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Abstract

Prenatal factors influence autism spectrum disorder (ASD) incidence in children and can

increase ASD symptoms in offspring of animal models. These may include maternal

immune activation (MIA) due to viral or bacterial infection during the first trimesters. Unfortu-

nately, regardless of ASD etiology, existing drugs are poorly effective against core symp-

toms. For nearly a century a ketogenic diet (KD) has been used to treat seizures, and recent

insights into mechanisms of ASD and a growing recognition that immune/inflammatory con-

ditions exacerbate ASD risk has increased interest in KD as a treatment for ASD. Here we

studied the effects of KD on core ASD symptoms in offspring exposed to MIA. To produce

MIA, pregnant C57Bl/6 mice were injected with the viral mimic polyinosinic-polycytidylic

acid; after weaning offspring were fed KD or control diet for three weeks. Consistent with an

ASD phenotype of a higher incidence in males, control diet-fed MIA male offspring were not

social and exhibited high levels of repetitive self-directed behaviors; female offspring were

unaffected. However, KD feeding partially or completely reversed all MIA-induced behav-

ioral abnormalities in males; it had no effect on behavior in females. KD-induced metabolic

changes of reduced blood glucose and elevated blood ketones were quantified in offspring

of both sexes. Prior work from our laboratory and others demonstrate KDs improve relevant

behaviors in several ASD models, and here we demonstrate clear benefits of KD in the

MIA model of ASD. Together these studies suggest a broad utility for metabolic therapy in

improving core ASD symptoms, and support further research to develop and apply keto-

genic and/or metabolic strategies in patients with ASD.

Introduction

Autism spectrum disorder (ASD) is defined by poor sociability and communication alongside

increased repetitive behaviors or limited behavioral repertoires. Although ASD is defined by

specific behavioral criteria, there is a multitude of genetic and/or environmental contributors,

and most often the etiology is unknown and is likely heterogenous [1]. This inherent complex-

ity and mystery surrounding ASD contributes to and compounds the lack of effective treat-

ments for core behavioral symptoms. Current knowledge suggests environmental factors are
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malleable and sometimes preventable contributors to ASD incidence. Understanding these

factors can aid in addressing ASD prevalence and improving treatment opportunities.

Environmental factors which may be related to increased ASD incidence are diverse, com-

monplace, and some are unavoidable. Some are endogenous factors in the in utero environ-

ment–particularly those associated with inflammation. One common acute inflammatory

event is maternal immune activation (MIA) during the first two trimesters–a physiological

response to infection that increases the risk of persistent autistic behaviors in the offspring [2].

An epidemiological study of over 10,000 ASD cases found that a viral infection in the mother

during the first trimester, and any infection (viral or bacterial) during the second trimester,

was associated with an increased incidence of an ASD diagnosis in the child [3]. Similar find-

ings have been reported in more recent studies [4–6]. MIA-induced inflammation triggers an

increase of proinflammatory factors including interleukins and activates immune cells in the

decidua, bathing the fetus in proinflammatory compounds and antibodies and increasing the

likelihood of the child developing ASD [7]. MIA–induced ASD symptoms have been validated

in multiple animal models: rodent MIA models have been developed using synthetic agents

that induce an immune response such as the RNA mimic polyinosinic-polycytidylic acid (poly

(I:C), evoking an antiviral-type response) and the bacterial cell wall component lipopolysac-

charide (evoking an antibacterial-type response) offspring demonstrate the core symptoms of

autism [8, 9].

The ability for immune/inflammatory conditions to influence ASD incidence has elicited

research into commensurate strategies to prevent or treat ASD. Related to this, low-carbohy-

drate, high-fat ketogenic diets (KDs) have been used for many decades to treat epilepsy,

including epilepsy co-morbid with ASD [10, 11] and there is evidence that they lower inflam-

mation (for instance [12, 13]). Low dietary carbohydrate and limited protein forces nervous

tissue to rely on ketone bodies (acetoacetate, β-hydroxybutyrate, acetone) produced in the

liver for energy. A KD can be effective even in drug-resistant epilepsy [14], with laboratory

and clinical evidence for antiepileptogenesis (e.g. [15, 16]). Studies of chronic and neurodegen-

erative conditions in animal models strongly suggest neuroprotective and disease-modifying

effects of KDs (for example [16, 17]).

Recently there has been growing evidence for the benefits of KDs against core ASD symp-

toms as well as the common ASD comorbidity of epileptic seizures [18]. This includes case

studies in children describing improvements in core symptoms (as well as seizures) [19, 20]

and small pilot studies reporting varied responses including improvements during KD use

[21–23]. More recently, studies have shown that KD treatment improves sociability and

reduces self-directed repetitive behavior in animal models of ASD such as the BTBR T+ tf/J

mouse strain [24], the EL mouse strain [25] and mice with genetic inactivation of the Engrailed
2 gene [26]. Specifically for environmentally-induced ASD, KD feeding improves sociability

and repetitive behavior in the gestational valproic acid model in rats [27, 28]. Here, we admin-

istered prenatal poly(I:C) injections in mice to investigate the effects of maternal inflammation

and subsequent KD treatment on ASD-associated behaviors in male and female offspring.

