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A B S T R A C T

Autism spectrum disorders (ASD) are a set of neurodevelopmental disorders characterized by abnormal social
interactions, impaired language, and stereotypic and repetitive behaviours. Among genetically susceptible
subpopulations, gut and dietary influences may play a role in etiology. Propionic acid (PPA), produced by enteric
gut bacteria, crosses both the gut-blood and the blood-brain barrier. Previous research has demonstrated that
repeated intracerebroventricular (ICV) infusions of PPA in adult rats produce behavioural and neuropathological
changes similar to those seen in ASD patients, including hyperactivity, stereotypy, and repetitive movements.
The current study examined dose and time related changes of exploratory and repetitive behaviours with the use
of the hole-board task. Adult male Long-Evans rats received ICV infusions twice a day, 4 h apart, of either
buffered PPA (low dose 0.052M or high dose 0.26M, pH 7.5, 4 μL/infusion) or phosphate buffered saline (PBS,
0.1M) for 7 consecutive days. Locomotor activity and hole-poke behaviour were recorded daily in an automated
open field apparatus (Versamax), equipped with 16 open wells, for 30min immediately after the second infu-
sion. In a dose dependent manner PPA infused rats displayed significantly more locomotor activity, stereotypic
behaviour and nose-pokes than PBS infused rats. Low-dose PPA animals showed locomotor activity levels similar
to those of PBS animals at the start of the infusion schedule, but gradually increased to levels comparable to
those of high-dose PPA animals by the end of the infusion schedule, demonstrating a dose and time dependent
effect of the PPA treatments.

1. Introduction

Autism spectrum disorders (ASD) are a cluster of neurodevelop-
mental disorders characterized by impaired social interaction, com-
munication deficits, abnormal motor movements, and restricted/re-
petitive interests and behaviour (Arndt et al., 2005; DiCicco-Bloom
et al., 2006). Other symptoms associated with autism include abnormal
sensitivity to sensory stimuli, hyperactivity, resistance to change, cog-
nitive deficits, and seizures (Frye, 2015; Kootz et al., 1982; Markram
et al., 2007; Murray, 2010; Sasson et al., 2008).

The gastrointestinal tract (GI) is home to over a trillion commensal
bacteria, known as the microbiome, that have a bidirectional relation-
ship with the central nervous system and contribute to normal immune
system development and homeostasis in both humans and rodents.

There has been an increasing interest in the role of the microbiome in
communicating with the central nervous system and influencing gas-
trointestinal, immune, and neuropsychiatric health (Al-Asmakh et al.,
2012; Collins et al., 2012; Cryan and Dinan, 2012; Forsythe et al., 2012;
Nicholson et al., 2012; Stilling et al., 2014). Results of recent studies
with germ-free mice have demonstrated that alterations in the GI mi-
crobiome are associated with changes in early gene expression, neu-
rotransmitter turnover, stress response, immune function, as well as
reduced social behavior (e.g., Desbonnet et al., 2014; Diaz Heijtz et al.,
2011; Foster and Neufeld, 2013). There also is mounting evidence that
alterations in the composition of the microbiome and its metabolic
products may contribute to the development and/or maintenance of
ASD in children (El-Ansary et al., 2013; Hsiao et al., 2013; Rosenfeld,
2015; Wang and Kasper, 2014; Williams et al., 2011).
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Although there is a strong multigenetic basis for ASD susceptibility
(e.g., Bailey et al., 1995; DiCicco-Bloom et al., 2006; Hallmayer et al.,
2011), recent research suggests that environmental, dietary, and gas-
trointestinal factors may play a significant role in the etiology and
pathogenesis of autism (Frye et al., 2015; Horvath and Perman, 2002;
London and Etzel, 2000; MacFabe, 2015; MacFabe, 2012; Ratajczak,
2011; Williams et al., 2011). Several findings suggest that exposure to
propionic acid (PPA), a short-chain fatty acid (SCFA) that is endogenous
to the human body, may be associated with ASD (Al-Owain Kaya et al.,
2013; MacFabe, 2015; MacFabe, 2012). PPA is an intermediary of fatty
acid metabolism and is a metabolic end-product of microbial fermen-
tation in the gut (Al-Lahham et al., 2010; Thompson et al., 1990).
Parents frequently report an increase in behavioural symptoms when
their autistic children ingest refined wheat and dairy products
(Jyonouchi, 2009), which contain PPA, either as a result of the manu-
facturing process (e.g., dairy) or as an added food preservative (Brock
and Buckel, 2004). Furthermore, consumption of these products can
result in increased production of PPA via bacterial fermentation of
undigested food within the gut (Cummings et al., 1987). In support of
these anecdotal reports from parents, a recent study demonstrated that
systemic treatment of rats with PPA induced aversive internal cues
(Ossenkopp et al., 2012), a finding consistent with reports of nausea in
people consuming foods containing PPA (Frost et al., 2003). In addi-
tion, a randomized controlled trial showed improvement in attention
and reduced hyperactivity following implementation of a casein- and
gluten-free diet in children with ASD (Whiteley et al., 2010).

A subset of autistic children with co-morbid gastrointestinal symp-
toms have abnormal gut microflora (Finegold, 2011; Finegold, 2010;
Finegold et al., 2012; Finegold et al., 2002; Kang et al., 2018), including
elevated levels of Clostridium and Desulfovibrio, both of which are
known to produce short chain fatty acids, such as PPA (Finegold, 2011;
Finegold et al., 2002; Parracho et al., 2005). Exposure to valproic acid
early in development, which can increase levels of PPA and other
SCFAs, increases the likelihood of ASD (Ornoy, 2009). Furthermore,
serum analysis in ASD patients has shown metabolic impairment of
glutathione, carnitine, and fatty acids consistent with the physiological
effects of PPA (Bell et al., 2004; Filipek et al., 2004; Frye et al., 2013;
James et al., 2006).

PPA is a weak organic acid and can readily cross the gut-blood
barrier and gain access to the central nervous system (CNS), either
passively across the blood-brain barrier or via monocarboxylate trans-
porters (Bergersen et al., 2002). PPA and related SCFAs (e.g., acetate,
butyrate) are capable of influencing central nervous system function.
PPA has been implicated in inhibition of Na+/K+ ATPase, increased
NMDA receptor sensitivity, alteration of mitochondrial and fatty acid
metabolism, immune activation, and changes in gene expression (Brass
and Beyerinck, 1988; de Mattos-Dutra et al., 2000; Parab et al., 2007;
Wajner et al., 2004; Wyse et al., 1998). In addition, PPA can accumulate
within cells, resulting in intracellular acidification which can alter
neurotransmitter release, inhibit gap junctions, and promote in-
tracellular calcium release, all of which can potentially affect neuronal
communication and behaviour (Remblier et al., 1999; Rorig et al.,
1996).

Repeated, central (intracerebroventricular; ICV) infusions of PPA in
adult rats have been shown to induce hyperactivity, repetitive beha-
viours, turning behavior, retropulsion, kindled seizures, social impair-
ments, cognitive deficits, altered brain phospholipid profiles, increased
oxidative stress, and an innate neuroinflammatory response (MacFabe
et al., 2007; MacFabe et al., 2011; MacFabe et al., 2008; Mepham et al.,
2019; Shultz et al., 2009; Shultz et al., 2008; Thomas et al., 2010),
consistent with findings from ASD patients (Bauman and Kemper, 2005;
Vargas et al., 2005; Wiest et al., 2009). The ICV-PPA adult model is
based on the premise that continuous high levels of PPA could be re-
sponsible for some of the phenotypic behavioural abnormalities seen in
ASD. This premise is supported by studies which examined overlap of
ASD with propionic acidemia. Propionic acidemia is a

neurodevelopmental metabolic disorder characterized by elevated le-
vels of PPA and clinically resembles some aspects of autism (Feliz et al.,
2003), and case studies of comorbidity of propionic acidemia and ASD
have been presented (Al-Owain Kaya et al., 2013; de la Batie et al.,
2018; Witters et al., 2016). It is also consistent with studies using sys-
temic treatment of rats with PPA (Kamen et al., 2019; Ossenkopp et al.,
2012; Shams et al., 2019).

The present study examined the central (ICV) effects of two doses of
PPA administered twice a day for 7 days. This infusion schedule was
used to allow for comparison to findings from previous work which
used this procedure in the adult PPA rodent model (MacFabe et al.,
2007; Mepham et al., 2019; Thomas et al., 2012). The dependent
variables examined were locomotor and repetitive behaviours, as well
as nose-poking behaviours in a hole-board task. It was hypothesized
that PPA treatment would produce increased locomotor and repetitive
behaviour and do so in a dose-dependent manner.

2. Apparatus and procedures

2.1. Subjects

Thirty-five naive male Long-Evans rats were used, weighing
200–225 g (approximately 47–49 days old) at the time of arrival to the
facility. Animals were housed individually in standard rat poly-
propylene cages (W 26 x L 48 x H 21 cm) with ad libitum access to food
(LabDiet RMH 3000) and tap water in a temperature-controlled colony
room (21 ± °C) on a 12:12 h light-dark cycle (lights on at 07:00 h).
Behavioural testing occurred during the light phase of the cycle.
Animals were left undisturbed for one week prior to the cannulation
surgery. Fig. 1 presents a timeline of the experimental procedures. All
procedures followed the guidelines of the Canadian Council on Animal
Care and were approved by the University of Western Ontario Animal
Use Subcommittee.

2.2. Cannula implantation

To induce anaesthesia, animals were placed in a sealed plastic box
into which 4% isoflurane at 2 L/min oxygen was introduced. The an-
imal was then placed into a Kopf stereotaxic device equipped with a gas
flow mask delivering 2.5% isoflurane at 500mL/min of oxygen to
maintain anaesthesia during surgery. Right lateral ventricular cannu-
lation surgery was performed under aseptic conditions. The tip of the
guide cannula was placed immediately below the border of the corpus
callosum into the lateral ventricle (AP -1.4 mm, ML −1.8mm, DV
-3.0 mm; (see Paxinos and Watson, 1998). The tip of the 30 gauge in-
jection cannula protruded 0.5 mm beyond the tip of the guide cannula
to allow compound infusion into the lateral ventricle. The indwelling
cannula was secured chronically using dental acrylic anchored in place
with small stainless steel screws inserted into the skull. A removable
obturator sealed the guide cannula and was only removed for infusions
during the experiment. Animals received a subcutaneous injection of
analgesic (ketoprofen, 1mL/kg) immediately post-operatively. After
surgery, animals were kept warm under a heating lamp until righting

Fig. 1. Experimental timeline showing ages at which various manipulations
occurred. PPA – propionic acid; ICV – intracerebroventricular.
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responses and locomotion returned. Animals were housed individually
and allowed two weeks recovery prior to testing.

