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Abstract

Converging lines of evidence show that a sizable subset of autism-spectrum disorders (ASDs) is charac-

terized by increased blood levels of serotonin (5-hydroxytryptamine, 5-HT), yet the mechanistic link

between these two phenomena remains unclear. The enzymatic degradation of brain 5-HT is mainly

mediated by monoamine oxidase (MAO)A and, in the absence of this enzyme, by its cognate isoenzyme

MAOB. MAOA and A/B knockout (KO) mice display high 5-HT levels, particularly during early devel-

opmental stages. Here we show that both mutant lines exhibit numerous behavioural hallmarks of ASDs,

such as social and communication impairments, perseverative and stereotypical responses, behavioural

inflexibility, as well as subtle tactile and motor deficits. Furthermore, both MAOA and A/B KO mice

displayed neuropathological alterations reminiscent of typical ASD features, including reduced thickness

of the corpus callosum, increased dendritic arborization of pyramidal neurons in the prefrontal cortex and

disrupted microarchitecture of the cerebellum. The severity of repetitive responses and neuropathological

aberrances was generally greater in MAOA/B KO animals. These findings suggest that the neurochemical

imbalances induced byMAOAdeficiency (either by itself or in conjunction with lack of MAOB)may result

in an array of abnormalities similar to those observed in ASDs. Thus, MAOA and A/B KO mice may

afford valuable models to help elucidate the neurobiological bases of these disorders and related neuro-

developmental problems.
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Introduction

Autism spectrum disorders (ASDs) are neurodevel-

opmental conditions characterized by social deficits,

communication impairments and repetitive, restricted

behaviours (APA, 2000). Although the neurobiological

bases of ASDs remain elusive, cogent anatomical

and neuroimaging evidence suggests that the neuro-

psychiatric perturbations in these disorders are

underpinned by aberrant cerebral and cerebellar con-

nectivity (Amaral et al. 2008; Pickett & London, 2005).

Several independent lines of research have docu-

mented that 30–50% of ASD patients exhibit signifi-

cant increases in whole-blood levels of serotonin

(5-hydroxytryptamine ; 5-HT; Anderson et al. 1987,

1990 ; Mulder et al. 2004; Ritvo et al. 1970; Schain &

Freedman, 1961). Although this association is well-

documented, it remains unclear whether congenital

hyperserotonemia may be inherently conducive
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to ASD. An attractive approach to verify the possible

existence of a causal nexus between these two

phenomena is afforded by animal models with con-

genital abnormalities of 5-HT homeostasis.

The metabolism of 5-HT is served by mono-

amine oxidases (MAOs; Bortolato et al. 2010), two

mitochondrial membrane-bound enzymes that also

catalyse the deamination of other neurotransmitters

such as norepinephrine (NE), dopamine (DA) and

trace amines. The two MAO isoenzymes, A and B, are

encoded by abutting X-linked genes (Lan et al. 1989)

with 70% identity in amino acid sequence (Bach et al.

1988). MAOA has high affinity for 5-HT and NE,

whereas MAOB prefers b-phenylethylamine (PEA) as

a substrate (Shih et al. 1999a). In humans and mice,

MAOA deficiency results in high 5-HT blood and

brain levels, particularly during early post-natal life,

as well as extreme predisposition to reactive ag-

gression, repetitive responses and other behavioural

perturbations (Bortolato et al. 2008; Brunner et al.

1993a ; Cases et al. 1995; Chen et al. 2004; Shih et al.

1999a). Recent lines of evidence have shown a re-

lationship between allelic variants of MAOA gene as-

sociated with low catalytic activity and the severity of

social, communicative, cognitive and neuromorpho-

logical impairments in ASD (Cohen et al. 2003, 2011,

Davis et al. 2008; Yirmiya et al. 2002).

In the absence of MAOA, the overlapping substrate

specificities of the two MAO isoenzymes allow MAOB

to vicariously contribute to the metabolism of 5-HT

and other monoamines (Bortolato et al. 2008). In ad-

dition, since MAOB is the only isoenzyme expressed

in platelets (Bond & Cundall, 1977), it may play an

important function in the regulation of plasma 5-HT

levels. As a result, the combined lack of MAO iso-

enzymes in MAOA/B knockout (KO) mice leads to

greater monoamine brain and blood levels than those

observed in their MAOA KO counterparts. These

alterations are conducive to phenotypic abnormalities

distinctively more severe than those encountered in

MAOA KO mice, including developmental disability

anxiety-like behaviours and other behavioural deficits

(Chen et al. 2004). In humans, the same double genetic

deficiency has been associated with a clinical presen-

tation featuring severe communication impairments,

stereotypical hand movements and profound mental

disability (O’Leary et al. 2012; Sims et al. 1989; Whibley

et al. 2010). Interestingly, the behavioural abnormali-

ties in patients affected by MAOA and MAOB com-

bined deficiency have been consistently described

as ‘autistic-like’ or likened to those featured in high-

severity pervasive development disorders (Lenders

et al. 1996; Sims et al. 1989; Whibley et al. 2010).

Based on these premises, we hypothesized that the

congenital hyperserotonemia associated with the de-

ficiency of MAOA, either by itself or in combination

with MAOB, might result in ASD-related features. To

test for this possibility, in this study we examined

whether MAOA and A/B KO mice may exhibit behav-

ioural and neuropathological changes related to ASDs.

Our findings reveal that both mutant lines display

phenotypic abnormalities strikingly similar to core

pathognomonic traits of these disorders.

Materials and method

Animals and husbandry

We used experimentally naive male 129S6 mice

(n=241) weighing 25–30 g. MAOA and A/B KO and

their wild-type (WT) littermates were generated and

genotyped as described elsewhere (Chen et al. 2004;

Scott et al. 2008). Animals were housed with ad libitum

access to food and water, in facilities maintained at

22 xC on a 12 h–12 h light/dark cycle (lights on 06:00

hours). All in vivo experimental procedures were in

compliance with the National Institute of Health

guidelines and approved by the Animal Use Com-

mittees of Universities of Southern California and

Cagliari.

