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1 | INTRODUCTION

Abstract

The role of the gut microbiome and its enteric metabolites, such as short-chain fatty
acids (SCFAs), in the etiology of autism spectrum disorders (ASDs) has recently re-
ceived increased attention. Of particular interest has been the SCFA, propionic acid
(PPA). Several different rodent models have been developed using PPA treatment to
examine behaviors of relevance to ASD. The effects of systemic (intraperitoneal, i.p.)
administration of PPA on social behavior, anxiety-related behavior, and locomotor
activity in juvenile male rats (age 35 days) were examined in this study. Rats received
seven i.p. injections of buffered PPA (500 mg/kg) or phosphate-buffered saline.
Behavior was video-recorded during social interaction in a large open field (first four
injections) or assessed in an automated activity system (individual animals, last three
injections). PPA treatment significantly reduced social interaction, increased anxi-
ety-related behavior, and produced hypoactivity and increased abnormal motor
movements. These findings suggest that PPA alters behaviors of relevance to ASD in
juvenile rats. These results contribute to the behavioral validity of the rodent model
of ASD with systemic PPA treatment.
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neuronal density in neocortical, limbic, and cerebellar areas (Bauman
& Kemper, 2005; Courchesne, Redcay, & Kennedy, 2004; Herbert,

Autism spectrum disorders (ASDs) are characterized by social inter-
action impairment, disordered movements, hyperactivity, sensory
disturbances, restrictive interests and repetitive behaviors, deficien-
cies of language, and cognitive deficits (Arndt, Stodgell, & Rodier,
2005; DiCicco-Bloom et al.,, 2006; Fombonne, 2009). Imaging
and neuropathological studies of patients with ASD have noted
increased brain size, white matter abnormalities, and increased

2005). Reports show that ASD has a high comorbidity with other
disorders, such as seizure disorder, anxiety disorders, and mental re-
tardation (Campbell et al., 2009).

The etiology of ASD is poorly understood, but the disorder may
be associated with a variety of other conditions and risk factors, in-
cluding fetal alcohol syndrome, prenatal exposure to thalidomide
or valproate (Arndt et al., 2005; Bromley, Mawer, Clayton-Smith, &
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Baker, 2008), fragile X syndrome, and tuberous sclerosis (Herbert
et al., 2006), amongst others. Autism usually manifests in early in-
fancy, characterized by an absence of age-appropriate parental eye
contact or social development as well as abnormal movement pat-
terns (Zwaigenbaum et al., 2008, Zwaigenbaum et al., 2013) based
on faulty development of some reflexes.

There is growing interest in the role that gastrointestinal factors
may play in the behavioral, neuropathological, and neuroinflamma-
tory sequelae observed in some ASD cases (Belkaid & Hand, 2014).
Anecdotal reports have suggested that ASD symptomology may
be induced or exacerbated following acute gastrointestinal abnor-
malities (Horvath & Perman, 2002), routine and antibiotic-resistant
pediatric infections (Fallon, 2005), or ingestion of wheat- or dairy-
containing foods (Jyonouchi, Sun, & Itokazu, 2002). A previous study
(Adams, Johansen, Powell, Quig, & Rubin, 2011) also found that gas-
trointestinal symptoms were strongly and positively correlated with
the severity of autism, possibly related to the fecal microflora of au-
tistic children (Finegold et al., 2010; Parracho, Bingham, Gibson, &
McCartney, 2005; Williams et al., 2011).

Animal models are useful to investigate brain-behavior rela-
tionships, which are difficult to examine in humans. They allow for
examination of behavioral dysfunctions and their associated neuro-
biology. A number of animal models of ASD have been developed
based on prenatal exposure to valproic acid (Dufour-Rainfray et al.,
2010; Kim et al., 2011; Roullet, Wollaston, Decatanzaro, & Foster,
2010; Schneider & Przewlocki, 2005) or immune system activa-
tion (cf. Bilbo & Schwarz, 2012). Propionic acid (PPA) is a volatile
short-chain fatty acid (SCFA) that is endogenous to the human body
(Al-Lahham, Peppelenbosch, Roelofsen, Vonk, & Venema, 2010),
being produced by fermentation of undigested food by the colonic
microbiota (Cummings, 1981), especially dietary fiber and resistant
starch, as well as from fatty acid metabolism (Al-Lahham et al., 2010;
Villalba & Provenza, 1997). Propionic acid and the related SCFAs
(e.g., acetate, butyrate) are capable of influencing central nervous
system function (MacFabe, 2012; Wang et al., 2012), including neu-
rotransmitter release and synthesis, gap junction communication,
lipid metabolism, mitochondrial function, immune activation, and
gene expression (see reviews by Koh, Vadder, Kovatcheva-Datchary,
& Backhed, 2016; MacFabe, 2012).

Propionic acid has been investigated in a potential adult rodent
model of ASD. Central (intracerebroventricular, ICV) administration
of PPA has been shown to impair social behavior and some cogni-
tive tasks, induce convulsions and seizures, and induce an innate
neuroinflammatory response and oxidative stress in the brains of
treated adult rats (MacFabe, 2012; MacFabe et al., 2007, 2008;
MacFabe, Cain, Boon, Ossenkopp, & Cain, 2011; Ossenkopp et al.,
2012; Shultz et al., 2008, 2009). This adult model is based on the
premise that continuous high levels of PPA could be responsible for
some of the behavioral abnormalities seen in ASD. This premise is
supported by previous studies, showing that propionic acidemia and
ASD overlap in a number of patients. Propionic acidemia, a neuro-
developmental metabolic disorder characterized by elevated levels
of the SCFA (propionic acid), clinically resembles some aspects of

autism (Feliz, Witt, & Harris, 2003), and case studies of comorbidity
of propionic acidemia and ASD have been presented (Al-Owain et
al., 2012; Witters et al., 2016).

As ASD is a developmental disorder, it is important to also
examine the effects of PPA at earlier stages of development. In
rats, the juvenile period is marked by major changes in the brain,
such as prefrontal cortical pruning, changes in the glia, and a leaky
blood-brain-barrier, amongst others (cf. Ono, Sakamoto, & Sakura,
2001). Developmental changes in behavior are also manifest as hy-
persensitivity to their environment and a display of more social be-
havior, amongst others (File & Seth, 2003). Previous studies have
also demonstrated that subcutaneous injections of PPA from day
6 to day 28 in rats (Brusque et al., 1999) delay the appearance of
hair coat, eye-opening, and free-fall righting reflex in the pups. As
adults, these rats also failed to show habituation in an open-field
task. Using a similar paradigm, Pettenuzzo et al. (2002) reported
impaired spatial learning performance in the Morris water maze
in the adult rats. However, neither study reported on impairments
of measures such as social behavior and locomotor activity. These
previous findings on behavioral effects of systemic PPA adminis-
tration in rats suggested that a systemic PPA rat model of ASD
could be useful addition to the ICV administration of PPA model.
The systemic route would be more similar to an enteric source of
PPA influencing behavior. The present experiment examined the
putative effects of systemic administration of PPA in juvenile rats
in order to provide further support for the PPA rodent model of
ASD. On the basis of our previous study with ICV administration
of PPA, we hypothesized that systemic administration of PPA in
juvenile rats would impair social behavior and increase anxiety-re-
lated behaviors.