2.3. Hole-board apparatus

Locomotor activity (see Ossenkopp and Kavaliers, 1996; Ossenkopp
and Mazmanian, 1985) was monitored using three Versamax Animal
Activity Monitors (AccuScan Model DCM-8, Columbus, OH, USA). Each
monitor consisted of a clear Plexiglas open field chamber (W 40 cm x L
40 cm x H 30.5 cm) and a clear plastic lid with air holes. Movement was
recorded via a grid of infrared beams located on all four sides of the
chamber for horizontal activity (16 equally spaced beams 2.54 cm apart
and 4.5 cm from the floor) and a second grid of infrared beams located
on two sides of the chamber for vertical activity (16 beams) located
15 cm above the box floor. The automated activity monitors were
equipped with a hole-board on the floor of the chamber to measure nose
poke responses (see Supplementary Fig. 1 A-D). The hole-board con-
sisted of an elevated platform with 16 equally spaced holes (2.54 cm
diameter) with small plastic cups (5.08 cm diameter) underneath each
hole. A set of infrared beam sensors, separate from those recording
locomotor activity, were located between the cup and the platform,
allowing for nose poke counts for each hole to be recorded via beam
breaks. VersaMax Analyzer software (Accuscan Model VSA-16, Co-
lumbus, OH) recorded data from each automated activity monitor and
relayed it to a computer that stored the data for subsequent analysis. All
sessions within the automated activity monitors were video-recorded
and later reviewed to ensure accuracy of the computer generated nose
poke data.

2.4. Drug treatment

Following 2 weeks of recovery after surgery, animals were randomly
assigned to one of three groups: high-dose PPA (0.26M, n=11), low-
dose PPA (0.052M, n=9), or phosphate buffered saline vehicle (PBS,
n=15). Doses were based on the results of prior studies (MacFabe
et al., 2007; MacFabe et al., 2008). Propionic acid was dissolved in PBS
vehicle, and all solutions were buffered to pH 7.5 using concentrated
HCl or NaOH. Each animal received ICV infusions twice daily (sepa-
rated by 4 h) for seven consecutive days. The first infusion occurred
during the light phase at 09:00 h. Solutions were infused using a 30
gauge injection cannula that was connected to a Sage syringe pump
with sterile PE10 tubing. The tip of the injection cannula protruded
0.5 mm beyond the tip of the guide cannula. The syringe pump dis-
pensed 4.0 μL of solution over a 60 s interval, and the injection cannula
remained in place for an additional 60 s before being removed.

2.5. Behavioural testing procedure

Rats were handled and habituated to the automated activity moni-
tors for two days (30min per day). On the third day, baseline levels of
activity and nose poke responses were recorded in the absence of in-
fusion. During the seven treatment days, animals were placed in the
automated monitors following the second infusion of the day for 30min
to record locomotor activity and nose poke counts (six 5min time bins).
All cups within the hole-board platform remained empty for the entire
duration of behavioural testing (including habituation, baseline, and
testing days). Rats were weighed daily to monitor health.

2.6. Behavioural measures

Locomotor activity was analyzed using eight distinct measures. The
horizontal activity measures analyzed were: total distance – total
horizontal distance (cm) traveled; horizontal movement time –
amount of time (s) an animal was engaged in horizontal movement; and
number of horizontal movements – the number of horizontal
movements separated by a 1 s stop time. The vertical activity measures

analyzed were: vertical movement time – amount of time (s) an an-
imal spent in a vertical position; and number of vertical movements –
number of vertical movements (rearing responses) separated by a 1 s
stop time. The repetitive locomotor measures were: clockwise re-
volutions – the numbers of times an animal moved around in a
clockwise circle of at least 5.04 cm in diameter; counterclockwise
revolutions – the number of times an animal moved around in a
counterclockwise circle of at least 5.04 cm. in diameter; and the
number of stereotypic movements – repeated breaking of the same
infrared beam separated by 1 s or more. A previous study demonstrated
that the dependent variables obtained in the automated animal activity
apparatus exhibit substantial reliability across test sessions (Ossenkopp
et al., 1987). More importantly, validity of a number of the variables
was previously verified by correlating visual scoring of videotapes of
the behavior with the values of the automated measures obtained in the
activity monitors (Sanberg et al., 1985; Sanberg et al., 1987). In par-
ticular, the automated stereotypy (repetitive movement) measure in
rats was shown to correlate highly (Sanberg et al., 1987) with visual
observations of amphetamine-induced stereotypic movements indexed
with a stereotypy rating scale. The automated measure was also su-
perior to the visual rating scale in detecting a drug dose relationship.

Nose poke behaviour was analyzed using total nose poke counts
and nose poke counts at different hole location categories. Total nose
poke counts consisted of the total number of nose pokes across an entire
testing session (for all 16 holes). Hole location categories were used to
examine the patterns of hole preferences. The three hole categories
included corner holes (1, 4, 13, and 16); centre holes (6, 7, 10, and
11), and wall holes (2, 3, 5, 8, 9, 12, 14, and 15) (see Supplementary
Fig. 2). Hole poke frequencies at these different locations were then
converted to percent of total nose pokes for each rat (e.g., centre hole
nose pokes divided by total number of nose pokes multiplied by 100) to
control for overall rate of nose poking. Nose poke behavior has been
previously shown to have good reliability (File and Wardill, 1975a).

2.7. Brain tissue preparation and histological verification of cannula
placements

After the last test session rats were deeply anesthetized and perfused
transcardially with ice cold 0.1 M phosphate buffered saline (pH 7.5,
PBS) followed by 4% paraformaldehyde in PBS. The brain was removed
from the skull and cryoprotected in 18% sucrose in PBS. Serial coronal
40 μm thick brain sections were cut with a cryostat along the cannula
track, then mounted on glass slides, dehydrated with increasing con-
centrations of ethanol and xylenes using standard histological proce-
dures, and stained with cresyl violet for Nissl substance to allow con-
firmation of cannula placement. All cannula tips were confirmed to lie
in the lateral ventricle.

2.8. Statistical analyses

Data were analyzed for main effects and interactions using a re-
peated measures split-plot analysis of variance (ANOVA) with drug
treatment (PBS, low-dose PPA, and high-dose-PPA) as the between-
subjects factor and infusion day (7 infusions days) and time block (six
5min time blocks) as the within subjects factors (with the exception of
hole category, which was analyzed with only infusion day as the within
subjects factor). The dependent variables were the various locomotor
variables and two nose poke response variables. Separate statistical
analyses were conducted for each variable. A one-way ANOVA was
conducted on the baseline data to ensure that there were no group
differences prior to treatment days. For any variable in which the
baseline ANOVA indicated significant group differences, a repeated
measures ANCOVA was performed, using the baseline data as a co-
variate. Where appropriate, post-hoc pair-wise comparisons were con-
ducted using Tukey's HSD. Significance was set to α=0.05.

M.M. Meeking, et al. Progress in Neuropsychopharmacology & Biological Psychiatry 97 (2020) 109794

3



3. Results

There were no significant differences in group body weights, either
at the time of cannulation, or across the 7 drug treatment days.

3.1. Locomotor activity variables

3.1.1. Baseline data
A one-way ANOVA was performed on the baseline data for each

locomotor variable with group as a dummy variable. The one-way
ANOVAs were not significant for total distance traveled, horizontal
movement time, vertical movement time, or any of the repetitive ac-
tivity measures (number of stereotypic movements, number of clock-
wise revolutions, and number of counterclockwise revolutions). Thus,
there were no significant differences in locomotor activity among the
treatment groups for these behavioural measures prior to the first in-
fusion day. The ANOVAs were significant on baseline day for number of
horizontal movements and number of vertical movements; therefore,
baseline data were used as a covariate on infusion days for these vari-
ables.

3.1.2. Horizontal activity measures
Analysis revealed a significant day x treatment interaction for

number of horizontal movements, F(12, 192)= 3.25, p < .01, and
horizontal movement time, F(12, 192)= 2.74, p < .05. There was a
significant main effect of treatment for total distance traveled, F(2,
32)= 16.67, p < .001. In general, PPA infusions produced an increase
in all three horizontal activity measures that was dose dependent. High-
dose PPA infused rats traveled further, made more horizontal move-
ments, and spent more time traveling horizontally than PBS rats across
infusion days. Low-dose PPA animals showed the same effects as high-
dose PPA animals, but not until later into the infusion schedule.

Post-hoc analyses were conducted to determine differences among
treatment groups across infusion days or across time. As seen in Fig. 2A,
high-dose PPA animals made significantly more horizontal movements
than both PBS animals (on infusion days 2, and 4–7, ps < 0.05), and
low-dose PPA animals (on infusion day 2, p < .05) across infusion
days. Low-dose PPA animals made significantly more horizontal
movements than PBS animals on infusion days 6 and 7 (ps < 0.05).
There were no significant differences among treatment groups for
number of horizontal movements on infusion days 1 and 3.

Across the 30min testing sessions, there was a significant time x
treatment interaction for number of horizontal movements, F(10,
155)= 8.35, p < .001. Post-hoc analyses were conducted across the
six 5min time bins for number of horizontal movements. On infusion
day 1, there were no significant differences among groups during the
entire 30min testing session (see Fig. 2B). On infusion day 4 both PPA
groups made significantly more horizontal movements than PBS ani-
mals at 25min (p < .05; see Fig. 2C). There were no significant dif-
ferences among treatment groups for all other times during the testing
session. On infusion day 7, both PPA groups made significantly more
horizontal movements than PBS animals at 10 and 15min and at 25 and
30min (ps < 0.05; see Fig. 2D). In general (other than the first infusion
day), both PPA groups showed a slight decrease in number of horizontal
movements across time within testing sessions, whereas, PBS animals
showed a sharp decline in number of horizontal movements across time
within testing sessions.

A similar pattern was seen across infusion days for horizontal
movement time as for number of horizontal movements (see Fig. 3).
High-dose PPA animals spent significantly more time traveling hor-
izontally than PBS animals on all but the first infusion day (infusion
days 2–7, ps < 0.05). High-dose PPA animals also spent significantly
more time traveling horizontally than low-dose PPA animals on infu-
sion days 2–5 (ps < 0.05), but did not differ on days 6 and 7. Low-dose
PPA animals spent significantly more time traveling horizontally than
PBS animals on infusion days 3 to 7, (ps < 0.05).

Post-hoc analyses for total distance traveled across infusion days
were similar to number of horizontal movements and horizontal
movement time. High-dose PPA animals traveled significantly more
than PBS animals on infusion days 2–7 (ps < 0.05; see Fig. 4). High-
dose PPA animals also traveled significantly more than low-dose PPA
animals on infusion days 2 and 3 (ps < 0.05). Low-dose PPA animals
traveled significantly more than PBS animals on infusion days 4, 6, and
7 (ps < 0.05) and did not differ from the high-dose group on the last
2 days. There were no significant differences among treatment groups
for total distance traveled on infusion day 1.

Overall, ICV administration of PPA resulted in increased horizontal
locomotion across infusion days that was dose dependent, with the high
dose of PPA showing effects by the second infusion day and the low
dose on days 6 and 7 of the infusion schedule. There was also evidence
of dose dependent effects of PPA within test sessions, especially toward
the ends of test sessions, in the second half of the daily PPA infusion
schedule (days 4–7).

3.1.3. Vertical activity measures
ANOVAs revealed a significant day x treatment interaction for

number of vertical movements, F(12, 192)= 2.40, p < .05, but no
significant time x treatment interaction, F(10, 155)= 0.27, ns (see
Fig. 5). Post-hoc analysis across infusion days showed that low-dose
PPA animals made significantly more vertical movements than PBS
animals on infusion days 4, 6, and 7 (ps < 0.05). High-dose PPA ani-
mals also made significantly more vertical movements than PBS ani-
mals on infusion days 4, 6 and 7 (ps < 0.05). There were no significant
differences among treatment groups on infusion days 1–3, and 5.

