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The ketogenic diet is highly effective at attenuating seizures in refractory epilepsy, and accumulating evidence in
the literature suggests that it may be beneficial in autism. To our knowledge, no one has studied the ketogenic
diet in any fragile X syndrome (FXS) model. FXS is the leading known genetic cause of autism. Herein, we tested
the effects of chronic ketogenic diet treatment on seizures, body weight, ketone and glucose levels, diurnal
activity levels, learning and memory, and anxiety behaviors in Fmr1%© and littermate control mice as a function
of age. The ketogenic diet selectively attenuates seizures in male but not female Fmr.

1%C mice and differentially

affects weight gain and diurnal activity levels dependent on Fmrl genotype, sex and age.

1. Introduction

Fragile X syndrome (FXS) is a neurodevelopmental disorder clini-
cally characterized by intellectual disability (overall IQ < 70), au-
tistic-like behaviors and seizures (Hagerman and Hagerman, 2002). FXS
results from a mutation in a single gene on the X chromosome, FMR1,
that is associated with transcriptional silencing of the FMR1 promoter
and loss of expression of fragile X mental retardation protein (FMRP)
(Verkerk et al., 1991). FMRP expression is absent or greatly reduced in
FXS and many FXS phenotypes are manifested in Fmr1%°® mice, which
lack expression of FMRP (Dutch-Belgian Fragile X Consortium, 1994).
Fmr1%© mice exhibit many of the physical and behavioral character-
istics of humans with FXS and are thus the most widely employed, non-
human model system available for testing interventions.

Herein, we conducted preclinical efficacy testing of the ketogenic
diet (KD) in Fmr1®° mice. The KD, which is clinically used to treat in-
tractable epilepsy, is high in fat with moderate levels of protein and low
carbohydrate. Altering diet to treat epilepsy dates back to circa 400 BC
when starvation was used to reduce seizures. The classic KD was in-
troduced in 1921 to replace starvation, and forces the body to burn fat
for energy, i.e. “ketosis”. Glucose is normally the sole energy source for
the human brain, but during ketosis, ketones are produced and used for
energy. In addition to intractable epilepsy, ketone- rather than glucose-
based metabolism may benefit other conditions. For example, the KD is
studied for the treatment of a wide range of disorders and conditions
including Alzheimer's disease, amyotrophic lateral sclerosis (ALS),

anxiety, attention-deficit hyperactivity disorder (ADHD), autism spec-
trum disorders (ASD), bipolar disorder, cancer, depression, diabetes,
obesity, pain, Parkinson's disease, schizophrenia, stroke and traumatic
brain injury (Balietti et al., 2010; Bostock et al., 2017; Cheng et al.,
2017; Evangeliou et al., 2003; Frye et al., 2011; Garcia-Penas, 2016;
Herbert and Buckley, 2013; Jozwiak et al., 2011; Masino et al., 2009;
Napoli et al., 2014; Spilioti et al., 2013; Stafstrom and Rho, 2012; Tai
et al., 2008; Verrotti et al., 2017). To our knowledge, no one has studied
the ketogenic diet in FXS, albeit there is growing interest in employing
the KD for the treatment of autism. FXS is the leading known genetic
cause of autism and is highly comorbid with epilepsy (Berry-Kravis
et al., 2010; Kaufmann et al., 2017).

Autism is a cluster of complex neurobiological disorders with core
features of repetitive stereotyped behavior and impaired social inter-
action and communication. ASD is highly comorbid with epilepsy, and
it has been proposed that epilepsy drives the development of autism
(Amiet et al., 2008; Hagerman, 2013; Hartley-McAndrew and
Weinstock, 2010; van Eeghen et al., 2013). Thus, treatments that re-
duce seizure incidence have the potential to prevent the development of
ASD or decrease the severity of symptoms. Recent studies in autism
rodent models indicate that the KD improves core behavioral symp-
toms, albeit there were some sex and genotype-specific differences (Ahn
et al., 2014; Castro et al., 2017; Dai et al., 2017; Kasprowska-Liskiewicz
et al., 2017; Mantis et al., 2009; Ruskin et al., 2013, 2017a,b; Smith
et al., 2016; Verpeut et al., 2016). Preliminary studies in humans also
indicate improvement in autistic behaviors in response to the KD
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Abbreviations

ALS amyotrophic lateral sclerosis
ANOVA analysis of variance

ADHD  attention-deficit hyperactivity disorder
AGS audiogenic-induced seizures
ASD autism spectrum disorders

DAG diacylglycerol

DGKx diacylglycerol kinase kappa

FC fear conditioned

FMRP fragile X mental retardation protein

FXS fragile X syndrome

GABA  gamma-aminobutyric acid

IACUC Institutional Animal Care and Use Committee

KD ketogenic diet
LFD low-fat diet
MCFA  medium-chain fatty acids

mGluRs metabotropic glutamate receptor 5
O-GInNAcO-linked-3-N-acetyl glucosamine

PA phosphatidic acid

pP70S6K phosphorylated protein 70 S6 kinase

PUFA polyunsaturated fatty acids
P70SK6 protein 70 S6 kinase

S6K1 ribosomal S6 kinase 1

SEM standard error of the mean
TST tail suspension test

WR wild running

WT wild type

(Bostock et al., 2017; El-Rashidy et al., 2017; Evangeliou et al., 2003;
Frye et al., 2011; Herbert and Buckley, 2013; Lee et al., 2018; Spilioti
et al., 2013). Despite these successes, the mechanism underlying the
success of the KD and ketosis is not understood, but most likely involves
the restoration of aberrant energy metabolism. Possible effectors in-
clude adenosine, ketones, lactate dehydrogenase, medium-chain fatty
acids (MCFA), neurotrophic factors, O-linked-B-N-acetyl glucosamine
(O-GInNAc), and polyunsaturated fatty acids (PUFA); and affected
processes include epigenetic and gene expression mechanisms, the
gamma-aminobutyric acid (GABA)ergic and cholinergic systems, in-
flammatory pathways, mitochondrial dynamics, oxidative stress, sy-
naptic transmission and the gut microbiome (Boison, 2017; Cheng
et al., 2017; Freche et al., 2012; Kossoff et al., 2009; Masino et al., 2009;
Mychasiuk and Rho, 2017; Napoli et al., 2014; Newell et al., 2016a,b;
Newell et al., 2016a,b; Newell et al., 2017; Stafstrom and Rho, 2012; D.
C. Wallace et al., 2010; Lutas and Yellon, 2013; Yellon, 2008). Overall,
the consensus is that the animal studies are promising, the mechanism
of action is not understood, and the evidence in humans is insufficient
to form an opinion as to the efficacy or lack thereof of the KD inter-
vention for the treatment of autism. Herein, we tested the effects of
chronic KD treatment on audiogenic-induced seizures (AGS), body
weight, ketone and glucose levels, diurnal activity levels, fear con-
ditioning and/or anxiety behaviors in Fmr1®® mice and littermate
controls as a function of age.