Behavioural testing

All experiments were performed on separate sets of

MAOA and A/B KO mice, in comparison to their WT

littermates. Values from the two groups of WT were

pooled together for the overall analysis, as no signifi-

cant difference was found between the two groups in

any paradigm. With the exception of ultrasonic vocal-

ization testing (which was performed on pups aged

6 d), all experiments were carried out using male mice

aged 3–4 months. Light and sound were maintained at

10 lux and 70 dB for all behavioural tests unless

otherwise indicated. Behaviours were video recorded

and analysed later by a single trained observer, who

was blind to the genotype of the mice.

Social interaction

Mice were tested as previously described (Bortolato

et al. 2011). Male adult mice were introduced into

a neutral, unfamiliar Makrolon cage (20r10 cm),

with foreign age- and weight-matched male WT

conspecifics (from separate litters). To differentiate

between the test mouse and the foreign WT con-

specifics, we used odourless yellow acrylic paint

markers to colour the tail of the foreign conspecifics.
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Testing sessions lasted 10 min and were scored

for total duration of social interactions. Social behav-

iours consisted of the frequency and duration of

investigative sniffing of the conspecifics towards

their facial, abdominal and anogenital areas. To pro-

vide a more qualitative assessment of social en-

counters, the latency to the first social investigation,

social approach (initiation of sniffing), social recipro-

cation (reciprocal social investigation of the test

mouse when first approached by the WT conspecific),

pinning and following behaviours were scored

(Jacome et al. 2011). Non-social behaviours scored in-

cluded the frequency and duration of grooming and

digging.

Social investigation

We used a cylindrical wire cup enclosure (10r6 cm in

diameter) that was placed in the centre of a Makrolon

cage (20r30 cm). An age- and weight-matched male

foreign conspecific was placed inside the cylinder.

The test mouse was placed in one of four corners

of the cage and allowed to freely explore the

apparatus for 10 min. Placement of the test mouse

was counterbalanced across genotypes. Behavioural

measures include the number of social approaches

and the duration of social investigation/interaction.

Locomotor activity was analysed by counting the

crossings of a grid (5r4 squares) superimposed with

a transparent sheet onto the image of each cage in the

video monitor.

Ultrasonic vocalizations in pups

Vocalizations were tested in pups on postnatal day 6.

Cages were acclimatized to the room for 30 min. Light

and background noise were maintained at 5 lux and

70 dB using white noise. Pups were individually

placed on the test platform in a sound-proof cabinet.

To eliminate any thermal effects on vocalizations, the

test platform was placed above a warm water bath to

maintain a temperature of approximately 35 xC.

Ultrasonic vocalizations were measured for 5 min

using an ultrasonic vocalization detector (Med

Associates, USA). Behavioural measurements in-

cluded the frequency and the duration of ultrasonic

vocalizations.

Spontaneous alternation in the T-maze

The spontaneous alternation paradigm was per-

formed as previously described (Deacon & Rawlins,

2006). Each session consisted of eight consecutive

trials. In each trial, the mouse was placed in the start

compartment of a T-maze. After 15 s, the door was

lifted and the mouse was left free to explore the two

arms of the maze. As soon as the animal entered (with

all four paws) one of the two alternative arms (left or

right), the door of that compartment was closed for

15 s to confine the animal. The animal was removed

between trials and the T-maze was quickly cleaned

with 70% alcohol and dried to remove any olfactory

cue that may condition the performance in the next

trial. If the animal did not enter an arm within 120 s,

the animal failed the trial. Mice that recorded two

failures were eliminated from testing. In total, one

MAOA KO and two MAOA/B KO mice were ex-

cluded. The numbers of arm alterations and the trials

elapsed before the first alternation were both ana-

lysed for each mouse.

Hole-board

Hole-board testing was conducted in a 16-hole

square apparatus, as previously described (Bortolato

et al. 2009). Each session lasted 10 min and the total

number of head pokes was recorded. The occurrence

of perseverative behaviours (manifested as the tend-

ency to explore the same holes) was measured via

the coefficient of exploratory variation, calculated as

the ratio of the S.D. for each different hole over the

mean for each mouse. This index (Geyer & Paulus,

1992) has been shown to provide a dependable esti-

mation of the dispersion of the probability distri-

bution for exploratory activity with regard to

perseverative behaviours. In addition, we measured

the average number of alternations for each hole ex-

plored, as well as the average number of head pokes

per hole.

Marble burying

Marble burying was conducted using a variation of the

protocol previously described (Bortolato et al. 2009).

The trial included a 10-min habituation phase, in

which the mouse was placed in the cage, which was

filled with sawdust. At the end of this phase, the

mouse was briefly removed and 24 glass marbles were

placed on the surface of the cage at even distances. The

animal was then reintroduced into the cage and

its behaviour was monitored for the following

10 min. The number of digging bouts, the overall

digging duration and the number of buried marbles

were scored. A marble was considered buried if at

least two-thirds of its surface area was covered in

sawdust.
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Water maze

Visual training, spatial learning and reversal learning

were performed as described previously (Labrie et al.

2009; Xu et al. 2009). We used the Morris water

maze, which consisted of a large circular metal tub

(83 cmr150 cm in diameter) filled with opaque water

maintained at approximately 30 xC. The maze was

divided into four equal quadrants. For spatial refer-

ence, six unique visual cues were placed on the walls

of the maze at equal distances. Testing was performed

in three phases : (1) visual training ; (2) spatial learn-

ing; (3) reversal learning.

Visual training. Mice were individually exposed to

the water for a 2-min probe trial. A 32-cm platform

(14 cm in diameter) was placed 1 cm above the water

in the middle of a quadrant. Mice were individually

placed in the water and allowed to freely explore

until they reached the platform. A 2-min cut-off time

was used to minimize fatigue. Mice that failed to reach

the platform by the cut-off time were gently guided

to the platform. On the five subsequent trials, the

position of the platform was randomly rotated.

