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Highlights
e Antibiotic treatment improved long-term memory in the Morris water maze, regardless of
diet.

e On average, mice showed less anxiety in the step-down task, but more anxiety in the

marble-burying task.
e On average, mice showed learning in all water maze tasks.

e No high-sucrose diet effects compared to a defined control diet for the behavioral tests

conducted

Key words: Gut microbiome, Cognitive flexibility, High sucrose, Long-term memory,

Antibiotics
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Abstract
Western diets can influence behavior and gut microbiome due to the excessive intake of high fat
and sucrose. Altering the microbiome can also influence the brain and behavior. The hypothesis
that was tested was that diet-induced changes in the microbiome cause changes in cognitive
abilities. A previous study showed learning and cognitive flexibility deficits in mice fed a high
sucrose diet. The present study was designed to investigate whether altering the microbiome, via
antibiotic treatment, will change the behavioral results when animals are on a high sucrose diet.
Eight week old, male mice were randomly assigned to either high-sucrose (12% Kcal fat, 18%
protein, 70% CHO (primarily sucrose)) or control defined (13% Kecal fat, 25% protein, 62%
CHO) diets and either water or a combination of 4 antibiotics (vancomycin, neomycin,
metronidazole and ampicillin) in the water. The animals were tested during the study for
memory, anxiety, impulsiveness, and cognitive flexibility. Step-down latency, novel object
recognition and marble burying tasks were performed both pre- and 7 weeks post-diet change.
The Morris water maze, which tested for long and short-term memory and cognitive flexibility,
was conducted during week 8 post-diet change. We found a significant effect of the antibiotic
treatment on long term memory. The mice on antibiotics performed better than those on water
treatments, suggesting that animals with reduced gut bacteria are learning better than those with

only water treatment. There were no effects of diet in this study, which may be due to the use of

a defined control diet, rather than the chow used in the previous study. Fecal microbiome



analysis and Western blots, to examine effects on the brain, will be performed. These results

suggest that the microbiome does play a role in learning.



1. Introduction

Western diets are unhealthy due to the excessive intake of sugar, carbohydrates, and
saturated fats. Consuming inadequate fruits, vegetables, whole grains, and low-fat dairy
products, while taking in excessive amounts of saturated fats and carbohydrates, can lead to
health issues [1]. Western diets promote obesity, metabolic syndrome, and cardiovascular disease
[1]. High-sugar diets may lead to cognitive impairment and a predisposition to disorders such as
Alzheimer’s disease [2]. Alzheimer’s disease diminishes memory, thinking skills, cognitive
functioning, and other brain functions; and is the sixth leading cause of death in the United
States[3]. There is currently no cure for Alzheimer’s disease. The treatments are only
symptomatic [2]. Combating high-energy diets could impact the possibility of developing
Alzheimer’s disease.

The human gut is a microbial ecosystem containing 100 trillion microorganisms,
including fungi, bacteria, and viruses, living in our intestines. These microorganisms contain
100-fold more genes than the entire human genome [4]. The microbiome is becoming recognized
as a major player influencing the health status of the host [5]. In previous studies it has been
shown that high sucrose diets are associated with alterations in the microbiome [6].

The gut microbiome can influence host metabolism and contributes to obesity and
metabolic disease [7]. The gut microbiota has also recently been demonstrated to play an
important role in the maintenance of cognitive function [8]. Changes in the composition of the
microbiota following bacterial infection, administration of antibiotics or probiotics, or in germ-
free mice show that modification in the microbiota can impact behavior and cognition [8]. The
gut-brain axis also consists of bidirectional communication network that monitors and integrates

gut functions and link them to cognitive and emotional centers of the brain [9]. There is evidence



showing that the microbiome can be altered by a high sucrose diet within two weeks. High
sucrose diets can also influence early memory, cognitive flexibility, and working memory within
four-to-six weeks [6]. Bacteroidales and Clostridiales have shown changes across diets that show
relationships to reductions in cognitive flexibility[6]. Since Bacteroidales and Clostridiales are
the major bacterial population components seen in the human and mouse gut microbiome, it
seems likely that these bacteria may be involved. However, it is not known whether these effects
of the high sucrose diet are due to the bacteria or due to effects of the diet independent of the
microbiome. Determining the role that diet-related changes in the gut microbiome may
contribute to alterations in cognitive flexibility, spatial memory, cognitive abilities, and anxiety
could expand our understanding of the impact of the gut microbiome on brain health and lead to
new therapies.