2 | METHODS AND MATERIALS

2.1 | Subjects

Subjects were 48 juvenile male Long Evans hooded rats obtained
from a supplier (Charles River Laboratories, Quebec, Canada), which
arrived on postnatal day (PND) 21. Rats were pair-housed in standard
polypropylene shoe-box cages (26 cm x 48 cm x 21 cm) with Beta
Chip bedding and at a controlled temperature (21 + 1°C) in a 12:12-
hr light/dark cycle with lights on from 7:00 to 19:00 hr. Animals were
allowed access to food (ProLab RHM3000 rat chow) and tap water
ad libitum. All behavioral experimentation was completed during the
light phase. All experimental procedures were in accordance with
guidelines of the Canadian Council on Animal Care and approved by

the University of Western Ontario Animal Use Committee.

2.2 | Treatment groups

Rats were randomly assigned to one of the two treatment groups,
PPA (500 mg/kg, 0.26 M solution buffered to a pH of 7.5) or vehi-
cle (phosphate-buffered saline) (PBS; 0.1 M solution of phosphate),
and were paired with a partner treated with the same dose of
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either PPA or PBS during social interaction testing. This resulted in
four treatment combinations: (a) PPA-PPA, a rat was injected with
PPA and paired with a PPA-treated partner (n = 16); (b) PBS-PBS,
a rat was injected with PBS and paired with a PBS-treated partner
(n =12); (c) PPA-PBS, a rat was injected with vehicle and tested
with a partner treated with PPA (n = 10); and (d) PBS-PPA, a rat
was injected with PPA and tested with a partner treated with PBS
(n =10).

Doses were chosen based on past dose-response findings that
used repeated ICV infusions of 0.26 M solution of PPA (MacFabe, et
al., 2011, 2007) and systemic treatment (Choi et al., 2018; Ossenkopp
et al., 2012). Rats were injected i.p. on consecutive 4 days, then left
undisturbed for 3 days, and then injected for another three consec-
utive days, for a total of seven injections (timeline for the experiment
is shown in Supporting Information Figure S1). All behavioral testing

occurred immediately after each injection.

2.3 | Apparatus

2.3.1 | Paired social interaction test

Social behavior (cf. Pellis, Field, Smith, & Pellis, 1997; Thor &
Holloway, 1984) was evaluated in a circular open field (90 cm diam-
eter, 40 cm high) with Beta Chip bedding covering the floor of the
arena. A CD camera (WV-CP470; Panasonic) connected to a com-
puter was mounted above the arena. Each animal's behavior was

video-recorded for later analysis.

2.3.2 | Individual locomotor activity

Locomotoractivity (Ossenkopp & Kavaliers, 1996)wasmeasured using
eight VersaMax Animal Activity Monitors (Model NVMA16TT/W;
Accuscan Instruments Inc., Columbus, OH, USA). Each monitor
consisted of a Plexiglas open field (40 cm x 40 cm x 30.5 cm) with
a Plexiglas lid with air holes. Horizontal activity was measured by a
set of infrared beams located every 2.54 cm for a total of 16 beams
on each side of the monitor, creating a grid of beams at a height of
2.5 cm. To measure vertical activity, two additional sets of beams
were located 14 cm above the floor of the open field. A VersaMax
Analyser (Accuscan Model VSA-16, Columbus, OH) recorded data
from each monitor, which was sent to a computer in an adjacent
room.

2.4 | Experimental procedures

2.4.1 | Habituation and paired social interaction

Untreated pairs of cage-mate rats were habituated to experimen-
tal procedures and the apparatus on three consecutive days (PND
28-30) for a period of thirty minutes daily, prior to social testing.
This included coloring the dorsal surface of one rat from each pair (to

make video identification easier) with a black nontoxic permanent
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marker, ensuring the scent of the marker would not be novel to any
of the rats on subsequent test days.

Testing occurred on four consecutive days, commencing at
08:00 hr at age PND 35-38 (injection days 1-4). Immediately fol-
lowing injection, a cage-mate pair was placed into the open field and
behavioral data were collected for 1 hr.

2.4.2 | Individual locomotor activity

Following a 3-day holiday from injections and behavioral testing,
rats were tested in the automated locomotor activity apparatus
(VersaMax monitors) for three consecutive days at PND 42-44.
Immediately following injection, rats were placed individually in the

apparatus and behavior was recorded for 60 min.

2.5 | Behavioral measures

2.5.1 | Paired social interaction—video analysis

Video recordings of the animals’ behavior were converted into
media files and given random inconspicuous labels, allowing the ex-
perimenter coding the behavior to be blind to the treatment group
of any particular rat. The first 10 min of the videotapes was visually
scored using the Observer (Noldus Information Technology, Sterling,
VA) event recording software.

The time, or frequency of various specific behaviors, was scored
visually. These specific behaviors were aggregated into social (ap-
proach, avoidance, investigative sniffing, allogrooming/social
grooming) and nonsocial (self-grooming, rearing, digging, and ab-
normal motor behaviors) categories (cf. Ossenkopp & Mazmanian,

1985). Definitions for these behaviors are as follows:

Time spent in social contact: amount of time (s) spent in direct physical
contact with the partner for each rat pair.

Time spent moving: amount of time spent moving for each animal.

Frequency of allogrooming: the number of times each rat pair engaged
in allogrooming.

Frequency of approach: the number of times the animal approached
their partner.

Frequency of avoidance: number of times the animal avoided the so-
cial initiation when approached by the partner.

Frequency of sniffing: number of times each rat explored its partner
by sniffing.

Frequency of self-grooming: number of times the animal engaged in
grooming itself.

Frequency of abnormal motor behavior: number of times each rat
displayed any abnormal motor behaviors such as retropulsion
(dorsiflexion of spine with repeated forelimb extension, pushing
the body backward), snake-like posture (hyperextension of body
parallel to floor, usually with paddling motions of the limbs), and
limb dystonia (dystonic movement of forelimb or hindlimb, usually

repeated adduction and extension).
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2.6 | Individual locomotor activity testing
(VersaMax)

The VersaMax Animal Activity Monitors automatically collected
data using a grid of infrared beams. Variables reflecting locomotor
and thigmotaxis activity (Ossenkopp & Kavaliers, 1996) were col-
lected and are described below. For the thigmotaxis measure, the
center square region consisted of the inner 25 cm square area of the
open-field floor.

Total distance (cm): the total horizontal distance (cm) traveled.

Rearing: the number of individual vertical movements made with a
minimum stop time of 1 s to separate movements.

Frequency of center entries: the number of entries to the center re-
gion of the open field. This is a measure of anxiety, as rats with

increased levels of thigmotaxis (anxiety) avoid the center area.

2.7 | Statistical analysis

Data were analyzed for main effects using a mixed design ANOVA
with treatment as the between-subject factor and test days as the
within-subject factor. If a main effect of treatment or day or an inter-
action was found, post hoc one-way ANOVAs were carried out for
group differences on individual days. Post hoc pairwise comparisons
consisted of Tukey's HSD test. All statistical tests were calculated
using SPSS 16.0 (SPSS, Inc.) for Windows. Hypothesis tests used

a = 0.05 as the criterion for significant effects.

3 | RESULTS

3.1 | Body weight

All of the rats had similar body weight gains throughout the ex-
periment. There was no significant difference in mean body weight
gains between the PBS- and PPA-treated groups (F(1, 46) = 0.05,
p =0.82).