Spatial learning. At the start of the spatial memory

phase, mice were exposed to a 2-min probe trial

without the presence of any platform. The platform

was added and placed 1 cm below the water in the

middle of a quadrant. Mice were individually placed

in the water and allowed to freely explore until they

reached the platform. A 2 min cut-off time was used to

minimize fatigue. Mice that failed to reach the

platform were gently guided to it. A total of five

training trials were conducted every day until the mice

were able to consistently locate the platform within

20 s. Mice were then subjected to a 2-min probe trial

without the presence of a platform. Locomotor activity

and time spent in the target quadrant were recorded

and scored using behavioural tracking software

(Ethovision ; Noldus, Netherlands). Mice that were

unable to locate the platform during the final trial (one

WT, two MAOA KO and two MAOA/B KO mice)

were excluded from further testing.

Reversal learning. Reversal learning was conducted

24 h after the conclusion of the spatial learning test.

For the reversal acquisition phase, the platform was

placed in the adjacent quadrant and submerged to

1 cm below the water surface. Animals performed four

trials per day with a 60-min inter-trial interval for 5

consecutive days. Each mouse was individually

placed in the maze periphery at pseudorandom

locations and allowed free exploration until they

reached the platform. A 2 min cut-off time was used

to minimize fatigue. Mice that failed to reach the

platform were gently guided to it. Mice were allowed

to remain on the platform for 30 s. Spatial learning and

reversal learning were measured by the percent

change in time to locate the platform in comparison

to the first day. Reversal learning was assessed in a

2-min probe trial that occurred 24 h after the last

acquisition trial. In the probe trial, the platform was

removed and mice were placed in the periphery of the

quadrant opposite to the platform. Reversal learning

was measured by the time spent in the platform-

associated quadrant, as well as the percent locomotor

activity in the target quadrant (defined as the distance

travelled in the target quadrant over the total distance

travelled).

Sticky tape test

Deficits in sensorimotor integration were measured

using the sticky tape test as previously described

(Bouet et al. 2009). Mice were briefly restrained and a

circular piece of tape (5 mm in diameter) was placed

on the bottom of each forepaw. Animals were then

released and the latency to remove each piece of tape

was recorded. A 5-min cut-off time was used.

Hot plate

Mice were individually exposed to a hot plate (IITC;

Life Science, USA) at 52.5 xC. The latency to lick their

paws was measured. A cut-off time for each trial was

set at 40 s.

Beam-walking task

Testing was performed as previously described

(Stanley et al. 2005). Mice were individually placed on

the middle of a metal rod (60 cm in length and 2 cm

in diameter), elevated 30 cm above the floor. Mice

were allowed to walk on platforms located at each

end of the beam. Each trial consisted of 10 repetitions

of the assay and the number of foot slips (with one

or both hindlimbs slipping from the beam) was

counted.

Morphological and histological testing

Golgi histology and dendritic analyses

Adult male MAOA KO, MAOA/B KO and WT litter-

mates were overdosed with urethane and transcardi-

ally perfused with saline. Brains were removed and

processed for Golgi histology using Glaser and van

der Loos’ modified Golgi stain (Glaser & van der Loos,
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1981). Briefly, tissue was immersed in Golgi-Cox

solution for 14 d. Brains were then dehydrated,

infiltrated with a graded series of celloidins and em-

bedded in 8% celloidin. Coronal sections were cut

at 180 mM on a sliding microtome (AO 860; American

Optics, USA). Free-floating sections were alkalinized,

developed in Kodak D-19 (Tokyo, Japan), fixed in

Ilford Rapid Fix (Ilford Photo, UK), dehydrated,

mounted, and coverslipped.

Pyramidal neurons within the ventral and lateral

orbitofrontal cortex were reconstructed. This region of

interest was selected in view of its well-characterized

involvement in social interaction and repetitive behav-

iours in ASD (Amaral et al. 2008). The orbitofrontal

cortex was identified by its position on the ventrum of

the rostral pole of the forebrain (Paxinos & Franklin,

2001). Pyramidal neurons were defined by the pres-

ence of a distinct, single apical dendrite, two or more

basilar dendritic trees extending from the base of

the soma and dendritic spines. Neurons selected for

reconstruction were located in the middle third of the

section, did not have truncated branches and were

unobscured by neighbouring neurons and glia, with

dendrites that were easily discriminable by focusing

through the depth of the tissue. For each mouse, 6–12

neurons meeting the above criteria were randomly

selected and drawn. Neurons were drawn at a final

magnification of 600r and morphology of apical and

basilar arbours was quantified in three dimensions

using a computer-based neuron tracing system

(Neurolucida ; MBF Bioscience, USA) with the exper-

imenter blind to the genotypes. Some of the present

data were also used in previous analyses (Bortolato

et al. 2011).

Corpus callosum thickness

Thickness of corpus callosum was examined at

eight equal distance locations (+1,+0.5 mm, Bregma,

x0.5, x1.0, x1.5, x2.0 and x2.5 mm). The brains

were sliced into 40 mM coronal sections using a freez-

ing microtome with every other section stained with

Cresyl Violet (Nissl stain). For each animal, 2–3 stions

were selected from the identified location according to

the Allen Mouse Brain Atlas (http://mouse.brain-

map.org) (Lein et al. 2007). The corpus callosal thick-

ness was measured using a Nikon light microscope

(Nikon Instrument, USA) equipped with a colour

video camera that connected to a computer with

Stereo Investigator 10 software (MicroBrightField,

USA). The thickness was recorded at the midline using

10r objective and the average corpus callosal thick-

ness was calculated.

Cerebellum molecular and granular layers thickness and

Purkinje cell number measurements

The thickness of molecular and granular layers

from lobular I, II and III of Nissl stained cerebellum

were measured from photomicrographs (two from

each area) and then averaged as the final number per

case. For the Purkinje cell number analysis, at least

two sections from a width of 870 mM containing

Purkinje cell layer per case were counted and then

averaged.

Barrel fields

In order to view the rodent barrel organization, the

somatosensory cortex (y4r6 mm area) was trimmed

out first and flat mounted on a freezing microtome

and then cut tangentially from the pia surface at 40 mM.