2. Materials and methods

Mouse Husbandry: The Fmr1*° mice were originally developed by
the Dutch-Belgian FXS Consortium and backcrossed > 11 times to FVB
mice (Dutch-Belgian Fragile X Consortium, 1994). They were back-
crossed into the C57BL/6 background by Dr. Bill Greenough's labora-
tory (University of Illinois at Urbana-Champaign) and distributed to
other laboratories. We have maintained the Fmr1%° mice in the C57BL/
6 background at the University of Wisconsin-Madison for over 15 years
with occasional backcrossing with C57BL/6J mice from Jackson La-
boratories to avoid genetic drift. Breeding pairs for these experiments
were housed in static microisolator cages on a 6 a.m.-6 p.m. light cycle
with ad libitum access to food (Teklad2019) and water. Mouse ages and
treatments for specific experiments are defined in the figure legends.
The bedding (Shepherd's Cob + Plus, % inch cob) contained nesting
material as the only source of environmental enrichment. All animal
husbandry and euthanasia procedures were performed under NIH and
an approved University of Wisconsin-Madison animal care protocol
administered through the Research Animal Resources Center with
oversight from the Institutional Animal Care and Use Committee
(IACUC). Fmrl genotypes were determined by PCR analysis of DNA
extracted from tail biopsies with HotStarTaq polymerase (Qiagen Inc,
Germantown, MD, USA; catalog #203205) and Jackson Laboratories'
(Bar Harbor, ME, USA) primer sequences oIMR2060 [mutant forward;

5’-CAC GAG ACT AGT GAG ACG TG-3’], oIMR6734 [wild type (WT)
forward; 5’-TGT GAT AGA ATA TGC AGC ATG TGA-3’], and oIMR6735
[common reverse; 5-CTT CTG GCA CCT CCA GCT T-3’], which pro-
duces PCR products of 400 base pairs (Fmr1*®) and 131 base pairs
(WT). Heterozygote females exhibit both the 400 and 131 base pair
bands.

Diets: The test diets included: Teklad2019 (Envigo, Fitchburg, WI,
USA), AIN-76A (Bio-Serv catalog number F1515, Flemington, NJ, USA)
and KD (Bio-Serv catalog number F3666, Flemington, NJ, USA].
Tekald2019 is a fixed formula diet with a nutritional profile of 19.0%
protein, 9.0% fat, 2.6% fiber, 12.1% neutral detergent fiber, 5.0% ash,
and 44.9% carbohydrate. The ingredients are ground wheat, ground
corn, corn gluten meal, wheat middlings, soybean oil, calcium carbo-
nate, dicalcium phosphate, brewers dried yeast, L-lysine, iodized salt,
magnesium oxide, choline chloride, DL-methionine, calcium propio-
nate, L-tryptophan, vitamin E acetate, menadione sodium bisulfite
complex (source of vitamin K activity), manganous oxide, ferrous sul-
fate, zinc oxide, niacin, calcium pantothenate, copper sulfate, pyr-
idoxine hydrochloride, riboflavin, thiamin mononitrate, vitamin A
acetate, calcium iodate, vitamin B12 supplement, folic acid, biotin,
vitamin D3 supplement, cobalt carbonate. The energy density is
3.3 kcal/kg. AIN-76A is a purified ingredient diet with a nutritional
profile of 18.1% protein, 5.1% fat, 4.8% fiber, 2.9% ash, and 65.2%
carbohydrate. The ingredients are sucrose, casein, corn starch, corn oil,
cellulose, mineral mix, vitamin mix, DL-methionine, and choline bi-
tartrate. The energy density is 3.79 kcal/g. The KD is a modified AIN-
76A high fat paste with a ratio of fat to carbohydrate of 6:1 and a
nutritional profile of 8.6% protein, 75.1% fat, 4.8% fiber, 3.0% ash, and
3.2% carbohydrate. The ingredients are lard, butter, corn oil, casein,
cellulose, mineral mix, vitamin mix, and dextrose, and the caloric
profile is 7.24 kcal/g.

Audiogenic-Induced Seizures: Mice were randomly assigned to treat-
ment groups at weaning (postnatal day 18; P18), treated for 3 days with
one of three diets (Teklad2019, AIN-76A, KD), and tested for suscept-
ibility to AGS at P21, which is the age of peak sensitivity to AGS (Yan
et al., 2004). Mice were transferred to a Plexiglas box (13”L X 8"W X
7”H) and exposed to a high-pitched siren (110 dB) from a personal body
alarm (LOUD KEY™). The number of mice exhibiting wild running
(WR), tonic seizures (AGS) and death were scored. Treatment groups
were compared by the Fisher exact test.

Actigraphy: Rest-activity rhythms were assessed under standard
lighting conditions in home-made Plexiglas® chambers containing
passive infrared sensors mounted on the underside of the lids (Fenoglio-
Simeone et al., 2009; E. Wallace et al., 2015). The dimensions of the
transparent, cylindrical, Plexiglas® chambers were 6” diameter X 10”
height. Mice were individually housed during actigraphy with access to
food and water. Each gross movement of the animal was recorded as an
activity count with VitalView acquisition software (Mini Mitter Inc.,
Bend, OR, USA). Activity counts were binned into 60-s epochs and
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scored on an activity scale (0-50) over a 5-9-day period. Data were
analyzed with ACTIVIEW Biological Rhythm Analysis software (Mini
Mitter Company, Inc., Bend, OR, USA). One-minute activity epochs
were averaged for the full days of the recording period (excluding the
first and last partial days) to calculate total activity. One-minute ac-
tivity epochs were averaged for the full recording days and binned into
light and dark 6-h quadrants (first and last 6 h of lights ON, first and last
6 h of lights OFF) for the diurnal activity profiles. A Chi-square peri-
odogram method was used to determine the diurnal rest-activity period.
To determine habituation to the novel activity chambers, activity count
data from the first 2 h of the first day in the chamber were analyzed.
Average data was plotted * the standard error of the mean (SEM) and
statistical significance determined by Student's t-test.

Marble Burying: Corncob bedding was added to clean, empty cages
and sixteen emerald-colored glass gems per cage were arranged in
4 X 4 grids over 2/3 of the cage. The cage was photographed before a
mouse was added to the 1/3 of the cage without glass gems. After
30 min, the mouse was returned to its home cage, the cage was pho-
tographed, and the number of gems that were more than half buried
were counted. Average data was plotted + SEM.

Tail Suspension: The tail suspension test was performed as previously
described (Steru et al., 1985). Briefly, the mouse was equilibrated to the
test room for at least 30 min before testing. White bench paper was
placed on the backside of and below a laboratory bench shelf to mask
visual clues. A 1 mL pipette tip or straw was cut and placed on the
mouse's tail to prevent the mouse from grabbing its tail or the shelf
during the test. The mouse was suspended from the edge of the shelf
approximately 60 cm above the benchtop using lab tape that was placed
1 cm from the tip of the tail. The mouse's abdomen faced outward to-
ward a camera and the mouse's eyes faced the white bench paper. The
5-min test was recorded with a video camera and the footage was
scored for the latency time to immobility as well the number and length
of immobility bouts. Immobility was defined as lack of motion but in-
cluded head movements to look around and sustained foot grabs as long
as the mouse was not actively trying to escape. Average data was
plotted + SEM and statistical significance determined by analysis of
variance (ANOVA) and post-hoc Bonferroni multiple comparison test.