3.2 | Paired social interaction

3.2.1 | Time spent in social contact

Compared to the PBS-PBS pairs, rats in the PPA-PPA and mixed
pairs spent less time in contact with the partner (Figure 1a). The
ANOVA revealed a significant main effect of Group (treatment
pair) (F(2, 21) = 17.35, p < 0.0001) and a significant Group-by-
Day interaction (F(6, 36) = 2.66, p = 0.034). Post hoc analyses
revealed that compared to rats in the PBS-PBS pair, rats in the
PPA-PPA pairs spent significantly less time in contact with the
partner on days 2, 3, and 4 (ps < 0.05). Similarly, compared to rats
in the PBS-PBS group, rats in the mixed treatment pairs spent
significantly less time in contact with the partner on days 2, 3,
and 4 (ps < 0.05).

—_
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—0= PBS (n=6)
—w— Mixed (n=10)

._.-1_:’,
300 - ,zﬁ"—’"
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Time spent in physical contact (s)

Test day

—_
(=)
-

—=— PPA (n=8)
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81| —v— Mixed (n =10)

Frequency of allogrooming partner

Test day

FIGURE 1 Mean time spent in physical contact with the partner
(a) and mean frequency of allogrooming (b), by pairs of juvenile

rats systemically (i.p.) treated with either PPA or PBS (vehicle) and
placed in an open field. Means are for the first 10 min of testing on
four consecutive days Error bars are standard errors of the mean
(SEM). Significant differences (p < 0.05) are denoted with * relative
to the control group (PBS-PBS). PBS: phosphate-buffered saline;
PPA: propionic acid

3.2.2 | Time spent moving

Propionic acid-treated rats from both the PPA-PPA and the PPA-PBS
pairs spent less time moving regardless of their partner type (see
Supporting Information Figure S2). The ANOVA revealed a signifi-
cant main effect of Treatment (F(1, 44) = 80.56, p < 0.0001) but no
main effect of Partner type (F(1, 44) = 0.01, p = 0.92). A significant
Day-by-Treatment interaction was also obtained (F(3, 132) = 5.15,
p = 0.003). Post hoc comparisons indicated that rats in the PPA-PPA
pairs were significantly less active than in PBS-PBS pairs (ps < 0.01).

3.2.3 | Frequency of allogrooming

The frequency of allogrooming was significantly lower in both
the PPA-PPA group and the mixed group pairs (Figure 1b). The
ANOVA showed a significant main effect of Group (F(2, 21) = 54.18,
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FIGURE 2 Mean (+SEM) frequency of approaching (a) and avoiding (b) the partner by individual juvenile rats, treated with PPA or

PBS (control) and placed in the open field. Means are for the first 10 min of testing on four consecutive days. The left panel represents

rats treated in treatment-matched combinations (PBS-PBS and PPA-PPA). The right panel represents rats tested in treatment-mixed
combinations. Significant differences (p < 0.05) are denoted with * relative to the PBS-PBS group and with # relative to the PPA-PPA group.
Significant differences (p < 0.05) between partners in the mixed group are denoted with “0.” PBS: phosphate-buffered saline; PPA: propionic

acid

p <0.0001) and a significant Group-by-Day interaction (F(6,
36) = 2.82, p = 0.025) for the allogrooming measure. Post hoc com-
parisons revealed that PPA-treated rats from both the PPA-PPA and
mix pair group had significantly reduced allogrooming on all days in
comparison with the control group (ps < 0.05). These results indicate
that PPA-treated rats did not engage in normal allogrooming behav-

ior, regardless of their partner's treatment.

3.2.4 | Approach behavior

As seen in Figure 2a, the number of times each rat approached its
partner was lower in PPA-treated rats, regardless of their partner's
treatment. This was supported by the ANOVA, which indicated a sig-
nificant main effect of Group (F(1, 44) = 151.41, p <0.0001) and Day

(F(3, 132) = 4.52, p = 0.007) but no main effect of Partner type (F(1,
44) =0.01, p=0.92). There was also a significant Day-by-Partner
interaction (F(3, 132) = 6.14, p = 0.001). Post hoc comparisons indi-
cated that rats in the PPA-PPA pairs exhibited significantly reduced
frequency of approach on all days (ps < 0.01) when compared to con-
trol pairs and significantly lower frequency of approach on days 1-3
(ps < 0.01) in comparison with PBS-PPA pairs. In addition, PPA-PBS
pairs exhibited lower approach frequency on days 2-4 (ps < 0.01) in
comparison with PBS-PBS pairs.

3.2.5 | Avoidance behavior

The number of times a rat avoided social initiation when approached

by the partner was greatest in PPA-PBS pairs (see Figure 2b).
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The ANOVA revealed significant main effects of Treatment (F(1,
44) = 4715, p<0.0001) and Partner type (F(1, 44)=21.09,
p <0.0001) and a significant Treatment-by-Partner type interac-
tion (F (F(1, 44) = 42.36, p < 0.0001). Post hoc analyses indicated
that PPA-PPA rats avoided their partners significantly more often
than PBS-PBS rats (ps < 0.01) and PBS-PPA rats (p < 0.01) on day
3. Rats in PPA-PBS pairs showed more avoidance than in PPA-PPA
pairs (p < 0.05).

3.2.6 | Frequency of sniffing partner

Overall, PPA-treated rats sniffed their partners less than PBS-treated
rats (see Figure 3a). This was confirmed by the ANOVAs, which in-
dicated a significant main effect of Treatment (F(1, 44) = 97.18,
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p <0.0001) and Partner type (F(1, 44)=9.54, p =0.003). There
was also a significant Treatment-by-Partner type interaction (F(1,
44) = 21.71, p < 0.0001) and a Treatment by Partner type by Day
interaction (F(3, 132) = 2.85, p = 0.049). PPA-PPA rats and PPA-PBS
rats sniffed their partners less than did PBS-PBS rats (p < 0.05).

3.2.7 | Frequency of self-grooming

As can be seen in Figure 3b, self-grooming was reduced in PPA-
treated rats regardless of whether they were tested in treatment-
matched or treatment-mixed pairs. This was confirmed by the
ANOVA results, which revealed significant main effects of Treatment
(F(1, 44) = 43.65, p < 0.0001) and Day (F(3, 132) = 6.36, p = 0.0005)
but no main effect of Partner type (F(1, 44) = 0.04, p = 0.842). Post
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FIGURE 3 Mean (+SEM) frequency of sniffing the partner (a) and self-grooming (b) by individual juvenile rats treated with PPA or PBS
and placed in an open field. Means are for the first 10 min of testing on four consecutive days. The left panel represents rats treated

in treatment-matched combinations (PBS-PBS and PPA-PPA). The right panel represents rats tested in treatment-mixed combinations.
Significant differences (p < 0.05) are denoted with * relative to the PBS-PBS group and with # relative to the PPA-PPA group. Significant
differences (p < 0.05) between partners in the mixed group are denoted with “0.” PBS: phosphate-buffered saline; PPA: propionic acid
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with PPA or PBS (control). Means are for the first 10 min of testing
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mixed group are denoted with “0.” PBS: phosphate-buffered saline;
PPA: propionic acid

hoc comparisons showed that PPA-PPA rats groomed themselves
significantly less than PBS-PBS rats (p < 0.05).