For vertical movement time, analyses showed a significant time x
treatment interaction, F(10, 160)= 6.49, p < .001. There was no
significant main effect of treatment, F(2, 32)= 1.58, ns, or day x
treatment interaction, F(12, 192)= 0.82, ns. Post-hoc analyses across
time and within a testing session revealed that on infusion day 1, high-
dose PPA animals had significantly shorter vertical movement time
than PBS animals during the first 5 min (p < .05, data not shown). For
the remaining 25min, there were no significant differences among
treatment groups for vertical movement time. On infusion day 4, there
were no significant differences among treatment groups for vertical
movement time during the entire 30min testing session (data not
shown). On infusion day 7, there were no significant differences among
treatment groups for vertical movement time for the first 20min of the
testing session. During the remainder of the testing session, low-dose
PPA animals had significantly longer vertical movement time than the
PBS (time 20–30, ps < 0.05) and high-dose PPA animals (time 25–30,
p < .05, data not shown).

3.1.4. Repetitive activity measures
Analyses revealed a significant day x treatment interaction for

number of stereotypic movements, F(12, 192)= 3.15, p < .01. Across
days, the number of stereotypic movements differed among the treat-
ment groups (see Fig. 6A). In general, both PPA groups showed an in-
crease in the number of stereotypic movements across infusion days;
whereas, PBS animals remained relatively constant in the number of
stereotypic movements across infusion days. Post-hoc analyses revealed
that high-dose PPA animals made significantly more stereotypic
movements than the PBS group on infusion days 3–7 (ps < 0.05), and
the low-dose PPA animals on infusion days 3–6, (ps < 0.05). In addi-
tion, low-dose PPA animals made significantly more stereotypic
movements than PBS animals on infusion days 6 and 7 (ps < 0.05).
There were no significant differences among treatment groups for
number of stereotypic movements on infusion days 1 and 2.

There was also a significant time x treatment interaction for number
of stereotypic movements, F(10, 160)= 8.30, p < .001. Across time,
PBS animals showed a decrease in the number of stereotypic move-
ments. Although both PPA groups exhibited a decrease in the number of
stereotypic movements across time, this decline was more gradual than
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that exhibited by the PBS animals. Post-hoc analyses for infusion day 1
showed that low-dose PPA animals made significantly fewer stereotypic
movements than both PBS and high-dose PPA animals at 20min
(p < .05; see Fig. 6B). There were no significant differences among

treatment groups for number of stereotypic movements during the re-
mainder of the testing session. On infusion day 4, high-dose and low-
dose PPA animals made significantly more stereotypic movements than
PBS animals during the first 5 min (p < .05) and at 25min (p < .05;
see Fig. 6C). There were no significant differences among treatment

Fig. 2. Mean number of horizontal movements + SEM. A. across infusion days; B. across time on infusion Day 1; C. across time on infusion Day 4; D. across time on
infusion Day 7. Groups shown are PBS, low-dose PPA (0.052M), and high-dose PPA (0.26M) infused animals. Significant differences (p < .05) between treatment
groups are indicated by lines and letters. In Panel A there are significant group differences on Day 2 (high dose PPA group is significantly different from both other
groups), Days 4 and 5 (all 3 groups differ significantly), and Days 6 and 7 (both PPA groups differ significantly from the PBS group). In panel C there are significant
group differences at 25min (all 3 groups differ significantly). In Panel D there are significant group differences at 10min, 15min, 25min and 30min (group PBS
differs significantly from both PPA groups).

Fig. 3. Mean horizontal movement time (s)+ SEM across infusion days. Groups
shown are PBS, low-dose PPA (0.052M), and high-dose PPA (0.26M) infused
animals. Significant differences (p < .05) between treatment groups are in-
dicated by lines and letters. Significant group differences were found on Day 2
(high PPA group is significantly different from the other 2 groups), Days 3, 4
and 5 (all 3 groups differ significantly), and Days 6 and 7 (group PBS differs
significantly from both PPA groups).

Fig. 4. Mean total distance traveled (cm)+ SEM across infusion days. Groups
shown are PBS, low-dose PPA (0.052M), and high-dose PPA (0.26M) infused
animals. Significant differences (p < .05) between treatment groups are in-
dicated by lines and letters. Significant group differences were found on Days 2
and 3 (high PPA group differed significantly from the other 2 groups), Days 4, 6
and 7 (the PBS group differed significantly from the 2 PPA groups), and Day 5
(all 3 groups differed significantly).
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groups at any other times during the testing session. On infusion day 7,
high-dose PPA animals made significantly more stereotypic movements
than PBS animals during the entire 30min testing session (time 5–30,
ps < 0.05; see Fig. 6D). Low-dose PPA animals also made significantly
more stereotypic movements than PBS animals in 3 time bins (time
5min and time 25 and 30min, ps < 0.05).

Significant main effects of treatment for clockwise revolutions, F(2,

32)= 12.87, p < .001, and counterclockwise revolutions, F(2,
32)= 12.15, p < .001, were obtained in the ANOVA. There was no
significant day x treatment interaction for either clockwise, F(12,
192)= 1.87, ns, or counterclockwise revolutions, F(12, 192)= 1.97,
ns. In general, PPA infusions produced an increase in revolutions that
was dose dependant. High-dose PPA animals made more clockwise and
counterclockwise revolutions than PBS animals across infusion days.
Low-dose PPA animals showed similar effects, but not until later into

Fig. 5. Mean number of vertical movements + SEM across infusion days.
Groups shown are PBS, low-dose PPA (0.052M), and high-dose PPA (0.26M)
infused animals. Significant differences (p < .05) between treatment groups
are indicated by lines and letters. Significant group differences were found on
Days 4 and 7 (all 3 groups differed significantly), and Day 6 (group PBS differed
significantly from the 2 PPA groups).

Fig. 6. Mean number of stereotypic movements + SEM. A. across infusion days; B. across time on infusion Day 1; C. across time on infusion Day 4; D. across time on
infusion Day 7. Groups shown are PBS, low-dose PPA (0.052M), and high-dose PPA (0.26M) infused animals. In Panel A there are significant group differences on
Days 3, 4, and 5 (high PPA group significantly different from the other 2 groups), Day 6 (all 3 groups differed significantly) and Day 7 (group PBS differed
significantly from the 2 PPA groups). In Panel B there are significant group differences at 20min (low PPA group differed significantly from the other 2 groups). In
Panel C there are significant group differences at 5min and 25min (the PBS group differed significantly from the 2 PPA groups). In Panel D there are significant group
differences at all times. At 5min, 25min and 30min (group PBS significantly different from both PPA groups), at 10min (group PBS is significantly different from the
high PPA group), at 15min and 20min (high PPA group is significantly different from the other 2 groups).

Fig. 7. Mean number of clockwise revolutions + SEM across infusion days.
Groups shown are PBS, low-dose PPA (0.052M), and high-dose PPA (0.26M)
infused animals. Significant differences (p < .05) between treatment groups
are indicated by lines and letters. Significant group differences occurred on Day
3 (all 3 groups differed significantly) and on Days 4, 5, 6, and 7 (group PBS
differed significantly from the 2 PPA groups).
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the infusion schedule. Post-hoc analyses revealed an identical pattern
across infusion days for clockwise and counterclockwise revolutions.
High-dose and low-dose PPA animals made significantly more clock-
wise and counterclockwise revolutions than PBS animals on infusion
days 3 to 7 (ps < 0.05; see Fig. 7 for clockwise revolutions). High-dose
PPA animals made significantly more clockwise and counterclockwise
revolutions than low-dose PPA animals on infusion day 3 (p < .05).
There were no significant differences among treatment groups for
clockwise or counterclockwise revolutions on infusion days 1 or 2.

Across the 30min testing session, there was a significant time x
treatment interaction for clockwise revolutions, F(10, 160)= 2.87,
p < .05, but not for counterclockwise revolutions, F(10, 160)= 1.81,
ns. In general, PBS animals showed a sharp decline in number of
clockwise revolutions across time within a testing session. In contrast,
high-dose PPA animals showed a more gradual decline in clockwise
revolutions within the first half of the testing session, and during the
second half of the testing session, the number of clockwise revolutions
remained relatively stable. Low-dose PPA animals showed a pattern
more consistent with PBS animals across time within the first 3 infusion
days, and then exhibited a pattern more similar to high-dose PPA across
time for the remainder of the infusion schedule. On infusion day 1, post-
hoc analyses showed that there were no significant differences among
treatment groups for number of clockwise revolutions during the first
20 min of the testing session. For the remaining 10min, high-dose PPA
made significantly more clockwise revolutions than PBS animals
(ps < 0.05; data not shown). On infusion day 4, high-dose PPA animals
made significantly more clockwise revolutions than PBS animals, but
only between 15 and 20min (p < .05; data not shown). During the last
infusion day, high-dose PPA animals made significantly more clockwise
revolutions than PBS animals for 2 time bins (time 5–10 and time
15–20, ps < 0.05; data not shown). Low-dose PPA animals made sig-
nificantly more clockwise revolutions than PBS animals during the first
5 min and the last 15min (ps < 0.05).

Overall, daily ICV infusions of PPA resulted in dose dependent in-
creases in stereotypic and repetitive behaviours, with the high dose of
PPA showing effects on these variables by the 3rd day and the low dose
by the 6th and 7th days of the infusion schedule. There was also evi-
dence of dose dependent effects of PPA within test sessions, especially
toward the ends of test sessions, in the second half of the daily PPA
infusion schedule (days 4–7).

3.2. Nose poke variables

3.2.1. Nose poke counts
The one-way ANOVA performed on the baseline data for total nose

poke counts revealed no significant group differences.
The ANOVA of the number of nose pokes revealed a significant day

x treatment interaction across infusion days, F(12, 192)= 2.96,
p < .01. As seen in Fig. 8A, PPA infusions resulted in a dose-dependent
increase in number of nose pokes toward the end of the infusion
schedule. Post-hoc analyses showed that high-dose PPA animals made
significantly more nose pokes than PBS animals on infusion days 5, 6
and 7 (ps < 0.05). On infusion days 6 and 7 low-dose PPA animals
made significantly more nose pokes than PBS animals (ps < 0.05).
There were no significant differences among treatment groups for
number of nose pokes on infusion days 1 through 4.

There was a significant time x treatment interaction for number of
nose pokes, F(10, 160)= 5.11, p < .01. Across time within a testing
session, PBS animals exhibited a sharp decrease in number of nose
pokes. Low-dose PPA animals resembled PBS animals across time for
most of the infusion days, with the exception of infusion days 6 and 7,
where low-dose PPA animals showed a pattern more similar to high-
dose PPA animals across time. Post-hoc analysis on infusion day 1
showed that there were no significant differences among treatment
groups for number of nose pokes during the first 20min of the testing
session (see Fig. 8B). During the last 10min, high-dose PPA animals

made significantly more nose pokes than PBS animals (ps < 0.05) and
the low-dose PPA group made more nose pokes than the PBS group at
30min. On infusion day 4, high-dose and low-dose PPA animals made
significantly more nose pokes than PBS animals during 2 time bins
(time 15 and time 25, ps < 0.05; see Fig. 8C). During the last infusion
day, high-dose and low-dose PPA animals made significantly more nose
pokes than PBS animals during the last 4 time bins (15, 20, 25 and
30min, ps < 0.05; see Fig. 8D).