One way to test the role of the microbiome is to alter the gut microbiota by having
animals consume a high sucrose diet. Antibiotic treatment is expected to alter the microbiome in
mice separate from the effects of the diet, by eliminating microbes. Ampicillin and neomycin in
combination are commonly used to target the commensal microbes and achieve a significant
reduction in bacteria [10]. An antibiotic cocktail including ampicillin, neomycin trisulfate,
vancomycin, and metronidazole has been used as a substitute for germ-free mice [11]. In the
present study, we addressed the hypothesis that the diet-induced changes in the microbiome can
cause changes in cognitive abilities, by administering a cocktail of antibiotics and examining

whether behavioral alterations induced by a high sugar diet was altered.

2. MATERIALS AND METHODS:

2.1 Animals
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In this study, there was a 2X2 factorial design with twenty-four male C57BL/6 mice that
were eight weeks of age. Mice were purchased from Jackson Laboratories, Bar Harbor, Maine.
Animals were housed in a twelve-hour light and twelve-hour dark cycle. The mice were
assigned to a treatment group based on pre-treatment behavior in the step-down latency and 24-
hour novel object recognition tasks to equalize performance between groups prior to treatment.
Sets of 4 male sibling animals were housed together prior to the antibiotic treatment starting. All
mice in the study were exposed to each other’s feces by rotating the sets between each of the
eight cages for two weeks before the actual experiment began. The cage rotations were
performed to obtain a microbiome baseline where all the mice were exposed similarly. All the
animals were fed with defined diet and water before the antibiotic and diet treatments were
begun. Mice within each set of 4 were randomly assigned to two different diets and two different
antibiotic treatments, with 6 mice per diet/treatment group/repetition. The diets were high
sucrose (12% Kecal fat, 18% protein, 70% CHO (primarily sucrose)) or control defined (13%
Kcal fat, 25% protein, 62% CHO) diets, as shown in Table 1, and the antibiotic treatments were
a combination of four antibiotics in water or normal drinking water. The antibiotics were
vancomycin (.5 gm/L), neomycin (1 gm/L), ampicillin (1 gm/L), and metronidazole (1 gm/L), as
shown in Table 2. Antibiotics were purchased from Sigma-Aldrich, St Louis, MO. The antibiotic
cocktail was made and refreshed every two days. Control water was refreshed every four days.
The mice were fed and weighed every seven days and observed for any major changes or
concerns with weight and food consumption differences. Fecal collections were done prior to
antibiotic treatment onset, one-week post-antibiotic treatment onset, and two and six weeks post-
diet change (Table 2). The step-down latency, marble burying, and novel object tasks were

performed prior to antibiotic treatment onset and week seven post diet change. Water maze
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testing was performed week eight post-diet change. At the end of the study, all animals were
euthanized via C0O, exposure, followed by decapitation. The brains were frozen on dry ice and
stored at —80°C in the freezer. The brains will be assessed in the future for brain-derived
neurotrophic factor and NMDA (N-methyl-D-aspartate) receptor protein expression via Western
blots to identify specific amino-acid sequences from a complex mixture of proteins extracted

from cells. Statistical analysis of behavior was performed by analysis of variance.

Table 1: Diet composition. The composition of fat, carbohydrates, protein and sucrose in control

diet versus high-sucrose diet.

Control defined diet High-sucrose diet
TD.160121 TD. 98090

Kcal/g diet 3.6 4.0
Percent of kcal provided by:

Fat 13.0 11.8
Protein 25.0 17.7
Carbohydrates (CHO) 61.9 70.4
Sucrose, g/kg diet 100.00 645.6

*Purchased from Envigo Teklad Diets (Madison, WI).

