (LTP) as indicated by fEPSP slope in response to 100 Hz tetanus, expressed as a percentage of 20-min baseline signal,
from slice electrophysiology of brains from SPF mice fed KD and exposed to Hyp or Mock (n = 7-8).

(B) Average fEPSP slope during the last 5 min of hippocampal LTP recording (unpaired two-tailed Students t test, n = 7-8).

C

E) Hippocampal LTP from GF mice monocolonized with Clos or Bilo (n = 12).

) Hippocampal population spike amplitude versus fEPSP slope (two-way ANOVA with Sidak, n = 7-8).
D) Hippocampal paired pulse facilitation (two-way ANOVA with Sidak, n = 7-8).

G) Hippocampal population spike amplitude versus fEPSP slope (two-way ANOVA with Sidak, n = 6-10).

H) Hippocampal paired pulse facilitation (two-way ANOVA with Sidak, n = 6-7.

(
(
(
(F) Average fEPSP slope during the last 5 min of hippocampal LTP recording (unpaired two-tailed Students t test, n = 12).
(
(
(

1) Principal components analysis of all differentially regulated genes from RNA sequencing of CA3 subfields of the hippocampus from GF mice monocolonized

with Clostridium cocleatum (Clos) or Bilophila wadsworthia (Bilo) (n = 6).

(J) Volcano plot labeling genes with high fold change of differential expression (Wald test, n = 6).

(K) Representative image of doublecortin (DCX)-positive neurons in the dentate gyrus (left). Quantitation of DCX density per area of the dentate gyrus (right)
(unpaired two-tailed Students t test, n = 4-5). Data are presented as mean + SEM * p < 0.05, **p < 0.01, **p < 0.001. n.s., not statistically significant; SPF, specific
pathogen-free (conventionally colonized); Abx, treated with antibiotics (ampicillin, vancomycin, metronidazole, and neomycin); GF, germ-free; KD, ketogenic diet;
Hyp, intermittent hypoxia exposure; Mock, intermittent normoxia exposure; GF+Clos, GF mice monocolonized with C. cocleatum; GF+Bilo; GF mice mono-

colonized with B. wadsworthia; DCX, doublecortin; LTP, long-term-potentiation; fEPSP, field excitatory post-synaptic potential.

disruptions in hippocampal activity induced by B. wadsworthia
were comparable with those seen in mice exposed to KD and
Hyp, suggesting that colonization with B. wadsworthia pheno-
copies the adverse effects of KD and Hyp on hippocampal syn-
aptic transmission and plasticity. The microbiota-dependent
alterations in hippocampal activity were further associated with
microbiota-dependent changes in hippocampal gene expres-
sion (Figures S4E-S4J; Table S3). In particular, colonization
with B. wadsworthia resulted in widespread transcriptomic alter-
ations in the hippocampus relative to C. cocleatum-colonized
controls (Figure 4l). Particular genes that were differentially ex-

pressed in response to B. wadsworthia colonization included
subsets related to neuronal excitation (CBLN1, CC2D1A,
GRIK4, SYT2, and SYT9), mitochondrial processes (DNAJA3,
SLC25A16, ALDH4A1, and NDUFAF1), neuronal interactions
(KCNN3, SEMA3C, TTR, MOV10, and PLKS5), ubiquitination
(BAP1, COPS6, FBX0O4, FBX042, NDUFAF5, and USP53), and
immune response (LCK, HMGB1, NFKBID, TRAFD1, and
SPG21) (Figure 4J). Moreover, immunofluorescence staining
for doublecortin (DCX), a marker for the central phase of hippo-
campal neurogenesis (von Bohlen und Halbach, 2011), revealed
reduced density of DCX-positive cells in the dentate gyrus
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of mice colonized with B. wadsworthia compared with
C. cocleatum-colonized controls (Figure 4K), adding to prior re-
sults demonstrating the microbiota regulates hippocampal
neurogenesis (Ogbonnaya et al., 2015). Overall, these results
indicate that colonization with B. wadsworthia alters hippocam-
pal physiology and further suggest that microbiota-dependent
impairments in cognitive behavior may be due, at least in part,
to microbiota-dependent disruptions in hippocampal function.

Th1 cell expansion contributes to Bilophila-induced
impairments in cognitive behavior

B. wadsworthia colonization promotes the expansion of IFNg-
producing T helper type | (Th1) cells, and IFNg is associated
with impairments in cognitive behavior and hippocampal physi-
ology during homeostasis and in response to chronic stress
(Devkota et al., 2012; Kim et al., 2011; Litteljohn et al., 2014).
We hypothesized that Th1 induction may contribute to the detri-
mental effects of B. wadsworthia and of environmental risk fac-
tors, KD and Hyp, on cognitive behavior. To first confirm that
B. wadsworthia increases Th1 cells, GF mice were monocolon-
ized with either C. cocleatum or B. wadsworthia, and Th1 levels
were measured in the intestine. Indeed, B. wadsworthia-colo-
nized mice exhibited increased levels of CD3"CD4*IFNg+IL17a-
Th1 cells in the colonic lamina propria relative to GF and
C. cocleatum-colonized controls (Figures S5A and S5B). Similar
increases in levels of Th1 cells were seen by colonization of Abx-
treated mice with B. wadsworthia, indicating that the Th1-pro-
moting effects of B. wadsworthia are observed in response to
bacterial enrichment, as well as bacterial monocolonization (Fig-
ures S5C and S5D). To determine if Th1 cells are required for the
adverse effects of B. wadsworthia on cognitive behavior, mice
were reared in the absence of Th1 cells (T-bet knockout,
T-bet-/-) or as genetically wild-type (WT) and colonized with
B. wadsworthia (Figures 5A, S5C, and S5D). Consistent with
prior monocolonization experiments conducted with GF Swiss
Webster mice (Figure 3), Abx-treated WT C57BI/6J mice colo-
nized with B. wadsworthia exhibited impaired cognitive behavior
in the Barnes maze, as denoted by elevated errors made and
increased random search strategy relative to noncolonized
Abx-treated WT controls (Figures 5B-5F, Abx+Bilo WT versus
Abx WT). In contrast to results from prior monocolonization ex-
periments (Figure 3l), there were no statistically significant differ-
ences in latency to enter the escape box (Figure 5C), which may
point to effects of B. wadsworthia on this particular behavioral
parameter that are dependent on bacterial load, prior coloniza-
tion status, and/or genetic background of the host. Notably,
preventing Th1 induction via T-bet deficiency abrogated the
adverse effects of B. wadsworthia on cognitive behavior, as de-
noted by reductions in errors made and use of random search
strategy to levels comparable with those seen in colonized WT
controls (Figures 5D-5F, Abx+Bilo Tbet-/- versus Abx+Bilo
WT). There is no striking difference in latency to enter or errors
made in the Barnes maze by Abx-treated Tbet-/- mice relative
to WT controls (Figures 5B-5F, Abx Tbet-/- versus Abx WT),
suggesting that the ability of Tbet deficiency to prevent
detrimental effects of B. wadsworthia colonization are not
confounded by baseline impairments in Tbet-/- mice. These re-
sults support previous findings that B. wadsworthia promotes
IFNg-producing Th1 cells in the intestine and further reveal that
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Th1 cells are necessary for the ability of B. wadsworthia to impair
cognitive behavior in mice.