Fear Conditioning: Delayed fear conditioning was tested in a Panlab
Startle and Fear Combined System that included a LE1188 stimuli in-
terface unit, LE111 load cell amplifier, and LE10026 shock generator
with scrambler (Harvard Apparatus, Holliston, MA, USA). The chamber
was prepared by turning the light on and setting the white noise to
70 dB. The load cell amplifier was set to 0.5 Hz with a gain of 5,000,
and the shock generator was set to 0.6 mA. The mouse was equilibrated
to the testing room for approximately 2 min before placement into the
novel chamber. For the delayed fear conditioning paradigm (training
day), the mice were: (1) acclimated or allowed to explore the chamber
for 2 min; (2) exposed to a 30 s, 90 dB, 4,000 Hz sound with the last 2 s
of sound exposure co-terminant with a 0.6 mA shock; (3) allowed to
explore for 2 min; (4) re-exposed to a 30 s, 90 dB, 4000 Hz sound with
the last 2 s of sound exposure co-terminant with a 0.6 mA shock; (5)
allowed to explore for 1 min; and (6) removed from the chamber and
returned to home cage. Percent freezing was analyzed with PACKWIN
software (Harvard Apparatus, Holliston, MA, USA). After 24 h, the mice
were tested for context learning. The context of the chamber was the
same as the training day. The mice were allowed to explore the
chamber for 6 min without sound or shock, and the percent freezing
was determined. After a minimum of 30 min, the mice were tested for
cued learning in which the shock grid was replaced with a round, flat-
floored chamber and vanilla scent. The mice were presented with the
same timing/sound paradigm as the training day, but no shocks.
Percent of freezing was measured. For data analysis, the duration of
freezing value was set to 1 s such that if the mouse did not freeze for at
least 1 s, the time was not counted as freezing. The threshold was set at
7 based on visual assessment of scans of total freezing behavior
throughout the experiment. Average data was plotted = SEM and
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statistical significance determined by ANOVA and post-hoc Bonferroni
multiple comparison test.

Ketone & Glucose Measurements: Ketone and glucose levels were as-
sessed in urine or blood as indicated in the figure legends using a
Precision Xtra blood glucose and ketone monitoring system (Abbott
Diabetes Care Inc., Alameda, CA, USA). For urine samples, the mice
were gently restrained at the neck and urine collected. It was not always
possible to collect urine from live mice. Blood samples were collected
from the abdominal artery after euthanization. Low (LO) glucose meter
readings were adjusted to 20 md/dL. High (HI) off-scale glucose meter
readings were adjusted to 500 mg/dL. High off-scale ketone meter
readings were adjusted to 8.0 mmol/L. All samples were collected
during the light phase. Fasting status is indicated in the table legends.
Average data presented + SEM and statistical significance determined
by Student's t-test or ANOVA with post-hoc Bonferroni multiple com-
parison test.

PTZ-Induced Seizures: Seizures were induced with PTZ and scored as
previously described (C. J. Westmark et al., 2008).

Nest Building Assay: Nest building was tested as previously described
(R. M. Deacon, 2006; Moretti et al., 2005; Udagawa et al., 2013).
Briefly, corncob bedding and two 2 x 2” white cotton nestlets (catalog
#NES3600; Ancare, Baltimore, NY, USA) were added to clean standard
cages with feed and water. A single mouse was transferred to a nestlet
cage at 3 pm. At 7 am the following day, the mouse was returned to its
home cage. The empty nestlet cage was photographed and the length,
width, and height of the nests were measured. Nests were scored based
on the scale: (0) nestlet intact, (1) flat nest with partially shredded
material, (2) shallow nest with shredded material but lacks fully formed
walls, (3) nest with well-developed walls, and (4) nest in shape of co-
coon with partial or complete roof. The volume of the nest was calcu-
lated by multiplying the length x height x width of the nest. Average
data was plotted = SEM and statistical significance determined by
Student's t-test.

Sleep Deprivation: Sleep deprivation was induced by covering home
cages with black fitted tarps for 7 days.

3. Results

The KD is associated with decreased seizures in juvenile male
Fmr1%° mice. We assessed seizures in Fmr1¥° mice in response to a 3-
day treatment with KD (postnatal days 18-21; P18-P21) (Fig. 1). There
was a reduction in wild running, seizures and deaths in response to
110 dB audiogenic stimulation in male mice (3% rates for each). The
attenuation of wild running and seizures with the KD was statistically
significant when compared with both Teklad2019 (chow) and AIN-76A
(purified ingredient) control diets. In contrast, the KD did not attenuate
seizure phenotypes in female Fmr1X° mice indicating a strong sex-
specific difference in response to diet (Fig. 1). A 3-day treatment with
the KD also significantly reduced body weight by 17% in Fmri%© fe-
males, 18% in Fmr1¥° males, and 27% in WT males (P < 0.004), but
not in Fmr1™ET females compared to mice maintained on AIN-76A,
(Table 1). Urine ketone and glucose levels were elevated in response to
KD (Supplementary Tables 1 and 2).

The KD alters diurnal activity levels in young adult WT and Fmr1¥°
mice. In addition to juvenile seizures, the KD affects diurnal rest-ac-
tivity rhythms in young adult, adult and aged adult Fmr1*° mice. We
tested two KD treatment paradigms in young adult mice. In the first
cohort, WT and Fmr1¥° male littermate mice were weaned onto AIN-
76A versus KD at P18 and maintained on their respective diets
throughout testing (Fig. 2A). Actigraphy testing was conducted at 3
months of age (equivalent to 23 human years) after 10 weeks on AIN-
76A versus KD. There was a greater than 30% decrease in total activity
in both WT and Fmr1¥° mice in response to KD (Fig. 2B, Supplementary
Fig. 1). Habituation to the novel actigraphy chambers was not affected
by diet (Fig. 2C). Actigraphy counts were averaged over 7 days and
binned into 6-h quadrants ([first (am-12pm) and second (12pm-6pm)
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Fig. 1. The KD rescues seizures in Fmrl1KO mice. Juvenile Fmr1KO mice were
weaned onto vivarium chow (Teklad2019; brown bars), AIN-76A (control
purified ingredient diet, vitamin-matched to KD; pink bars) or KD (Bio-Serv
F3666, gold bars) at postnatal day (P18) and tested for AGS susceptibility at
P21. Female cohorts contained: Teklad2019 (n = 12), AIN-76A (n = 20) and
KD (n = 33). Male cohorts contained: Teklad2019 (n = 15), AIN-76A (n = 22)
and KD (n = 32) mice. Data for WT littermates are not shown as they have a
low susceptibility to AGS (0% in this experiment, usually < 5%), which did not
change in response to the KD (0%). WR was significantly reduced in male
Fmr1KO mice with KD compared to both Teklad2019 (P < 0.001) and AIN-
76A (P < 0.001) by Fisher exact test. AGS was significantly reduced in male
Fmr1KO mice with KD compared to both Teklad2019 (P < 0.003) and AIN-
76A (P < 0.04) by Fisher exact test.

halves of the light cycle and first (6pm-12am) and second (12am-6am)
halves of the dark cycle]. Activity was significantly reduced during the
first half of the light cycle and the first and second halves of the dark
cycle in both WT and Fmr1%° male mice in response to KD (Fig. 2D).
The second half of the light cycle is the lowest activity period for the
mice and was unchanged in response to KD. The circadian period
length, or the amount of time from an organism's waking to the next
day's waking, was unchanged in response to diet or genotype for ani-
mals that exhibited measurable circadian periods [WT/AIN-76A
1448 + 6.4 min, WI/KD 1453 #* 6.0 min, Fmr1®°/AIN-76A
1446 * 4.8 min, and Fmr1®°/KD 1440 + 0 min]; however, 50% of
WT mice (n = 3/6) and 78% of Fmr1X° mice (n = 7/9) on KD did not
exhibit measurable circadian periods compared to 14% (n = 1/7) and
18% (n = 2/11), respectively, on AIN-76.

In addition to actigraphy, these mice were assessed in marble
burying, tail suspension, and fear conditioning behavioral tests. Marble
burying was tested in the afternoons (second half of light cycle) and was
unchanged in response to KD (Fig. 2E, Supplementary Fig. 2). Mice
were tested in the tail suspension test in the mornings (first half of the
light cycle) and the frequency of immobility, latency time to first
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immobility, and the total duration of immobility were not significantly
different between cohorts in response to KD (Fig. 2F) suggesting that
significantly decreased locomotion in the actigraphy assay is not due to
a depressed state. Mice were tested in context and cued fear con-
ditioning (Fig. 2G; Supplementary Fig. 3). Our data normalized to
baseline by the subtraction method indicate impaired learning during
training and in context testing in Fmr1¥° compared to WT, but no
significant changes in cued learning or in response to KD. Data nor-
malization to baseline measures can be a major source of variability in
fear conditioned testing (Tipps et al., 2014). The raw data without
background correction indicate impaired learning during training and
in both context and cued learning in Fmr1¥© and no significant effect
with KD (Supplementary Fig. 4).