The sections were Nissl stained and photographed

with a Nikon (E800) microscope equipped with a

digital camera system.

Statistical analyses

Normality and homoscedasticity of data distribution

were verified by using Kolmogorov–Smirnov and

Bartlett’s tests. Parametric analyses were performed

with one-way ANOVAs followed by Tukey’s test

(with Spjøtvoll–Stoline correction) for post-hoc com-

parisons. Non-parametric analyses were performed

by Kruskal–Wallis test, followed by Nemenyi’s test

for post-hoc testing. Significance threshold was set

at 0.05.

Results

Behavioural alterations

Although the behavioural profiles of MAOA and A/B

KO mice have been partially described in previous

reports (Cases et al. 1995; Chen et al. 2004; Shih et al.

1999a, b), neither line has been characterized with re-

gard to ASD-related traits. The present behavioural

survey was conducted based on the comprehensive

methodological guidelines provided by Moy and col-

leagues for the phenotyping of ASD murine models

(Moy et al. 2007). In particular, our assessment was

focused on the three core symptomatic domains of

ASDs, namely, social deficits, communication impair-

ments and perseverative, restricted behaviours. In

addition, since ASD patients are often reported to

display abnormalities in tactile sensitivity and gait, we

studied the haptic, nociceptive and motor functions of

both mutant lines.
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Social deficits

We studied the performance of MAOA and A/B KO

mice in the social interaction paradigm (Jacome et al.

2011). We also used a simplified version of the

sociability task (Moy et al. 2007) within an open,

familiar chamber. This modification was im-

plemented since preliminary testing revealed that

both mutant lines exhibited a marked reduction in

the number of transitions between adjacent compart-

ments of a multi-chamber sociability maze (Moy et al.

2007), irrespective of the presence of other mice or

empty cages.

In the social interaction test (Fig. 1a), both MAOA

and A/B KO mice displayed significant reductions

in the number of social approaches (Fig. 1b ;

F2,21=28.54 ; p<0.001) and engaged in fewer

reciprocal social responses (Fig. 1c ; F2,20=24.97 ;

p<0.001) to the foreign WT conspecifics compared to

controls. Both mutant lines exhibited a decrease

in frequency (Fig. 1d ; F2,21=8.75 ; p<0.01) and overall

duration (Fig. 1g ; F2,22=7.00 ; p<0.01) of sniffing epi-

sodes in comparison to their WT littermates.

Specifically, reductions were most evident in the

number (Fig. 1f ; F2,22=7.48 ; p<0.01) and duration

(Fig. 1i ; F2,22=6.84 ; p<0.01) of anogenital sniffing

episodes. Furthermore, both MAOA and A/B KO

mice exhibited significant decreases in following, pin-

ning and grooming behaviour, but not in digging,

locomotion or abdominal sniffing responses (Sup-

plementary Fig. S1).

In the social investigation test (Fig. 1j), both MAO-

deficient lines exhibited a similar reduction in dur-

ation (H2=14.02 ; p<0.001) and number (H2=12.90 ;

p<0.01) of investigative approaches towards the

caged foreign counterparts (Fig. 1k, l), with no differ-

ences in locomotion (WT=52.2¡4.8 ; MAOA

KO=49.3¡6.7 ; MAOA/B KO=47.2¡7.2 crossings).

This phenomenon contrasted with the lack of differ-

ences in investigative approach towards the empty

cage in separate experiments.

Communication deficits

Communication was tested with the maternal separ-

ation-induced ultrasonic vocalization test, conducted

in 6-d-old pups (Fig. 1m ; Bader et al. 2011). Both MAO-

deficient male mice displayed a significant reduction

in the number (Fig. 1n ; F2,42=7.25 ; p<0.01) and dur-

ation (Fig. 1o ; F2,42=6.56 ; p<0.01) of ultrasonic voca-

lizations.

Perseverative behaviours

Repetitive and ritualistic behaviours are one of the

core symptoms of the ASD diagnostic triad. To capture

the insistence on sameness in MAOA and A/B KO

mice, we assessed their exploratory responses in a

novel T-maze (Zhao et al. 2010) upon eight consecutive

presentations. In each trial, the animals were placed

in the central compartment and tested for their pre-

ference towards one of the two perpendicular arms

(Fig. 2a) . Both mutant lines showed a significant

tendency to repeat the exploration of the same arms

in consecutive trials (Fig. 2b), which was reflected by

their lower number of alternations between arms

(Fig. 2c ; F2,17=9.97 ; p<0.01). In addition, the number

of entries in the same arm prior to the first alternation

was significantly higher inMAOA/BKOmice (Fig. 2d ;

H2=10.63 ; p<0.01).

The perseverative behaviour of MAO mutants was

corroborated in the hole board paradigm (Fig. 2e ;

Geyer & Paulus, 1992 ; Kalueff et al. 2007). The head

pokes of both MAO-deficient lines were significantly

fewer (Fig. 2i ; H2=7.96 ; p<0.05), but typically ad-

dressed towards the same holes of the apparatus

(Fig. 2 f–h), as revealed by the higher coefficient of

variation of head pokes across the board (Fig. 2j ;

F2,21=4.98 ; p<0.05). Furthermore, the average num-

ber of alternations (Fig. 2k ; H2=8.91 ; p<0.05), but

not total head pokes (Fig. 2l ; H2=3.06 ; n.s.) in each

hole was significantly lower in MAOA and A/B KO

mice than WT littermates, although all genotypes

Fig. 1. Monoamine oxidase (MAO)A knockout (KO) and MAOA/B KO mice display social and communication impairments.

(a) Schematic diagram of the social interaction paradigm. (b, c) MAOA- and MAOA/B-deficient mice exhibit a significant

reduction in social approaches and reciprocal interactions towards the foreign conspecifics compared to wild-type (WT) mice.