To further determine if Th1 cells contribute to the adverse ef-
fects of KD and Hyp on cognitive behavior, mice were reared as
T-bet-/- or genetically WT, then exposed to both KD and Hyp
(Figure 5G). Consistent with prior experiments using Swiss
Webster mice (Figure 1), C57BI/6J WT SPF mice exposed to
both KD and Hyp exhibited impaired performance in the Barnes
maze relative to Mock-exposed controls (Figures 5H-5L).
Notably, Cl induced by KD and Hyp was associated with signifi-
cant increases in serum IFNg levels (Figure S5G), and modest,
but not statistically significant, increases in levels of IFNg-produc-
ing Th1 cells in the colonic lamina propria (Figures S5E and S5F).
We additionally find that mice exposed to KD and Hyp display
elevated levels of serum IL-2 relative to controls (Figure S5H),
which may contribute to the increased differentiation of naive
CD4* cells to Th1 cells (Liao et al., 2013). Notably, we observe
no differences in levels of classical pro-inflammatory cytokines
IL-6, IL-1b, TNFa, KC/GRO, or in regulatory cytokines IL-10 and
IL-4 (Figures S5I-S50), suggesting no evidence of overt inflam-
mation. Inhibiting Th1 induction through T-bet deficiency abro-
gated the adverse effects of KD and Hyp on cognitive behavior,
as denoted by decreases in latency to enter the escape box,
errors made, and use of random search strategy, relative to
exposed WT controls (Figures 5H-5L). Altogether, these results
implicate that B. wadsworthia impairs cognitive behavior by
increasing IFNg-producing Th1 cells, and further suggest that
microbiota-dependent increases in Th1 cells and IFNg contribute
to the adverse effects of KD and Hyp on cognitive behavior.

DISCUSSION

Proof-of-concept studies have reported that complete absence
or severe depletion of the microbiota results in widespread alter-
ations in complex animal behaviors, including learning and mem-
ory (Chuetal., 2019; Desbonnet et al., 2014; Frohlich et al., 2016;
Gareau et al., 2011; Liu et al., 2020; Mohle et al., 2016; Vuong
and Hsiao, 2017; Yu et al., 2019). However, whether the micro-
biota is altered by physiologically relevant risk factors for cogni-
tive dysfunction and whether there are select microbial species
that are causally linked to ClI has been poorly understood. Re-
sults from this study reveal that the gut microbiota is shaped
by synergistic interactions between environmental risk factors
for Cl. They further demonstrate that select diet- and hypoxic
stress-responsive bacteria from the gut microbiota disrupt hip-
pocampal function and cognitive behavior, likely via the induc-
tion of pro-inflammatory immune cells.

In particular, we find that the high-fat low-carbohydrate KD ex-
acerbates the detrimental effects of acute intermittent Hyp on
cognitive behavior. This aligns with the so-called “two-hit” or
“multiple-hit” hypotheses for neurological and neurodegenera-
tive diseases (Heinemann et al., 2016), wherein multiple genetic
and/or environmental risk factors interact to accelerate or pre-
dispose to symptoms of disease, including age-related cognitive
decline (Zhu et al., 2007). Indeed, both high-fat diet and hypoxia
are associated with Cl across studies of humans and animal
models (Arias-Cavieres et al., 2020; Beilharz et al., 2015;
Jha et al., 2018). However, the KD and select ketone bodies,
such as beta-hydroxybutyrate, have been recently explored as
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Figure 5. Th1 cell expansion contributes to bilophila-induced impairments in cognitive behavior

(A) Experimental timeline.

(B) Representative Barnes maze traces for Abx+WT mice compared with Abx mice colonized with B. wadsworthia with either WT or Tbet-/- background. White
lines indicate movement trajectories, whereas blue hues denote increasing durations of time spent at a particular location. Orange circles denote the escape hole.
(C) Latency to enter the escape hole (two-way ANOVA with Sidak, n = 7-11).

(D) Errors made (two-way ANOVA with Sidak, n = 7-11).

(E) Errors made during the probe trial (unpaired two-tailed Students t test, n = 7-11).

(F) Search strategy used during the probe trial (n = 7-11).

(G) Experimental timeline.

(H) Representative Barnes maze traces for SPF KD Mock WT mice compared with SPF KD Hyp mice with either WT or Tbet-/- background.

(I) Latency to enter the escape hole (two-way ANOVA with Sidak, n = 10).

(J) Errors made (two-way ANOVA with Sidak, n = 10).

(K) Errors made during the probe trial (unpaired two-tailed Students t test, n = 10).

(L) Search strategy used during the probe trial (n = 10). Data are presented as mean + SEM *p < 0.05, **p < 0.01. n.s., not statistically significant; SPF, specific
pathogen-free (conventionally colonized); Abx (conventionally colonized mice treated with broad-spectrum antibiotics); WT, wild-type; Tbet-/-, knockout line for
Tbet transcription factor; KD, ketogenic diet; Mock, intermittent normoxia exposure; Hyp, intermittent hypoxia exposure.

potential treatments for Cl with variable results (Fortier et al.,
2021; Park et al., 2020; Reger et al., 2004; Zhao et al., 2004).
Findings from this study suggest that when combined with other
environmental stressors, the KD can be detrimental to hippo-
campal function and cognitive behavior. This is consistent with
one recent report that KD administration in a rat model of Alz-
heimer’s disease worsened cognitive performance in the Morris
water maze (Park et al., 2020). Further research is warranted to
uncover the molecular bases for interactions between varied ge-
netic and environmental risk factors for Cl.