Mice were weighed at 3 and 5 months of age and there was a
21-56% reduction in body weight gain in response to KD (P < 0.0003)
(Table 2). Blood ketone levels (nonfasting) were elevated at 5 months of
age in both WT and Fmr1%° mice on KD, and glucose levels (nonfasting)
were significantly reduced in Fmr1¥© mice (Supplementary Table 3). In
terms of adverse reactions, 3 WT mice treated with the KD died before
the end of the study, 1 WT mouse on the KD was culled because it was
sickly, and 2 Fmr1%© mice (1 on KD and 1 runt weaned onto AIN-76A)
died before the end of the study.

For the second KD treatment paradigm in young adult mice, female
and male mice were transferred to KD versus AIN-76A as adults (2-3
months old) (Fig. 3A). Actigraphy was assessed after 4 weeks of treat-
ment. Although, average total 24-h activity counts in the chambers did
not differ as a function of diet or genotype in females or males (Fig. 3B
and 3C), the KD increased activity in Fmr1¥© female mice during both
the first (27%) and second (49%) halves of the light cycle (P < 0.01)
(Fig. 3D), and reduced activity in Fmr1*° male mice during the first
(27%) and second (24%) halves of the dark cycle (Fig. 3E). In addition,
there was a significant 38% increase in activity in Fmr1° mice com-
pared to WT during the first half of the light cycle (P < 0.04) in the
mice maintained on AIN-76A. We have repeatedly observed a 40%
increase in activity during this time quadrant in Fmr1*° mice compared
to WT maintained on Teklad2019 (unpublished results). Thus, there are
sex-specific differences in the Fmr1*© response to the KD for both AGS
and actigraphy. After 4 weeks KD treatment, male WT and Fmr1%° mice
on KD weighed significantly less than littermates on AIN-76A, female
Fmr1™ET and Fmr®© mice did not exhibit altered body weight, urine
ketones were elevated in Fmr1¥© females on KD, and urine glucose was
highly elevated in male and female Fmri®® on KD (Fig. 3F,
Supplementary Table 4, Supplementary Note 1). After 8 weeks treat-
ment, male WT and Fmr1%© mice exhibited significantly reduced body
weight, female Fmr1™E" did not exhibit altered body weight, and sur-
prisingly, Fmr1%© female mice exhibited increased body weight (10%)
on KD compared to AIN-76A (Fig. 3F). Individual weight data for each
mouse is graphed (Supplementary Figs. 5 and 6). Blood ketone levels
(fasting) were elevated in all cohorts in response to KD. Blood glucose
(fasting) was significantly reduced in Fmr1™:" females and Fmr1%°
males with trends for reduced glucose in all cohorts in response to KD
(Supplementary Table 4). Marble burying, habituation to the acti-
graphy chambers, and depression as assessed by the tail suspension
assay were not different in response to diet (Fig. 3G, 3H, 3I). In terms of

Table 1
Body weight in postnatal mice in response to KD.
Genotype Teklad2019 AIN-76A KD ap
Fmr1"ET Female ND 7.64 + 0.51 (n = 10) 7.15 + 0.25( = 9) 0.42
Fmr1%° Female 7.80 = 0.51 (n = 12) 8.38 * 0.46 (n = 20) 6.99 * 0.10 (n = 33) 0.004, "AIN vs KD
WT Male ND 8.63 * 0.43(n = 3) 6.29 + 0.20 (n = 12) 0.0002
Fmr1%° Male 7.75 * 0.41 (n = 15) 8.69 + 0.40 (n = 22) 7.13 = 0.17 (n = 32) 0.001, AIN vs KD

@ Statistical significance was determined by Student t-test to compare 2 diets and by one-way ANOVA followed by a Bonferroni's multiple comparison test to

compare 3 diets.
b Statistically significant difference.
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Fig. 2. The KD affects diurnal rest-activity rhythms in young adult WT and Fmr1KO mice (cohort 1). Juvenile WT and Fmr1KO littermate male mice were weaned
onto AIN-76A versus KD at P18 and maintained on their respective diets throughout testing. (A) Schematic of testing timeline. (B) Activity counts over 24 h in the
actigraphy chambers in WT/AIN-76A (n = 7; blue bars), WI/KD (n = 6; light blue bars), Fmr1KO/AIN-76A (n = 11; orange bars), and Fmr1KO/KD (n = 9; gold
bars) were averaged over 7 full days and plotted = SEM per treatment condition to assess total activity levels, which were decreased with KD treatment in both WT
(P = 0.021) and Fmr1KO (P = 0.004) by Student's t-test. (C) Activity counts during the first 2 h in the actigraphy chambers were summed, averaged and
plotted + SEM per treatment condition to assess habituation, which was not altered in response to diet. (D) Diurnal activity levels were assessed over 7 full days in
the actigraphy chambers and found to be reduced in WT and Fmr1KO mice during both halves of the dark cycle and the first half of the light cycle (P < 0.05). (E)
Marble burying was not significantly different in response to genotype or diet. (F) Tail suspension test (TST) metrics (frequency of immobility, latency time to the first
episode of immobility and total duration time of immobility) were not significantly different in response to genotype or diet. (G) Fear conditioned (FC) learning was
impaired in FmriKO/AIN-76A mice compared to WT/AIN-76A during training and in the context test by Student t-test. Learning was not significantly different in

response to KD by ANOVA.

Table 2
Body weight in adult mice in response to KD.
Metric Genotype AIN-76A KD % A 14
Body Weight at 3 mo WT 27.2 = 030 (n = 7) 121 = 1.7(m = 7) 56 1.7E-6
Fmr1%© 24.7 = 0.89 (n = 10) 158 = 1.8( = 9) 36 0.0003
Body Weight at 5 mo WT 329 + 0.78(m = 7) 174 + 1.6 (n = 6) 47 2.1E-6
Fmr1%© 28.2 = 0.59 (n = 10) 222 + 1.3(n = 8) 21 0.0004
adverse reactions, at the end of the study when the mice were culled, significant 29% decrease in activity counts with KD (P = 0.025)

two Fmr1¥° mice on KD exhibited abnormal intestinal pathology.

The KD alters diurnal activity levels in adult WT and Fmr1%° mice.
We conducted a crossover study to test behavioral and biochemical
measures in adult male WT and Fmr1%° littermate mice (6 months old;
the human equivalent of 34 years) in response to KD (Fig. 4A). Adult
mice were transferred from Teklad2019 to AIN-76A for 3 weeks and
then crossed over to KD. A neuroassessment battery was performed pre-
and post-crossover and showed no abnormalities except reduced body
weight and dirty coat (fur in contact with greasy feed) with KD
(Supplementary Table 5). Reduced body weight was statistically sig-
nificant for the WT mice after 2 weeks of treatment and for the Fmr1<°
mice after 1-week treatment (Fig. 4B). Specifically, WT mice lost 24%
body weight on KD (P = 0.01) and Fmr1%© lost 11% body weight with
KD (P < 0.01). Urine ketone levels were significantly higher in Fmr1%°
mice compared to WT at both 2 and 3 of weeks KD treatment
(Supplementary Table 6). Urine glucose levels were higher in Fmr1*°
mice after both 3 weeks of AIN-76A treatment and 3 weeks of KD
treatment (Supplementary Table 6).