In summary, daily ICV infusions of PPA resulted in dose dependent
increases in nose poke behaviours, with the high dose of PPA showing
effects by the 5th day and the low dose by the 6th and 7th days of the
infusion schedule. There was also evidence of dose dependent effects of
PPA within test sessions, starting by the middle of test sessions, in the
second half of the daily PPA infusion schedule (days 4–7).

3.2.2. Hole category
A one-way ANOVA was performed on the baseline data for each

hole category variable (i.e., corner, wall, and centre nose pokes). The
ANOVAs failed to reveal any significant group differences for any of the
hole category variables.

Further analyses revealed a significant main effect of treatment for
number of corner nose pokes, F(2, 32)= 4.13, p < .05, but not for
number of wall nose pokes, F(2, 32)= 2.99, ns, or for number of centre
nose pokes, F(2, 32)= 2.15, ns. In general, all treatment groups made a
similar proportion of corner nose pokes, wall nose pokes, and centre
nose pokes (see Fig. 9A, B, and C, respectively). Post-hoc analysis for
number of corner nose pokes showed that PBS animals made sig-
nificantly more corner nose pokes (in proportion to total nose pokes)
than high-dose PPA animals on infusion days 4 and 6 (ps < 0.05). On
all other infusion days, there were no significant differences among
treatment groups for number of corner nose pokes.

4. Discussion

The present study demonstrates that centrally (ICV) infused PPA in
adult male rats produces increased locomotor behavior, stereotypy, and
nose poking behaviour, and does so in a dose-dependent manner, with
the higher dose producing greater effects. In general, high-dose PPA
animals were more hyperactive, made more vertical movements, dis-
played more stereotypic and repetitive movements, and nose poked
more often than PBS animals across infusion days and across time. Low-
dose PPA animals showed similar effects to high-dose PPA animals, but
not until later into the infusion schedule. In particular, low-dose PPA
animals showed locomotor activity levels similar to those of PBS ani-
mals at the start of the infusion schedule, but gradually increased to
levels comparable to those of high-dose PPA animals by the end of the
infusion schedule (i.e., infusion days 6 and 7). As well, analyses of the
hole category data indicated that all treatment groups made a pro-
portionately similar number of wall and centre area nose pokes. For
corner nose pokes, PBS animals made proportionately more corner nose
pokes than both PPA groups, but only on infusion days 4 and 6.

The increase in locomotor activity and stereotyped/repetitive be-
haviour following infusion of PPA in the current study is consistent
with, but not identical, to previous work using the ICV-PPA rodent
model (MacFabe et al., 2007; MacFabe et al., 2008). Both the current,
and previous work, used the same chronic infusion schedule over seven
days (two infusions per day), as well as the same automated activity
monitors to measure locomotor activity. The PPA dose used in these
previous studies was identical to that of the high-dose PPA group in the
current experiment. Despite the similarities in experimental design, the
animals in the present investigation displayed much greater levels of
horizontal activity than in previous work. This was true for both PBS
control animals and high-dose PPA animals. This is particularly notable
for total distance traveled. Unlike the horizontal movement measures,
the vertical movement measures and number of stereotypic movements
in PBS and high-dose PPA animals in the current study was similar to
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those observed in previous studies (MacFabe et al., 2008; Thomas et al.,
2010; Thomas et al., 2012).

Given that the present experiment used the same strain and sex of
rat (i.e., male Long-Evans) and the same dose and infusion regimen of
PPA (i.e., two infusions per day for seven consecutive days), and that
PBS animals also showed an increase in horizontal activity measures, it
is highly unlikely that the increase was due to a fundamental difference
in the ability of these particular rats to metabolize or compensate for
PPA infusions, as compared to rats used in previous work using this
model. The most plausible explanation for the increase in horizontal
activity in the current experiment is the addition of the hole-board on
the floor of the automated activity monitors suggesting that exploration
in the hole-board apparatus increased overall locomotor activity.

Several studies have shown that locomotor activity changes in-
dependently of nose poking in rodents (Abel, 1995; Durcan and Lister,
1989; File and Wardill, 1975a; File and Wardill, 1975b), but others
have found no such dissociation or mixed results depending on drug
treatment (Kliethermes and Crabbe, 2006; Moy et al., 2008). Klie-
thermes and Crabbe (2006) showed that, although drug treatment re-
sulted in similar effects on both locomotor and nose poking behaviours
at a group level, analysis at the individual level in untreated mice
showed that these behaviours could vary independently. Overall, there
appears to be a complicated and equivocal relationship between nose
poking and locomotion as measured in the hole-board apparatus.

Both PPA groups in the present study exhibited a decrement in lo-
comotor behaviour over the 30min testing session. This decrease likely
reflects an habituation effect, but it could also be related to metabolic
clearance of PPA which is known to have a half-life of 18 to 57min
when administered to rats (Brusque et al., 1999). Across infusion days,

low-dose PPA animals gradually reached levels of locomotor activity
and nose poking that were comparable to those of the high-dose PPA
group, suggesting that putative compensatory mechanisms were unable
to effectively counteract the effects of PPA. These compensatory me-
chanisms could include increased synthesis of certain enzymes, such as
propionyl CoA decarboxylase which metabolizes PPA, or carbonic an-
hydrase which helps maintain acid-base balance (Nguyen et al., 2007;
Schlue et al., 1991).

Propionic acid has several physiological/biochemical effects that
alter neural function which could account for the increased locomotor
behaviour seen in PPA-infused animals. PPA can inhibit Na+/ K+

ATPase, increase NMDA receptor sensitivity, promote intracellular
calcium release, and elevate nitric oxide, all of which can alter neuro-
transmission in brain regions relevant to locomotor behaviour (de
Mattos-Dutra et al., 2000; Wajner et al., 2004; Wyse et al., 1998).

As a weak organic acid, PPA can passively accumulate in CNS cells
resulting in a reduction in intracellular pH, which has many physiolo-
gical consequences (Karuri et al., 1993). Previous work in our labora-
tory has shown that PPA and other short chain fatty acids (i.e., butyric
acid and sodium acetate) produce similar behavioural impairments, but
the non-acidic analogue of PPA, 1-propanol, did not produce beha-
vioural impairments, suggesting that pH dependent mechanisms are an
important component of the observed effects (MacFabe et al., 2007;
Shultz et al., 2009; Shultz et al., 2008; Thomas et al., 2010). In-
tracellular acidification of neurons is known to increase the synthesis
and release of several neurotransmitters that can influence locomotor
activity, including glutamate, dopamine, norepinepherine, and ser-
otonin (Cannizzaro et al., 2003; Remblier et al., 1999; Severson et al.,
2003). Furthermore, 3-nitropropionic acid, a derivative of PPA, causes

Fig. 8. Mean number of nose pokes + SEM. A. across infusion days; B. across time on infusion Day 1; C. across time on infusion Day 4; D. across time on infusion Day
7. Groups shown are PBS, low-dose PPA (0.052M), and high-dose PPA (0.26M) infused animals. Significant differences (p < .05) between treatment groups are
indicated by lines and letters. In Panel A there are significant group differences on Day 5 (high PPA group is significantly different from the other 2 groups), Day 6 (all
3 groups differ significantly) and Day 7 (group PBS is significantly different from the 2 PPA groups). In Panel B there are significant group differences at 25min (high
PPA group differs significantly from the other 2 groups) and 30min (all 3 groups differ significantly). In Panel C at 15min (all 3 groups differ significantly) and at
25min (group PBS differs significantly from the 2 PPA groups). In Panel D at 15min, 25min and 30min (group PBS differs significantly from the 2 PPA groups) and
at 20min (all 3 groups differ significantly).
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motor abnormalities and is used as a rodent model of Huntington's
disease, emphasizing that intracellular pH reduction is linked to in-
creased locomotor behaviour (Brouillet et al., 2005).

Another consequence of intracellular acidification is a reduction in
intercellular coupling via the rapid and reversible closure of gap junc-
tions (Rorig et al., 1996). Gap junctions play a vital role in electrotonic
transmission in brain areas involved in locomotor activity, including
the basal ganglia, prefrontal cortex, and hippocampal formation
(O'Donnell and Grace, 1997; Velazquez et al., 1997). In addition, in-
trastriatal infusions of gap junction blockers produce movement ste-
reotypies in rodents (Moore and Grace, 2002). Thus, the increased lo-
comotor behaviour seen in PPA treated rats could be a consequence of
the closure of gap junctions.

In addition to the abnormal locomotor behaviour observed in PPA
treated animals, there was also an increase in nose poking compared to
controls. PPA infusions led to a dose-dependent increase in nose poking

toward the end of the infusion schedule. Nose poking, sometimes re-
ferred to as head-dipping, has been interpreted as representing ex-
ploratory behaviour or investigation of a novel environment (File and
Wardill, 1975a; File and Wardill, 1975b). However, some researchers
have argued that nose poking in the hole-board apparatus does not
measure exploratory behaviour, but instead reflects the anxiety state of
the animal (Takeda et al., 1998), an escape response (Brown and
Nemes, 2008), or stereotyped behaviour (Makanjuola et al., 1977a).
The wide spread in opinions regarding what the hole-board task is ac-
tually measuring in rodents are likely due, at least in part, to metho-
dological differences.

Across studies, the hole-board apparatus often differs in total
number of holes (usually 4 or 16), the location of the holes (centrally,
peripherally, or equally dispersed within the floor of the apparatus), the
diameter of the holes (allowing the rodent to either insert only its nose,
or its entire head), the depth of the hole (ranging from 1 cm to 20 cm),
and whether the hole-board is enclosed or open (occasionally the hole-
board is used as an elevated platform without walls). In addition, the
amount of time that rodents are observed within the hole-board appa-
ratus ranges widely (e.g., 5 min, 10min, 30min, and 3 h). The varia-
bility of the hole-board apparatus has led to conflicting interpretations
of nose poking behaviour, and this underscores the need for a stan-
dardized hole-board apparatus and procedure.

Another important consideration in the interpretation of the hole-
board task is the complexity of exploratory behaviour. When rodents
are exposed to a novel environment, they often exhibit exploratory
behaviours, such as locomoting around the environment or orienting
toward novelty (Ballaz, 2009; Berlyne, 1950). Presumably, exploratory
behaviour allows the animal to gather relevant survival-related in-
formation about the unfamiliar place, such as food sources, mating
opportunities, or the presence of predators. With continued exposure,
the environment becomes familiar, and exploration decreases as ani-
mals habituate to it. Decreased exploratory behaviour in response to
repeated exposure to a novel environment is one of the most common
forms of habituation seen in rodents. However, there are a variety of
factors influencing exploratory behaviour, including arousal level, at-
tention, learning, memory, and fear of novelty (Berlyne, 1969; Bronson,
1968). The presence of these mitigating factors in exploratory beha-
viour makes the interpretation of any measure of exploration complex.