Materials & methods

Animals

All procedures were performed in accordance with the NIH Guide for the Care and Use of

Laboratory Animals, and approved by the Institutional Animal Care and Use Committee of

Trinity College (A3869–01). Young adult female C57Bl/6 mice (original breeders from Jackson

Laboratories, Bar Harbor, ME) were determined to be proven breeders after having one or two

litters. Proven breeders were housed socially with same-sex cage mates. Estrous cycle was
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monitored daily by visual inspection of the external genitalia [29]. When a breeder was deter-

mined to be in proestrus or estrus, she was housed overnight with an adult male C57Bl/6

mouse. The following morning, the female mouse was checked for the presence of a vaginal

plug, which marked embryonic day 0.5 (E0.5). Pregnant females were housed socially and not

disturbed except for cage cleaning.

On days E10.5, E12.5, and E14.5, dams were weighed and injected intraperitoneally with 5

mg/kg poly(I:C) (potassium salt; P9582; Sigma, St. Louis, MO). Poly(I:C) was supplied by the

manufacturer at 10% of the total weight of the salt; dosage was based on the weight of poly(I:

C) itself. Control dams were not injected to minimize prenatal/gestational stress. Pups from

each litter remained with the mother until postnatal day 21 or 22, when they were weaned and

housed socially with same-sex littermates. Between weaning and 5 weeks of age, all offspring

were fed control diet (CD; LabDiet 5001, W.F. Fisher & Son, Somerville, NJ). At 5 weeks of

age, poly(I:C) littermates were allocated into control and treatment groups and kept on either

CD or switched to KD (F3666; BioServ, Frenchtown, NJ; 6.6:1 fats:(carbohydrates+protein)),

respectively. Fat consisted of lard, butter, and corn oil (47.5%, 20.0%, and 11.4% of total

weight, respectively). Types of fatty acids were saturated (42.6% of fatty acids by weight),

monounsaturated (40.4%), and polyunsaturated (17.1%). Protein was casein. All control group

mice were kept on CD, and testing occurred at 8–9 weeks of age (3–4 weeks of KD treatment).

This age and length of diet treatment is based on our prior work which found beneficial effects

in other ASD models, and the consistent development of ketosis and moderate hypoglycemia

in mice with these parameters [24, 25]. A KD group from control dams was not included as we

have previously found that KD feeding does not significantly affect sociability or grooming in

naïve C57Bl/6 mice [24]. Though it has been proposed that KD treatment in ASD should be

combined with caloric restriction [30], all reports so far have used ad libitum feeding [19–28];

all diets herein were fed ad libitum. At the completion of all testing, mice were euthanized by

isoflurane overdose.

Sociability and communication

Sociability with conspecifics was tested using the three-chamber sociability test, and passive

social communication was tested by social transmission of a food preference [31]. In the three-

chamber sociability test a Plexiglas box divided into three equal chambers was used; a 6 x 6 cm

door in each internal wall allowed for free movement between the chambers. Small cylindrical

wire cages (diameter 10.4 cm, height 11 cm, bar intervals 1 cm) were placed in both side cham-

bers. Test subject mice were first habituated to the testing room for 30 minutes and then habit-

uated to the central chamber for 10 minutes with the doors closed. Testing occurred in three

10 minute phases in which the test mouse was allowed to roam freely between chambers.

The test mouse was placed in the central chamber and the doors were lifted at the start of the

phase. In the first phase, both wire cages were empty, allowing for a test of side bias. In phase

two, a sex and diet-matched "stranger" mouse (C57Bl/6) was placed in the wire cage of one

side chamber, allowing for a test of sociability. In the third phase a novel "stranger" mouse was

placed in the other wire cage to allow for a test of preference for social novelty. Stranger mouse

placement was counterbalanced and stranger mice were fed on the respective experimental

diet for several days before testing to eliminate a possible confound of diet-related olfactory

cues. All activity was video-recorded for later scoring. Sociability in this test was quantified for

1) time spent in each chamber and 2) social contact time (nose/face/forepaw contact with the

cages and/or the stranger mice).

After blood testing of all groups (see below), passive social communication was assessed by

social transmission of a food preference [32]. Mice were habituated to eating KD or powdered
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CD, as appropriate, from glass jars (Dyets, Inc., Bethlehem, PA). Flavors were cocoa (2%) or

cinnamon (1%), with each serving as the trained flavor in half the trials; flavor placement in

the cages was also counterbalanced. All jars were weighed before and after presentation. An

isolated demonstrator mouse was fasted for 18 h, and presented with one jar of powdered fla-

vored food (‘‘trained” flavor) until it had eaten at least 0.5 g. The demonstrator was returned to

the home cage for 30 min to interact with cage-mate observer mice (training). Observer mice

were fasted for 18 h, and then presented simultaneously with both the ‘‘trained” flavor (eaten

by the demonstrator) and an ‘‘untrained” flavor (novel flavored food) for 2 h. In training and

testing, all flavored diets were powdered CD. This maintains a consistent flavored diet scent

during the training and the test. Use of the CD during training and testing is warranted even

in KD-fed mice because during training, when associative learning of the food preference

occurs (or not), the demonstrator mice have eaten the flavor but the observer mice (who are

detecting the flavor) are not eating any food.

Repetitive behavior

To measure self-directed repetitive behavior, self-grooming was quantified in two separate

testing conditions: during the three-chamber sociability test apparatus described above, and

during a separate 10 minute single chamber test. In this latter test, the mouse was habituated

to the room for 30 minutes and then habituated to an experimental polypropylene cage (19 x

29 x 12.5 cm) for 10 minutes. Mouse behavior was video recorded and quantified in a 10 min-

ute phase following habituation.