Actigraphy was performed pre- and post-crossover to KD and de-
monstrated significantly increased activity in Fmr1%°® mice compared to
WT during the first half of the light cycle (41%) in the pre-crossover test
as well as significantly reduced activity in Fmr1*° mice post-KD in 3 of
4 binned timeframes (12am-6am, 6am-noon and 6pm-midnight)
(Fig. 4C). Passive avoidance and PTZ-induced seizures were also con-
ducted post-crossover and demonstrated no statistically significant
differences between WT and Fmr1¥° mice maintained on KD (Fig. 4D
and 4E).

The KD alters diurnal activity levels in aged Fmr1%° mice. Aged
Fmr1%© animals were tested in actigraphy, behavioral and biochemistry
assays in response to diet. Two experiments were performed,
Teklad2019 versus KD and AIN-76A versus KD, with female and male
Fmr1%© mice (Fig. 5A). Treatments commenced at 19-21 months of age
(human equivalent of 67 years). The pre-treatment neuroassessment
battery in the aged mice showed that 4 out of 26 of the females and 1
out of 28 of the male Fmr1¥° mice had cataracts and 2 mice had eyelid
closure at the start of the experiment (Supplementary Table 7). A
spontaneous seizure was observed in 1 mouse. Actigraphy was con-
ducted over 5 days (data averaged for 3 full days) and showed a sta-
tistically significant decrease in total activity in the males (43%,
P = 0.005) (Fig. 5B), decreased activity in females during the second
half of the dark cycle (43%, P = 0.008), and decreased activity in males
during both halves of the dark cycle (49-54%, P < 0.001) in response
to KD compared to Teklad2019 (Fig. 5C). Habituation data from the
first 2 h in the chambers were collected for the male mice and showed a

(Fig. 5D). For the AIN-76A versus KD experiment, KD significantly re-
duced total activity levels in female mice (29%, P = 0.04) (Fig. 5E), and
activity in females and males during the first half of the dark cycle
(29-43%, P < 0.03) (Fig. 5F). Females maintained on AIN-76A were
significantly more active than males (36%, P = 0.04) (Fig. 5E). Fmr1%°
mice treated with KD built poorer nests compared to Teklad2019
(Fig. 5G; Supplementary Table 8; Supplementary Fig. 7).

Urine ketone levels were elevated in response to KD in comparison
to both Teklad2019 and AIN-76A in males and females (Supplementary
Tables 9 and 10). Urine glucose levels were elevated in male Fmr1%° in
response to KD versus Teklad2019 and AIN-76A (Supplementary
Table 10). A limited number of aged Fmr1™t” female and WT male mice
fed Teklad2019 were tested for ketone and glucose levels, which ap-
peared equivalent to aged Fmri®® mice fed Teklad2019
(Supplementary Table 11). In terms of adverse effects in the female
Fmr1%© on KD, 1 mouse died 5 days after the start of treatment. Upon
completion of the study, one female Fmr1° mouse on KD had a hard
mass in the stomach, one had an enlarged pancreas and liver, and one
had a bad sore on the back of the neck. With the AIN-76A, one female
Fmr1%© had a huge mass in the abdomen. For the male Fmr1*° on KD,
one mouse had an ear wound that was bleeding, one had an enlarged
spleen and liver with hemolysis of the blood and shrunken blood ves-
sels, and one had a pale liver and small spleen at the time of tissue
collection.

Aged Fmr1%° mice do not exhibit AGS. A separate cohort of aged
Fmr1¥© mice (17-19 months old) were tested for susceptibility to AGS
and glucose levels. AGS are typically tested at P21 because C57BL/6J
exhibit age-related hearing loss. The mitochondrial deacetylase Sirt3
prevents age-related hearing loss under caloric restriction in C57BL/6J
(Someya et al., 2010), and Sirt3 is an FMRP binding target (Darnell
et al., 2011). There was no incidence of AGS in aged male (n = 8) or
female (n = 8) Fmr1X° mice, urine glucose levels were 2.2-fold higher
in males [76.88 + 10.66 (n 8)] than in females [35.67 *+ 6.90
(n = 5), P = 0.01]. Dermatitis was present in 63% of aged females and
13% of aged males.

Sleep deprivation increases rest during the light cycle in aged
Fmr1*© mice. Sleep deprivation was tested in a third cohort of aged
male Fmri*° mice. Pre-treatment neuroassessments were normal
(Supplementary Table 12). Mice were sleep deprived for 7 days by
exposure to constant darkness. Actigraphy under standard lighting
conditions resulted in a 34% reduction (P = 0.002) in activity in the
sleep-deprived cohort during the 2nd half of the light cycle (Fig. 5H),
which corresponds to improved rest when the mice are supposed to be
sleeping. Sleep deprivation did not alter overall activity levels (normal
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lighting 8,420 + 664 counts per 24 h; sleep deprived, 8,168 = 419
counts per 24 h). After completion of actigraphy testing, mice under-

transition testing and urine glucose measurements. Sleep deprivation
did not alter latency time to enter the dark side of a light/dark shuttle

went a second sleep deprivation treatment followed by light/dark box

A

Q Q

box or baseline urine glucose levels (Supplementary Table 13).

Weigh
Ketones
Glucose
e 0=
: f X Actigraphy
d ' $ Weigh
Ketones
Transfer to AIN-76A or KD as Adults Glucose
L ) |/\
I L4K4 I 1 1
0 2 3 4 5 Months Old
B C Total Activity: Males
Total Activity: Females 10000
15000 8
£ 5
e
3 S I
o £ 10000 I = T
S5 I © & 5000
o N —
- % g_
o 8 5000 ®
S 2
0 AIN KD AIN KD
AIN KD AN KD - o
Fmr1HET Fmr1Ko e
D Circadian Activity: Females E Circadian Activity: Males
16 14 =
> g 14 B % 12 4 g
S £ [ S E0
82w = & I
<5, I [ <% ®
Q (7]
mﬂ. * [CRPSN I
g g 6 1 — * gﬂ 3 —% I I
S 34 =L o c
<8: {ET <& LI pilll
o 12am-6am l 6am-12pm I 12pm-6pm | 6pm-12am o 12am-6am l 6am-12pm I 12pm-6pm I 6pm-12am
F Body Weight in Adult Mice in Response to KD
Metric Genotype AIN-76A KD P
Fmr1HET (females) 21.16+0.66 (n=5) 20.85+0.58 (n=5) 0.74
Body Weight Fmr1¥0 (females) 20.11+0.33 (n=4) 20.24+0.53 (n=3) 0.83
pre-treatment WT (males) 26.18+0.77 (n=6)  25.01+ 0.61 (n=4) 0.31
(grams) Fmr1%° (males) 25.96+0.86 (n=4)  26.27+0.61 (n=6)  0.77
Fmr1HET (females) 21.63+0.69 (n=5) 21.34+0.20 (n=2) 0.69
Body Weight Fmr1%° (females) 20.80+0.36 (n=4) 21.87+0.42 (n=3) 0.11
after 4 weeks WT (males) 27.37+0.72 (n=6) 22.21+0.80 (n=4) 0.002
treatment (grams) £, 140 (males) 26.80+ 0.98 (n=4) 23.50+0.79 (n=6) 0.03
Fmr1HET (females) 23.51+0.52 (n=5) 23.29+0.37 (n=4) 0.75
Body Weight Fmr1%° (females) 22.08+0.52 (n=4) 24.25+0.20 (n=3) 0.02
after 8 weeks WT (males) 30.94+0.87 (n=6) 21.62+ 1.53 (n=4) 0.0004
treatment (grams) Fp;r1K0 (males) 28.47+0.88 (n=4) _ 23.50+1.13 (n=6) _ 0.01