Prior studies have implicated various physiological pathways
in mediating the neurological effects of the KD, such as adeno-
sine receptor activation, mitochondrial biogenesis, TCA anaple-

rosis, and altered ion channel expression (Elamin et al., 2020;
Masino and Rho, 2012). Data from this study indicate that alter-
ations in the gut microbiota contribute to the ability of the KD to
potentiate the adverse effects of Hyp on cognitive behavior in the
Barnes maze task. One important consideration is the biological
bases of the abnormalities observed in the behavioral task.
Adverse effects of the KD and Hyp are seen even during the first
trial of the Barnes maze assay that persist through the sixth and
last trial. Although we observe no overt differences in stress-
induced exploration in the open field, acoustic startle response,
and sensorimotor gating in the prepulse inhibition task, the early
abnormalities in the Barnes maze suggest that the KD and Hyp
together induce cognitive issues that extend beyond disruptions
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in spatial learning and working memory. Indeed, depletion of the
risk-associated microbiota diminishes the cognitive behavioral
abnormalities, even in the first trial of testing, and also improves
hippocampal LTP, suggesting that the microbiome may modify
hippocampal-dependent learning and memory as well other as-
pects of cognitive performance. Overall, whereas the data reveal
an influence of the gut microbiota in modulating cognitive
behavior, the complexity of the behavioral phenotypes leave
open the likely possibility that there are multiple microbiota-inde-
pendent effects of diet and hypoxic stress that also contribute to
the observed cognitive phenotypes.

In addition to identifying a synergistic effect of KD and Hyp on
impairing cognitive behavior, we also reveal an interaction be-
tween KD and Hyp in enriching Bilophila species in the gut micro-
biota. Although the exact mechanisms remain unknown, one
study reported particular alterations in the gut microbiota that
were seen when rats were exposed to both the high-fat, high-
sugar diet, and hypoxia in a model of obstructive sleep apnea
(OSA) (Durgan et al., 2016). A separate paper studying intermit-
tent hypoxia as a model of OSA found that fecal microbiome
transplantation of hypoxia-associated samples sufficiently pro-
moted murine sleep disturbances and that the microbial family
Desulfovibrionaceae (OTU147), which Bilophila is a member of,
was increased in hypoxia-associated samples and in children
with OSA (Badran et al., 2020; Valentini et al., 2020). In a similar
paradigm where atherosclerosis-prone Ldlr—-/- mice were fed a
high-fat diet, additional exposure to hypoxia and hypercapnia
increased levels of select bile acids, particularly taurodeoxy-
cholic acid (Tripathi et al., 2018).This may be relevant, as a sepa-
rate study reported that a high-saturated fat diet promoted
taurine conjugation of bile acids, and that taurocholic acid in
particular promoted levels of B. wadsworthia in mice (Devkota
et al,, 2012). Based on these studies and the finding that
B. wadsworthia is an obligate anaerobe (Devkota et al., 2012;
Summanen et al., 1995), we speculate that the KD and Hyp
together enrich Bilophila through combined modulation of bile
acid profiles and increased anaerobicity of the intestinal micro-
environment. Future co-culture and metabolic modeling experi-
ments are needed to dissect how various environmental factors
differentially influence microbial community structures.

Consistent with the finding that KD and Hyp together impair
cognitive behavior and enrich Bilophila in the gut microbiota,
we observe that colonization with B. wadsworthia leads to dis-
rupted hippocampal physiology and cognitive deficits. These
findings align with studies linking B. wadsworthia to increases
in IFNg (Devkota et al., 2012), and separately, to increases in
IFNg to CI (Monteiro et al., 2016). Although the molecular mech-
anisms by which Bilophila stimulates Th1 cell expansion remain
unclear, prior research reported that lysates from Bilophila cul-
tures are sufficient induce Th1 cell proliferation and IFNg produc-
tion, as well as IL-12 production by dendritic cells (Devkota et al.,
2012). These data suggest that acute exposure to molecular fac-
tors derived from Bilophila stimulate IL-12 from dendritic cells,
which drives Th1 cell expansion (Devkota et al., 2012). Future
advancements and continued research are needed to clearly
identify the bacterial factors that enable Bilophila to stimulate
IFNg-producing Th1 cells and CI.