3.2.8 | Frequency of abnormal motor behavior

As can be seen in Figure 4a,b, the frequency of abnormal motor
behavior increased in PPA-treated rats tested in both the PPA-
PPA pairs and the PPA-PBS pairs. The ANOVA confirmed this,
showing significant main effects of Treatment (F(1, 44) = 44.28,
p < 0.0001) and Day (F(3,132) = 2.64,p = 0.034) and a Treatment-
by-Day interaction (F(3, 132) = 3.54, p = 0.026). Post hoc analy-
ses revealed a significant increase in occurrences of abnormal
motor behavior in PPA-treated rats relative to PBS-treated rats
(ps < 0.05).
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FIGURE 5 Mean (+SEM) total distance traveled (a), frequency

of rearing movements (b), and number of center area entries (c) for
individual juvenile rats treated with PPA or PBS (control) during 60 min
of testing in the automated open-field apparatus on three consecutive
days. Significant differences (p < 0.05) between the two groups are
denoted with *. PBS: phosphate-buffered saline; PPA: propionic acid

3.3 | Locomotor activity in the automated
activity monitor

3.3.1 | Total distance traveled

Figure 5a shows that PPA-treated rats exhibited significantly less

distance traveled on all 3 test days. This was confirmed by the
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ANOVA (F(1, 46) = 13.85, p < 0.0001) and the post hoc comparisons
on all 3 days (ps < 0.05).

3.3.2 | Number of vertical movements (rearing)

Similar to the horizontal movement data, rearing movements were
also significantly reduced in PPA-treated rats (see Figure 5b) relative
to controls on all 3 test days (F(1, 46) = 19.35, p < 0.0001).

3.3.3 | Number of center area entries

As can be seen in Figure 5c, the number of center area entries was
reduced in PPA-treated rats on days 2 and 3. This was confirmed by
the ANOVA (F(1, 46) = 10.68, p = 0.002) and by post hoc compari-
sons (ps < 0.05).

4 | DISCUSSION

The focus of the present study was to examine, in detail, the effects
of systemic treatment with PPA on social interaction in juvenile rats.
This was accomplished via video-record analyses of dyadic behavio-
ral interactions of rats in treatment-matched and treatment-mixed
pairs. In general, juvenile rats treated with PPA showed reduced so-
cial interaction, increased anxiety-related behavior, and hypoactiv-
ity. Detailed behavioral analysis showed that, compared to control
dyads (PBS-PBS), the PPA-PPA pairs exhibited significantly reduced
social interaction assessed by frequency of approaching, sniff-
ing, and allogrooming the partner. PBS-treated rats in mixed pairs
sniffed their PPA-treated partner more than the partners recipro-
cated, and also more than in the PBS-PBS control rats. However,
PBS-treated rats in the mixed group spent less time allogrooming
than did the rats in the PBS-PBS pairs, possibly because their PPA-
treated partner avoided social contact more than PBS-treated rats
in the PBS-PBS group. The number of times each rat approached
the partner was lower in the PPA-treated rats, regardless of their
partner's treatment. PPA-treated rats in the mixed group avoided
social initiation by their partners more than PPA-treated rats in the
like-treated group; however, this effect could be the result of PBS-
treated rats, making more approaches toward their partners than
the PPA-treated rats.

Rats in treatment-mixed pairs spent significantly less time in con-
tact with their partners than did rats in PPA-PPA pairs. This suggests
that PPA treatment induces a reduction in physical contact with the
partner and is consistent with previous reports of abnormal social
behavior in rats given ICV infusions of PPA (Shultz et al., 2008). This
previous study found that central administration of PPA resulted in
reduced playful initiations, reduced probability of defense, and re-
duced facing but increased evasion of the partner. These effects
were evident when tested in the light phase or the dark phase of the
light/dark cycle (Shultz et al., 2008). The present study examined
social interactions more extensively than did the Shultz et al. (2008)
study, but for the behaviors that were similar (e.g., avoiding partner

and evasion of partner), the findings were very similar. These find-
ings of reduced social interaction are also consistent with observa-
tions in rats with high PPA concentrations in the cecum (Hanstock,
Clayton, Li, & Mallet, 2004).

Propionic acid can cause changes in the metabolism of other
SCFAs and result in intracellular acidosis, which in turn can induce
changes in gut motility and alter synthesis and release of neurotrans-
mitters such as serotonin (5-HT; Mitsui, Ono, Karaki, & Kuwahara,
2005a; Mitsui, Ono, Karaki, & Kuwahara, 2005b). Indeed, PPA is ca-
pable of altering a number of neurotransmitter systems, including
dopamine, calcium, and, of particular interest to the current findings,
serotonin (Cannizzaro, Monastero, Vacca, & Martire, 2003; Mitsui et
al., 2005a, 2005b). A previous study showed that administration of
a 5-HT receptor agonist reduced levels of social investigation and
that a 5-HT antagonist reversed these effects (Gonzalez, Andrews,
& File, 1996). In addition, Kalueff, Fox, Gallagher, and Murphy (2007)
discovered that mice with enhanced 5-HT availability exhibited re-
duced social behavior.

Propionic acid can also induce changes in immune response and
cytokine production (Kurita-Ochiai, Fukushima, & Ochiai, 1995).
Cytokines can affect exploratory behavior and social interaction
(Bilbo & Schwarz, 2012), and systemic administration of cytokines
has been reported to induce changes in the hypothalamus, hippo-
campus, and nucleus accumbens (Ashwood, Wills, & Water, 2006).
In addition, enzymes that control the conversion of tryptophan
into serotonin are influenced by cytokines (INF-y and IL-1), while
proinflammatory cytokines (IL-1p, IFN-y, and TNF-«) are also capa-
ble of affecting gene expression regulating serotonin (Ashwood et
al., 2006). Thus, PPA can affect social behavior in a variety of ways.
These effects can be produced by changing intracellular pH and the
resultant acidosis, by changing serotonin release and activity of se-
rotonergic pathways and by changing the expression of cytokines
and stimulation of immune responses.

The attenuation of social interaction was not specific to social
pairing type and could be due to an increase in anxiety, a decrease
in motor activity levels, or lack of reciprocity by the partner for
social interaction. Using video scoring, social interaction was
measured individually to determine whether the reduced social
initiation in a pair was the result of decreased social reciprocity
by the treated rat. A decrease in social interaction may be sec-
ondary to a decrease in social solicitation by the partner rat and
by a lower willingness of the partner to engage in social interac-
tion once this is solicited. PPA attenuated social activity in treated
rats, but it did not diminish the treated rat's attractiveness as a
potential social target to the other juvenile rat. PPA-treated rats
are an effective social stimulus for the control rats. Control rats
exhibited more solicitation than PPA-treated rats regardless of
treatment of their partner. Thus, the unwillingness of the PPA-
treated rats to engage in social behavior was not due to lack of
solicitation by the partner.