Given the complexity of interpreting nose poking behaviour in the
hole-board apparatus, there are several possible explanations for the
dose-dependent increase in nose pokes following ICV-PPA infusions.
Assuming that nose poking represents exploratory behaviour, one
possible explanation is that PPA infusions resulted in an increase in
exploratory behaviour secondary to cognitive deficits in learning and
memory. Intersession habituation, measured as a decrease in ex-
ploratory behaviour upon re-exposure to a novel environment, is con-
sidered to be an indicator of learning and memory (Leussis and Bolivar,
2006). Since PPA infusions resulted in an increase in exploratory be-
haviour across testing sessions, this may indicate that PPA animals
failed to retain information about the novel environment. However, it is
important to note that control animals maintained a relatively stable
level of nose poking across infusion days, which would signify little or
no habituation to the hole-board apparatus. In contrast Mirza and
Sharma (2018) found that postnatal PPA-treated rats displayed low
exploratory activity in a hole-board test. This difference may reflect a
different route of administration of PPA (oral) and administration at an
earlier age (24–48 days of age) and for a longer time period. Further
examination of this discrepancy is warranted.

Another possibility is that nose poking may encompass both ex-
ploratory and repetitive behaviour. Makanjuola and colleagues
(Makanjuola et al., 1977a; Makanjuola et al., 1977b) described ex-
ploratory behaviour in terms of the overall pattern of nose pokes,
wherein repeated responses into one hole were considered a sign of
stereotypy. The hole category data from the current study allows for the
assessment of the pattern of nose pokes within the apparatus, and

Fig. 9. Mean number of corner nose pokes (A), wall nose pokes (B), or centre
nose pokes (C) expressed as a percent of total nose pokes + SEM across infusion
days. Groups shown are PBS, low-dose PPA (0.052M), and high-dose PPA
(0.26M) infused animals. Significant differences (p < .05) between treatment
groups are indicated by lines and letters. In Panel A significant group differ-
ences occur on Day 4 (high dose PPA differs significantly from the other 2
groups), and Day 6 (group PBS differs significantly from the 2 PPA groups).
There were no significant group differences in Panels B and C.
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therefore exploratory behaviour. Overall, animals made a similar pro-
portion of corner, wall, and centre nose pokes. This suggests that PPA
infusions did not alter exploratory behaviour. Although the current
study did not measure repeated responses into one hole, the increase in
nose poking seen in PPA animals could plausibly result from repetitive
patterns of nose poking. Studies using a hole-board with 16 empty holes
(similar to the current study), have shown that there is a gradual
transition from exploratory to stereotyped nose poking observed across
time, with most exploratory nose poking occurring within the first
10 min in the hole-board apparatus (Makanjuola et al., 1977a). This
trend was seen in both control and drug-treated animals, with control
animals displaying some stereotyped nose poking (as defined by re-
peated responses to one hole).

Results from the current study are consistent with this interpreta-
tion. PBS animals displayed a relatively stable level of nose poking
across infusion days. Across time, PBS animals showed a marked de-
crease in nose poking after the first 10min within the hole-board ap-
paratus. This suggests that in control animals, nose poking represented
mostly an exploratory response, as opposed to a repetitive response in
the hole-board. In contrast, PPA infused animals showed an increase in
nose poking behaviour across infusion days, which corresponded with a
relatively consistent level of nose poking after the first 10min within
the apparatus, suggestive of a repetitive response. This interpretation is
also consistent with the changes in repetitive movements (stereotypy)
seen in the present study.

There are a number of ways in which PPA might affect brain
function to cause the behavioural impairments reported here.
Histological examination of brain tissue in rodents has shown that PPA
can induce an innate neuroinflammatory response, characterized by
reactive astrogliosis and activated microglia in the hippocampus and
neocortical white matter (MacFabe et al., 2007; MacFabe et al., 2008).
Neuroinflammation is also known to occur in other diseases, such as
Parkinson's and Alzheimer's disease, suggesting that this response may
impair normal cognitive processes (Ferretti and Cuello, 2011; Whitton,
2007). Activated microglia secrete cytokines and toxic substances (e.g.,
nitric oxide) that are potentially damaging to neurons, which may
impair brain function (Barron, 1995). However, fast-acting mechanisms
caused by PPA, such as closure of gap junctions and pH-dependent
increases in serotonin, may also explain the behavioural changes seen
in the current study. Connexin-36 knock-out mice show deficits in
normal spatial coding and short-term spatial memory, suggesting that
electrical coupling of interneurons in the hippocampus via gap junc-
tions are important for spatial coding and cognition (Allen et al., 2011).
Moreover, studies have shown that 5-HT(1A) receptor agonists produce
learning and memory deficits in rodents (Ogren et al., 2008). It is
possible that a fast-acting mechanism combined with neuroinflamma-
tion may have produced the behavioural impairments seen here.

The synthesis and release of dopamine and serotonin following in-
tracellular acidification by PPA may explain the increased stereotypic
and nose poking behaviour seen in these animals. Increases in both
serotonin and dopamine in corticostriatal circuits of the brain have
been linked to stereotyped and repetitive behaviour in rodents (Langen
et al., 2011b) and humans (Langen et al., 2011a). Indeed, studies using
the hole-board apparatus suggest that some aspects of the dopaminergic
system are involved in nose poking behaviour (Kliethermes and Crabbe,
2006).

The findings from the current study indicate that ICV-PPA induces
locomotor behaviour and stereotyped/repetitive behaviour, similar to
the symptoms seen is ASD. Individuals with ASD often display hyper-
activity, motor stereotypies, and repetitive behaviour (Matson et al.,
2009; Murray, 2010). Importantly, the proposed mechanisms under-
lying the behavioural impairments seen is PPA-infused animals are also
theoretically linked to ASD. Aberrations in dopamine and serotonin
have been reported in autistic individuals (Chugani, 2004; Previc,
2007), and treatment of repetitive behaviours has been shown to be
effective with serotonin reuptake inhibitors, and serotonin and

dopamine antagonists (McDougle et al., 2000; McPheeters et al., 2011).
An active neuroinflammatory process has also been observed in in-
dividuals with ASD (Depino, 2013; Morgan et al., 2010; Vargas et al.,
2005).

5. Conclusion

In conclusion, central infusions of PPA in adult male rats resulted in
locomotor abnormalities and increased repetitive behaviour compared
to controls. These effects were dose and time dependent and consistent
with the hypothesis that elevated levels of PPA are putatively re-
sponsible for manifestation of an autistic behavioural phenotype. The
direct or indirect physiological properties of PPA, such as intracellular
acidosis and neuroinflammatory changes, may be a plausible me-
chanism underlying these behavioural effects. The current findings are
consistent with the symptoms seen in individuals with ASD and, taken
together with previous findings from this rodent model, support the use
of ICV-PPA in an animal model of ASD. Further research at critical
developmental periods, as reported in recent studies (Al-Ghamdi et al.,
2014; Choi et al., 2018; El-Ansary et al., 2013; El-Ansary et al., 2012;
Foley et al., 2015; Foley et al., 2014a; Foley et al., 2014b; Shams et al.,
2019; Wah et al., 2019), is needed to better understand the mechanisms
responsible for the behaviours produced by PPA treatment and their
potential involvement in human ASD.

Declaration of Competing Interest

There are no conflicts of interest for any of the authors.

Acknowledgements

We would like to express our utmost thanks to David-Patchell-Evans
for his tireless devotion to persons with autism, and his daughter Kilee
Patchell-Evans.

Funding information

This research was supported by contributions from Goodlife
Children's Foundation and Autism Research Institute Foundation to
Derrick MacFabe. Additional support was provided by Research Tools
and Instruments grants from the Natural Sciences and Engineering
Research Council of Canada to Klaus-Peter Ossenkopp and Martin
Kavaliers. Melissa Meeking was supported by an Ontario Graduate
Scholarship.

Ethical statement

Manuscript: Dose and time dependent increases in locomotor ac-
tivity, repetitive movements, and nose poking behaviour in rats given
repeated intracerebroventricular (ICV) infusions of the enteric bacterial
product, propionic acid and tested in a hole-board task: Contributions
to a rodent model of ASD.

All procedures followed the guidelines of the Canadian Council on
Animal Care and were approved by the University of Western Ontario
Animal Use Subcommittee.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.pnpbp.2019.109794.

References

Abel, E.L., 1995. Further evidence for the dissociation of locomotor activity and head
dipping in rats. Physiol. Behav. 57, 529–532.

Al-Asmakh, M., Anuar, F., Zadjali, F., Rafter, J., Pettersson, S., 2012. Gut microbial

M.M. Meeking, et al. Progress in Neuropsychopharmacology & Biological Psychiatry 97 (2020) 109794

10

https://doi.org/10.1016/j.pnpbp.2019.109794
https://doi.org/10.1016/j.pnpbp.2019.109794
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0005
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0005
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0010


communities modulating brain development and function. Gut Microbes 3, 366–373.
Al-Ghamdi, M., Al-Ayadhi, L., El-Ansary, A., 2014. Selected biomarkers as predictive tools

in testing efficacy of melatonin and coenzyme Q on propionic acid–induced neuro-
toxicity in rodent model of autism. BMC Neurosci. 15, 34.

Al-Lahham, S.H., Peppelenbosch, M.P., Roelofsen, H., Vonk, R.J., Venema, K., 2010.
Biological effects of propionic acid in humans: metabolism, potential applications,
and underlying mechanisms. Biochim. Biophys. Acta 1801, 1175–1183.

Allen, K., Fuchs, E.C., Jaschonek, H., Bannerman, D.M., Monyer, H., 2011. Gap junctions
between interneurons are required for normal spatial coding in the hippocampus and
short-term spatial memory. J. Neurosci. 31, 6542–6552.

Al-Owain Kaya, N., Al-Shamrani, H., Al-Bakheet, A., Qari, A., Al-Muaigl, S., Ghaziuddin,
M., 2013. Autism spectrum disorder in a child with propionic acidemia. JIMD Rep.
Case Res. Rep. 7, 63–66.

Arndt, T.L., Stodgell, C.J., Rodier, P.M., 2005. The teratology of autism. Int. J. Dev.
Neurosci. 23, 189–199.

Bailey, A., Le Couteur, A., Gottesman, I., Bolton, P., Simonoff, E., Yuzda, E., et al., 1995.
Autism as a strongly genetic disorder: evidence from a British twin study. Psychol.
Med. 25, 63–77.

Ballaz, S.J., 2009. Differential novelty detection in rats selectively bred for novelty-
seeking behavior. Neurosci. Lett. 461, 45–48.

Barron, K.D., 1995. The microglial cell. A historical review. J. Neurol. Sci. 134, 57–68.
de la Batie, C.D., Barbier, V., Roda, C., Brassier, A., Arnoux, J.-B., Valayannopoulos, V.,

Guemann, A.-S., Pontoizeau, C., Goven, S., Havarou, F., Lacaille, F., Bonnefont, J.-P.,
Canoui, P., Ottolenghi, C., De Lonlay, P., Ouss, L., 2018. Autism spectrum disorders in
propionic acidemia patients. J. Inherit. Metab. Dis. 41, 623–629.

Bauman, M.L., Kemper, T.L., 2005. Neuroanatomic observations of the brain in autism: a
review and future directions. Int. J. Dev. Neurosci. 23, 183–187.

Bell, J.G., MacKinlay, E.E., Dick, J.R., MacDonald, D.J., Boyle, R.M., Glen, A.C., 2004.
Essential fatty acids and phospholipase A2 in autistic spectrum disorders.
Prostaglandins Leukot. Essent. Fat. Acids 71, 201–204.