Notably, whereas results from our study highlight a likely role
for Bilophila in contributing to environmental risk for Cl (as
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induced by KD and Hyp in mice), they do not the preclude the
possibility that other members of the microbiota may also modify
cognitive behavior. In particular, 16S rRNA gene sequences from
Bilophila are reported to comprise approximately 0.004%-0.3%
of 16S rRNA loads from the fecal microbiota of SPF mice (Caesar
et al., 2015). In our experiments, KD and Hyp together (but not
individually) increase the absolute abundance of Bilophila 16S
rRNA gene copies in feces by ~1000X. As such, the physiolog-
ical loads of B. wadsworthia in the presence of a complex SPF
microbiota, even after increases seen in response to KD and
Hyp, are much lower than those achieved by subsequent exper-
iments involving bacterial monocolonization of GF mice or
enrichment in Abx-treated mice. Results from our study indicate
that gnotobiotic colonization with B. wadsworthia largely pheno-
copies the cognitive behavioral impairment, hippocampal
dysfunction, and Th1 induction seen in response to KD and
Hyp (and their associated physiological increases in Bilophila).
Although we did not observe other bacterial taxa, aside from
Bilophila, that were significantly elevated in response to both
KD and Hyp, future studies of various risk factors for Cl may
reveal additional microbial taxa and signaling pathways that
modify hippocampal function and cognitive behavior.
Consistent  with previous literature indicating that
B. wadsworthia promotes Th1 cell expansion (Devkota
et al., 2012), we observe that T-bet deficiency prevents
B. wadsworthia-induced increases in IFNg-producing Th1 cells,
as well as the cognitive behavioral impairments seen in
B. wadsworthia-colonized mice. Precisely how IFNg-producing
Th1 cells promote cognitive behavioral abnormalities remains
poorly understood. However, increases in Th1 cells and Th1 re-
sponses are commonly associated with aging-associated cogni-
tive decline and Cl in Alzheimer’s disease (Browne et al., 2013;
Dulken et al., 2019). Moreover, prior literature reports that IFNg
and its receptor (IFNGR) are necessary for mediating memory
impairment in mice (Monteiro et al., 2016; Zhang et al., 2020),
and that IFNg is sufficient to drive hippocampal dysfunction
and abnormal cognitive behavior in mice (Zhang et al., 2020).
IFNg applied to hippocampal slices reduces gamma oscillations,
which are critical to higher brain functioning and may be one
explanation for how Bilophila manipulates hippocampal activity
(Colgin and Moser, 2010; Ta et al., 2019). IL-4, which suppresses
Th1 cell differentiation, also alters cognitive function (Derecki
et al.,, 2010; Zhang et al., 2020). The precise signaling mecha-
nisms remain unclear as both neurons and microglia are known
to express IFNGR and respond to IFNg (Mizuno et al., 2008;
Zhang et al., 2020). IFNg production by Th1 cells promotes mi-
croglial activation (Mount et al., 2007; Takeuchi et al., 2006;
Zhou et al., 2015) and hippocampal-dependent cognitive
dysfunction (Litteljohn et al., 2014; Monteiro et al., 2016; Zhang
et al., 2020). One study reported that IFNg induces neurotoxicity
by reducing neuronal ATP production via IFNg-mediated GluR1
phosphorylation (Mizuno et al., 2008). IFNg is also reported to
have the capacity to increase blood-brain barrier permeability
(Rahman et al., 2018). In addition to direct effects of IFNg in
the brain, peripheral IFNg may act through as yet unknown indi-
rect mechanisms to impact central neurocircuits underlying
cognitive function. Peripheral and hippocampal IFNg corre-
sponds with impaired Barnes maze performance due to chronic
mild stress (Palumbo et al., 2018). In aged murine brains, T cell
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infiltration occurs in neurogenic niches and IFNg correlates with
reduced neural stem cell function and proliferation (Dulken
etal., 2019). Indeed, IFNg directly suppresses hippocampal neu-
ral stem/precursor cell proliferation and provokes neuronal
apoptosis (Zhang et al., 2020). B. wadsworthia has also been
identified in several human microbiome association studies as
associating with aging (Shenghua et al., 2020) and aging-associ-
ated neurodegenerative disorders (Baldini et al., 2020; Lin et al.,
2019; Vogt et al., 2017). Further studies are needed to determine
how microbiota-dependent neuroimmune interactions may influ-
ence cognitive health.

As the prevalence of cognitive dysfunction continues to in-
crease (Hale et al., 2020), identifying early and modifiable risk
factors is critical to enabling early detection and intervention
for Cl. Results from this study reveal that the gut microbiota is
altered by modeling select environmental risk factors for Cl in
mice and that changes in the gut microbiota, and Bilophila in
particular, contribute to disruptions in hippocampal physiology
and cognitive behavior. We propose that understanding the
biological bases for how complex genetic, environmental, and
psychosocial factors together predispose to Cl requires consid-
eration of the gut microbiome, as an important interface between
host genetics and environmental exposures and an integral
regulator of nutrition, immunity, metabolism, and behavior.

Limitations of study

Foundational prior research has revealed that the absence or
depletion of the gut microbiota in rodents results in abnormalities
in learning and memory across various behavioral paradigms (Chu
et al., 2019; Desbonnet et al., 2014; Frohlich et al., 2016; Gareau
et al., 2011; Liu et al., 2020; Mohle et al., 2016; Vuong and Hsiao,
2017; Yu etal., 2019). Herein, we extend these works by modeling
two environmental factors for Cl—the high-fat low-carbohydrate
KD and intermittent hypoxia. We find that that these particular
environmental factors interact to elicit select alterations in the
gut microbiota. Furthermore, we find that these changes in the
complex gut microbiota, which are characterized by increases
in Bilophila in our particular study, contribute to hippocampal
dysfunction and impaired cognitive behavior in the Barnes
maze. Notably, mouse KDs with varying fat to carbohydrate ratios
have been used in the existing literature with similar effects on
host phenotypes such as behavior and neurotransmission but
can also show some nuanced differences (Murphy et al., 2005;
Ruskin et al., 2017). We implemented one common form of the
mouse KD, based on prior studies (Olson et al., 2018; Samala
et al., 2008). In addition, a wide range of hypoxia regimens have
been reported to induce varying degrees of Cl in mice (Deguil
et al., 2016), and this study employs only one version of intermit-
tent hypoxia (12% oxygen, 6 h per day for 5 days) followed by one
spatial learning and memory task—the Barnes maze—at 4-7 days
after the last day of hypoxia exposure. Importantly, this study
models pre-exposure to the KD followed by challenge with Hyp,
and finds that consumption of the KD exacerbates Hyp-induced
Cl in mice. Additional research is needed to determine if temporal
differences in KD consumption would yield different results and in
particular, to assess effects of the KD when supplied after Hyp
exposure. Overall, whether the findings in this study will be gener-
alizable across all variations of KD and hypoxia regimens and all
cognitive behavioral paradigms in mice remains to be tested.
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Similarly, we observe that Bilophila is enriched by the KD
and hypoxia regimen used in this study, which aligns with re-
ported increases in B. wadsworthia in response to high-fat
diet and elevations in taurocholic acid (Devkota et al., 2012;
Summanen et al., 1995). This evidence suggests that KD-
and Hyp-induced changes in bile acid metabolism and anae-
robicity of the intestinal microenvironment may be responsible
for enriching Bilophila. However, microbiota composition is
known to vary across species, backgrounds, vendors, facil-
ities, cages, sexes, and ages, among many other factors,
raising the question of whether KD- and Hyp-induced enrich-
ment of Bilophila in particular will be seen universally despite
variations in the composition of the SPF mouse microbiota.
Nonetheless, we find that monocolonization with or enrich-
ment of B. wadsworthia alone impairs hippocampal function
and cognitive behavior in mice. This suggests that the findings
herein may be relevant to other environmental risk factors or
conditions that elevate B. wadsworthia.