Juvenile PPA-treated rats in the present study showed in-
creased anxiety-related behaviors in both the social and nonsocial
settings, during social interaction and in the locomotor activity
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test. Increased anxiety was demonstrated by increased thigmo-
taxis, reduced grooming and rearing, and increased avoidance of
the partner during social interaction. There is a previous report
that increased concentrations of PPA in the cecum are associated
with enhanced anxiety-related behavior and changes in feeding in
horses (Willard, Willard, Wolfram, & Baker, 1977). It is also possi-
ble that systemic administration of PPA induces sickness behav-
ior in rats. Rats develop aversion to a novel taste, odor, or place
after pairing with the aversive consequences of foods that induce
visceral malaise (Garcia, Hankins, & Rusiniak, 1974; Ossenkopp et
al., 2012). Aversion to PPA-associated stimuli has been reported in
rats and sheep (Ossenkopp et al., 2012; Villalba & Provenza, 1996).
Villalba and Provenza (1996) reported that sheep are sensitive to
PPA, even in low doses, and develop a strong aversion to straw
conditioned with higher doses of PPA. Similarly, rats treated sys-
temically with PPA showed conditioned taste and place avoidance
(Ossenkopp et al., 2012). Reduced activity levels and increased
anxiety are also induced by immune system stimulation (Foster &
Neufeld, 2013; Tenk, Kavaliers, & Ossenkopp, 2013) or cytokine
treatment (Goehler, Lyte, & Gaykema, 2007). Several recent stud-
ies on the effects of systemic PPA treatment in the prenatal de-
velopmental stage, or early neonatal stage, have found that PPA
treatment resulted in impaired social behavior and increased anx-
iety levels in adolescent animals (Choi et al., 2018; El-Ansary, Al-
Daihan, & El-Gezeery, 2011; Foley, MacFabe, Vaz, Ossenkopp, &
Kavaliers, 2014; Foley, Ossenkopp, Kavaliers, & MacFabe, 2014),
consistent with the present findings involving juvenile treatment
with PPA. Systemic administration of PPA also has been shown to
reduce startle reactivity in adult rats, in a dose-dependent fashion
(Kamen et al., 2018), another behavioral effect consistent with ASD
symptomology.

The cerebellum in patients with ASD has been reported to show
an active and chronic neuroinflammatory process, and these cere-
bellar abnormalities may be responsible for the dysfunctions within
the motor output system (Fatemi, Reutiman, Folsom, & Sidwell,
2008), similar to the abnormal motor behavior seen in the present
study and in the PPA studies involving intraventricular infusions
(MacFabe et al., 2011, 2007, 2008; Shultz et al., 2008). Along with a
reduced number of cerebellar Purkinje cells, the cerebellum exhibits
the most prominent neuroglial activation in ASD brain tissues with
up-regulation of selective cytokines (Vargas, Nascimbene, Krishnan,
Zimmerman, & Pardo, 2005).

5 | SUMMARY

The present study examined the effects of systemic (peripheral)
administration of PPA on social interaction, anxiety, and abnormal
motor behaviors. Findings showed significantly reduced social in-
teraction, increased anxiety-related behavior and hypoactivity,
and increased abnormal motor behaviors. These abnormalities
in behavior may manifest directly due to the unique physiologi-
cal properties of PPA or indirectly through metabolic, neurotoxic,
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and/or immunological effects of PPA. Once PPA enters the brain,
it can alter the excitatory and inhibitory balance in neural circuitry
via increased glutamatergic and decreased GABAergic transmis-
sion (MacFabe, 2012). Thus, PPA may alter preexisting neural cir-
cuits in the juvenile rat to impair complex behavior in a way that is
consistent with a rat model of autism. The present findings show
similarities with symptoms of ASD and provide support for the
establishment of systemic administration of PPA in rats as a po-
tential rodent model of ASD. The findings obtained with the pre-
sent systemic administration of PPA model are also consistent with
our previous observation in rats treated with ICV-PPA (MacFabe
et al., 2011, 2007; Shultz et al., 2008). Examination of behavioral
changes, neuroanatomical abnormalities, and immune responses of
rats exposed to systemic PPA at different stages of development
would provide a better understanding of the etiology and underly-

ing mechanisms of ASD.

ACKNOWLEDGEMENTS

This research was supported by a Goodlife Children's Foundations
grant to Derrick F. MacFabe and by Discovery grants and Research
Tools and Instruments grants from the Natural Sciences and
Engineering Council (NSERC) of Canada awarded to M. Kavaliers
and K.-P. Ossenkopp. We also thank Indra Bishnoi for assistance in

figure production.

CONFLICTS OF INTEREST

The authors have no conflicts of interest to disclose.

ORCID

Klaus-Peter Ossenkopp https://orcid.org/0000-0001-7391-3239

REFERENCES

Adams, J. B., Johansen, L. J., Powell, L. D., Quig, D., & Rubin, R. A.
(2011). Gastrointestinal flora and gastrointestinal status in chil-
dren with autism—Comparisons to typical children and cor-
relation with autism severity. BMC Gastroenterology, 11, 22-35.
10.1186/1471-230X-11-22

Al-Lahham, S. H., Peppelenbosch, M. P., Roelofsen, H., Vonk, R. J.,
& Venema, K. (2010). Biological effects of propionic acid in hu-
mans; metabolism, potential applications and underlying mecha-
nisms. Biochimica Biophysica Acta, 1801, 1175-1183. https://doi.
org/10.1016/j.bbalip.2010.07.007

Al-Owain, M., Kaya, N., Al-Shamrani, H., Al-Bakheet, A., Qari, A., Al-
Muaigl, S., & Ghaziuddin, M. (2012). Autism spectrum disorder in a
child with propionic acidemia. Journal of Inherited Metabolic Disorders,
7, 63-66.

Arndt, T. L., Stodgell, C. J., & Rodier, P. M. (2005). The teratology of au-
tism. International Journal of Developmental Neuroscience, 23, 189-
199. https://doi.org/10.1016/j.ijdevneu.2004.11.001

Ashwood, P., Wills, S., & Van de Water, J. (2006). The immune response
in autism: A new frontier for autism research. Journal of Leukocyte
Biology, 80, 1-15. https://doi.org/10.1189/jlb.1205707


https://orcid.org/0000-0001-7391-3239
https://orcid.org/0000-0001-7391-3239
10
.1186/1471-230X-11-22
https://doi.org/10.1016/j.bbalip.2010.07.007
https://doi.org/10.1016/j.bbalip.2010.07.007
https://doi.org/10.1016/j.ijdevneu.2004.11.001
https://doi.org/10.1189/jlb.1205707

SHAMS ET AL.

£|—Wl LEY—Developmental Psychobiology

Bauman, M. L., & Kemper, T. L. (2005). Neuroanatomic observation of the
brain in autism: A review and future directions. International Journal
of Developmental Neuroscience, 23, 183-187.

Belkaid, Y., & Hand, T. W. (2014). Role of microbiota in immunity and
inflammation. Cell, 157, 121-141.

Bilbo, S. D., & Schwarz, J. M. (2012). The immune system and de-
velopmental programming of brain and behavior. Frontiers in
Neuroendocrinology, 33, 267-286. https://doi.org/10.1016/j.
yfrne.2012.08.006

Bromley, R. L., Mawer, G., Clayton-Smith, J., & Baker, G. A. (2008).
Autism spectrum disorders following in utero exposure to antiepi-
leptic drugs. Neurology, 71, 1923-1924. https://doi.org/10.1212/01.
wnl.0000339399.64213.1a

Brusque, A. M., Mello, C. F., Buchanan, D. N., Terracciano, S. T., Rocha,
M. P, Vargas, C. R, ... Wajner, M. (1999). Effects of chemically in-
duced propionic acidemia on neurobehavioral development of rats.
Pharmacology, Biochemistry and Behavior, 64(3), 529-534.