(d–i) MAO mutant genotypes also displayed a marked decrease in overall sniffing behaviour in both number and duration in

comparison to their WT counterparts. While this decrease was most pronounced in anogenital sniffing, MAOA/B-deficient mice

also spent significantly less time in frontal sniffing thanWT animals. (j–l) In the social investigation paradigm, bothMAOmutant

genotypes displayed a significant decrease in number and duration of social approaches. (m–p) Maternal separation-induced

ultrasonic vocalizations (USVs) were markedly lower in MAOA KO and MAOA/B KO pups than WT pups. Values are

displayed as means¡S.E.M. *p<0.05, **p<0.01 and ***p<0.001 compared to WT mice. For social interactions n=7–10 ; social

investigation n=8–10 ; maternal separation-induced USVs n=13–20.
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Fig. 2. Monoamine oxidase (MAO)A knockout (KO) and MAOA/B KO mice exhibit perseverative behavioural responses.

(a) Schematic representation of the T-maze paradigm. (b) Example of a typical set of alternations for each genotype where the

change from black (left arm) to white (right arm) or vice versa indicates an alternation. (c, d) While both MAOA and MAOA/B

KO mice displayed a significant reduction in spontaneous alternations compared to wild-type (WT) mice, MAOA/B-deficient

mice engaged in a higher number of repetitive arm entries prior to the first alternation compared to the other genotypes.

(e) Schematic representation of the hole-board task. (f–h) The 16-bar histograms depict the representative cases of percent relative

dispersion of head pokes across the 16 holes of the board for each genotype. (i–l) Both MAO mutants had significantly fewer

overall head pokes, as well as a lower average number of alternations per hole, but not head pokes per hole compared to WT

mice. MAOA/B KO, but not MAOA KO mice, also exhibited a significantly higher coefficient of variation than their WT

counterparts, signifying greater perseverative hole exploration. (m–p) In the marble-burying task, both transgenic lines displayed

higher marble-burying and digging activity than WT mice ; however, MAOA/B KO responses to marbles were significantly

more robust than MAOA KO mice. Values are displayed as means¡S.E.M. *p<0.05, **p<0.01 and ***p<0.001 compared to WT

mice and #p<0.05 compared to MAOA KO mice. For spontaneous alternations in T-maze n=5–8 ; hole-board n=8 ; marble

burying n=8–9.
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showed comparable locomotor activity (data not

shown).

The inclination of both MAO-deficient lines to en-

gage in perseverative behaviours was finally con-

firmed in the marble-burying assay (Fig. 2m ; Thomas

et al. 2009). Both mutant lines buried a significantly

higher number of marbles (Fig. 2n ; H2=17.27 ;

p<0.001) and displayed increases in digging duration

(Fig. 2o ; H2=16.16 ; p<0.001) and frequency (Fig. 2p ;

H2=14.78 ; p<0.001). No significant difference in

locomotor activity was detected.

Water-maze and reversal learning

Cognitive inflexibility is another well-described

characteristic trait in ASDs. To study this phenomenon

in MAOA and A/B KO mice, we tested their ability to

reverse spatial learning in the water maze (Fig. 3 ;

Coldren & Halloran, 2003). No spatial bias was ob-

served during the initial probe trial in any genotype

(Fig. 3a–c). In the acquisition phase, MAOA and A/B

KO mice learned to identify the location of the hidden

platform in 7 d, in a fashion comparable to their

WT littermates (genotypertime: F12,108=0.84 ; n.s. ;

Fig. 3d–i). During the reversal phase, WT learned

the new location of the platform in 5 d on average

(genotypertime: F8,64=2.95 ; p<0.01), while MAOA

and A/B KO mice did not (Fig. 3j–l). In the final probe

test (Fig. 3m–o), MAOA/B, but not A KO mice spent

significantly less time (Fig. 3p ; F2,18=4.88 ; p<0.05) and

displayed lower percent activity (Fig. 3q ; F2,18=4.48 ;

p<0.05) in the platform-associated quadrant than WT

controls (p<0.05 for both parameters). A significant

change in locomotor activity was detected (F2,17=4.23 ;

p<0.05) between MAOA and A/B KO mice (Fig. 3r ;

p<0.05), but not between any of these genotypes and

WT counterparts.

Tactile and motor disturbances

Disturbances in somatosensory and motor regulation,

albeit not diagnostic, are common among ASD pa-

tients (APA, 2000; Ming et al. 2007). MAOA and A/B

KO mice were tested in the sticky tape assay to assess

their tactile sensitivity and sensorimotor control. Both

mutant lines exhibited impairments in these functions,

as indicated by the significant increase in latency to

remove the tape from their forepaw (Fig. 4a ; H2=9.79 ;

p<0.01). A reduction in thermal nociception was

also found in the hot plate test (Karl et al. 2003), as

MAOA KO, but not MAOA/B KO, animals displayed

an increase in their latency to lick their paw

(Fig. 4b ; F2,33=5.74 ; p<0.01). In the beam-walking

assay (Crawley, 2007), both genotypes exhibited a

typical crawling posture (Salichon et al. 2001) and

subtle gait deficits, indicated by a significant increase

in footslips in comparison to WT mice (Fig. 4c ;

F2,27=7.25 ; p<0.01).

Neuropathological alterations

Extensive neuropathological research has highlighted

that the brain of a large subset of ASD patients features

alterations in the connectivity of cerebral and cerebel-

lar cortices. In view of the similarity between ASD

symptoms and the behavioural manifestations of

MAO-deficient mice, we further explored whether the

brain of these mutants may also exhibit morphological

changes akin to well-documented abnormalities in

ASDs.

Connectivity of the cerebral cortex

To verify whether MAOA and A/B KO mice may

display alterations in cortical connectivity, we first

examined the size and shape of their corpus callosum,

as this structure consists of axonal fibres projecting

from pyramidal neurons throughout the cortex to the

contralateral side. Notably, callosal alterations are a

very well-characterized feature of ASDs (Frazier &

Hardan, 2009). Our analyses showed that both MAO-

deficient lines exhibited a significant reduction of

callosal thickness (Fig. 5a–d ; p<0.05 for MAOA KO

vs. WT; p<0.01 for MAOA/B KO vs. WT), but the

impairments were significantly more pronounced in

MAOA/B KO than in MAOA KO mice (p<0.05). The

decrease in callosal thickness was restricted to the

rostral portion of the corpus callosum, suggesting that

the frontal and prefrontal cortices exhibited the most

remarkable deficits in output connectivity.