Despite the caveats regarding the particular parameters used
for KD, Hyp, SPF microbiota, and behavioral testing, we find that
B. wadsworthia colonization impairs hippocampal LTP, gene
expression and markers of neurogenesis, as well as cognitive
behavior in the Barnes maze, in a manner that is dependent
upon IFNg-producing Th1 cells. This aligns with existing litera-
ture linking IFNg and Th1 induction to abnormalities in hippo-
campal physiology, learning, memory, and cognition (Litteljohn
etal., 2014; Monteiro et al., 2016; Zhang et al., 2020). Altogether,
these findings support a role for microbiota-induced pro-inflam-
matory responses in contributing to brain and behavioral endo-
phenotypes of CI.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

anti-DCX (Guinea Pig Polyclonal) Millipore Cat#AB2253

IL-17A Monoclonal Antibody (eBio17B7), FITC

ThermoFisher

Cat#11-7177-81

IFN gamma Monoclonal Antibody, (XMG1.2), PE ThermoFisher Cat#12-7311-81
CD3 Monoclonal Antibody, (17A2), APC BioLegend Cat#100236
CD4 Monoclonal Antibody, (GK1.5), PE-eFluor 610 ThermoFisher Cat#61-0041-80
CD45 Monoclonal Antibody, (30-F11), BV605 BioLegend Cat#103140

Bacterial and virus strains

Clostridium cocleatum Deutsche Sammlung von DSMZ# 1551
Mikroorganismen und
Zellkulturen (DSMZ2)

Bilophila wadsworthia Murine-associated strain Strain WAL7959
gifted from Drs. Connie Ha
and Suzanne Devkota

Chemicals, peptides, and recombinant proteins

Vancomycin hydrochloride Chem-Impex International Cat#00315
Neomycin trisulfate salt hydrate Sigma-Aldrich Cat#N1876
Metronidazole Sigma-Aldrich Cat#M1547
Ampicillin sodium salt Sigma-Aldrich Cat#A9518
NaCl Sigma-Aldrich Cat#S7653
KCI Sigma-Aldrich Cat#P3911
NaHCO3 Sigma-Aldrich Cat#S5761
NaH,PO,4 Sigma-Aldrich Cat#S0751
CaCl, Sigma-Aldrich Cat#C1016
MgSO4 Sigma-Aldrich Cat#M7506
Glucose Sigma-Aldrich Cat#47829
Brucella media Hardy Diagnostics Cat#C5311
Ferric ammonium citrate Fisher Scientific Cat#172-500
DAKO antigen retrieval solution Agilent Cat#S1699
RPMI 1640 Sigma-Aldrich Cat#11875093
EDTA ThermoFisher Cat#15575020
HEPES ThermoFisher Cat#15630080
HBSS ThermoFisher Cat#14170112
Collagenase D Sigma Aldrich Cat#11088866001
DNAse |, Grade Il Sigma Aldrich Cat#10104159001
Dispase Gibco Cat#17105041
lonomycin calcium salt Sigma Aldrich Cat#13909
PMA Sigma Aldrich Cat#P1585
Brefeldin A Sigma Aldrich Cat#B7651
MEM NEAA ThermoFisher Cat#10370021
Penicillin-streptomycin (Pen/strep) ThermoFisher Cat#15070063
Ultrapure water ThermoFisher Cat#10977015
DNA intercalating dye (EvaGreen) Biotium Cat#31000
Sodium pyruvate Gibco Cat#11360070
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

DNeasy PowerSoil Kit Qiagen Cat#12888-50
Qiaquick PCR purification kit Qiagen Cat#28104
RNEasy Mini Kit Qiagen Cat#74104
QuantSeq FWD’ mRNA-Seq Library Prep Kit Lexogen N/A
LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit ThermoFisher Cat#L.34957
Intracellular Fixation & Permeabilization Buffer Set ThermoFisher Cat#88-8824-00

QX200 ddPCR EvaGreen Supermix
V-PLEX Proinflammatory Panel 1 Mouse Kit

Bio-Rad Laboratories
Meso Scale Diagnostics

Cat#186-4033
Cat#K15048D

Deposited data

16S rRNA gene sequencing
Hippocampal transcriptomic data

Gene Expression Omnibus

Study ID: 13510
Study ID: GSE163099

Experimental models: Organisms/strains

Swiss Webster mice Taconic Farms Cat#Tac:SW
C57BL6/J mice Jackson Laboratories Cat#000664
T-bet TBX21 knockout mice (B6.129S6- Jackson Laboratories Cat#004648
Tbx21tm1GIm/J)

Oligonucleotides

Forward primer for digital PCR: UNOOF2, Integrated DNA Technologies N/A

5- CAGCMGCCGCGGTAA-3

Reverse primer for digital PCR: UNOORO, Integrated DNA Technologies N/A

5'-GGACTACHVGGGTWTCTAAT-3' [1, 3))

Software and algorithms

EthoVision XT
Deblur
QIIME2-2018.6
FastQC v. 0.11.9

Noldus
https://github.com/biocore/deblur
https://qiime2.org/
https://github.com/s-andrews/FastQC/
releases/tag/v0.11.9

Amir et al., 2017
Bolyen et al.
Andrews, 2010

Trimmomatic https://github.com/timflutre/trimmomatic Bolger et al.

HISAT2 http://daehwankimlab.github.io/hisat2/ Kim et al.

HTSeqg-count https://github.com/htseqg/htseq Anders et al.

DESeq2 https://bioconductor.org/packages/ Love et al.
release/bioc/html/DESeqg2.html

R package https://www.r-project.org/ R Core Team, 2013

DAVID https://david.ncifcrf.gov/gene2gene.jsp Huang da et al., 2009a, 2009b

STRING https://string-db.org/ Szklarczyk et al., 2019

QuantaSoft Software Bio-Rad Laboratories Cat#1864011

Prism software version 8.2.1 GraphPad

Other

“Breeder” chow Lab Diets Cat#5K52

Standard chow Lab Diets Cat#5010

Ketogenic diet Harlan Teklad Cat#TD.1150300

Control diet Harlan Teklad Cat#TD.150300

02 Control InVivo cabinet Coy Laboratories Cat#Model 30

GigE camera Basler Cat#acA1280-60gc

4200 Tapestation System Agilent Cat#G2991AA

QX200 Droplet Generator Bio-Rad Laboratories Cat#1864002
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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, Elaine
Hsiao (ehsiao@g.ucla.edu)

Materials availability
This study did not generate new unique reagents.