Table 2: Timeline. Behavioral testing and feces collection timeline for twenty-four mice

Control High Antibiotics | Behavior Testing Fecal
Diet Sucrose Collection

Week -3 Start on
control diet

Week -2 Step down latency, | Swap feces end
novel object, and of week
marble burying
Week -1 Start Antibiotic feces
antibiotics end of week
cocktail
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Week 0 Start high
sucrose
Week 2 2 week post-
diet change end
of week

Week 5 Collect feces

end of week
Week 7 Step down latency,

novel object, and
marble burying

Week 8 Morris water maze

2.2 Behavioral Testing
2.2.1 Step-down latency

The step-down latency task was conducted as previously described one week prior to
onset of antibiotic treatment and on week seven post-diet change [12]. The mice were placed on
a 12.5 x 8.5 cm platform elevated 4 cm from a metal surgical table in a dimly-lit room. The
latency for the mouse to step down off the platform with all four paws on the surface was
recorded. Three trials with a five-minute maximum were conducted with a one-minute intertrial
interval. A block design was utilized for animals to be tested in two different rooms for pre- and
post-diet change. The purpose of the step-down latency was to record the total time it takes for
the mouse to step down and place all four feet on the surface. The duration of time, compared to
control animals, indicates anxiety (increased latency) or impulsiveness (decreased latency)

within the mouse.

2.2.2 Novel object recognition
The novel object recognition task was based on procedures used by Hohmann and

coworkers, with some modifications [13]. These tasks were conducted both pre-and post-diet
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change called testing sessions. The arenas were plastic boxes (12”W x 18”D x 10”H) and the
objects were either glass or plastic. Between each session, the arenas and objects were cleaned
with 70% ethanol. The novel object tasks included a habituation trial, familiarization trial, one-
hour delay test, and twenty-four-hour delay test. These tests were conducted within two days.
Each session was five-minutes in duration. Session 1: consisted of habituation to an empty arena,
Session 2: exploration of two similar objects, one-hour break, Session 3: Novel object test (one
of the two objects was replaced by a novel object), 24-hour break, Session 4: Novel object test
(the previous novel object was replaced by a new object). The mice were timed each time they
approached an object, but only if the nose was pointing toward or touching the object. If the mice
were on top of the object, the time was excluded due to the likelihood of escape intentions
instead of curiosity of the object. The habituation trial was also used to assess open field
behavior. The trial was tracked and analyzed for percentage time in the center zone (10
centimeters from each wall), latency to enter the center zone, center zone entries, exploration
distance traveled, and speed with the use of SMART tracking system (San Diego Instruments,
San Diego, CA). The habituation trial was analyzed to measure anxiety. Less time in and longer
latency to enter the center zone indicated anxiety [14]. For novel object tasks, exploration time
for each object was obtained by manual timing and a discrimination index was calculated by the
following formula: ((exploration time for novel object - exploration time for familiar object) /

total exploration time) for a single subject.

2.2.3 Marble burying

The marble-burying test is a useful model of anxiety and defensive burying. The marbles

provide an effective unconditioned stimulus that provokes burying, indicating anxiety [15,16].
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The marble burying method consisted of a cage with 2 inches of bedding depth lightly tamped
down to make a flat and even surface. There were fifteen glass marbles arranged in an array of 3
x 5 on flattened bedding. The cages were inside the plastic box arenas, so that the mice were not
able to see each other during the study. Individual cages were used for each mouse. Between
each session, the marbles were cleaned with 70% ethanol. The mouse was placed inside the cage
for thirty minutes and then removed. The number of marbles displaced, partially buried, and
fully buried were recorded. The marble-burying method demonstrates anxiety when the mice

bury the marbles in their bedding [16].