Blood analysis

One day after the single chamber grooming test, levels of blood glucose and the ketone body β-

hydroxybutyrate were measured. Mice were lightly anesthetized with isoflurane for collection

of tail blood, which was analyzed with Precision Xtra meters (Abbott Laboratories, Bedford,

MA).

Data analysis

As noted, social and grooming behavior videos were scored by two verified and independent

researchers: in all cases at least one was blind to treatment. Sociability preference in the three-

chamber sociability test was defined as the ratio of time spent in the "social" chamber (with a

mouse) to the total time spent in side chambers. Data from each group for each measure were

analyzed with Grubb’s test for outliers, which were eliminated from that particular test, such

that n’s may differ across tests; no mice were outliers for blood glucose or β-hydroxybutyrate.

Statistical analysis was conducted using ANOVA (on ranked data when non-parametric) with

Bonferroni post-hoc tests. Data are reported as mean +/- standard error; p<0.05 was consid-

ered significant. Data are available in S1 File.

Results

Physiology

CD-fed MIA offspring did not differ from control offspring in their blood levels of glucose and

ketones. As expected, KD-fed MIA offspring had the hallmark blood chemistry changes associ-

ated with this metabolic treatment, i.e. ketonemia (measured by increased β-hydroxybutyrate)

and lowered glucose (Fig 1; ketones F = 34.6, p<0.001; glucose F = 10.4, p<0.001). There were

no sex differences in levels of blood glucose or ketones. CD-fed mice gained weight during

diet treatment; KD-fed mice did not change significantly (Fig 1).

Ketogenic diet and maternal immune activation-induced autism
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Sociability

Regarding specific behavioral tests, analysis of chamber times in the three chamber sociability

test revealed that CD-fed male MIA offspring were significantly asocial: in phase 2 of the test

(when a mouse is present) they demonstrated no preference for the side containing the mouse

(Fig 2). In contrast, KD-fed male MIA offspring were significantly social, as were control mice.

With KD treatment the lack of sociability reversed completely–KD-fed male MIA offspring

were not different than control male mice (treatment F = 2.6, p = 0.09; phase F = 15.4, p<0.001;

interaction F = 4.5, p<0.01;). In the phase 3 test of social novelty (when a new mouse is intro-

duced), treatment groups did not differ and all showed a significant preference for social novelty

(Fig 2). Neither MIA nor KD treatment affected chamber time in female mice, which displayed

normal and significantly social behavior (Fig 2; treatment F = 0.2, n.s.; phase F = 9.9, p<0.001;

interaction F = 0.2, n.s.).

Sociability was assessed further by quantifying social contact time in phases of the three

chamber sociability test with mice present (phases 2 and 3). Although MIA did not reduce

social contact significantly in either sex (a trend in males did not reach significance), KD treat-

ment increased social contact in both female and male MIA offspring to levels significantly

above control mice, an effect not seen previously (Fig 2). There were no differences between

phases 2 and 3 (Males: treatment F = 10.4, p<0.001; phase F = 0.2, n.s.; interaction F = 0.9, n.s.

Females: treatment, F = 49.3, p<0.001; phase F = 3.3, n.s.; interaction F = 2.0, n.s.).

We also assessed sociability with a test of passive social communication, the social transmis-

sion of food preference test. However, all treatment groups performed normally and preferred

the trained flavor: males and females were not different, MIA offspring were not impaired, and

this behavior was not modified by KD feeding (Fig 3; H = 1.1, not significant).

Fig 1. Hallmarks of KD therapy confirmed in MIA mice. Left: Blood β-hydroxybutyrate was elevated by KD feeding. Middle: Blood glucose was reduced

by KD feeding. ***p<0.001 compared to CD-fed control offspring; n = 20–23. There were no sex differences in either measure (in initial analysis, sex-by-

treatment interaction: F = 1.7, p = 0.19 for ketones; F = 1.8, p = 0.18 for glucose); male and female data are combined. Right: CD-fed female mice gained

significant weight during diet treatment; KD-fed mice did not. §§§p<0.001 compared to baseline; n = 11–12. Available data from male mice showed a similar

pattern (S1 File).

doi:10.1371/journal.pone.0171643.g001
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Fig 2. KD effects on social behavior in male and female MIA offspring. Top panels: male mice. Top left: Chamber time in

the three-chamber test. CD-fed MIA offspring were not social in phase 2. This effect was reversed by KD feeding. Control

offspring were social, as expected. Mice in all treatment groups showed significant preference for social novelty in phase 3.

Top right: Social contact in the three-chamber test. Social contact time was decreased in male MIA offspring, and elevated by

KD feeding to levels above control offspring. §p<0.05, §§p<0.01, §§§p<0.001 compared to phase 1 within the same treatment

group. *p<0.05 compared to control mice. ###p<0.001 compared to CD-fed MIA offspring; n = 8–12. Bottom panels: female

Ketogenic diet and maternal immune activation-induced autism
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Repetitive behavior

CD-fed male MIA offspring had increased self-directed repetitive behavior as measured by

grooming. The increased grooming was present in the three chamber sociability test in both

non-social (phase 1) and social (phase 2) situations compared to control mice (Fig 4). This ele-

vation was reversed completely by KD feeding such that MIA offspring were no longer differ-

ent from control offspring (treatment F = 48.5, p<0.001; phase F = 62.0, p<0.001; interaction

F = 11.5, p<0.01). CD-fed MIA offspring also had increased self-grooming in the single cham-

ber (non-social) test compared to control offspring (Fig 4); this effect was reversed partially by

KD feeding (F = 22.6, p<0.001). MIA did not elevate grooming in female MIA offspring in

either the three-chamber or single chamber tests (in fact grooming decreased in the social situ-

ation), although KD feeding reduced grooming in female MIA offspring in the three-chamber

test (Fig 4; three-chamber test: treatment F = 6.0, p<0.006; phase F = 32.2; interaction F = 2.5,

n.s.; single-chamber test: F = 0.8, n.s.).