To verify whether these changes may also be ac-

companied by local alterations in input connections,

we examined the dendritic tree of the pyramidal

neurons in the orbitofrontal cortex (Fig. 6a–d) . The

number and total length of apical branches were sig-

nificantly increased by 33 and 38% in MAOA KOmice

and 26 and 23% in MAOA/B KO mice relative to WT

controls (Fig. 6c ; p<0.05 for all comparisons). In both

genotypes, the increased dendritic material was more

pronounced in the distal apical arbour (MAOA KO

vs. WT, p<0.05 for radii o70 mM; MAOA/B vs. WT,

p<0.05 for 10–20, 70–80 and 110–120 mM from the

soma; MAOA KO vs. MAOA/B, p<0.05 for radii

o140 mM from the soma). Conversely, MAOA KO

mice displayed a significant reduction in basilar

branch number (Fig. 6d ; 19%; p<0.05) and length

(21%; p<0.05) as compared to WT. No difference in
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displayed a significant reduction in the percent time to locate the platform, signifying learning acquisition. (p–r) MAOA/B
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these parameters was found between MAOA/B KO

and WT mice.

Connectivity of the cerebellar cortex

Abnormalities of the cerebellar cortex have been

widely documented in ASDs (Allen et al. 2004).

ANOVA statistical analysis followed by Tukey’s

post-hoc test revealed that MAOA/B KO mice showed

a significant loss of Purkinje cells (F2,18=13.30 ;

p<0.001) and increased thickness of the molecular

(F2,7=8.30 ; p<0.05), but not granular (F2,7=6.87 ;

p<0.05 ; Fig. 7a–f) layer compared to WT controls.

In addition, these mutants featured no distinct separ-

ation between the Purkinje cell layer and the granular

layer, reflecting the fact that Purkinje cells were often

embedded/intermingled with granules and Golgi

cells. Conversely, MAOA KO mice did not exhibit any

overt morphological abnormalities of the cerebellar

cortex in comparison to WT counterparts.

Discussion

The results of the present study have shown that male

MAOA and A/B KO mice exhibit a spectrum of

abnormal phenotypes highly reminiscent of those

observed in ASD patients and other rodent models

of these disorders (Silverman et al. 2010; Volkmar &

Cohen, 1994). In particular, the behavioural alterations

observed in both lines are closely related to the three

core diagnostic domains of ASDs, social impairments,

communication deficits and repetitive, restricted be-

haviour, as well as somatosensory and motor altera-

tions typically observed in this condition (Volkmar &

Cohen, 1994). These behavioural aberrances were ac-

companied by neuropathological changes previously

documented in ASD, including significant reductions

in the thickness of the rostral portion of the corpus

callosum and increases in apical dendritic arbouriza-

tion of the pyramidal cells in the prefrontal cortex,

suggesting that both lines of mutants feature abnor-

malities of cortical connectivity, a well-characterized

phenomenon in ASDs. Finally, MAOA/B KO mice

displayed disruptions of cerebellar cortex reminiscent

of the histological changes documented in ASDs

(Palmen et al. 2004).

The identification of autistic-like behavioural ab-

normalities in MAOA and MAOA/B KO mice

supports and extends our previous findings on the

high levels of reactive aggression and behavioural

perturbations in these two mutant lines (Cases et al.

1995; Chen et al. 2004; Godar et al. 2011; Kim et al.

1997). Our research has shown that MAOA and

MAOA/B KO mice exhibit anxiety- and fear-related

responses in select paradigms (Chen et al. 2004; Kim

et al. 1997), as well as dysfunctional defensive reac-

tivity to novel environmental cues (Godar et al. 2011).

In keeping with this notion, the behavioural abnor-

malities reported in this study may be reflective of

a general inability to properly process and integrate

contextual information, a well-documented deficit

in male carriers of low-activity MAOA haplotypes

(Lee & Ham, 2008; Williams et al. 2009). This idea is

further supported by our recent finding that MAOA

KO mice feature marked impairments in the biophy-

sical properties of N-methyl D-aspartate glutamate re-

ceptors in the prefrontal cortex, which may contribute

to their deficits in the emotional processing of social

stimuli (Bortolato et al. 2012).

Although the behavioural abnormalities displayed

by MAOA and A/B KO mice appear to match all core

features of ASDs, it cannot be excluded that they may

reflect other behavioural problems. For example, some

of the observed deficits may be contributed by the

subtle sensory and postural impairments documented

in this study. In addition, a number of aberrant re-

sponses, such as the reductions in ultrasonic vocal

emissions and social approaches or the increase in

marble burying may denote anxiety-related perturba-

tions. These possibilities, however, are tempered by a

number of observations. First, in all tested paradigms,

locomotor activity of MAO-deficient lines was

always equivalent to that of WT counterparts ; second,

the interpretation of the reduced ultrasonic vocaliza-

tions in MAO-deficient pups as a sign of milder sep-

aration anxiety is in contrast to the excessive marble

burying and reduced social interactions, which are

generally posited to reflect heightened emotional re-

activity.

The spectra of neurobehavioural alterations ex-

hibited by MAOA and MAOA/B KO mice diverged

with regard to some characteristic aspects.

knockout (KO) mice showed a significant reduction in both the total duration and the percent locomotor activity in the platform-

associated target quadrant compared to WT mice. This was not caused by alterations in locomotor activity as no changes were

found betweenMAOA/B KO andWTmice. Values are displayed as means¡S.E.M. *p<0.05, **p<0.01 and ***p<0.001 compared

to controls. #p<0.05 compared to MAOA KO mice. # p<0.05, ## p<0.01 and ### p<0.001 compared to first trial within subject.