2.2.4 Morris water maze

Spatial long-term memory, cognitive flexibility and associative memory were assessed
using the Morris water maze, as described previously with some modifications[17,18]. A 4-foot
diameter plastic tank was filled with water (16-18 °C) that was made opaque with non-toxic
paint. The cold water was necessary to motivate the mice. Inside the pool, a removable, circular
platform was positioned at the appropriate quadrant for specific trials or removed for probe trials.
The water was filled to 1 cm above the level of the platform in the hidden platform trials. Spatial
cues consisted of geometric shapes, including a star, circle, and square; pieces of cloth, and toys
(Appendix I). The cues were either on the walls or on the edge of the tank. The behavioral testing
trials were videotaped using a CCD camera placed on the ceiling and centered over the tank. The
trials were analyzed by using the SMART video tracking system (San Diego Instruments, Sand
Diego, CA, USA). The mice were placed in the water, facing the tank wall, from different entry

points for each trial.
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2.2.4.1 Acclimation

The goal of acclimation was to give the mice experience with swimming for 1 minute and
to train them to stay on the platform for 30 seconds. The platform used during acclimation was
placed in a location not used for memory testing. The mice went through acclimation twice, two
days prior to place training. The procedure was repeated for the second day of acclimation.
During acclimation, there were no cues on the walls or on the tank. The mice were placed inside
the water tank facing the wall, where there was no platform present. After all mice have
completed their swim the platform was placed in the center of the tank. Each mouse was then
placed in the platform and had to remain on the platform for 30 seconds. This training was
important because, during the actual spatial memory tasks, the mice would need to remain on the

platform for 30 seconds to observe their surroundings to make a spatial map.

2.2.4.2 Spatial long-term memory

The following day after acclimation, mice underwent place trials for spatial reference
(long-term) memory for eight trials per day for four days, with a 2-min inter-trial interval. The
place trials were performed in two, four-trial blocks with a 90-minute rest period between blocks
and a one-hour rest period after the eighth trial of each day. The platform remained in the same
southeast (SE) quadrant for all the place trials. During place trials, the mice were placed in the
water, facing the wall of the tank, and were allowed to search for the platform for 60 seconds.
The mice remained on the platform for 30 seconds before being removed. Random entry points
varied between trials within each day and were along the wall in the middle of the quadrants

(NW, SW, NE), excluding the quadrant where the platform was located.
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Probe trials were also performed in order to determine whether a spatial bias for the
platform location was developed across days [19]. The platform was not present during probe
trials and the animal could search for 30 seconds. The first day of long-term memory task started
with an initial probe trial to detect a bias for a specific quadrant and to better see improvements
across days, if present. The rest of the probe trials occurred after the second set of four place

trials each day.

2.2.4.3 Cognitive flexibility

Reversal trials were used to assess cognitive flexibility [20]. For one day following long-
term memory training, the platform was moved to the opposite quadrant (NW) and eight reversal
trials and one reversal probe trial were conducted as described above. The entry points were
randomly assigned (SE, NE, and SW). The mice were allowed to search for the platform for 60
seconds followed by a 30 second period on the platform and a 2 min intertrial interval in the

reversal trials. The reversal probe trials were as descried above.

2.2.4.4 Cued control task

An associative (control) memory task was employed to test motivation, visual acuity, and
physical ability for memory testing [20]. The platform was slightly above the level of the water.
The white platform had a black flag on top of the platform. The platform position was changed to
a different position for each trial for 6 trials and the mice were placed into the tank facing the
wall at entry points across from the platform location. The mice were allowed to search for the
platform for 60 seconds. All mice were tested at one platform position before the platform was

moved to a new position.

17



2.2.5 Body weight and food consumption

The effects of high-sucrose diet and antibiotic treatments on weight gain and food
consumption were monitored throughout the experiment. The mice were given 28g of the
appropriate diet each week. The amount of food given and leftover was weighed. This allowed
us to keep track of how much food was consumed. The antibiotic cocktail was made and
switched every two days. The filtered water was given and changed every four days. The amount
of water leftover was measured with a graduated cylinder when water was added. The antibiotic

group was given 18ml every 2 days and the control water group was given 25 ml every 4 days.