Discussion

The MIA mouse model recapitulates the clinical condition whereby ASD incidence is

increased by a maternal bacterial or viral infection during pregnancy [3–6]. Furthermore,

ASD-associated changes in behavior were selective to male offspring, echoing the high male

mice. Bottom left: Sociability expressed as time in chamber with a mouse was not impaired by MIA treatment and not affected

by KD feeding. §§§p<0.001 overall phase 2 compared to phase 1; n = 10–12. Bottom right: Sociability expressed as social

contact was not impaired by MIA treatment; however KD-feeding elevated social contact. ***p<0.001 overall compared to

CD-fed control and MIA offspring; n = 11 all groups.

doi:10.1371/journal.pone.0171643.g002

Fig 3. Social transmission of food preference. There was no MIA-induced impairment in this task: all

treatment groups learned the social transmission of a safe food flavor; n = 11–13. There were no sex

differences in this behavior (in initial analysis, sex-by-treatment interaction: F = 0.8, p = 0.45).

doi:10.1371/journal.pone.0171643.g003

Ketogenic diet and maternal immune activation-induced autism
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Fig 4. Effects of KD on self-directed repetitive grooming behavior. Top panels: male mice. Top left: Self-

directed grooming behavior in the three-chamber test. Grooming was elevated by MIA treatment, and this

effect was reversed completely by KD feeding. Post hoc tests were restricted to within-phase comparisons;

n = 8–10. Top right: Self-directed behavior in the single chamber test. Grooming was elevated by MIA

Ketogenic diet and maternal immune activation-induced autism
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prevalence (4:1 male-to-female) in humans [33]. Here we show that metabolic therapy with a

KD improves and can even reverse ASD-like behaviors in the MIA mouse model.

ASD is associated with poor sociability and communication alongside restricted or repeti-

tive behaviors, and these domains were tested in male and female MIA offspring. Previously,

ASD-like behavioral effects were found in male MIA offspring, and here we also found socia-

bility deficits specific to males [34]. However, three to four weeks of feeding a KD reduced

MIA-induced social abnormalities assessed by the classic three-chamber test of sociability: KD

treatment normalized sociability as assessed by time spent in a side chamber containing a

mouse. In both male and female MIA offspring a KD increased time spent in direct social con-

tact with another mouse during the three-chamber test; in females this increase resulted in

higher social contact time than control animals [34]. Studies using rodent ASD models with

diverse etiologies [strain (mouse: BTBR and EL), genetic (mouse: Engrailed 2 knockout), gesta-

tional exposure (rat: valproic acid)] have also shown elevated sociability after KD feeding in

three-chamber tests [24–26, 28]. In addition, a KD normalizes play behavior in juvenile rats in

the gestational valproic acid model [27]. Regarding another test of sociability, the social trans-

mission of food preference, we found no deficits in the MIA model. Sociability expressed in

this test seems to vary greatly between ASD models [24, 25, 28].

KD treatment also reduced MIA-elevated self-directed repetitive behavior. In the three

chamber test, elevated self-grooming was found in social and non-social phases in males and

solely in the social phase in females. Elevated grooming was also found in the non-social single

chamber test in males but not in females. In all cases repetitive self-grooming was reduced by

KD treatment. In the BTBR mouse model we previously found elevated grooming was limited

to social phases, and, similarly, was decreased and normalized by KD treatment [24]. In the EL

mouse model of comorbid seizures and ASD-like behavior, self-grooming was elevated only in

the non-social phase, yet this was also normalized by KD treatment [25]. Therefore in these

previous studies the KD appeared to revert repetitive behavior to control levels in situations

where they were elevated significantly. Reports with other models have shown similar results:

in the Engrailed 2 genetic model a KD lowered grooming in a social phase, but not a non-social

phase [26]. In the gestational valproic acid model, grooming was measured in unspecified

phase(s) and was reduced by KD treatment [28]. Another type of repetitive behavior, marble

burying, was increased by valproic acid and normalized by KD feeding [28]. Therefore, the

presence of augmented repetitive behaviors seems to depend on social condition and ASD

model. However increased self-grooming is common in these models and KD is beneficial in

reversing increased repetitive behaviors.