Bergersen, L., Rafiki, A., Ottersen, O.P., 2002. Immunogold cytochemistry identifies
specialized membrane domains for monocarboxylate transport in the central nervous
system. Neurochem. Res. 27, 89–96.

Berlyne, D.E., 1950. Novelty and curiosity as determinants of exploratory behavior. Br. J.
Psychol. 41, 68–80.

Berlyne, D.E., 1969. Arousal, reward, and learning. Ann. N. Y. Acad. Sci. 159, 1059–1070.
Brass, E.P., Beyerinck, R.A., 1988. Effects of propionate and carnitine on the hepatic

oxidation of short- and medium-chain-length fatty acids. Biochem. J. 250, 819–825.
Brock, M., Buckel, W., 2004. On the mechanism of action of the antifungal agent pro-

pionate. Eur. J. Biochem. 271, 3227–3241.
Bronson, G.W., 1968. The fear of novelty. Psychol. Bull. 69, 350–358.
Brouillet, E., Jacquard, C., Bizat, N., Blum, D., 2005. 3-Nitropropionic acid: a mi-

tochondrial toxin to uncover physiopathological mechanisms underlying striatal
degeneration in Huntington’s disease. J. Neurochem. 95, 1521–1540.

Brown, G.R., Nemes, C., 2008. The exploratory behaviour of rats in the hole-board ap-
paratus: is head-dipping a valid measure of neophilia? Behav. Process. 78, 442–448.

Brusque, A.M., Mello, C.F., Buchanan, D.N., Terracciano, S.T., Rocha, M.P., Vargas, C.R.,
Wannmacher, C.M., Wajner, M., 1999. Effect of chemically induced propionic acid-
emia on neurobehavioral development of rats. Pharmacol. Biochem. Behav. 64,
529–534.

Cannizzaro, C., Monastero, R., Vacca, M., Martire, M., 2003. [3H]-DA release evoked by
low pH medium and internal H+ accumulation in rat hypothalamic synaptosomes:
involvement of calcium ions. Neurochem. Int. 43, 9–17.

Choi, J., Lee, S., Won, J., Jin, Y., Hong, Y., Hur, T.-Y., Kim, J.-H., Lee, S.-R., Hong, Y.,
2018. Pathophysiological and neurobehavioral characteristics of a propionic acid-
mediated autism-like rat model. PLoS One 13 (2), e0192925.

Chugani, D.C., 2004. Serotonin in autism and pediatric epilepsies. Ment. Retard. Dev.
Disabil. Res. Rev. 10, 112–116.

Collins, S.M., Surette, M., Bercik, P., 2012. The interplay between the intestinal micro-
biota and the brain. Nat. Rev. Microbiol. 10, 735–742.

Cryan, J.F., Dinan, T.G., 2012. Mind-altering microorganisms: the impact of the gut mi-
crobiota on brain and behaviour. Nat. Rev. Neurosci. 13, 701–712.

Cummings, J.H., Pomare, E.W., Branch, W.J., Naylor, C.P., Macfarlane, G.T., 1987. Short
chain fatty acids in human large intestine, portal, hepatic, and venous blood. Gut 28,
1221–1227.

Depino, A.M., 2013. Peripheral and central inflammation in autism spectrum disorders.
Mol. Cell. Neurosci. 53, 69–76.

Desbonnet, L., Clarke, G., Shanahan, F., Dinan, T.G., Cryan, J.F., 2014. Microbiota is
essential for social development in the mouse. Mol. Psychiatry 19, 146–148.

DiCicco-Bloom, E., Lord, C., Zwaigenbaum, L., Courchesne, E., Dager, S.R., Schmitz, C.,
Schultz, R.T., Crawley, J., Young, L.J., 2006. The developmental neurobiology of
autism spectrum disorder. J. Neurosci. 26, 6897–6906.

Durcan, M.J., Lister, R.G., 1989. Does directed exploration influence locomotor activity in
a holeboard test? Behav. Neural Biol. 51, 121–125.

El-Ansary, A.K., Bacha, A.B., Kotb, M., 2012. Etiology of autistic features: the persisting
neurotoxic effects of propionic acid. J. Neuroinflammation 9, 74.

El-Ansary, A.K., Shaker, G.H., Risk, M.Z., 2013. Role of gut-brain axis in the aetiology of
neurodevelopmental disorders with reference to autism. J. Clin. Toxicol. S6, 5.

Feliz, B., Witt, D.R., Harris, B.T., 2003. Propionic acidemia: a neuropathology case report
and review of prior cases. Arch. Pathol. Lab. Med. 127, e325–e328.

Ferretti, M.T., Cuello, A.C., 2011. Does a pro-inflammatory process precede Alzheimer’s
disease and mild cognitive impairment? Curr. Alzheimer Res. 8, 164–174.

File, S.E., Wardill, A.G., 1975a. The reliability of the hole-board apparatus.
Psychopharmacologia 44, 47–51.

File, S.E., Wardill, A.G., 1975b. Validity of head-dipping as a measure of exploration in a
modified hole-board. Psychopharmacologia 44, 53–59.

Filipek, P.A., Juranek, J., Nguyen, M.T., Cummings, C., Gargus, J.J., 2004. Relative
carnitine deficiency in autism. J. Autism Dev. Disord. 34, 615–623.

Finegold, S.M., 2010. Pyrosequencing study of fecal microflora of autistic and control
children. Anaerobe 16, 444–453.

Finegold, S.M., 2011. Desulfovibrio species are potentially important in regressive autism.
Med. Hypotheses 77, 270–274.

Finegold, S.M., Molitoris, D., Song, Y., Liu, C., Vaisanen, M.L., Bolte, E., McTeague, M.,
Sandler, R., Wexler, H., Marlowe, E.M., Collins, M.D., Lawson, P.A., Summanen, P.,
Baysallar, M., Tomzynski, T.J., Read, E., Johnson, E., Rolfe, R., Nasir, P., Shah, H.,
Haake, D.A., Manning, P., Kaul, A., 2002. Gastrointestinal microflora studies in late-
onset autism. Clin. Infect. Dis. 35 (Suppl. 1), S6–S16.

Finegold, S.M., Downes, J., Summanen, P.H., 2012. Microbiology of regressive autism.
Anaerobe 18, 260–262.

Foley, K.A., MacFabe, D.F., Vaz, A., Ossenkopp, K.-P., Kavaliers, M., 2014a. Sexually
dimorphic effects of prenatal exposure to propionic acid and lipopolysaccharide on
social behavior in neonatal, adolescent, and adult rats: implications for autism
spectrum disorders. Int. J. Dev. Neurosci. 39, 68–78. https://doi.org/10.1016/j.
ijdevneu.2014.04.001.

Foley, K.A., Ossenkopp, K.-P., Kavaliers, M., MacFabe, D.F., 2014b. Pre- and neonatal
exposure to lipopolysaccharide or the enteric metabolite, propionic acid, alter de-
velopment and behavior in adolescent rats in a sexually dimorphic manner. PLoS-
ONE 9 (1), e87072. https://doi.org/10.1371/journal.pone.0087072.

Foley, K.A., MacFabe, D.F., Kavaliers, M., Ossenkopp, K.-P., 2015. Sexually dimorphic
effects of prenatal exposure to lipopolysaccharide, and prenatal and postnatal ex-
posure to propionic acid, on acoustic startle response and prepulse inhibition in
adolescent rats: relevance to autism spectrum disorders. Behav. Brain Res. 278,
244–256. https://doi.org/10.1016/j.bbr.2014.09.032.

Forsythe, P., Kunze, W.A., Bienenstock, J., 2012. On communication between gut mi-
crobes and the brain. Curr. Opin. Gastroenterol. 28, 557–562.

Foster, J.A., Neufeld, K.A., 2013. Gut–brain axis: how the microbiome influences anxiety
and depression. Trends Neurosci. 36, 305–312.

Frost, G.S., Brynes, A.E., Dhillo, W.S., Bloom, S.R., McBurney, M.I., 2003. The effects of
fiber enrichment of pasta and fat content on gastric emptying, GLP-1, glucose, and
insulin responses to a meal. Eur. J. Clin. Nutr. 57, 293–298.

Frye, R.E., 2015. Metabolic and mitochondrial disorders associated with epilepsy in
children with autism spectrum disorder. Epilepsy Behav. 47, 147–157.

Frye, R.E., Melnyk, S., MacFabe, D.F., 2013. Unique acyl-carnitine profiles are potential
biomarkers for acquired mitochondrial disease in autism spectrum disorder. Transl.
Psychiatry 3 (1), e220.

Frye, R.E., Rose, S., Slattery, J., MacFabe, D.F., 2015. Gastrointestinal dysfunction in
autism spectrum disorder: the role of the mitochondria and the enteric microbiome.
Microb. Ecol. Health Dis. 26, 27458.

Hallmayer, J., Cleveland, S., Torres, A., Phillips, J., Cohen, B., Torigoe, T., Miller, J.,
Fedele, A., Collins, J., Smith, K., Lotspeich, L., Croen, L.A., Ozonoff, S., Lajonchere,
C., Grether, J.K., Risch, N., 2011. Genetic heritability and shared environmental
factors among twin pairs with autism. Arch. Gen. Psychiatry 68, 1095–1102.

Diaz Heijtz, R., Wang, S., Anuar, F., Qian, Y., Björkholm, B., Samuelsson, A., Hibberd,
M.L., Forssberg, H., Pettersson, S., 2011. Normal gut microbiota modulates brain
development and behavior. Proc. Nat. Acad. Sci. U. S. A. 108 (7), 3047–3052.

Horvath, K., Perman, J.A., 2002. Autistic disorder and gastrointestinal disease. Curr.
Opin. Pediatr. 14, 583–587.

Hsiao, E.Y., McBride, S.W., Hsien, S., Sharon, G., Hyde, E.R., McCue, T., Codelli, J.A.,
Chow, J., Reisman, S.E., Petrosino, J.F., Patterson, P.H., Mazmanian, S.K., 2013.
Microbiota modulate behavioral and physiological abnormalities associated with
neurodevelopmental disorders. Cell 155 (7), 1451–1463.

James, S.J., Melnyk, S., Jernigan, S., Cleves, M.A., Halsted, C.H., Wong, D.H., Cutler, P.,
Bock, K., Boris, M., Bradstreet, J.J., Baker, S.M., Gaylor, D.W., 2006. Metabolic en-
dophenotype and related genotypes are associated with oxidative stress in children
with autism. Am. J. Med. Genet. B Neuropsychiatr. Genet. 141, 947–956.

Jyonouchi, H., 2009. Food allergy and autism spectrum disorders: is there a link? Curr
Allergy Asthma Rep 9, 194–201.

Kamen, C.L., Zevy, D.L., Bishnoi, I.R., Ward, J.M., Kavaliers, M., Ossenkopp, K.-P., 2019.
Systemic treatment with the enteric bacterial fermentation product, propionic acid,
reduces acoustic startle response magnitude in rats in a dose dependent fashion:
contribution to a rodent model of ASD. Neurotox. Res. 35, 353–359. https://doi.org/
10.1007/s12640-018-9960-9.

Kang, D.-W., EsraIlhana, Z., Isern, N.G., Hoyt, D.W., Howsmond, D.P., Shaffer, M.,
Lozupon, C.A., Hahn, J., Adams, J.B., Krajmalnik-Brown, R., 2018. Differences in
fecal microbial metabolites and microbiota of children with autism spectrum dis-
orders. Anaerobe 49, 121–131.