2.2.6 Data Analysis

Cumulative proximity was used to measure the performance of the Morris Water Maze
trials including place, probe, reversal, and cued trials. The cumulative proximity was obtained
from the SMART tracking program method [19]. The computer measured the animal’s distance
from the platform or proximity measure, for the duration of the animals swim every (0.2 seconds.
Cumulative proximity was calculated by adding together the distance calculated at each 0.2 s
interval. Correction for start position was performed using a macro in Excel software (Microsoft
Corp., Seattle, WA, USA). The proximity measures were corrected for start position by
calculating the cumulative proximity for the ideal path based on the average swim speed and
platform position, and subtracting this from the cumulative proximity measurement from the
tracking system. The average proximity to the platform was used to measure the performance on
the probe trials [19]. The cumulative proximity measures were used to assess the performances
because they are less influenced by swim speed differences than more traditional measures such

as latency to reach the platform [19]. The measures used are also sensitive to some of the
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alternative strategies that animals can use to find the platform that may not involve place
learning [19]. The statistics used to analyze the behavioral testing was two-way analysis of
variance or three-way ANOVA and the Fisher’s PLSD post hoc analysis was also conducted.
The novel object tasks exploration time for each object was obtained by manual timing and a
discrimination index as previously mentioned ((exploration time for novel object - exploration

time for familiar object) / total exploration time) for a single subject.

3. RESULTS
3.1 Behavioral cognitive testing
3.1.1 Step-down latency differences

There was a significant effect of pre- versus post-diet change testing session (F (1, 40) =
6.657, p = .01) on step-down latency, but no significant main effect of diet (F (1, 20) = 0.007, p =
.93) or antibiotic (F (1, 20) = 0.04, p = .85) treatments. Mice stepped down faster when tested

post-diet change than pre-change, when data was collapsed across treatments.

Step-Down Latency

B Control Diet, Water

[ Control Diet, Antibiotics

W High sucrose diet, Water

E High sucrose diet, Antibiotics

200+

=y

o

o
1

(2]
(=]
1

(=]
1

Step-Down Latency
(seconds)

Pre-diet Post-diet
Testing Session

Fig. 1. Step-down latency. There was no effect of high sucrose diet or antibiotic treatment on
step-down latency. On average, all treatments stepped down more quickly in the post-diet change

session. Means = SEM. N= 6.
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3.1.2 Open field exploration

The habituation session for novel object recognition was analyzed for open field
exploration by measuring the entries into the center zone and the latency to enter the center zone.
There was a significant main effect of testing session on entries into the center zone (F(1,20) =
8.39, p <0.01 (Fig. 2A). There were no significant main effects of diet (F(1,20)=0.87, p=0.36)
or antibiotic (F(1,20)=0.01, p = 0.92) treatments on entries into the center zone (Fig. 2A). Mice
entered the center zone less often when tested after the diet change than before (Fig. 2A). The
distance traveled in center zone had a significant main effect between pre- versus post diet
testing session (F(1,20) = 48.64, p =<0.01) (Fig. 2B). There were no significant main effects of
diet (F(1,20) =2.27, p = 0.15) or antibiotics (F(1,20) = 1.20 p = 0.29) on the distance traveled in
center zone. (Fig. 2B). There was a near significant main effect of testing session change for
pre-versus post-diet in latency to enter the center zone (F(1,20) =4.01, p = 0.06), but no
significant main effect of diet (F(1,20)= 0.93, p = 0.35) or antibiotic (F(1,20)= 0.86, p = 0.37)
treatments (Fig. 2C). There was a near significant interaction between diet and water treatments
(F(1,20) = 3.69, p = 0.07) in latency to enter the center zone (Fig.2C). The speed of exploration
time in an open field had no main effect on diet (F(1,20) =2.28, p = 0.15) or antibiotic (F(1,20) =
1.21, p = 0.28) treatments (Fig. 2D). The testing session for the average speed (F(1,20) =49.22,
p =<0.01) showed a significant difference in pre-versus post-diet, with slower speeds seen in the

post-diet change session (Fig.2D).
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E Latency to Center Zone |§| Average Speed
50- B Control Diet, Water B Control Diet, Water

[ Control Diet, Antibiotics
W High Sucrose, Water
E High Sucrose, Antibiotics :

[ Control Diet, Antibiotics
M High Sucrose, Water
E High Sucrose, Antibiotics

Pre-diet Post-diet Pre-diet Post-diet
Testing Session Testing Session

Fig. 2. Open field exploration. The number of entries to center zone (A), the distance traveled in

center zone (B), latency to enter the center zone (C), and the speed of exploration in an open

field (D). Mean + SEM. N=6.