As noted, the relevance of the mouse MIA model is due to its clinically-common etiology

and sex-specificity: an increased incidence of ASD is seen after a maternal infection during the

first two trimesters, and the ratio of boys vs. girls diagnosed with ASD is approximately 4:1

[33]. We replicated reliable ASD behaviors in the MIA mouse model, and, like others, found

that only male MIA offspring exhibit reduced sociability and consistently increased self-

directed repetitive behaviors [34]. Preferential effects on males also occur with other classes of

prenatal stressors [35]. The mechanism behind these sex-related differences remains uncer-

tain, although the phenomenon is sufficiently widespread to also occur in birds [36]. In female

MIA offspring sociability was normal and therefore there were no deficits for the dietary

treatment, and this effect was partially reversed by KD feeding. **p<0.01, ***p<0.001 compared to CD-fed

control offspring. ##p<0.01 compared to CD-fed MIA mice; n = 8–10. Bottom panels: female mice. Bottom left:

Grooming in the three-chamber test was not elevated by MIA treatment in females; it was, however, lowered by

KD feeding; n = 11–12. Bottom right: Grooming in the one-chamber test was not affected by MIA or KD in

females. *p<0.05, ***p<0.001 compared to CD-fed control mice.

doi:10.1371/journal.pone.0171643.g004
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treatment to reverse. However, the same KD used in this study augmented sociability and alle-

viated self-directed repetitive behavior significantly in females of the EL mouse strain, a model

of comorbid ASD and epilepsy [25] (KD treatment is also antiepileptogenic against the pro-

gressive seizure phenotype in this strain [37]). Therefore, the KD can exert positive effects on

ASD-like behaviors in both sexes in animal models, and the interaction between sex and the

behavioral effects of KDs might depend on ASD etiology. KD feeding has also been noted to

improve core symptoms in girls with ASD, although the total number of reported female

patients was quite small [20–22]. KD feeding also improves behavior in X chromosome-linked

Rett syndrome, which may be closely related to some forms of ASD [38, 39].

Metabolic benefits of the KD regarding ASD are not solely due to increased fat. Indeed, in

contrast to results obtained here with a KD, a high-fat, sufficient-carbohydrate (i.e. non-keto-

genic) diet worsens ASD core behaviors in the BTBR strain [40]. Thus it is likely that the effects

observed here with KD feeding are due to hallmark metabolic changes such as significant keto-

sis and mildly lowered systemic glucose precipitated by very high fat and restricted carbohy-

drate content. There are also likely a combination of short term and evolving effects of the diet.

Previously we have shown that some behavioral effects required at least one week to evolve,

whereas hallmark metabolic changes in blood chemistry were present within two days [41].

At this time the mechanism(s) whereby metabolic therapy with a KD translates to reduced

core ASD symptoms remain hypothetical; there are many possibilities, and beneficial effects of

the KD are diverse. Key mechanisms may include improved mitochondrial function [42],

reduced inflammation [43], or increased adenosine [44–46]. In various in vitro and in vivo

models, we have shown that a KD increases brain adenosine levels and signaling [16, 47–49];

we have also shown an inverse relationship between adenosine and symptoms of ASD [45].

While the relationship between adenosine and ASD has not been tested directly, abnormalities

in purine metabolism are common in ASD [50–53], and a purinergic treatment has been

shown to be effective in alleviating symptoms [54, 55]. In the gestational valproic acid model,

KD treatment normalized dysfunctions in mitochondrial respiration [27]; mitochondrial dys-

function is common is ASD [56–58]. In the BTBR strain model, KD treatment normalized

abnormal cerebrocortical excitation/inhibition [59], a clinically-relevant aspect of ASD [60].

KD treatment enhanced social novelty-induced neuronal activation in several brain areas of

Engrailed 2 knockout mice–but did not normalize levels of monoamine neurotransmitters

[26]. More research is needed to link metabolic therapy mechanistically to symptoms of ASD.

Because of its long and successful clinical history as a metabolic therapy for epilepsy, much

more work has been done on anticonvulsant mechanisms of KDs. At this time it remains

unclear if anticonvulsant and anti-ASD mechanisms are identical, separate, or mixed, but ASD

and epilepsy are similarly diverse and complicated: in both disorders the specific etiology likely

determines key treatment mechanisms. For this reason it is possible that a broad-acting,

homeostatic treatment–such as a metabolic therapy that engages multiple mechanisms–may

be a particularly beneficial approach. Regardless of mechanism(s), KD improves behavior in

several types of ASD models. The present study demonstrates benefits of a KD in reducing

core ASD symptoms subsequent to MIA, a model with high clinical relevance. Taken together,

emerging findings suggest a wide-ranging utility for metabolic therapies in improving core

ASD symptoms and support further research into mechanisms and applications of these thera-

pies for ASD patients.

Supporting information

S1 File. Data from the study. Different measures are presented on different sheets; treatments

and sex are indicated for all individual subjects. Outliers have been removed, and are marked
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19. Arvio M, Kuisma L, Pöntinen M. [The modified Atkins diet brought back the joy of life to a developmen-

tally severely disabled youth.] Duodecim. 2010; 126:557–60. PMID: 20597309

20. Herbert MR, Buckley JA. Autism and dietary therapy: case report and review of the literature. J Child

Neurol. 2013; 28:975–82. doi: 10.1177/0883073813488668 PMID: 23666039

21. Evangeliou A, Vlachonikolis I, Mihailidou H, Spilioti M, Skarpalezou A, Makaronas N, et al. Application

of a ketogenic diet in children with autistic behavior: pilot study. J Child Neurol. 2003; 18:113–8. PMID:

12693778

22. Masino SA, Svedova J, Kawamura M Jr., DiMario FD Jr., et al. Adenosine and Autism—Recent

Research and a New Perspective. In: Eapen V, editor. Autism—A Neurodevelopmental Journey from

Genes to Behaviour. Rijeka, Croatia: InTech; 2011. p. 103–22.