Campbell, D. B., Buie, T. M., Winter, H., Bauman, M., Sutcliffe, J. S.,
Perrin, J. M., & Levitt, P. (2009). Distinct genetic risk based on associ-
ation of MET in families with co-occurring autism and gastrointesti-
nal conditions. Pediatrics, 123, 1018-1024. https://doi.org/10.1542/
peds.2008-0819

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.
Neurochemistry International, 43, 9-17. https://doi.org/10.1016/
S0197-0186(02)00211-5

Choi, J., Lee, S., Won, J., Jin, Y., Hong, Y., Hur, T.-Y,, ... Hong, Y. (2018).
Pathophysiological and neurobehavioral characteristics of a propi-
onic acid-mediated autism-like rat model. PLoS ONE, 13(2), e0192925.
https://doi.org/10.1371/journal.pone.0192925

Courchesne, E., Redcay, E., & Kennedy, D. P. (2004). The autistic brain:
Birth through adulthood. Current Opinion in Neurology, 17, 489-496.
https://doi.org/10.1097/01.wc0.0000137542.14610.b4

Cummings, J. H. (1981). Short chain fatty acids in the human colon. Gut,
22,763-779. https://doi.org/10.1136/gut.22.9.763

DiCicco-Bloom, E., Lord, C., Zwaigenbaum, L., Courchesne, E., Dager, S.
R., Schmitz, C,, ... Young, L. J. (2006). The developmental neurobiol-
ogy of autism spectrum disorder. Journal of Neuroscience, 26, 6897-
6906. https://doi.org/10.1523/JNEUROSCI.1712-06.2006

Dufour-Rainfray, D., Vourc'h, P., Le Guisquet, A.-M., Garreau, L., Ternant,
D., Bodard, S., ... Guilloteau, D. (2010). Behavior and serotonergic
disorders in rats exposed prenatally to valproate: A model for au-
tism. Neuroscience Letters, 470, 55-59. https://doi.org/10.1016/j.
neulet.2009.12.054

El-Ansary, A. K., Al-Daihan, S. K., & El-Gezeery, A. R. (2011). On the
protective effect of omega-3 against propionic acid-induced neuro-
toxicity in rat pups. Lipids in Health and Disease, 10, 142. https://doi.
org/10.1186/1476-511X-10-142

Fallon, J. (2005). Could one of the most widely prescribed antibiotics
amoxicillin/ clavulanate “augmentin” be a risk factor for autism?
Medical Hypotheses, 64, 312-315.

Fatemi, S. H., Reutiman, T. J., Folsom, T. D., & Sidwell, R. W. (2008). The
role of cerebellar genes in pathology of autism and schizophrenia.
Cerebellum, 7,279-294. https://doi.org/10.1007/s12311-008-0017-0

Feliz, B., Witt, D. R., & Harris, B. T. (2003). Propionic acidemia: A neuro-
pathology case report and review of prior cases. Archives of Pathology
and Laboratory Medicine, 127, e325-e328.

File, S. E., & Seth, P. (2003). A review of 25 years of the social interac-
tion test. European Journal of Pharmacology, 463, 35-53. https://doi.
org/10.1016/50014-2999(03)01273-1

Finegold, S. M., Dowd, S. E., Gontcharova, V., Liu, C., Henley, K. E,,
Wolcott, R.D., ... Greenlll, J. A. (2010). Pyrosequencing study of fecal
microflora of autistic and control children. Anaerobe, 16, 444-453.
https://doi.org/10.1016/j.anaerobe.2010.06.008

Foley, K. A., MacFabe, D. F.,, Vaz, A., Ossenkopp, K.-P., & Kavaliers, M.
(2014). Sexually dimorphic effects of prenatal exposure to propi-
onic acid and lipopolysaccharide on social behavior in neonatal,
adolescent, and adult rats: Implications for autism spectrum disor-
ders. International Journal of Developmental Neuroscience, 39, 68-78.
https://doi.org/10.1016/j.ijdevneu.2014.04.001

Foley, K. A., Ossenkopp, K.-P., Kavaliers, M., & MacFabe, D. F. (2014).
Pre- and neonatal exposure to lipopolysaccharide or the enteric
metabolite, propionic acid, alter development and behavior in
adolescent rats in a sexually dimorphic manner. PLoS ONE, 9(1),
e87072.

Fombonne, E. (2009). Epidemiology of pervasive developmental disor-
ders. Pediatric Research, 65(6), 591-598. https://doi.org/10.1203/
PDR.0b013e31819e7203

Foster, J. A., & Neufeld, K. A. (2013). Gut-brain axis: How the microbi-
ome influences anxiety and depression. Trends in Neuroscience, 36,
305-312. https://doi.org/10.1016/j.tins.2013.01.005

Garcia, J., Hankins, W. G., & Rusiniak, K. W. (1974). Behavioral regulation
of the milieu interne in man and rat. Science, 185, 824-831. https://
doi.org/10.1126/science.185.4154.824

Goehler, L. E., Lyte, M., & Gaykema, R. P. A. (2007). Infection-induced vis-
cerosensory signals from the gut enhance anxiety: Implications for
psychoneuroimmunology. Brain, Behavior and Immunity, 21, 721-726.
https://doi.org/10.1016/j.bbi.2007.02.005

Gonzalez, L. E., Andrews, N., & File, S. E. (1996). 5-HT1A and benzodiaze-
pinereceptorsin the basolateralamygdala modulate anxiety in the so-
cial interaction test, but not in the elevated plus-maze. Brain Research,
732, 145-153. https://doi.org/10.1016/0006-8993(96)00517-3

Hanstock, T. L., Clayton, E. H., Li, K. M., & Mallet, P. E. (2004). Anxiety
and aggression associated with the fermentation of carbohydrates in
the hindgut of rats. Physiology and Behavior, 82, 357-368. https://doi.
org/10.1016/j.physbeh.2004.04.002

Herbert, M. R. (2005). Large brains in autism: The challenge of per-
vasive abnormality. The Neuroscientist, 11, 417-440. https://doi.
org/10.1177/0091270005278866

Herbert, M. R., Russo, J. P,, Yang, S., Roohi, J., Blaxill, M., Kahler, S.
G., ... Hatchwell, E. (2006). Autism and environmental genom-
ics.  Neurotoxicology, 27, 671-684. https://doi.org/10.1016/j.
neuro.2006.03.017

Horvath, K., & Perman, J. A. (2002). Autistic disorder and gastrointes-
tinal disease. Current Opinion in Pediatrics, 14, 583-587. https://doi.
org/10.1097/00008480-200210000-00004

Jyonouchi, H., Sun, S., & Itokazu, N. (2002). Innate immunity associ-
ated with inflammatory responses and cytokine production against
common dietary proteins in patients with autism spectrum disorder.
Neuropsychobiology, 46(2), 76-84.

Kalueff, A. V., Fox, M. A., Gallagher, P. S., & Murphy, D. L. (2007).
Hypolocomotion, anxiety, and serotonin syndrome-like behav-
ior contribute to the complex phenotype of serotonin transporter
knockout mice. Genes, Brain, & Behavior, 6, 389-400. https://doi.
org/10.1111/j.1601-183X.2006.00270.x

Kamen, C. L., Zevy, D. L., Bishnoi, I. R., Ward, J. M., Kavaliers, M., &
Ossenkopp, K.-P. (2018). Systemic treatment with the enteric bac-
terial fermentation product, propionic acid, reduces acoustic startle
response magnitude in rats in a dose dependent fashion: contribu-
tion to a rodent model of ASD. Neurotoxicity Research, 1-7. in press.
doi:10.1007/s12640-018-9960-9.