Karuri, A.R., Dobrowsky, E., Tannock, I.F., 1993. Selective cellular acidification and
toxicity of weak organic acids in an acidic microenvironment. Br. J. Cancer 68,
1080–1087.

Kliethermes, C.L., Crabbe, J.C., 2006. Pharmocological and genetic influences on hole-
board behaviour in mice. Pharmocol. Biochem. Behav. 85, 57–65.

Kootz, J.P., Marinelli, B., Cohen, D.J., 1982. Modulation of response to environmental
stimulation in autistic children. J. Autism Dev. Disord. 12, 185–193.

Langen, M., Durston, S., Kas, M.J., van Engeland, H., Staal, W.G., 2011a. The neuro-
biology of repetitive behaviour: …And men. Neurosci. Biobehav. Rev. 35, 356–365.

Langen, M., Kas, M.J., Staal, W.G., van Engeland, H., Durston, S., 2011b. The neuro-
biology of repetitive behaviour: of mice. Neurosci. Biobehav. Rev. 35, 345–355.

Leussis, M.P., Bolivar, V.J., 2006. Habituation in rodents: a review of behavior, neuro-
biology, and genetics. Neurosci. Biobehav. Rev. 30, 1045–1064.

London, E., Etzel, R.A., 2000. The environment as an etiologic factor in autism: a new
direction for research. Environ. Health Perspect. 108, 401–404.

MacFabe, D.F., 2012. Short-chain fatty acid fermentation products of the gut microbiome:

M.M. Meeking, et al. Progress in Neuropsychopharmacology & Biological Psychiatry 97 (2020) 109794

11

http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0010
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0015
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0015
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0015
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0020
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0020
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0020
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0025
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0025
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0025
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0030
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0030
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0030
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0035
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0035
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0040
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0040
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0040
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0045
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0045
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0050
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0055
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0055
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0055
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0055
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0060
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0060
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0065
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0065
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0065
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0070
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0070
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0070
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0075
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0075
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0080
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0085
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0085
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0090
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0090
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0095
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0100
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0100
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0100
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0105
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0105
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0110
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0110
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0110
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0110
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0115
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0115
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0115
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0120
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0120
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0120
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0125
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0125
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0130
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0130
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0135
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0135
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0140
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0140
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0140
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0145
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0145
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0150
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0150
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0155
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0155
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0155
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0160
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0160
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0165
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0165
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0170
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0170
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0175
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0175
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0180
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0180
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0185
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0185
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0190
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0190
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0195
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0195
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0200
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0200
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0205
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0205
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0210
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0210
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0210
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0210
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0210
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0215
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0215
https://doi.org/10.1016/j.ijdevneu.2014.04.001
https://doi.org/10.1016/j.ijdevneu.2014.04.001
https://doi.org/10.1371/journal.pone.0087072
https://doi.org/10.1016/j.bbr.2014.09.032
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0235
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0235
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0240
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0240
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0245
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0245
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0245
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0250
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0250
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0255
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0255
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0255
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0260
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0260
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0260
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0265
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0265
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0265
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0265
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0270
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0270
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0270
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0275
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0275
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0280
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0280
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0280
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0280
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0285
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0285
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0285
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0285
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0290
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0290
https://doi.org/10.1007/s12640-018-9960-9
https://doi.org/10.1007/s12640-018-9960-9
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0300
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0300
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0300
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0300
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0305
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0305
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0305
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0310
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0310
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0315
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0315
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0320
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0320
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0325
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0325
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0330
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0330
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0335
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0335
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0340


implications in autism spectrum disorders. Microb. Ecol. Health Dis. 23, 19260.
MacFabe, D.F., 2015. Enteric short-chain fatty acids: microbial messengers of metabolism,

mitochondria, and mind: implications in autism spectrum disorders. Microb. Ecol.
Health Dis. 26, 28177.

MacFabe, D.F., Cain, D.P., Rodriquez-Capote, K., Franklin, A.E., Hoffman, J.E., Boon, F.,
Taylor, A.R., Kavaliers, M., Ossenkopp, K.-P., 2007. Neurobiological effects of in-
traventricular propionic acid in rats: possible role of short chain fatty acids on the
pathogenesis and characteristics of autism spectrum disorders. Behav. Brain Res. 176,
149–169.

MacFabe, D.F., Rodriguez-Capote, K., Hoffman, J.E., Franklin, A.E., Mohammad-Asef, Y.,
Taylor, A.R., Boon, F., Cain, D.P., Kavaliers, M., Possmayer, F., Ossenkopp, K.-P.,
2008. A novel rodent model of autism: intraventricular infusions of propionic acid
increase locomotor activity and induce neuroinflammation and oxidative stress in
discrete regions of adult rat brain. Am. J. Biochem. Biotechnol. 4, 146–166.

MacFabe, D.F., Cain, N.E., Boon, F., Ossenkopp, K.-P., Cain, D.P., 2011. Effects of the
enteric bacterial metabolic product propionic acid on object-directed behavior, social
behavior, cognition, and neuroinflammation in adolescent rats: relevance to autism
spectrum disorder. Behav. Brain Res. 217, 47–54.

Makanjuola, R.O., Hill, G., Dow, R.C., Campbell, G., Ashcroft, G.W., 1977a. The effects of
psychotropic drugs on exploratory and stereotyped behaviour of rats studied on hole-
board. Psychopharmacology 55, 67–74.

Makanjuola, R.O., Hill, G., Maben, I., Dow, R.C., Ashcroft, G.W., 1977b. An automated
method for studying exploratory and stereotyped behaviour in rats.
Psychopharmacology 52, 271–277.

Markram, H., Rinaldi, T., Markram, K., 2007. The intense world syndrome-an alternative
hypothesis for autism. Front. Neurosci. 1, 77–96.

Matson, J.L., Dempsey, T., Fodstad, J.C., 2009. Stereotypies and repetitive/restricted
behaviours in infants with autism and pervasive developmental disorder. Dev.
Neurorehabilitation 12, 122–127.

de Mattos-Dutra, A., Meirelles, R., Bevilaqua da Rocha, B., Kommers, T., Wofchuk, S.T.,
Wajner, M., Pessoa-Pureur, R., 2000. Methylmalonic and propionic acids increase the
in vitro incorporation of 32P into cytoskeletal proteins from cerebral cortex of young
rats through NMDA glutamate receptors. Brain Res. 856, 111–118.

McDougle, C.J., Kresch, L.E., Posey, D.J., 2000. Repetitive thoughts and behavior in
pervasive developmental disorders: treatment with serotonin reuptake inhibitors. J.
Autism Dev. Disord. 30, 427–435.

McPheeters, M.L., Warren, Z., Sathe, N., Bruzek, J.L., Krishnaswami, S., Jerome, R.N.,
Veenstra-Vanderweele, J., 2011. A systematic review of medical treatments for
children with autism spectrum disorders. Pediatrics 127, 1312–1321.

Mepham, J.R., Boon, F.H., Foley, K.A., Cain, D.P., MacFabe, D.F., Ossenkopp, K.-P., 2019.
Impaired spatial cognition in adult rats treated with multiple intracerebroventricular
(ICV) infusions of the enteric bacterial metabilite, propionic acid, and return to
baseline after 1 week of no treatment: contribution to a rodent model of ASD.
Neurotox. Res. 35 (4), 823–837. https://doi.org/10.1007/s12640-019-0002-z.

Mirza, R., Sharma, B., 2018. Selective modulator of peroxisome proliferator-activated
receptor-α protects propionic acid induced autism-like phenotype in rats. Life Sci.
214, 106–117.

Moore, H., Grace, A.A., 2002. A role for electrotonic coupling in the striatum in the ex-
pression of dopamine receptor-mediated stereotypies. Neuropsychopharmacology 27,
980–992.

Morgan, J.T., Chana, G., Pardo, C.A., Achim, C., Semendeferi, K., Buckwalter, J.,
Courchesne, E., Everall, I.P., 2010. Microglial activation and increased microglial
density observed in the dorsolateral prefrontal cortex in autism. Biol. Psychiatry 68
(4), 368–376.

Moy, S.S., Nadler, J.J., Poe, M.D., Nonneman, R.J., Young, N.B., Koller, B.H., Crawley,
J.N., Duncan, G.E., Bodfish, J.W., 2008. Development of a mouse test for repetitive,
restricted behaviors: relevance to autism. Behav. Brain Res. 188, 178–194.

Murray, M.J., 2010. Attention-deficit/hyperactivity disorder in the context of autism
spectrum disorders. Curr. Psychiatry Rep. 12, 382–388.

Nguyen, N.H., Morland, C., Gonzalez, S.V., Rise, F., Storm-Mathisen, J., Gundersen, V.,
Hassel, B., 2007. Propionate increases neuronal histone acetylation, but is metabo-
lized oxidatively by glia. Relevance for propionic acidemia. J. Neurochem. 101,
806–814.

Nicholson, J., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jioa, W., Pettersson, S.,
2012. Host-gut microbiota metabolic interactions. Science 336, 1262–1267.

O’Donnell, P., Grace, A.A., 1997. Cortical afferents modulate striatal gap junction per-
meability via nitric oxide. Neuroscience 76, 1–5.

Ogren, S.O., Eriksson, T.M., Elvander-Tottie, E., D’Addario, C., Ekstrom, J.C.,
Svenningsson, P., Meister, B., Kehr, J., Stiedl, O., 2008. The role of 5-HT(1A) re-
ceptors in learning and memory. Behav. Brain Res. 195, 54–77.

Ornoy, A., 2009. Valproic acid in pregnancy: how much are we endangering the embryo
and fetus? Reprod. Toxicol. 28, 1–10.

Ossenkopp, K.-P., Kavaliers, M., 1996. Measuring spontaneous locomotor activity in small
mammals. In: Ossenkopp, K.-P., Kavaliers, M., Sanberg, P.R. (Eds.), Measuring
Movement and Locomotion: From Invertebrates to Humans. Springer Verlag,
Heidelberg, pp. 33–59.

Ossenkopp, K.-P., Mazmanian, D.S., 1985. The measurement and integration of beha-
vioral variables: aggregation and complexity as important issues. Neurobehav.
Toxicol. Teratol. 7, 95–100.

Ossenkopp, K.-P., MacRae, L.K., Teskey, G.C., 1987. Automated multivariate measure-
ment of spontaneous motor activity in mice: time course and reliabilities of the be-
havioral measures. Pharmacol. Biochem. Behav. 27, 565–568.

Ossenkopp, K.-P., Foley, K.A., Gibson, J., Fudge, M.A., Kavaliers, M., Cain, D.P., MacFabe,
D.F., 2012. Systemic treatment with the enteric bacterial fermentation product,
propionic acid, produces both conditioned taste avoidance and conditioned place
avoidance in rats. Behav. Brain Res. 227, 134–141.

Parab, S., Nankova, B.B., La Gamma, E.F., 2007. Differential regulation of the tyrosine
hydroxylase and enkephalin neuropeptide transmitter genes in rat PC12 cells by short
chain fatty acids: concentration-dependant effects on transcription and RNA stability.
Brain Res. 1132, 42–50.