For reversal learning n=6–9.
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Specifically, MAOA/B KO mice displayed a greater

severity of perseverative responses and callosal aber-

rances, as well as unique cytoarchitectural abnormali-

ties in the cerebellar cortex. It is likely that these

differences may be ascribed to the higher degree of

monoaminergic imbalances in MAOA/B KO mice as

compared to MAOA KO counterparts (Chen et al.

2004). Alternatively, the elevation in PEA levels

consequent to MAOB deficiency may be responsible

for a more pronounced expressivity of repetitive be-

haviours and neuropathological changes in MAOA/B

KO mice. This last interpretation is partially chal-

lenged by previous reports documenting the lack

of overt pathological abnormalities in patients with

isolated MAOB deficiency (Lenders et al. 1996). In ad-

dition, we recently characterized that the behavioural

changes in MAOB KO mice are largely antithetical

to those displayed by MAOA/B KO conspecifics,

including increased novelty seeking and reduced anxiety-

like behaviours (Bortolato et al. 2009). For example,

while our studies show that MAOA/B KO mice dis-

played significantly greater levels of marble-burying

responses than MAOA KO and WT counterparts,

previous studies performed by our group indicated

that this phenomenon is typically ablated in MAOB

KO mice (Bortolato et al. 2009).

In contrast to the greater neurochemical imbalances

in MAOA/B KO mice, the severity of social and com-

municative deficits exhibited by this line was

unexpectedly comparable to that of MAOA KO ani-

mals. Although the biological bases for this phenom-

enon remain unclear, it should be noted that MAOA

has been shown to play a predominant role in social

and communicative deficits in ASD patients (Cohen

et al. 2011). Thus, the observed similarity between

MAOA and A/B KO mice with regard to these

domains may depend on ‘ceiling effects’ caused by

the profound impairments associated with MAOA

deficiency, which may leave limited room for further

behavioural exacerbations caused by MAOB de-

ficiency in MAOA/B KO mice.

Similar to other rodent models of ASDs (Markram et

al. 2008; Tabuchi et al. 2007), MAOA and A/B KOmice

displayed significant deficits in reversal learning. This

impairment is likely to signify behavioural and cog-

nitive rigidity, a consistent feature in ASD (Lopez et al.

2005), rather than deficits in mnemonic encoding and

retrieval, as shown by the lack of significant changes in

the acquisition of spatial memory in the water maze.

Notably, the lack of altered responses in the last task is

consistent with clinical reports showing that spatial

memory is generally unaffected or even enhanced in

ASD patients (Bennetto et al. 1996).

Our morphological analyses revealed that MAOA

and MAOA/B KO mice featured a reduction of the

rostral portion of corpus callosum and increased api-

cal arbourization of pyramidal cells in the orbito-

frontal cortex – a region highly implicated in social

impairments and repetitive behaviours in ASD

(Amaral et al. 2008). Although no clear and consistent

pathological features have emerged for autism, mor-

phological alterations of the corpus callosum have

been extensively documented in ASD (Amaral et al.

2008), in association with impairments in social skills,
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Fig. 4. Monoamine oxidase (MAO)A knockout (KO) and MAOA/B KO mice exhibit sensory and motor alterations. (a–c) Both

MAO mutants display a significant reduction in haptic stimulation, as well as impairments in motor function compared to

wild-type (WT) counterparts in the sticky tape and the balance beam tests respectively. In comparison to WT mice, MAOA KO,

but not MAOA/B KO mice show an increase in the latency to lick paws in the hot plate test, indicating thermal insensitivity.
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pragmatics of language and emotional processing

(Paul et al. 2007). Similarly, aberrances of the apical

dendrites of prefrontal pyramidal cells have also been

reported in ASDs (Hutsler & Zhang, 2010). The spatial

arrangement of the apical dendrites of pyramidal

neurons is a critical determinant of the geometric or-

ganization of the minicolumns, the functional units of

the cerebral cortex (Jones, 2000), suggesting that both

MAOA and A/B deficiency may result in irregula-

rities of these formations. This possibility is supported

by the lack of barrel formation in both MAOA and

A/B KO mice (Cases et al. 1995; Supplementary

Fig. S2), a division of the rodent somatosensory cortex

that affords one of the best-characterized examples

of minicolumnar organization (Bruno et al. 2003).

Indeed, abnormalities of the minicolumnar organiz-

ation are posited to be one of the primary determinant

factors in ASD pathophysiology (Casanova et al. 2002,

2006).

Altogether, these neuropathological findings are

likely to signify the existence of alterations in input

and output connectivity in the anterior cortex. In par-

ticular, these disturbances may contribute to the be-

havioural deficits in MAOA and A/B KO mice, such

as social impairments, perseverative behaviours, re-

active aggression and defects in environmental reac-

tivity and risk assessment (Godar et al. 2011), in view

of the prominent role of the prefrontal cortex in these

functions (Goto et al. 2010; Volman et al. 2011).

Moreover, perturbations in the orbitofrontal cortex, a

key neural correlate of reversal learning (Boulougouris

et al. 2007; Chamberlain et al. 2008; Chudasama &

Robbins, 2003 ; Schoenbaum et al. 2003), may underpin

some of the compulsive and repetitive responses

observed in these lines. Carriers of low-activity

MAOA polymorphic variants have been shown to

display volumetric and functional alterations of the

orbitofrontal cortex, as well as antisocial traits and

impairments in facial affect processing (Lee & Ham,

2008; Meyer-Lindenberg et al. 2006).

We showed that MAOA/B KO mice displayed sig-

nificant alterations in the cytoarchitectonics of the

cerebellar cortex, including the loss of Purkinje cells

and the enlargement of the molecular layer, which

likely reflects the increase in dendritic arbourization

of the Purkinje cells. These impairments were ac-

companied by ataxia in the beam-walking test.

Interestingly, the developmental loss of Purkinje cells

was also noted in the brain of a child affected by

MAOA/B double deficiency (Whibley et al. 2010).