23. Spilioti M, Evangeliou AE, Tramma D, Theodoridou Z, Metaxas S, Michailidi E, et al. Evidence for treat-

able inborn errors of metabolism in a cohort of 187 Greek patients with autism spectrum disorder

(ASD). Front Hum Neurosci. 2013; 7:858. doi: 10.3389/fnhum.2013.00858 PMID: 24399946

24. Ruskin DN, Svedova J, Cote JL, Sandau U, Rho JM, Kawamura M Jr, et al. Ketogenic diet improves

core symptoms of autism in BTBR mice. PLOS ONE. 2013; 8:e65021. doi: 10.1371/journal.pone.

0065021 PMID: 23755170

25. Ruskin DN, Fortin JA, Bisnauth S, Masino SA. Ketogenic diets improve behaviors associated with

autism spectrum disorder in a sex-specific manner in the EL mouse. Physiol Behav. 2017; 168:138–45.

doi: 10.1016/j.physbeh.2016.10.023 PMID: 27836684

26. Verpeut JL, DiCicco-Bloom E, Bello NT. Ketogenic diet exposure during the juvenile period increases

social behaviors and forebrain neural activation in adult Engrailed 2 null mice. Physiol Behav. 2016;

161:90–8. doi: 10.1016/j.physbeh.2016.04.001 PMID: 27080080

27. Ahn Y, Narous M, Tobias R, Rho JM, Mychasiuk R. The ketogenic diet modifies social and metabolic

alterations identified in the prenatal valproic acid model of autism spectrum disorder. Dev Neurosci.

2014; 36:371–80. doi: 10.1159/000362645 PMID: 25011527

28. Castro K, Baronio D, Perry IS, Riesgo RdS, Gottfried C. The effect of ketogenic diet in an animal model

of autism induced by prenatal exposure to valproic acid. Nutr Neurosci. 2016;in press.

29. Byers SL, Wiles MV, Dunn SL, Taft RA. Mouse estrous cycle identification tool and images. PLOS

ONE. 2012; 7:e35538. doi: 10.1371/journal.pone.0035538 PMID: 22514749

30. Napoli E, Dueñas N, Giulivi C. Potential therapeutic use of the ketogenic diet in autism spectrum disor-

ders. Front Pediatr. 2014; 2:69. doi: 10.3389/fped.2014.00069 PMID: 25072037

31. Moy SS, Nadler JJ, Perez A, Barbaro RP, Johns JM, Magnuson TR, et al. Sociability and preference for

social novelty in five inbred strains: an approach to assess autistic-like behavior in mice. Genes Brain

Behav. 2004; 3:287–302. doi: 10.1111/j.1601-1848.2004.00076.x PMID: 15344922

32. Galef BG Jr., Wigmore SW. Transfer of information concerning distant foods: a laboratory investigation

of the ’information-centre’ hypothesis. Anim Behav. 1983; 31:748–58.

33. Centers for Disease Control and Prevention. Prevalence of autism spectrum disorder among children

aged 8 years—autism and developmental disabilities monitoring network, 11 sites, United States, 2010.

MMWR Surveill Summ. 2014; 63(SS02):1–21.

34. Xuan ICY, Hampson DR. Gender-dependent effects of maternal immune activation on the behavior of

mouse offspring. PLOS ONE. 2014; 9:e104433. doi: 10.1371/journal.pone.0104433 PMID: 25111339

Ketogenic diet and maternal immune activation-induced autism

PLOS ONE | DOI:10.1371/journal.pone.0171643 February 6, 2017 12 / 14

http://dx.doi.org/10.1007/s11745-016-4156-7
http://dx.doi.org/10.1007/s11745-016-4156-7
http://www.ncbi.nlm.nih.gov/pubmed/27117864
http://dx.doi.org/10.1016/j.ejpn.2016.04.003
http://dx.doi.org/10.1016/j.ejpn.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27117552
http://dx.doi.org/10.1016/j.neulet.2011.12.002
http://www.ncbi.nlm.nih.gov/pubmed/22178860
http://dx.doi.org/10.1016/j.neuropharm.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26256422
http://dx.doi.org/10.3233/JHD-150181
http://www.ncbi.nlm.nih.gov/pubmed/27031732
http://www.ncbi.nlm.nih.gov/pubmed/20597309
http://dx.doi.org/10.1177/0883073813488668
http://www.ncbi.nlm.nih.gov/pubmed/23666039
http://www.ncbi.nlm.nih.gov/pubmed/12693778
http://dx.doi.org/10.3389/fnhum.2013.00858
http://www.ncbi.nlm.nih.gov/pubmed/24399946
http://dx.doi.org/10.1371/journal.pone.0065021
http://dx.doi.org/10.1371/journal.pone.0065021
http://www.ncbi.nlm.nih.gov/pubmed/23755170
http://dx.doi.org/10.1016/j.physbeh.2016.10.023
http://www.ncbi.nlm.nih.gov/pubmed/27836684
http://dx.doi.org/10.1016/j.physbeh.2016.04.001
http://www.ncbi.nlm.nih.gov/pubmed/27080080
http://dx.doi.org/10.1159/000362645
http://www.ncbi.nlm.nih.gov/pubmed/25011527
http://dx.doi.org/10.1371/journal.pone.0035538
http://www.ncbi.nlm.nih.gov/pubmed/22514749
http://dx.doi.org/10.3389/fped.2014.00069
http://www.ncbi.nlm.nih.gov/pubmed/25072037
http://dx.doi.org/10.1111/j.1601-1848.2004.00076.x
http://www.ncbi.nlm.nih.gov/pubmed/15344922
http://dx.doi.org/10.1371/journal.pone.0104433
http://www.ncbi.nlm.nih.gov/pubmed/25111339


35. Mueller BR, Bale TL. Early prenatal stress impact on coping strategies and learning performance is sex

dependent. Physiol Behav. 2007; 93:55–65.