(caption on next page)



P.R. Westmark, et al. Neurochemistry International 134 (2020) 104687

Fig. 3. The KD affects diurnal rest-activity rhythms in young adult WT, Fmr1HET, and Fmr1KO mice (cohort 2). Adult littermate female and male mice were weaned
onto AIN-76A versus KD at 2-3 months of age and maintained on their respective diets throughout testing. (A) Schematic of testing timeline. (B) Activity counts over
24 h in the actigraphy chambers in female Fmr1HET/AIN-76A (n = 5; blue bars), Fmr1HET/KD (n = 5; light blue bars), Fmr1KO/AIN-76A (n = 4; orange bars) and
Fmr1KO/KD (n = 3; gold bars) were averaged over 7 full days and plotted = SEM per treatment condition to assess total activity levels in females, which were
unchanged in response to diet. (C) Activity counts over 24 h in the actigraphy chambers in male WT/AIN-76A (n = 6; blue bars), WI/KD (n = 4; light blue bars),
Fmr1KO/AIN-76A (n = 4; orange bars) and Fmr1KO/KD (n = 6; gold bars) were averaged over 7 full days and plotted + SEM per treatment condition to assess total
activity levels in males, which were unchanged in response to diet. (D) Diurnal activity levels were assessed over 7 full days in the actigraphy chambers and found to
be elevated in response to KD in female Fmr1KO mice during both halves of the light cycle by Student t-test, P<0.01. (E) Diurnal activity levels were assessed over 7
full days in the actigraphy chambers and found to be reduced in male Fmr1KO during both halves of the dark cycle, P < 0.03. In addition, there was a statistically
significant increase in activity during the first half of the light cycle comparing WT and Fmr1KO maintained on AIN-76A, P < 0.04. (F) Body weight was measured
after 4- and 8-weeks of KD treatment and was unchanged in Fmr1HET, elevated at 8 weeks in Fmr1KO fed KD, and reduced in WT and Fmr1KO males fed KD at both 4
and 8 weeks by Student t-test, P<0.03. (G) Marble burying was not significantly different in response to genotype or diet. (H) Activity counts during the first 2 h in
the actigraphy chambers were summed, averaged and plotted = SEM per treatment condition to assess habituation, which was not altered in response to diet in
females or males. (I) Tail suspension metrics (frequency of immobility, latency time to the first episode of immobility and total duration time of immobility) were not
significantly different in response to genotype or diet.
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Fig. 4. The KD affects diurnal rest-activity rhythms in adult WT and Fmr1KO mice. Adult mice were transferred from Teklad2019 to AIN-76A for 3 weeks and then
crossed over to KD. (A) Schematic for behavioral and biochemical testing in adult WT and FmriKO crossover study with KD. Mice (6 months old) that had been
maintained on Teklad2019 were weighed and transferred to the AIN-76A control diet for 2 weeks. After 2 weeks on AIN-76A (Day 1), mice underwent an abbreviated
neuroassessment battery and actigraphy for 5 days (Days 2-6) followed by an abbreviated neuroassessment and urine ketone and glucose measurements before
transfer to KD (Day 8). After 2 weeks on KD (Day 22), mice underwent an abbreviated neuroassessment and urine ketone and glucose measurements. Actigraphy was
conducted for 5 days (Days 23-27) followed by a neuroassessment battery and passive avoidance (Day 30), and ketone/glucose measurements and PTZ-induced
seizure testing (Day 32). (B) Body weight was measured weekly and found to be significantly reduced in both WT (n = 5; blue bars AIN-76A and light blue bars KD)
and Fmr1KO (n = 11; orange bars AIN-76A and gold bars KD) mice by 2 weeks of KD treatment by Student test, P<0.01. (C) Diurnal activity levels were quantitated
from the first full day in the actigraphy chambers pre- and post-crossover to KD and found to be reduced in response to KD in Fmr1KO mice (n = 5) compared to WT
(n = 3) during the first half of the light cycle and during both halves of the dark cycle, P<0.01. As each mouse was tested twice in the chambers (pre- and post-KD),
there could be a small habituation effect with the KD data. Fmr1KO mice maintained on AIN-76A during the pre-crossover testing were hyperactive during the first
half of the dark cycle compared to WT littermates, P = 0.04. (D) Passive avoidance was tested post-crossover and exhibited no differences between WT (n = 5; light
blue bars) and Fmr1KO (n = 11; gold bars) on KD. (E) Sensitivity to PTZ-induced seizures was tested post-crossover and exhibited no differences between WT (n = 5;
light blue bars) and Fmr1KO (n = 11; gold bars) on KD.
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4. Discussion

The KD is the new fad diet for weight loss and is purported to im-
prove a wide range of disorders including diabetes, Alzheimer's disease,
and ASD. Others have reviewed current nutritional approaches in
managing ASD, the fundamental metabolic processes that promote
brain health, and case studies testing the KD in autism (Boison et al.,
2017; Bostock et al., 2017; Cekici and Sanlier, 2017). In addition, three
new case studies successfully employed the KD in the treatment of
autism and thus increase the available evidence regarding the safety
and efficacy of this treatment for ASD (El-Rashidy et al., 2017; Lee
et al., 2018; Zarnowska et al., 2018). At the molecular level, the KD
enhances mitochondrial function and affects molecular targets related

to the symptoms and comorbidities of ASD (Cheng et al., 2017). The
effects of KD on mouse behavior have been studied in several autism
models including succinic semialdehyde dehydrogenase (SSADH) defi-
ciency (normalizes EEG activity), Rett syndrome (improves motor be-
havior and reduced anxiety), BTBR mice (decreases sociability in 3
chamber test, decreases self-directed repetitive behavior, and improves
social communication in a food preference assay), El mouse that models
progressive spontaneous epilepsy (improves sociability, decreases re-
petitive behaviors, has more pronounced effects in females), and val-
proic acid exposure model of autism (improves social behavior in mice)
(Cheng et al., 2017). BTBR mice maintained on KD from weaning for 14
days exhibit lower average body weight, lower average brain weight,
and an increased level of the ketone beta-hydroxybutyrate (Mychasiuk
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mitochondrial bioenergetics, neurotransmitter signaling, and hormonal
metabolism (Mychasiuk and Rho, 2017). Long-term KD contributes to
glycemic control but promotes lipid accumulation and hepatic steatosis