3.1.3 Novel object recognition

There was a significant main effect of pre- versus post-diet change testing session on the
discrimination index between exploration of right and left similar objects in the familiarization
trial (F(1,20) =8.23, p=0.01) (Fig 3A). Mice showed more preference for the one side before
the diet change and the opposite side after the diet change. There was no main effect of diet
(F(1,20) = 0.42, p=0.52) or antibiotic (F(1,20) = 0.87, p = 0.36) on the discrimination index
during the familiarization trial, but there was a significant interaction between diet, water

treatment, and testing session (F(1,20) = 5.46, p = 0.03) (Fig 3A).
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Fig. 3. Novel object recognition testing. Discrimination Index for familiarization (A) and 1 hour
delay (B) and 24 hour delay (C) novel object testing. ANOVA & Fisher’s PLSD post hoc test

was used. Mean = SEM. N= 6.

The novel object one-hour test had no significant main effects of diet (F(1,20) =0.02, p =
0.89) or antibiotic (F(1,20) =0.31, p = 0.59) treatments on discrimination index (Fig. 3B). There
was also no main effect of pre-versus post diet testing session (F(1,20) =0.09, p =0.76) on
discrimination index in the one-hour test (Fig. 3B). The twenty-four hour test showed no main
effects of diet (F(1,20) = 0.28, p = 0.60) or antibiotic (F(1,20) =0.18, p=0.67) treatments on

discrimination index (Fig. 3C). No main effect of pre-versus post-diet change testing session
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F(1,20) =0.05, p = 0.83) was seen in the discrimination index on the twenty-four hour delay test

(Fig.3C).

3.1.4 Marble-burying differences in compulsiveness and anxiety

There was a main effect of pre- versus post-diet change testing session on the number of
fully buried marbles (F(1,20) = 36.48, p = <0.01). The number of marbles fully buried increased
in post-diet compared to pre-diet change testing (Fig. 4A). There was no significant main diet
treatment effect (F(1,20) <.01, p = 0.97) or antibiotic (F(1,20) = 2.9, p =.10) treatment effect on
fully buried marbles (Fig. 4A). The partially buried marbles (Fig.4B) showed no main effect of
diet (F(1,20) = 0.48, p = 0.50) or antibiotic (F(1,20) = 0.04, p = 0.85) treatments. The number of
partially buried marbles showed a significant interaction between pre- versus post-diet testing
sessions and antibiotic treatments (F(1,20) = 4.83, p = 0.04) (Fig. 4B). The interaction between
antibiotic treatment and testing session was due to the antibiotics group partially burying more
during pre-diet change testing session (F(1,22) =4.03, p = 0.06) (Fig. 5A) than post-diet change
testing session (F(1,22) = 1.18, p = 0.29) (Fig. 5B). The total number of buried marbles showed
a significant main effect of antibiotic treatments (F(1,20) =4.83, p = 0.04), but no significant diet
effect (F(1,20) =0.58, p = 0.46) (Fig. 4C). Mice in the antibiotic treatment group buried more
total number of marbles than those on water (Fig 6C), but this appeared to be due to mice
assigned to the antibiotic group burying more marbles in the pre-diet change session than those
assigned to water treatment (F(1,22) =5.07, p =0.03) (Fig. 6A). There was no difference
between antibiotic treatments in the post-diet change session (F(1,22) = 0.08, p = 0.78) (Fig. 6B).
There was a main effect of pre- versus post diet testing session on total number of buried marbles