36. Grindstaff JL, Hunsaker VR, Cox SN. rnal and developmental immune challenges alter behavior and

learning ability of offspring. Horm Behav. 2012; 62:337–44. doi: 10.1016/j.yhbeh.2012.04.005 PMID:

22522078

37. Todorova MT, Tandon P, Madore RA, Stafstrom CE, Seyfried TN. The ketogenic diet inhibits epilepto-

genesis in EL mice: a genetic model for idiopathic epilepsy. Epilepsia. 2000; 41:933–40. PMID:

10961617

38. Haas RH, Rice MA, Tauner DA, Merritt TA. Therapeutic effects of a ketogenic diet in Rett syndrome.

Am J Med Genet Suppl. 1986; 1:225–46. PMID: 3087185

39. Liebhaber GM, Riemann E, Baumeister FA. Ketogenic diet in Rett syndrome. J Child Neurol. 2003;

18:74–5. PMID: 12661945

40. Zilkha N, Kuperman Y, Kimchi T. High-fat diet exacerbates cognitive rigidity and social deficiency in the

BTBR mouse model of autism. Neuroscience. in press.

41. Ruskin DN, Suter TACS, Ross JL, Masino SA. Ketogenic diets and thermal pain: dissociation of hypoal-

gesia, elevated ketones, and lowered glucose in rats. J Pain. 2013; 14:467–74. doi: 10.1016/j.jpain.

2012.12.015 PMID: 23499319

42. Gano LB, Patel M, Rho JM. Ketogenic diets, mitochondria, and neurological diseases. J Lipid Res.

2014; 55:2211–28. doi: 10.1194/jlr.R048975 PMID: 24847102

43. Ruskin DN, Masino SA. The nervous system and metabolic dysregulation: emerging evidence con-

verges on ketogenic diet therapy. Front Neurosci. 2012; 6:33. doi: 10.3389/fnins.2012.00033 PMID:

22470316

44. Masino SA, Kawamura M Jr., Wasser CD, Pomeroy LT, Ruskin DN. Adenosine, ketogenic diet and epi-

lepsy: the emerging therapeutic relationship between metabolism and brain activity. Curr Neuropharma-

col. 2009; 7:257–68. doi: 10.2174/157015909789152164 PMID: 20190967

45. Masino SA, Kawamura M Jr., Plotkin LM, Svedova J, DiMario FJ, et al. The relationship between the

neuromodulator adenosine and behavioral symptoms of autism. Neurosci Lett. 2011; 500:1–5. doi: 10.

1016/j.neulet.2011.06.007 PMID: 21693172

46. Masino SA, Kawamura M Jr., Cote JL, Williams RB, Ruskin DN. Adenosine and autism: a spectrum of

opportunities. Neuropharmacology. 2013; 68:116–21. doi: 10.1016/j.neuropharm.2012.08.013 PMID:

22940000

47. Kawamura M Jr, Ruskin DN, Masino SA. Metabolic autocrine regulation of neurons involves coopera-

tion among pannexin hemichannels, adenosine receptors and KATP channels. J Neurosci. 2010;

30:3886–95. doi: 10.1523/JNEUROSCI.0055-10.2010 PMID: 20237259

48. Masino SA, Li T, Theofilas P, Sandau U, Ruskin DN, Fredholm BB, et al. A ketogenic diet suppresses

seizures in mice through adenosine A1 receptors. J Clin Invest. 2011; 121:2679–83. doi: 10.1172/

JCI57813 PMID: 21701065

49. Kawamura M Jr, Ruskin DN, Geiger JD, Boison D, Masino SA. Ketogenic diet sensitizes glucose control

of hippocampal excitability. J Lipid Res. 2014; 55:2254–60. doi: 10.1194/jlr.M046755 PMID: 25170119

50. Coleman M, Landgrebe MA, Landgrebe AR. Purine autism. Hyperuricosuria in autistic children: does

this identify a subgroup of autism? In: Coleman M, editor. The Autistic Syndromes. New York: Elsevier;

1976. p. 183–214.

51. Marie S, Race V, Nassogne MC, Vincent MF, Van den Berghe G. Mutation of a nuclear respiratory fac-

tor 2 binding site in the 5’ untranslated region of the ADSL gene in three patients with adenylosuccinate

lyase deficiency. Amer J Hum Genet. 2002; 71:14–21. doi: 10.1086/341036 PMID: 12016589

52. Page T, Coleman M. Purine metabolism abnormalities in a hyperuricosuric subclass of autism. Biochim

Biophys Acta. 2000; 1500:291–6. PMID: 10699370

53. Page T, Moseley C. Metabolic treatment of hyperuricosuric autism. Prog Neuropsychopharmacol Biol

Psychiatry. 2002; 26:397–400. PMID: 11817520

54. Naviaux RK, Zolkipli Z, Wang L, Nakayama T, Naviaux JC, Le TP, et al. Antipurinergic therapy corrects

the autism-like features in the poly(IC) mouse model. PLOS ONE. 2013; 8:e57380. doi: 10.1371/

journal.pone.0057380 PMID: 23516405

55. Naviaux JC, Schuchbauer MA, Li K, Risbrough VB, Powell SB, Naviaux RK. Reversal of autism-like

behaviors and metabolism in adult mice with single-dose antipurinergic therapy. Transl Psychiatry.