Kim, K. C., Kim, P., Go, H. S., Choi, C. S., Yang, S. |., Cheong, J. H,, ... Ko, K.
H. (2011). The critical period of valproate exposure to induce autistic
symptoms in Sprague-Dawley rats. Toxicology Letters, 201, 137-142.
https://doi.org/10.1016/j.toxlet.2010.12.018

Koh, A., De Vadder, F., Kovatcheva-Datchary, P., & Bickhed, F. (2016).
From dietary fiber to host physiology: Short-chain fatty acids as
key bacterial metabolites. Cell, 165(6), 1332-1345. https://doi.
org/10.1016/j.cell.2016.05.041


https://doi.org/10.1016/j.yfrne.2012.08.006
https://doi.org/10.1016/j.yfrne.2012.08.006
https://doi.org/10.1212/01.wnl.0000339399.64213.1a
https://doi.org/10.1212/01.wnl.0000339399.64213.1a
https://doi.org/10.1542/peds.2008-0819
https://doi.org/10.1542/peds.2008-0819
https://doi.org/10.1016/S0197-0186(02)00211-5
https://doi.org/10.1016/S0197-0186(02)00211-5
https://doi.org/10.1371/journal.pone.0192925
https://doi.org/10.1097/01.wco.0000137542.14610.b4
https://doi.org/10.1136/gut.22.9.763
https://doi.org/10.1523/JNEUROSCI.1712-06.2006
https://doi.org/10.1016/j.neulet.2009.12.054
https://doi.org/10.1016/j.neulet.2009.12.054
https://doi.org/10.1186/1476-511X-10-142
https://doi.org/10.1186/1476-511X-10-142
https://doi.org/10.1007/s12311-008-0017-0
https://doi.org/10.1016/S0014-2999(03)01273-1
https://doi.org/10.1016/S0014-2999(03)01273-1
https://doi.org/10.1016/j.anaerobe.2010.06.008
https://doi.org/10.1016/j.ijdevneu.2014.04.001
https://doi.org/10.1203/PDR.0b013e31819e7203
https://doi.org/10.1203/PDR.0b013e31819e7203
https://doi.org/10.1016/j.tins.2013.01.005
https://doi.org/10.1126/science.185.4154.824
https://doi.org/10.1126/science.185.4154.824
https://doi.org/10.1016/j.bbi.2007.02.005
https://doi.org/10.1016/0006-8993(96)00517-3
https://doi.org/10.1016/j.physbeh.2004.04.002
https://doi.org/10.1016/j.physbeh.2004.04.002
https://doi.org/10.1177/0091270005278866
https://doi.org/10.1177/0091270005278866
https://doi.org/10.1016/j.neuro.2006.03.017
https://doi.org/10.1016/j.neuro.2006.03.017
https://doi.org/10.1097/00008480-200210000-00004
https://doi.org/10.1097/00008480-200210000-00004
https://doi.org/10.1111/j.1601-183X.2006.00270.x
https://doi.org/10.1111/j.1601-183X.2006.00270.x
https://doi.org/10.1016/j.toxlet.2010.12.018
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1016/j.cell.2016.05.041

SHAMS ET AL.

Kurita-Ochiai, T., Fukushima, K., & Ochiai, K. (1995). Volatile fatty acids,
metabolic by-products of periodontopathic bacteria, inhibit lym-
phocyte proliferation and cytokine production. Journal of Dental
Research, 74(7), 1367-1373. https://doi.org/10.1177/00220345950
740070801

MacFabe, D. F. (2012). Short-chain fatty acid fermentation products
of the gut microbiome: Implications in autism spectrum disorders.
Microbial Ecology in Health and Disease, 23, 19260. https://doi.
org/10.3402/mehd.v23i0.19260

MacFabe, D. F., Cain, N., 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 neuroinflam-
mation in adolescent rats: Relevance to autism spectrum disorder.
Behavioural Brain Research, 217, 47-54. https://doi.org/10.1016/j.
bbr.2010.10.005

MacFabe, D. F., Cain, D. P.,, Rodriguez-Capote, K., Franklin, A. E.,
Hoffman, J. E., Boon, F., ... Ossenkopp, K.-P. (2007). Neurobiological
effects of intraventricular propionic acid in rats: Possible role of
short chain fatty acids in the pathogenesis and characteristics
of autism spectrum disorders. Behavioural Brain Research, 176,
166-186.

MacFabe, D. F., Rodriguez-Capote, K., Hoffman, J. E., Franklin, A. E.,
Mohammad-Asef, Y., Taylor, R. A., ... Ossenkopp, K.-P. (2008). A
novel rodent model of autism: Intraventricular infusions of propi-
onic acid increase locomotor activity and induce neuroinflammation
and oxidative stress in discrete regions of adult rat brain. American
Journal of Biochemistry and Biotechnology, 4, 146-166. https://doi.
org/10.3844/ajbbsp.2008.146.166

Mitsui, R., Ono, S., Karaki, S., & Kuwahara, A. (2005a). Propionate mod-
ulates spontaneous contractions via enteric nerves and prostaglan-
din release in the rat distal colon. Japanese Journal of Physiology, 55,
331-338.

Mitsui, R., Ono, S., Karaki, S., & Kuwahara, A. (2005b). Neural and
non-neural mediation of propionate-induced contractile re-
sponses in the rat distal colon. Neurogastroenterology and Motility,
17,585-594.

Ono, H., Sakamoto, A. & Sakura, N. (2001). Plasma total gluta-
thione concentrations in healthy pediatric and adult subjects.
Cinica Chimica Acta, 312(1-2), 227-229. https://doi.org/10.1016/
S0009-8981(01)00596-4

Ossenkopp, K.-P., Foley, K. A., Gibson, J., Fudge, M. A., Kavaliers, M.,
& MacFabe, D. F. (2012). Systemic treatment with the enteric bac-
terial fermentation product propionic acid produces both condi-
tioned taste avoidance and conditioned place avoidance in rats.
Behavioural Brain Research, 227, 134-141. https://doi.org/10.1016/j.
bbr.2011.10.045

Ossenkopp, K.-P., & Kavaliers, M. (1996). Measuring spontaneous loco-
motor activity in small mammals. In K.-P. Ossenkopp, M. Kavaliers, &
P. R. Sanberg (Eds.), Measuring movement and locomotion: From inver-
tebrates to humans (pp. 33-59). Austin, TX: R. G. Landes Co.

Ossenkopp, K.-P., & Mazmanian, D. S. (1985). The measurement and
integration of behavioral variables: Aggregation and complexity
as important issues. Neurobehavioral Toxicology and Teratology, 7,
95-100.