(F(1,20) = 38.23, p =<0.01) and displaced marbles (F(1,20) =29, p <.0001) (Fig. 4C). More
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total marbles were buried or displaced in the post-diet change session than before the diet
change. There was no main effect of diet (F(1,20) =0.03, p = 0.86) or antibiotic (F(1,20) =0.07, p
=0.79) treatments on displaced marbles (Fig. 4D). The number of marbles displaced showed a
significant interaction between pre-versus post-diet testing session and diet and antibiotic

treatments (F(1,20) =4.61, p =.04) (Fig. 4D).
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Fig. 4. Marble burying task. Testing session and/or antibiotics impacted the number of fully
buried marbles (A), number of partially buried marbles (B), number of total buried marbles (C),

and the number of displaced marbles (D). Mean £ SEM. N= 6.
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3.1.5 Morris water maze differences in memory and cognitive flexibility
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There was a main effect of trial on corrected average proximity in the probe trials
(F(4,80)=32.04, p=<10.01) (Fig. 7A). Mice showed significantly lower corrected average
proximity in the last probe trials, as compared to the first, when data was collapsed across diet
and antibiotic treatments. There was no main effect of diet (F(1,20) =0.19, p=0.67) or
antibiotic (F(1,20) = 2.76, p = 0.11) treatment in the probe trials (Fig. 7A). The place trials were
separated into blocks of 4 trials. In the blocks of 4 place trials, there was a significant main effect
of blocks of place trials on corrected cumulative proximity (F(7,140) = 23.68, p =< 0.01) (Fig.
7B). Mice showed significantly lower corrected cumulative proximity on the last block of trials
than the first, when data was collapsed across diet and antibiotic treatments. There was also a
significant main effect of antibiotic treatment (F(1,20) = 4.6, p =.04) (Fig. 7B). Mice treated
with antibiotics had lower corrected cumulative proximities than those treated with water, as
shown in figure 6B. In the reversal trials there was a main effect of trial on corrected cumulative
proximity in the reversal trials (F(7,140) = 8.45, p =< 0.01) (Fig. 7C). There was a near
significant main effect of antibiotic treatment (F(1,20) = 3.76, p = 0.07) (Fig. 7C). There were no
significant effects of diet treatment (p = .48-.77) on water maze tasks. For the cued trials there
was a main effect of trial on corrected cumulative proximity (F(5,100) = 12.82, p =< 0.01), but
no significant effect of diet (F(1,20) =.09, p = 0.77) or antibiotic (F(1,20) = .15, p =0.70)
treatments (Fig. 7D). For reversal and cued trials, mice showed significantly lower corrected
cumulative proximity on the last trial than the first, when data was collapsed across diet and

antibiotic treatments.
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3.2 Body weight and average food consumption

Body weight, food consumption, and water consumption were monitored, but statistics

were not performed. The results could not be accurately quantitated because of losses due to food

falling into the cage, water loss while clearing the drinking tubes, and water leaks (Fig.8 A-D).

During the study, it was noted that the antibiotic treated animals appeared to drink less than the

control mice, but body weight and consumption appeared to be similar.
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DISCUSSION

The goal of this study was to investigate whether altering the gut bacteria via antibiotics,
will change the behavioral results when animals are on a high sucrose diet. Although, there were
no significant diet effects on any of the behavioral tests conducted, there were antibiotic effects
on long-term memory.

On the Blocks of four place trials for the Morris water maze behavioral task showed a
significant main effect on the antibiotic treatment. The antibiotic treatment improved long term
memory performance throughout the trials. These results indicate that the reduced gut bacteria

mice are performing better than the control group, thus suggesting that the microbiome plays an
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important role in cognitive function. The trial effects also indicated that the mice, in general,
were learning the platform position.

The reversal trials from the Morris water maze measure cognitive flexibility. Cognitive
flexibility in this study was assessed as the ability to learn a new platform position (NW) after
the mice had learned the original (SE) quadrant position in the long-term memory trials. The task
showed a near significant trend for improvement in cognitive flexibility in the mice treated with
antibiotics. There was also a significant improvement throughout the trials, showing that all the
mice, on average, were learning.