10



P.R. Westmark, et al. Neurochemistry International 134 (2020) 104687

Fig. 5. The KD affects diurnal rest-activity rhythms in aged Fmr1KO mice. Aged Fmr1KO female and male mice that had been maintained on Teklad2019 until 19-21
months of age were randomized onto Teklad2019 versus KD or onto AIN-76A versus KD. (A) Schematic of testing timeline. (B) Activity counts over 24 h in the
actigraphy chambers in female Fmr1KO/Teklad2019 (n = 3; orange bars), female FmriKO/KD, (n = 3; gold bars), male FmriKO/Teklad2019 (n = 5; orange bars),
and male Fmrl1KO/KD, (n = 7; gold bars) were averaged over 3 full days and plotted = SEM per treatment condition to assess total activity levels, which were
decreased with KD in male Fmr1KO by Student t-test, P = 0.005. (C) Diurnal activity levels were assessed over 3 full days in the actigraphy chambers and found to be
reduced in female Fmr1KO mice during the second half of the dark cycle and during both halves of the dark cycle in Fmr1KO male mice, P<0.002. (D) Activity counts
during the first 2 h in the actigraphy chambers were summed, averaged and plotted + SEM per treatment condition to assess habituation, which was decreased in
response to KD in male mice, P < 0.03. (E) Activity counts over 24 h in the actigraphy chambers in female Fmr1KO/AIN-76A (n = 8), female Fmr1KO/KD, (n = 8),
male Fmr1KO/AIN-76A (n = 7), and male Fmr1KO/KD, (n = 8) were averaged over 3 full days and plotted = SEM per treatment condition to assess total activity
levels, which were decreased with KD in female Fmr1KO. P = 0.04. (F) Diurnal activity levels were assessed over 3 full days in the actigraphy chambers and found to
be reduced in both female and male mice during the first half of the dark cycle in response to KD, P < 0.03. (G) Nest building was assessed overnight with cotton
nestlets, and aged Fmr1KO mice fed KD (n = 10) built poorer nests compared to aged Fmr1KO fed Teklad2019 (n = 8) by Student test, P = 0.05. (H) Diurnal activity
levels were assessed over 3 full days in the actigraphy chambers after + sleep deprivation (orange bars standard lighting, gray bars sleep deprivation) for 7 days.
Actigraphy under standard lighting conditions showed reduced activity in the sleep-deprived cohort during the second half of the light cycle, P < 0.003.

in type 2 diabetic mice (X. Zhang et al., 2016), and improves longevity In overnight polysomnography, FXS subjects exhibit a higher per-
and health span in adult mice (12-months old) (Roberts et al., 2018). centage of stage 1 non-REM sleep and a lower percentage of REM sleep
Thus, the KD has profound effects on metabolism, behavior and health compared to normal controls indicative of disrupted sleep micro-
span. structure (Miano et al., 2008). We hypothesize that actigraphy may be a
To our knowledge, no one has tested the KD in an FXS model. viable outcome measure that corresponds to altered sleep architecture,
Fmr1%© mice are a well-established mouse model for preclinical drug responds to pharmaceutical and dietary interventions, and translates
testing in FXS and are highly susceptible to AGS (Chen and Toth, 2001; between preclinical and clinical FXS studies. Saré and colleagues em-
Musumeci et al., 2000). We typically observe an 80% or greater re- ployed a home-cage monitoring system to assess sleep in the light and
duction in wild running, seizures and death outcomes in the AGS assay dark phases in Fmr1%© mice as a function of development (Sare et al.,
in Fmr1%© mice in response to acute treatment with inhibitors of me- 2017). They define sleep as 40 s of inactivity. They find that juvenile
tabotropic glutamate receptor 5 (mGluRs) (C. J. Westmark et al., 2011; Fmr1%° mice (P21) do not differ from WT controls and that reduced
P. R. Westmark et al., 2018). Herein, we demonstrate that the KD re- sleep, defined as decreased activity, in adult Fmr1¥© mice (P70 and
duces AGS selectively in male Fmr1%° mice as well as alters diurnal P180) occurs selectively during the light phase, which we also observed
activity profiles and body weight in WT and Fmr1%° mice in a sex, age in young adult (Fig. 3E) and adult (Fig. 4C) mice during the first half of
and genotype-specific manner. Regarding the attenuation of seizures, the light cycle. Thus, sleep disturbances may emerge during the later
we have tested several thousand mice in the AGS assay over the past stages of brain maturation.
decade in response to over two dozen pharmaceutical, dietary or ge- We did not observe KD-responsive effects in several other mouse
netic interventions. The KD (3-day chronic treatment) was as effective behavioral testing paradigms (marble burying, tail suspension, fear
as the mGluRs inhibitors MPEP (30 mg/kg) and AFQ-056 (3-10 mg/kg) conditioning). Marble burying assesses repetitive behavior in mice (A.
in attenuating seizure phenotypes in the AGS assay and more effective Thomas et al., 2009), and was not significantly altered. The tail sus-
than a lower dose of AFQ-056 (1 mg/kg) in male Fmr1*° mice (P. R. pension test is used to screen antidepressants, and if coupled with a
Westmark et al., 2018). AGS was not reduced in female Fmr1¥° mice. locomoter test, can differentiate locomotor stimulant doses from anti-
This is the first time we have observed a strong sex-specific response to depressant doses (Steru et al., 1985). The KD is a potential metabolic
an intervention using the AGS assay. There is contradictory evidence in therapy for mood disorders (Brietzke et al., 2018), and rats on a KD are
the literature regarding the role(s) of sex hormones in seizures. Sex- less likely to exhibit behavioral despair (depression) (Murphy et al.,
specific differences in response to the KD have not been reported in 2004). We found no significant effect of KD in WT or Fmr1*° mice.
humans with epilepsy; however, the KD compared to Japanese, Medi- There are contradictory reports in the literature regarding fear condi-
terranean, American and standard mouse chow had the largest effect on tioned learning in Fmr1%° mice with reports of no difference compared

mouse body composition, particularly for females (Wells et al., 2018). to WT (Dobkin et al., 2000; Huynh et al., 2015; Spencer et al., 2006; A.
These data suggest that the KD may differentially benefit males rather M. Thomas et al., 2011; Uutela et al., 2012; Van Dam et al., 2000) as