Parracho, H. M. R. T., Bingham, M. O., Gibson, G. R., & McCartney, A.
L. (2005). Differences between the gut microflora of children with
autistic spectrum disorders and that of healthy children. Journal
of Medical Microbiology, 54, 987-991. https://doi.org/10.1099/
jmm.0.46101-0

Pellis, S. M., Field, E. F., Smith, L. K., & Pellis, V. C. (1997). Multiple
differences in the play fighting of male and female rats.
Implications for the causes and functions of play. Neuroscience and
Biobehavioral Reviews, 21, 105-120. https://doi.org/10.1016/0149-
7634(95)00060-7

Developmental Psychobiology—WI1 LEYJﬁ

Pettenuzzo, L. F.,, Schuck, P. F,, Fontella, F., Clovis, F., Wanmacher, C. M.
D., Wyse, A. T., ... Wajner, M. (2002). Ascorbic acid prevents cogni-
tive deficits caused by chronic administration of propionic acid to
rats in the water maze. Pharmacology, Biochemistry and Behavior, 73,
623-629. https://doi.org/10.1016/50091-3057(02)00856-0

Roullet, F. 1., Wollaston, L., Decatanzaro, D., & Foster, J. A.
(2010). Behavioral and molecular changes in the mouse in re-
sponse to prenatal exposure to the anti-epileptic drug valproic
acid. Neuroscience, 170, 514-522. https://doi.org/10.1016/j.
neuroscience.2010.06.069

Schneider, T., & Przewlocki, R. (2005). Behavioral alterations in rats
prenatally exposed to valproic acid: Animal model of autism.
Neuropsychopharmacology, 30, 80-89. https://doi.org/10.1038/
sj.npp.1300518

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 au-
tism. Neuropharmacology, 54, 901-911. https://doi.org/10.1016/j.
neuropharm.2008.01.013

Shultz, S. R., MacFabe, D. F., Ossenkopp, K.-P., Scratch, S., Whelan, J.,
Taylor, R., & Cain, D. P. (2009). Intracerebroventricular injections of
propionic acid impair cognition and sensorimotor ability in adult male
rats. Behavioural Brain Research, 200, 33-41.

Tenk, C. M., Kavaliers, M., & Ossenkopp, K.-P. (2013). Neonatal
treatment with lipopolysaccharide differentially affects adult
anxiety responses in the light-dark test and taste neophobia test
in male and female rats. International Journal of Developmental
Neuroscience, 31, 171-180. https://doi.org/10.1016/j.ijjdevneu.
2012.12.004

Thor, D. H., & Holloway, W. R. (1984). Social play in juvenile rats:
A decade of methodological and experimental research.
Neuroscience and. Biobehavioral Reviews, 8, 455-464. https://doi.
org/10.1016/0149-7634(84)90004-6

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. Annals of Neurology, 57, 67-81. https://
doi.org/10.1002/ana.20315

Villalba, J. J., & Provenza, F. D. (1996). Preference for flavored wheat
straw by lambs conditioned with intraruminal administration of so-
dium propionate. Journal of Animal Science, 74, 2362-2368.

Villalba, J. J., & Provenza, F. D. (1997). Preference for flavored wheat
straw by lambs conditioned with intraruminal infusions of acetate
and propionate. Journal of Animal Science, 75, 2905-2914. https://
doi.org/10.2527/1997.75112905x

Wang, L., Christophersen, C. T., Sorich, M. J., Gerber, J. P., Angley, M.
T., & Conlon, M. A. (2012). Elevated fecal short chain fatty acid
and ammonia concentrations in children with autism spectrum dis-
order. Digestive Diseases and Sciences, 57, 2096-2102. https://doi.
org/10.1007/s10620-012-2167-7

Willard, J. G., Willard, J. C., Wolfram, S. A., & Baker, J. P. (1977). Effect
of diet on cecal pH and feeding behavior in horses. Journal of Animal
Science, 45(1), 87-93.

Williams, B. L., Hornig, M., Buie, T., Bauman, M. L., Cho, P. M., Wick, I.,
... Lipkin, W. I. (2011). Impaired carbohydrate digestion and trans-
port and mucosal dysbiosis in the intestines of children with autism
and gastrointestinal disturbances. PLoS ONE, 6, e24585. https://doi.
org/10.1371/journal.pone.0024585

Witters, P., Debbold, E., Crivelly, K., VandeKerckove, K., Corthouts, K.,
Debbold, B., ... Morava, E. (2016). Autism in patients with propionic
academia. Molecular Genetics and Metabolism, 119(4), 317-321.

Zwaigenbaum, L., Bryson, S., & Garon, N. (2013). Early identification of
autism spectrum disorders. Behavioural Brain Research, 251, 133-
146. https://doi.org/10.1016/j.bbr.2013.04.004


https://doi.org/10.1177/00220345950740070801
https://doi.org/10.1177/00220345950740070801
https://doi.org/10.3402/mehd.v23i0.19260
https://doi.org/10.3402/mehd.v23i0.19260
https://doi.org/10.1016/j.bbr.2010.10.005
https://doi.org/10.1016/j.bbr.2010.10.005
https://doi.org/10.3844/ajbbsp.2008.146.166
https://doi.org/10.3844/ajbbsp.2008.146.166
https://doi.org/10.1016/S0009-8981(01)00596-4
https://doi.org/10.1016/S0009-8981(01)00596-4
https://doi.org/10.1016/j.bbr.2011.10.045
https://doi.org/10.1016/j.bbr.2011.10.045
https://doi.org/10.1099/jmm.0.46101-0
https://doi.org/10.1099/jmm.0.46101-0
https://doi.org/10.1016/0149-7634(95)00060-7
https://doi.org/10.1016/0149-7634(95)00060-7
https://doi.org/10.1016/S0091-3057(02)00856-0
https://doi.org/10.1016/j.neuroscience.2010.06.069
https://doi.org/10.1016/j.neuroscience.2010.06.069
https://doi.org/10.1038/sj.npp.1300518
https://doi.org/10.1038/sj.npp.1300518
https://doi.org/10.1016/j.neuropharm.2008.01.013
https://doi.org/10.1016/j.neuropharm.2008.01.013
https://doi.org/10.1016/j.ijdevneu.2012.12.004
https://doi.org/10.1016/j.ijdevneu.2012.12.004
https://doi.org/10.1016/0149-7634(84)90004-6
https://doi.org/10.1016/0149-7634(84)90004-6
https://doi.org/10.1002/ana.20315
https://doi.org/10.1002/ana.20315
https://doi.org/10.2527/1997.75112905x
https://doi.org/10.2527/1997.75112905x
https://doi.org/10.1007/s10620-012-2167-7
https://doi.org/10.1007/s10620-012-2167-7
https://doi.org/10.1371/journal.pone.0024585
https://doi.org/10.1371/journal.pone.0024585
https://doi.org/10.1016/j.bbr.2013.04.004

SHAMS ET AL.

&I—Wl LEY—Developmental Psychobiology

Zwaigenbaum, L., Bryson, S., Lord, C., Rogers, S., Carter, A., Carver, L.,
... Yirmiya, N. (2008). Clinical assessment and management of tod-
dlers with suspected autism spectrum disorder: Insights from stud-
ies of high-risk infants. Pediatrics, 123(5), 1383-1391. https://doi.
org/10.1542/peds.2008-1606

SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Shams S, Foley KA, Kavaliers M,
MacFabe DF, Ossenkopp K-P. Systemic treatment with the
enteric bacterial metabolic product propionic acid results in
reduction of social behavior in juvenile rats: Contribution to a
rodent model of autism spectrum disorder. Developmental
Psychobiology. 2019;00:1-12. https://doi.org/10.1002/

dev.21825


https://doi.org/10.1542/peds.2008-1606
https://doi.org/10.1542/peds.2008-1606
https://doi.org/10.1002/dev.21825
https://doi.org/10.1002/dev.21825