2014; 4:e400. doi: 10.1038/tp.2014.33 PMID: 24937094

56. Oliveira G, Diogo L, Grazina M, Garcia P, Ataide A, Marques C, et al. Mitochondrial dysfunction in

autism spectrum disorders: a population-based study. Dev Med Child Neurol. 2005; 47:185–9. PMID:

15739723

Ketogenic diet and maternal immune activation-induced autism

PLOS ONE | DOI:10.1371/journal.pone.0171643 February 6, 2017 13 / 14

http://dx.doi.org/10.1016/j.yhbeh.2012.04.005
http://www.ncbi.nlm.nih.gov/pubmed/22522078
http://www.ncbi.nlm.nih.gov/pubmed/10961617
http://www.ncbi.nlm.nih.gov/pubmed/3087185
http://www.ncbi.nlm.nih.gov/pubmed/12661945
http://dx.doi.org/10.1016/j.jpain.2012.12.015
http://dx.doi.org/10.1016/j.jpain.2012.12.015
http://www.ncbi.nlm.nih.gov/pubmed/23499319
http://dx.doi.org/10.1194/jlr.R048975
http://www.ncbi.nlm.nih.gov/pubmed/24847102
http://dx.doi.org/10.3389/fnins.2012.00033
http://www.ncbi.nlm.nih.gov/pubmed/22470316
http://dx.doi.org/10.2174/157015909789152164
http://www.ncbi.nlm.nih.gov/pubmed/20190967
http://dx.doi.org/10.1016/j.neulet.2011.06.007
http://dx.doi.org/10.1016/j.neulet.2011.06.007
http://www.ncbi.nlm.nih.gov/pubmed/21693172
http://dx.doi.org/10.1016/j.neuropharm.2012.08.013
http://www.ncbi.nlm.nih.gov/pubmed/22940000
http://dx.doi.org/10.1523/JNEUROSCI.0055-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20237259
http://dx.doi.org/10.1172/JCI57813
http://dx.doi.org/10.1172/JCI57813
http://www.ncbi.nlm.nih.gov/pubmed/21701065
http://dx.doi.org/10.1194/jlr.M046755
http://www.ncbi.nlm.nih.gov/pubmed/25170119
http://dx.doi.org/10.1086/341036
http://www.ncbi.nlm.nih.gov/pubmed/12016589
http://www.ncbi.nlm.nih.gov/pubmed/10699370
http://www.ncbi.nlm.nih.gov/pubmed/11817520
http://dx.doi.org/10.1371/journal.pone.0057380
http://dx.doi.org/10.1371/journal.pone.0057380
http://www.ncbi.nlm.nih.gov/pubmed/23516405
http://dx.doi.org/10.1038/tp.2014.33
http://www.ncbi.nlm.nih.gov/pubmed/24937094
http://www.ncbi.nlm.nih.gov/pubmed/15739723


57. Weissman JR, Kelley RI, Bauman ML, Cohen BH, Murray KF, Mitchell RL, et al. Mitochondrial disease

in autism spectrum disorder patients: a cohort analysis. PLOS ONE. 2008; 3:e3815. doi: 10.1371/

journal.pone.0003815 PMID: 19043581

58. El-Ansary A, Al-Daihan S, Al-Dbass A, Al-Ayadhi L. Measurement of selected ions related to oxidative

stress and energy metabolism in Saudi autistic children. Clin Biochem. 2010; 43:63–70. doi: 10.1016/j.

clinbiochem.2009.09.008 PMID: 19781542

59. Smith J, Rho JM, Teskey GC. Ketogenic diet restores aberrant cortical motor maps and excitation-to-

inhibition imbalance in the BTBR mouse model of autism spectrum disorder. Behav Brain Res. 2016;

304:67–70. doi: 10.1016/j.bbr.2016.02.015 PMID: 26876011

60. Rubenstein JLR, Merzenich MM. Model of autism: increased ratio of excitation/inhibition in key neural

systems. Genes Brain Behav. 2003; 2:255–7. PMID: 14606691

Ketogenic diet and maternal immune activation-induced autism

PLOS ONE | DOI:10.1371/journal.pone.0171643 February 6, 2017 14 / 14

http://dx.doi.org/10.1371/journal.pone.0003815
http://dx.doi.org/10.1371/journal.pone.0003815
http://www.ncbi.nlm.nih.gov/pubmed/19043581
http://dx.doi.org/10.1016/j.clinbiochem.2009.09.008
http://dx.doi.org/10.1016/j.clinbiochem.2009.09.008
http://www.ncbi.nlm.nih.gov/pubmed/19781542
http://dx.doi.org/10.1016/j.bbr.2016.02.015
http://www.ncbi.nlm.nih.gov/pubmed/26876011
http://www.ncbi.nlm.nih.gov/pubmed/14606691