Data and code availability

16S rRNA gene sequencing data and metadata are available through QIITA repository (https://qgiita.ucsd.edu/) with the study acces-
sion # 13510. Hippocampal transcriptomic data are available on through Gene Expression Omnibus repository (https://www.ncbi.
nlm.nih.gov/geo/) with the identification number # GSE163099.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mice

4-6-week-old SPF wild-type Swiss Webster mice (Taconic Farms), GF wild-type Swiss Webster mice (Taconic Farms), SPF wild-type
C57BL6/J mice (Jackson Laboratories), GF wild-type C57BL6/J (Jackson Laboratories), and SPF T-bet TBX21 knockout mice
(B6.129S6-Thx21tm1GIm/J, Jackson Laboratories) were bred in UCLA’s Center for Health Sciences Barrier Facility. Mice were
randomly assigned to an experimental group. Experiments include age- and sex-matched cohorts of males and females. Mice
were housed in autoclaved cages with irradiated food and sterile water and handled aseptically in a BSL2 biosafety cabinets with
autoclaved gloves and sterile consumables. All animal experiments were approved by the UCLA Animal Care and Use Committee.

Bacteria

Bilophila wadsworthia (strain WAL7959), generously provided by Drs. Connie Ha and Suzanne Devkota (Cedars-Sinai Medical Cen-
ter, Los Angeles, CA), was cultured under anoxic conditions (2-3% H,, 20% CO,, and the balance N,) at 37°C in Modified Brucella
media supplemented with 1% taurine, iron, hemin, and vitamin K (Hardy Diagnostics). Clostridium cocleatum (DSMZ 1551) was
grown under anoxic conditions (2-3% H,, 20% CO,, and the balance N,) at 37°C in sweet e. broth for anaerobes (ATCC medium
1004). Cultures were authenticated by full-length 16S rRNA gene sequencing (Laragen, Inc.).

METHOD DETAILS

Dietary treatment
Breeding GF mice were fed sterile “breeder” chow (Lab Diets 5K52). Experimental animals were either fed sterile standard chow (Lab
Diets 5010), 6:1 ketogenic diet (Harlan Teklad TD.1150300), or vitamin- and mineral-matched control diet (Harlan Teklad TD.150300).

Acute intermittent hypoxia

Mice housed in the home cage were placed in an O2 Control invivo cabinet (Coy Laboratories) and exposed to 12% oxygen for 6 h per
day for 5 consecutive days. Mock-treated mice were placed in the same chamber and exposed to ambient 21% oxygen for 6 h per
day for 5 consecutive days.

Barnes maze testing

Mice were tested for cognitive behavior in the Barnes maze (92 cm diameter, 5 cm hole diameter, 95 cm height; Noldus) using aseptic
technique and procedures adapted from a previously published protocol (Attar et al., 2013). For GF mice, the absence of colonization
was confirmed at the end of Barnes maze testing by fecal microbial culture under aerobic and anaerobic conditions, 16S rRNA gene
qPCR relative to untested GF controls, and visual confirmation of enlarged cecal size consistent with GF status. Briefly, mice were
acclimated for at least 1 hour before testing to the behavioral room, which featured consistent visual cues that varied in shape, color,
and placement. The maze was cleaned before and after each testing trial with 70% ethanol, followed by Accel disinfectant. All ses-
sions were recorded using a Basler Gig3 camera and EthoVision XT (Noldus). For the habituation phase (day 1), mice were placed ina
clear glass beaker in the center of the maze for 30 seconds, then slowly guided to the target hole and gently pushed into the escape
box if they did not enter on their own accord. Mice were kept in the escape box for 1 min and then allowed to explore the maze freely
for 5 min before being returned to their home cages. During the training phase (Day 2-3), mice were tested for 3 trials on the first day,
and 2 trials for the second day. For each trial, mice were first placed under an opaque cup in the center of the maze for 15 seconds.
Then, the cylinder was removed, and mice were allowed to explore the maze for 5 min. Latency to enter was defined as the time
elapsed for mice to identify the target hole correctly for the first time. Errors made were defined as nose pokes over incorrect holes.
Distance traveled, velocity, and time in each quadrant were other recorded for every trial. Search strategy was also analyzed, where a
“random” strategy was coded as greater than 3 errors in non-consecutive holes, a “serial” strategy was coded as errors occurring in
consecutive holes, and a “spatial” strategy was coded as less than or equal to 3 hole errors. The probe trial (Day 4) was performed
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24 h after the final training trial. The escape box was removed, and mice were allowed to explore the maze for 5 min while latency to
enter, distance traveled, errors made, velocity, search strategy and time in target were recorded.

Open field testing

The open field test is widely used to measure anxiety-like and locomotor behavior in rodents. Mice were placed in the center of a
50 cm x 50 cm arena for 10 min, during which an overhead Basler Gig3 camera and EthoVision XT (Noldus) software was used to
measure distance traveled, and the number of entries and duration of time spent in the central 17 cm square area. The boxes
were cleaned with 70% ethanol and Accel disinfectant before and after each session.

Prepulse inhibition testing

Prepulse inhibition is used to measure sensorimotor gating and acoustic startle and was performed according to protocols adapted
from (Hsiao, 2013; Swerdlow and Geyer, 1998) in the UCLA Behavioral Testing Core (Franz Hall). Mice were acclimated to an SR-LAB
testing chamber (SD Instruments) for 5 min, presented with six 120-dB pulses of white noise (startle stimulus), and then subjected to
14 randomized blocks of either no startle, 5-dB prepulse + startle, or 15-dB prepulse + startle. The startle response was recorded by a
piezo-electric sensor and prepulse inhibition was defined as (startle stimulus only -5 or 15 dB prepulse + startle)/ startle stimulus only
x 100.

Antibiotic treatment

SPF mice were gavaged every 12 h daily for 7 consecutive days with a solution of vancomycin (50mg/kg), neomycin (100 mg/kg) and
metronidazole (100 mg/kg), as previously described (Reikvam et al., 2011). Ampicillin (1 mg/ml) was provided ad libitum in sterile
drinking water. For mock treatment, mice were gavaged with normal drinking water every 12 h daily for 7 days. Antibiotic-treated
mice were maintained in sterile caging with sterile food and water and handled aseptically for the remainder of the experiments.