The cued trials in the Morris water maze was set up as a control task where it can show
any problems that the mice might have during the behavioral testing. During the cued trials, there
was a visible flag on top of the platform. The mice showed improved performance between the
first and last trial. This improvement indicated that the mice were motivated, had physical
ability, and good vision to conduct the Morris water maze control task.

The step-down latency behavioral test had a significant testing session effect, but no
treatment effect. The step-down latency reduction in post-diet was expected. The mice took less
time stepping down in the post-diet session, as compared to pre-diet. The mice may have stepped
down sooner in post-diet change testing session compared to pre-diet test session because of
familiarization with the task and environment. During the pre-diet test session, the mice had not
experienced the test before. This suggests that the mice were less anxious on the step-down
latency task in the post-diet change session.

In the marble burying task, the number of marbles buried is proportional to signs of
anxiety and compulsiveness. The results showed a significant antibiotic treatment group effect

on the marble burying task for the number of total marbles buried across both testing sessions,
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but this appeared to be primarily due to antibiotic treatment group differences in the pre-
treatment session. During pre-diet change testing the control and antibiotic treatment groups
were all on water, as well as control diet. Theoretically both treatments should have had similar
results, but we normalized the treatment assignments based on step-down latency and 24-hour
novel object task performances and not marble burying. Thus, this effect of antibiotic treatment
assignment on total marbles buried cannot be ascribed to the antibiotic treatment itself.

The number of partially buried marbles showed no main effect for diet or water
treatment, but there was a significant water treatment interaction between pre-diet versus post-
diet testing session. The significant interaction lead to conducting the post-hoc test for these
results. The interaction between antibiotic treatment and testing session appeared to be due to the
antibiotic treatment group mice showing a trend for partially burying more marbles during pre-
diet (and pre-antibiotics) change testing session compared to post diet. As with the total marbles
buried, the effects of antibiotic treatment group on partially buried marbles were mostly due to
the pre-diet change assignment groups not performing equally in this task.

All mice on average, buried more marbles fully and in total during the post-diet change
testing session. This suggests that all mice showed more anxiety in the marble burying task in the
second testing session. It is not clear why this measure of anxiety is opposite to the step-down
latency task.

The non-significant high sucrose diet effect may be due to using a non-chow, defined diet
as the control. A similar study was conducted between high-sucrose, normal diet, and high-fat
[6]. In this study, it was found that animals on the high-sucrose diet showed more significant
alterations. The normal (chow) used in the previous study was different than the control defined

diet used in this study. The control defined diet contained diet by kcal by .2% less fat, .2% less
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carbohydrates, and .3% more protein compared to the normal (chow) [6]. There is a possibility
that the difference between the previous normal diet and the control defined diet used in this
study could have affected the results. The microbiome analyzes will demonstrate whether the
bacteria present in the control defined diet are similar to the high-sucrose diet.

The use of antibiotics has been researched and proven to decrease bacteria in the
microbiome [11]. Psychiatric side effects of antibiotics indicate that there is a link between
antibiotic exposure and altered brain functions, ranging from anxiety and panic to major
depression, psychosis and delirium [21] [9]. In the article by Sternbach and State indicate that
these side effects were influenced by risk factors such as prior psychopathology, medical
conditions, antibiotic dosage, intrathecal or intravenous administration [21]. The mice used in
this study did not have previous medical conditions nor were at risk for anxiety and depression
side effects from antibiotics administration. The mice were healthy and the antibiotic cocktail
used has been proven to be effective for this study purpose, to reduce bacteria in the gut
microbiome [11]. A study showed the effects of antibiotics on the mouse gut, revealing
microbiome-dependent and independent mechanism. Both direct effects of the antibiotics and
proliferation of antibiotic-resistant microbes induce mitochondrial-dependent cell death in the
intestine [11].

The findings from this study of significant antibiotic treatment effect on long-term
memory suggest that the gut microbiota influences behavioral outcomes. These results can be
further investigated through microbiome analysis that is still to be conducted in the future. The
bacterial content from fecal collection will demonstrate the bacteria present and or reduced from

antibiotics and any differences between diets.
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