than females in the presence of FMRP deficiency. well as reports of decreased learning in the Fmr1¥© (de Diego-Otero
In addition to AGS, the KD differentially affected diurnal activity et al., 2009; R. M. Deacon et al., 2015; Mao et al., 2013; Martinez and
patterns in mice. Actigraphy is a sensitive, noninvasive, reliable bio- Tejada-Simon, 2018; Neuwirth et al., 2015; Nolan et al., 2017; Olmos-
marker to measure rest-activity cycles that conveniently records mouse Serrano et al., 2011; Paradee et al., 1999; Reinhard et al., 2019). We
activity levels continuously 24/7. We tested young adult, adult and found impaired learning during training and in context testing in
aged male Fmr1¥° mice by actigraphy, and in all cases total 24-h ac- Fmr1¥© compared to WT, but no significant changes in response to KD.
tivity counts and/or activity during the light or dark cycles were sig- Potential confounding issues with this experiment are altered baseline
nificantly reduced in response to KD. Of note, the KD significantly re- activity levels and pain threshold. Fmr1®® mice exhibited increased
duced total activity levels in young adult male Fmr1X° mice treated activity compared to WT, and both WT and Fmr1*° mice on the KD
from weaning but not in young adult mice with treatment commencing exhibited significantly decreased activity levels by actigraphy testing.
in adulthood. These data suggest that longer treatment or earlier in- Decreased freezing (immobility) in the fear conditioning chamber may
tervention is required to reduce overall hyperactivity in young adult be due to increased activity levels. Although the KD may reduce pain
mice. Nocturnal activity, as well as activity during the first half of the (Masino and Ruskin, 2013), there is likely not a KD-induced analgesic
light cycle, were significantly reduced in both WT and Fmr1¥° young effect here as all mice exhibited significantly decreased freezing in re-
adult male mice fed KD from weaning. Hyperactivity during nocturnal sponse to the shock (Supplementary Fig. 4). In contrast, nest building is
hours was similarly decreased in Fmr1¥© young adult male mice fed KD a paradigm for activities of daily living and well-being in mice (R.
commencing as adults. Caregivers report a 32-47% rate of sleep pro- Deacon, 2012; Jirkof, 2014), and was reduced in aged Fmr1%° mice in
blems in children with FXS with the most frequent problems of trouble response to KD.
falling asleep and frequent nighttime awakenings (Kronk et al, 2009, The choice of control diet for comparison to the KD can cause
2010). Since mice are nocturnal, increased activity during the begin- profound differences in results. Other laboratories use vivarium chow
ning of the light cycle corresponds to the trouble falling asleep period. as their control diet. We chose to test both a typical vivarium chow
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Teklad2019 and AIN-76A as control diets because the KD (Bio-Serv,
Flemington, NJ, USA) that was used is a high fat paste diet based on the
AIN-76A purified ingredient diet formulation, and because we have
previously reported reduced seizure phenotypes in Fmr1%° mice in re-
sponse to AIN-76A (C. J. Westmark et al., 2013). A recent publication
tested KD in comparison to a low-fat diet (LFD) in young adult male
C57BL/6 mice (Genzer et al., 2015). Their KD was based on stearin
(fatty acid composition: 0.1% C:12, 0.3% C:14, 14.9% C:16, 11.4%
C:18, 25.44% C:18-1, 41.42% C:18-2, and 4.7% C:18-3) and contained
67.4% w/w fat (90.5% of calories) and less than 1% carbohydrate
(Genzer et al., 2015). We commenced KD at 10-12 weeks of age and
maintained for 8 weeks. They commenced KD at 6 weeks of age and
maintained for 8 weeks (Genzer et al., 2015). We both fasted the mice
before blood collection on the last day. In both studies, the mice gained
weight throughout the experiment; however, we observed significantly
reduced weight gain in the KD cohort throughout the study whereas
they observed similar final body weights. At the end of the study, we
found decreased blood glucose with KD (142 mg/dL) compared to AIN-
76A (275 mg/dL) in WT males whereas they found increased blood
glucose with KD (150 mg/dL) compared to LFD (95 mg/dL) indicating
that the different results are most likely due to the varied control diets.
We both found that ketone levels were significantly increased 3-fold in
response to KD [0.88 mmol/L AIN-76A, 2.7 mmol/L Bio-Serv KD,
1.25 mmol/L LFD, and 3.5 mmol/L stearin-based KD]. They found that
KD leads to an overall increase in basal locomotor activity during the
dark and light cycles compared to LFD (Genzer et al., 2015). We also
tested locomotor activity 24/7 but found significantly reduced activity
during the dark cycle in Fmr1%° on KD versus AIN-76A and no sig-
nificant change in activity in WT male mice between the two diets.
Again, these opposite results are likely due to comparison with different
control diets as we both observed 6-7 average counts per minute in KD-
fed WT mice during the dark phase. However, their WT male mice on
LFD exhibited 3.5 average counts per minute during the dark phase
whereas our mice on AIN-76A had 8 average counts per minute. Thus,
LFD appears to reduce blood glucose and activity levels compared to
AIN-76A without increasing ketone levels. These results have important
implications regarding which biological effects of the KD result from
increased ketones as opposed to increased fat with decreased carbo-
hydrate consumption.

In addition, Genzer and colleagues found that KD increases insulin
levels 1.5-fold, causes a 40% downregulation of the phosphorylated
protein 70 S6 kinase (pP70S6K)/protein 70 S6 kinase (P70SK6) ratio in
the brain, delays the rhythms of clock genes, and downregulates the
amplitudes of clock genes (Genzer et al., 2015). These findings are of
interest because Fmr1° mice and FXS patients exhibit reduced circu-
lating glucose and insulin (Leboucher et al., 2019), Ribosomal S6 kinase
1 (S6K1) inhibitors are under study to normalize translational home-
ostasis in FXS (Bhattacharya et al., 2016), and fragile-X related proteins
regulate circadian behavioral rhythms (J. Zhang et al., 2008). Indirect
calorimetry studies in Fmr1%° mice indicate that FMRP deficiency shifts
metabolism toward enhanced utilization of lipids as energy substrates
(Leboucher et al., 2019). Fasted Fmr1*° mice exhibit reduced trigly-
cerides, total cholesterol, carnitine, leptin and insulin, and increased
free fatty acid and ketone bodies, specifically acetone and acetoacetate
(Leboucher et al., 2019). These variations in metabolic markers in the
absence of FMRP underscore the need to study metabolism and dietary
effects in FXS models especially since drugs that target insulin signaling
such as metformin are prescribed off-label for FXS.

The KD induces a unique metabolic state in C57BL/6J mice asso-
ciated with increased expression of fatty acid oxidation genes and a
reduction in lipid synthesis genes (Kennedy et al., 2007). Of interest,
Tabet and colleagues recently demonstrated that FMRP binds to and
regulates the expression of diacylglycerol kinase kappa (DGKk), which
is a key enzyme that modulates the switch between diacylglycerol
(DAG) and phosphatidic acid (PA) signaling pathways. The knockdown
of DGKk in a WT mouse phenocopied the major symptoms in Fmr1%°
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mice while overexpression of DGKk rescued phenotypes (Tabet et al.,
2016a; Tabet et al., 2016b). The KD increases hepatic DAG content
more than 3-fold in male C57BL/6J mice (Jornayvaz et al., 2010). The
effects of the KD on gene, protein and metabolite expression in Fmr1*°
remain to be determined.

Patients and family members are desperate for cures and sympto-
matic relief for many currently untreatable conditions including FXS.
The accumulating evidence showing the success of the KD in autism
may prompt patients to try this dietary intervention. KD plans are
available on the internet and can be commenced without doctor su-
pervision or laboratory monitoring. It is important to note that there
can be adverse side effects associated with continuous maintenance on
the KD. Children receiving the KD long-term are at higher risk for
growth retardation, gastrointestinal symptoms, carnitine deficiency,
kidney stones, hypercholesterolemia, hypertriglyceridemia, cardiac
abnormalities due to selenium deficiency, Fanconi renal tubular
acidosis, pancreatitis, bone fractures, and micronutrient deficiencies
(Kossoff et al., 2009; Kwiterovich et al., 2003). It is unknown if the
positive effects associated with the KD in humans can be maintained
after discontinuation of the diet. In rats, after one-week cessation of the
KD, social activity deficits returned to control levels (Kasprowska-
Liskiewicz et al., 2017). Drugs such as minocycline and metformin are
prescribed off label for FXS. A prescription is not required for a dietary
intervention such as the KD. Thus, it is imperative to understand the
biological effects of the KD and provide appropriate advice and warn-
ings. Since carbohydrates and protein are restricted, meals need to be
carefully prepared to guarantee adequate nutrition and to avoid nega-
tive side effects. An important feature of the KD is that ingestion of even
a small amount of carbohydrate by patients who have achieved seizure
control on the diet can rapidly reduce the diet's effectiveness and result
in seizure recurrence. Thus, medical supervision is necessary. With
these caveats, the KD could offer fewer chronic negative side effects
than medications given that this diet has been used for over 90 years
and serious or systematic negative consequences would likely have
surfaced by now. Chronic KD treatment may not be a feasible treatment
option for FXS, particularly for older children and adults, as patients
already have gastrointestinal issues and the diet is difficult to maintain.
However, if early short-term intervention with KD was proven bene-
ficial in FXS, it would be possible to administer KD to infants as a baby
formula or to toddlers. Early postnatal exposure to KD significantly
alters neonatal brain structure and retards growth (Sussman et al.,
2013); thus, more research is required.

In summary, there is a growing body of knowledge from both rodent
and human studies demonstrating the rescue of ASD phenotypes in
response to the KD. We present the first evidence that the KD rescues
FXS phenotypes in a mouse model of the disorder. We also demonstrate
sex-specific effects. The KD is a very restrictive diet that is difficult to
maintain long-term; thus, elucidation of the mechanism underlying the
success of the diet may identify pharmaceutical interventions that
mimic the KD and may be beneficial in FXS.
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