Fecal microbiota transplant

Fresh fecal samples were obtained from adult SPF Swiss Webster homogenized in 1 mL pre-reduced phosphate-buffered saline
(PBS, pH = 7.4) per pellet. 100 pL of the suspension was immediately administered via oral gavage to recipient GF mice. For
mock treatment, mice were gavaged with pre-reduced PBS.

16S rRNA gene sequencing

Total bacterial genomic DNA was extracted from mouse fecal samples using the Qiagen DNeasy PowerSoil Kit, where sample n re-
flects separate cages containing 2 mice per cage to reduce cage-dependent effects of variation and focus on biological variation. The
library was prepared following previously published and validated methods (Caporaso et al., 2011). The V4 regions of the 16S rDNA
gene were PCR amplified using individually barcoded universal primers and 30 ng of the extracted genomic DNA. The PCR reaction
was set up in triplicate, and the PCR products were purified using the Qiaquick PCR purification kit (Qiagen). The purified PCR
product was pooled in equal molar concentrations quantified by nanodrop and sequenced by Laragen, Inc. using the lllumina MiSeq
platform and 2 x 250bp reagent kit for paired-end sequencing. Amplicon sequence variants (ASVs) were chosen after denoising with
Deblur (Amir et al., 2017). Taxonomy assignment and rarefaction were performed using QIIME2-2018.6 (Bolyen et al., 2019)

Gnotobiotic colonization and antibiotic enrichment

10° cfu bacteria were suspended in 200 pL pre-reduced PBS and orally gavaged into GF mice or Abx-treated mice. For mock treat-
ment, mice were gavaged with pre-reduced PBS. Mice were maintained in microisolator cages and handled aseptically. Mice were
behaviorally tested 7 days post-colonization. Colonization was confirmed via fecal plating on modified Brucella agar supplemented
with 0.5 g/L ferric ammonium citrate.

Hippocampal electrophysiology

For long-term potentiation, paired-pulse-facilitation, and population spike versus fEPSP slopes, we used protocols as previously
described (Babiec et al., 2017; Ziehn et al., 2012). Based on prior literature the detrimental effects of Hyp on cognitive behavior pri-
marily in male mice (Aubrecht et al., 2015, males were used for hippocampal electrophysiology. Mice were first deeply anesthetized
with isoflurane, and following cervical dislocation, the brain was rapidly removed and submerged in ice-cold, oxygenated (95%
02/5% CO,) artificial cerebrospinal fluid (ACSF) containing (in mM) as follows: 124 NaCl, 4 KCI, 25 NaHCO3, 1 NaH,PO,, 2
CaCl,, 1.2 MgSOQ,, and 10 glucose (Sigma-Aldrich). While iced, the brain was hemisected, and the hippocampi removed. Slice
were made using a manual tissue chopper in 400 pM sections and maintained at 30°C in interface-type chambers that were contin-
uously perfused (2-3 ml/min) with oxygenated (95% 02/5% CO,) ACSF and allowed to recover in the interface chambers for at least
2 h before recordings. For all experiments, a bipolar nichrome wire stimulating electrode was placed in stratum radiatum of the
CA1 region and used to activate Schaffer collateral fiber synapses. For paired pulse facilitation and population spike measurements,
the recording electrode was placed in the pyramidal cell body layer. All recordings (LTP, paired pulse facilitation, and population
spike measurements) were performed using borosilicate glass microelectrodes (5-10 M Q) filled with ACSF and using an Ag/AgCI
electrode. The stimulating and recording electrodes were placed approximately 0.75-1.0 mm apart for each assay. For LTP record-
ings, the initial maximal fEPSP amplitude was determined and the intensity of stimulation was adjusted to produce fEPSPs with an
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amplitude 50% of the maximal amplitude for all recorded responses to stimulus. Baseline recordings were taken for at least 20 min,
followed by two trains of 1 second long 100 Hz stimulation with 10 seconds inter-train interval, then 60 min recording post-tetanus.
The last 5 min of the 60 min recording post-tetanus were used for statistical comparison. Paired-pulse facilitation was measured at
impulse distances of 10, 20, 30, 40 and 50 ms by measuring the height of the population spike. Acquisition and analysis of data was
performed with the pClamp family of programs from Axon Instruments Inc (Burlingame, CA). Slices were included if they showed a
stable baseline, with fEPSP slides within 5% error of each other, for 20 minutes. Separate slices were used for recording LTP vs.
paired pulse facilitation.

Hippocampal transcriptomic profiling

Hippocampi were microdissected and RNA extracted using the Qiagen RNEasy Mini Kit. RNA quality was assessed to be RIN>8.9
using the 4200 Tapestation (Agilent). RNA libraries were prepared using the QuantSeq FWD’ mRNA-Seq Library Prep Kit (Lexogen)
and sequenced via the lllumina HiSeq platform by the UCLA Neuroscience Genomics Core. Sequences were filtered using FastQC v.
0.11.9 (Andrews, 2010) for quality control, followed by Trimmomatic (Bolger et al., 2014) to remove barcodes and reads with an
average phred score of 33 (parameters: illuminaclip:2:30:6, slidingwindow:5:30, leading:30, trailing:30, crop:65, minlen:20). Parsed
reads were then aligned to the mouse genome mm10 using HISAT2 (Kim et al., 2019). Read counts were obtained using HTSeq-count
(Anders et al., 2015). Differential gene expression was determined using DESeq?2 (Love et al., 2014). Heatmaps were constructed
using the R package (Team, 2013) pheatmap (Kolde, 2015), GO term enrichment analysis was conducted using DAVID (Huang da
et al., 2009a, 2009b) and Protein-Protein network analysis using STRING (Szklarczyk et al., 2019).