Parracho, H.M., Bingham, M.O., Gibson, G.R., McCartney, A.L., 2005. Differences be-
tween the gut microflora of children with autism spectrum disorders and that of
healthy children. J. Med. Microbiol. 54, 987–991.

Paxinos, G., Watson, C., 1998. The Rat Brain in Stereotaxic Coordinates. Academic Press,
San Diego, CA.

Previc, F.H., 2007. Prenatal influences on brain dopamine and their relevance to the
rising incidence of autism. Med. Hypotheses 68, 46–60.

Ratajczak, H.V., 2011. Theoretical aspects of autism: causes - a review. J. Immunotoxicol.
8, 68–79.

Remblier, C., Pontcharraud, R., Tallineau, C., Piriou, A., Huguet, F., 1999. Lactic-acid
induced increase of extracellular dopamine measured by microdialysis in rat
striatum: evidence for glutamatergic and oxidative mechanisms. Brain Res. 837,
22–28.

Rorig, B., Klausa, G., Sutor, B., 1996. Intracellular acidification reduced gap junction
coupling between immature rat neocortical pyramidal neurones. J. Physiol. 490,
31–49.

Rosenfeld, C.S., 2015. Microbiome disturbances and autism spectrum disorders. Drug
Metab. Dispos. 43 (10), 1557–1571.

Sanberg, P.R., Hagenmeyer, S.H., Henault, M.A., 1985. Automated measurement of
multivariate locomotor behavior in rodents. Neurobehav. Toxicol. Teratol. 7 (1),
87–94.

Sanberg, P.R., Zoloty, A., Willis, C.D., Ticarich, K., Rhoads, R.P., Nagy, R.P., Mitchell,
S.G., Laforest, A.R., Jenks, J.A., Harkabus, L.J., Gurson, D.B., Finnefrock, J.A.,
Bednarik, E.J., 1987. Digiscan activity: automated measurement of thogmotactic and
stereotypic behavior in rats. Pharmacol. Biochem. Behav. 27, 569–572.

Sasson, N.J., Turner-Brown, L.M., Holtzclaw, T.N., Lam, K.S., Bodfish, J.W., 2008.
Children with autism demonstrate circumscribed attention during passive viewing of
complex social and nonsocial picture arrays. Autism Res. 1, 31–42.

Schlue, W., Dorner, R., Rempe, L., Riehl, B., 1991. Glial H+ transport and control of pH.
Ann. N. Y. Acad. Sci. 633, 287–305.

Severson, C.A., Wang, W., Pieribone, V.A., Dohle, C.I., Richerson, G.B., 2003. Midbrain
serotonergic neurons are central pH chemoreceptors. Nat. Neurosci. 6, 1139–1140.

Shams, S., Foley, K.A., Kavaliers, M., MacFabe, D.F., Ossenkopp, K.-P., 2019. Systemic
treatment with the enteric bacterial metabolic product propionic acid results in re-
duction of social behavior in juvenile rats: contribution to a rodent model of autism
spectrum disorder. Dev. Psychobiol. 61 (5), 688–699. https://doi.org/10.1002/dev.
21825.

Shultz, S.R., MacFabe, D.F., Ossenkopp, K.-P., Scratch, S., Whelan, J., Taylor, R., Cain,
D.P., 2008. Intracerebroventricular injection of propionic acid, an enteric bacterial
metabolic end-product, impairs social behavior in the rat: implications for an animal
model of autism. Neuropharmacology 54, 901–911.

Shultz, S.R., MacFabe, D.F., Martin, S., Jackson, J., Taylor, R., Boon, F., Ossenkopp, K.-P.,
Cain, D.P., 2009. Intracerebroventricular injections of the enteric bacterial metabolic
product propionic acid impair cognition and sensorimotor ability in the long-Evans
rat: further development of a rodent model of autism. Behav. Brain Res. 200, 33–41.

Stilling, R.M., Dinan, T.G., Cryan, J.F., 2014. Microbial genes, brain and behaviour -
epigenetic regulation of the gut-brain axis. Genes Brain Behav. 13 (1), 69–86.

Takeda, H., Tsuji, M., Matsumiya, T., 1998. Changes in head-dipping behavior in the hole-
board test reflect the anxiogenic and/or anxiolytic state in mice. Eur. J. Pharmacol.
350, 21–29.

Thomas, R.H., Foley, K.A., Mepham, J.R., Tichenoff, L.J., Possmayer, F., MacFabe, D.F.,
2010. Altered brain phospholipid and acylcarnitine profiles in propionic acid infused
rodents: further development of a potential model of autism spectrum disorders. J.
Neurochem. 113, 515–529.

Thomas, R.H., Meeking, M.M., Mepham, J.R., Tichenoff, L., Possmayer, F., Liu, S.,
MacFabe, D.F., 2012. The enteric bacterial metabolite propionic acid alters brain and
plasma phospholipid molecular species: further development of a rodent model of
autism spectrum disorders. J. Neuroinflammation 9, 153.

Thompson, G.N., Walter, J.H., Bresson, J.L., Ford, G.C., Lyonnet, S.L., Chalmers, R.A.,
Saudubray, J.M., Leonard, J.V., Halliday, D., 1990. Sources of propionate in inborn
errors of propionate metabolism. Metabolism 39, 1133–1137.

Vargas, D.L., Nascimbene, C., Krishnan, C., Zimmerman, A.W., Pardo, C.A., 2005.
Neuroglial activation and neuroinflammation in the brain of patients with autism.
Ann. Neurol. 57, 67–81.

Velazquez, J.L., Han, D., Carlen, P.L., 1997. Neurotransmitter modulation of gap junc-
tional communication in the rat hippocampus. Eur. Neurosci. Assoc. 9, 2522–2531.

Wah, D.T.O., Kavaliers, M., Bishnoi, I., Ossenkopp, K.-P., 2019. Lipopolysaccharide (LPS)
induced sickness in early adolescence alters the behavioral effects of the short-chain
fatty acid, propionic acid, in late adolescence and adulthood: examining anxiety and
startle reactivity. Behav. Brain Res. 360, 312–322. https://doi.org/10.1016/j.bbr.
2018.12.003.

Wajner, M., Latini, A., Wyse, A.T., Dutra-Filho, C.S., 2004. The role of oxidative damage
in the neuropathology of organic acidurias: insights from animal studies. J. Inherit.
Metab. Dis. 27, 427–448.

Wang, Y., Kasper, L.H., 2014. The role of microbiome in central nervous system disorders.
Brain Behav. Immun. 38, 1–12.

Whiteley, P., Haracopos, D., Knivsberg, A.M., Reichelt, K.L., Parlar, S., Jacobsen, J., Seim,
A., Pedersen, L., Schondel, M., Shattock, P., 2010. The ScanBrit randomised, con-
trolled, single-blind study of a gluten- and casein-free dietary intervention for chil-
dren with autism spectrum disorders. Nutr. Neurosci. 13, 87–100.

Whitton, P.S., 2007. Inflammation as a causative factor in the aetiology of Parkinson’s
disease. Br. J. Pharmacol. 150, 963–976.

M.M. Meeking, et al. Progress in Neuropsychopharmacology & Biological Psychiatry 97 (2020) 109794

12

http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0340
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0345
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0345
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0345
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0350
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0350
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0350
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0350
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0350
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0355
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0355
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0355
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0355
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0355
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0360
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0360
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0360
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0360
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0365
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0365
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0365
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0370
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0370
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0370
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0375
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0375
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0380
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0380
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0380
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0385
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0385
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0385
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0385
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0390
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0390
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0390
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0395
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0395
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0395
https://doi.org/10.1007/s12640-019-0002-z
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0405
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0405
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0405
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0410
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0410
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0410
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0415
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0415
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0415
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0415
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0420
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0420
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0420
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0425
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0425
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0430
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0430
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0430
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0430
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0435
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0435
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0440
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0440
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0445
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0445
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0445
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0450
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0450
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0455
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0455
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0455
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0455
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0460
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0460
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0460
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0465
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0465
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0465
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0470
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0470
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0470
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0470
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0475
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0475
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0475
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0475
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0480
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0480
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0480
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0485
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0485
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0490
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0490
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0495
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0495
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0500
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0500
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0500
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0500
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0505
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0505
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0505
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0510
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0510
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0515
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0515
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0515
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0520
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0520
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0520
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0520
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0525
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0525
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0525
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0530
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0530
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0535
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0535
https://doi.org/10.1002/dev.21825
https://doi.org/10.1002/dev.21825
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0545
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0545
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0545
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0545
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0550
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0550
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0550
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0550
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0555
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0555
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0560
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0560
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0560
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0565
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0565
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0565
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0565
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0570
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0570
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0570
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0570
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0575
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0575
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0575
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0580
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0580
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0580
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0585
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0585
https://doi.org/10.1016/j.bbr.2018.12.003
https://doi.org/10.1016/j.bbr.2018.12.003
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0595
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0595
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0595
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0600
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0600
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0605
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0605
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0605
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0605
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0610
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0610


Wiest, M.M., German, J.B., Harvey, D.J., Watkins, S.M., Hertz-Picciotto, I., 2009. Plasma
fatty acid profiles in autism: a case-control study. Prostaglandins Leukot. Essent. Fat.
Acids 80, 221–227.

Williams, B.L., Hornig, M., Buie, T., Bauman, M.L., Cho Paik, M., Wick, I., Bennett, A.,
Jabado, O., Hirschberg, D.L., Lipkin, W.I., 2011. Impaired carbohydrate digestion and
transport and mucosal dysbiosis in the intestines of children with autism and gas-
trointestinal disturbances. PLoS One 6, e24585.

Witters, P., Debbold, E., Crivelly, K., Kerckhove, K.V., Corthouts, K., Debbold, B.,
Andersson, H., Vannieuwenborg, L., Geuens, S., Baumgartner, M., Kozicz, T., Settles,
L., Morava, E., 2016. Autism in patients with propionic acidemia. Mol. Genet. Metab.
119 (4), 317–332.

Wyse, A.T., Brusque, A.M., Silva, C.G., Streck, E.L., Wajner, M., Wannmacher, C.M., 1998.
Inhibition of Na+,K+-ATPase from rat brain cortex by propionic acid. Neuroreport
9, 1719–1721.

M.M. Meeking, et al. Progress in Neuropsychopharmacology & Biological Psychiatry 97 (2020) 109794

13

http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0615
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0615
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0615
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0620
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0620
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0620
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0620
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0625
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0625
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0625
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0625
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0630
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0630
http://refhub.elsevier.com/S0278-5846(19)30267-2/rf0630

	Propionic acid induced behavioural effects of relevance to autism spectrum disorder evaluated in the hole board test with rats
	Introduction
	Apparatus and procedures
	Subjects
	Cannula implantation
	Hole-board apparatus
	Drug treatment
	Behavioural testing procedure
	Behavioural measures
	Brain tissue preparation and histological verification of cannula placements
	Statistical analyses

	Results
	Locomotor activity variables
	Baseline data
	Horizontal activity measures
	Vertical activity measures
	Repetitive activity measures

	Nose poke variables
	Nose poke counts
	Hole category


	Discussion
	Conclusion
	mk:H1_22
	Acknowledgements
	mk:H1_25
	Funding information
	mk:H1_27
	Ethical statement
	mk:H1_29
	Supplementary data
	References