Hippocampal immunofluorescence staining and imaging

Hippocampi were microdissected, post-fixed in 4% paraformaldehyde for 24 h, cryopreserved in 30% sucrose for 24 h, embedded
and frozen in OCT, and cryosectioned using a Leica CM1950 cryostat. 25 um coronal sections were collected within a span of 200 um
and distributed between two slides beginning at the site of the hippocampal formation, determined in accordance to the Mouse P56
Coronal Reference Atlas of the Allen Institute (Lein et al., 2007). Slides were incubated in DAKO antigen retrieval solution (Agilent) at
90 °C for 2 min, washed, and then blocked (0.3%PBS-T, 5% BSA, 10% normal goat serum) for 1 h at room temperature. Sections
were incubated at 4°C for 48 h using anti-DCX (Guinea Pig Polyclonal, 1:500, Millipore AB2253), washed and then incubated with
Alexa Fluor secondaries (1:1000) for 2 h at room temperature before being washed and mounted. Sections were imaged using a Zeiss
LSM 780 confocal microscope at 20X magnification with 1.5 zoom across 8.4 um section widths across 7 Z-stacks. Image optimi-
zation and orthogonal projections were performed in Zen Blue (Zeiss) and background removal was done in Imaged (Schneider et al.,
2012). Quantification of DCX was performed by tracing the granule cell layers of the DG and quantitating DCX+ within enclosed area
using Imaged (NIH) particle analysis (Schneider et al., 2012).

Lymphocyte isolation and flow cytometry

Single-cell suspensions were prepared from colonic lamina propria using procedures adapted from (Takahara et al., 2019). Colons
were dissected, cut longitudinally with gentle fat removal, and contents washed away in 1 X PBS. Epithelial cell stripping was
achieved through two 45-minute incubations shaking at 37 °C HBSS with 0.5M EDTA and 1M HEPES (ThermoFisher). Colonic tissue
was then digested using two 45-minute incubations shaking at 37 °C in RPMI supplemented with 4% FCS, 0.5 mg/mL collagenase D
(Sigma), 0.25 mg/mL DNAsel, grade Il (Sigma), and 0.5 mg/mL dispase (Gibco). All ymphocytes were then collected and stimulated
for 2 h with 500 ng/mL PMA and 500 ng/mL ionomycin in RPMI with 10% FCS, 2% MEM NEAA, 2% Pen/strep, 2% sodium pyruvate,
followed by 3-hour incubation with 500 ng/mL Brefeldin A. Cells were incubated on ice and in darkness with 1:600 viability dye for
20 min, followed by 30 min incubation on ice and in darkness with CD3-APC (Biolegend), CD4-PE (ThermoFisher), CD45-BV605 (Bio-
legend) at 1:200 in FACS buffer. Cells were next incubated with 100 pL of fixation buffer for 30 min in darkness, washed with 1X PBS,
and stored in PBS at 4 °C until the next day. On the following day, cells were incubated with permeabilization buffer for 15 min in
darkness at room temperature, followed by intracellular antibodies IL-17A- FITC (ThermoFisher) and IFNg-PE (ThermoFisher) for
30 min on ice in darkness at a 1:200 ratio in permeabilization buffer. Data were acquired on FACSCalibur (BD Biosciences) or the
Attune NxT Flow Cytometer. All data contained within a graph were acquired on the same flow cytometer (GF data on the
FACSCalibur, and Abx and SPF data on the Attune NXT, respectively). Data were analyzed using FlowJo (TreeStar) software.

Digital PCR

Briefly, each reaction was set up with 92.0 uL of DNA sample, 10 pL of ddPCR master mix (QX200 ddPCR EvaGreen Supermix,
Bio-Rad Laboratories), forward (UNOOF2, 5'- CGCCGGTATCGAAATCGTGACAGCMGCCGCGGTAA-3') and reverse (UNOORO,
5'-ATTCGCGGAAGGAGCGAGAG GGACTACHVGGGTWTCTAAT-3' [1, 3]) primers (Integrated DNA Technologies) at the final con-
centration of 500 nM each, and ultrapure water (Thermo Fisher Scientific) to the final volume of 20 uL. In some experiments, additional
DNA intercalating dye (EvaGreen, Biotium) was added to the reactions up to x1 final concentration (to achieve up to x2 overall con-
centration). Each reaction volume was converted to droplets using a QX200 droplet generator (Bio-Rad Laboratories). Droplet sam-
ples were amplified on a thermocycler (C1000 Touch, Bio-Rad Laboratories) with the following conditions according to the program:
initial denaturation at 95°C for 5 min. followed by 40 cycles each consisting of denaturation at 95°C for 30 sec., annealing at 6552°C
for 30 sec., and extension at 68°C for 60 sec.; followed by the dye stabilization step consisting of 5 min incubation at 4°C, 5 min in-
cubation at 90°C, and incubation at 12°C for at least 5 min. Droplet samples were quantified on a QX200 Droplet Digital PCR System
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(Bio-Rad Laboratories). The raw data were analyzed and the target molecule Sample concentrations were extracted using the
accompanying software (QuantaSoft Software, Bio-Rad Laboratories) with auto-thresholding conditions. Sample concentrations
were then normalized to sample extraction mass and corrected for volume losses during extraction protocol. Lower limit of quanti-
fication of the assay was determined as 3X the no template control concentration normalized to the minimum sample extrac-
tion mass.

Serum cytokine quantification

Blood samples were collected by cardiac puncture and spun through serum separation tubes (SST vacutainers, Becton Dickinson).
Serum IFNg, IL-2, IL-4, IL-1B, TNFa, KC/GRO, IL-4, IL-5, and IL-10 concentrations were quantified using the V-PLEX Proinflammatory
Panel 1 Mouse Kit (Meso Scale Diagnostics), according to the manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using Prism software version 8.2.1 (GraphPad). Data were assessed for normal distribution and
plotted in the figures as mean + SEM. For each figure, n = the number of independent biological replicates. No samples or animals
were excluded from the analyses. Differences between two treatment groups were assessed using two-tailed, unpaired Student’s
t test with Welch’s correction. Differences among >2 groups with only one variable were assessed using one-way ANOVA with Sidak
post hoc test. Taxonomic comparisons from 16S rDNA gene sequencing analysis were analyzed by Kruskal-Wallis test with
Bonferroni post hoc test. Two-way ANOVA with Sidak post-hoc test was used for > 2 groups with two variables (e.g., Barnes
maze latency to enter, errors made over 6 trials). Significant differences emerging from the above tests are indicated in the figures
by *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Notable non-significant (and non-near significant) differences are indicated in the
figures by “n.s.”
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