Alterations in gait, posture and cerebellar morphology

have been extensively documented in ASDs (Rinehart

et al. 2006). In particular, the developmental loss of

Purkinje cells has often been observed in the majority

of post-mortem samples from ASD patients (Amaral

et al. 2008; Whitney et al. 2009) and may be linked to

behavioural rigidity (Dickson et al. 2010; Martin et al.

2010).

Translational implications : is there a link between

MAO deficiency and ASDs?

The striking overlap between ASD-associated charac-

teristics and altered phenotypes in MAOA and A/B
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MAOA/B KO mice show a reduction of callosal thickness.

(a–c) Coronal images of the corpus callosum in wild-type

(WT), MAOA KO, and MAOA/B KO mice. (d) MAOA- and

MAOA/B-deficient mice show a significant reduction in

thickness in the rostral level of the corpus callosum. Values

are displayed as means¡S.E.M. * p<0.05 and ** p<0.01

compared to WT mice and #p<0.05 compared to MAOA

KO mice. For callosal thickness n=12–18.
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KO mice may point to an involvement of these en-

zymes in the pathophysiology of autism or at least of

specific perturbations observed in this disorder.

Accordingly, recent lines of evidence have shown that

genetic variants associated with low MAOA activity

increased the vulnerability to higher severity of social,

communicative and neuromorphological impairments

in male ASD patients (Cohen et al. 2003, 2011 ; Davis

et al. 2008; Yirmiya et al. 2002). Furthermore, it should

be noted that previous reports have likened the social

and cognitive outcomes of MAOA/B dual deficiency

in humans with autism and other pervasive develop-

mental disorders (Lenders et al. 1996; Sims et al. 1989;

Whibley et al. 2010).

In contrast with our findings, the nosographic de-

scription of Brunner syndrome – the X-linked con-

dition caused by MAOA human deficiency (Brunner

et al. 1993a, b), has not been specifically associated

with ASD characteristics, although several of its

symptoms overlap with well-characterized altera-

tions in ASD patients, including antisocial and

aggressive behaviour, withdrawn personality, stereo-

typed movements, night terrors, maladaptive

emotional responses to sudden stressors and mild

cognitive alterations (Brunner et al. 1993a, b). Indeed,

the question of the possible presence of autistic dis-

turbances in MAOA-deficient individuals remains

open, in view of the suboptimal clinical character-

ization of this syndrome (Hebebrand & Klug, 1995)

and the lack of published studies on this condition in

children.

The bulk of research has shown that MAOA plays

a central role in the pathophysiology of reactive

aggression in males. In particular, recent findings

indicate that the severity of this trait is inversely cor-

related with the catalytic activity of MAOA in the

brain (Alia-Klein et al. 2008), thereby highlighting

this target as a potential biomarker for specific subsets

of antisocial personality disorder. Notably, current

theoretical perspectives posit that MAOA’s role in

the genetic vulnerability to reactive aggression reflect

alterations in corticolimbic connectivity, leading to

alterations in the emotional processing of social and

environmental stimuli, which could predispose to

aggressive and antisocial reactions in response to

ambiguous cues (Buckholtz & Meyer-Lindenberg,

2008). Of note, ASD patients display a general

inability to process social cues, spatio-temporal
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relationships and other contextual information

(Dawson et al. 2004; Gepner & Tardiff, 2006 ;

Krysko & Rutherford, 2009 ; Philip et al. 2010).

Anxiety, novelty avoidance, irritability and explosive

aggression are highly frequent in ASD (Evans et al.

2005; Muris et al. 1998) and are generally enacted as

maladaptive strategies to cope with unpredictable si-

tuational changes (Groden et al. 1994 ; Volkmar &

Cohen, 1994).

The neuropathological alterations of MAO mutant

mice described in the present report collectively point

to abnormalities of cortical and cerebellar connectivity

and are in line with several theories positing that the

cognitive and behavioural deficits in ASD are under-

pinned by hypofunctional integrative brain circuitries

(Just et al. 2007; Kleinhans et al. 2008).

In spite of the numerous elements of analogy be-

tween the abnormal phenotypes in MAOA and A/B

KOmice and ASD patients, extreme caution should be

advocated with regard to the translational value of

these findings in relation to ASDs, in view of the

intrinsic limitations of murine models in reproducing

human illnesses. Moreover, it should be stressed that

the similarity between the observed behavioural

deficits and ASD symptoms does not signify that the

two phenomena necessarily bear actual pathophysio-

logical relations. Further studies will be needed to

understand whether the isomorphism of behavioural

changes in MAO-deficient mice and ASD symptoms

are actually supported by common mechanisms.

Finally, even if future research substantiated a con-

nection between MAO deficiency and ASDs, it is likely

that this link may be only pertinent to a very restricted

of pathological phenomena within this spectrum of

disorders.

Are the abnormal phenotypes in MAOA and A/B KO

mice caused by high 5-HT?

The central hypothesis supporting the rationale of this

study was that MAOA and A/B KO mice may exhibit

autistic-like behaviours, insofar as they both exhibit

congenital high 5-HT blood (and brain) levels. Our
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study provided only an initial phenomenological de-

scription of a number of autistic-like characteristics in

male MAOA and A/B KO mice, but did not address

mechanistic questions on the role of 5-HT in the onto-

genesis of these alterations. While the investigation of

the role of 5-HT in the behavioural and morphological

changes in MAO-deficient mice was outside the scope

of this study, the possibility that some phenotypic

changes observed inMAOA and A/B KOmice may be

caused by high 5-HT levels in early developmental

stages is in line with recent findings linking ASD-like

behaviours and hyperserotonemia in a novel line of

transgenic mice featuring a gain-of-function mutation

of the 5-HT transporter (Veenstra-VanderWeele et al.

2012). The possibility that excessive stimulation of 5-

HT receptors may underpin the neuropathological

changes in MAOA and A/B KO mice is also in keep-

ing with the well-documented role of this neuro-

transmitter as a regulator of neuronal maturation,

dendritic formation and synaptogenesis (Chubakov et

al. 1986; Lauder, 1990 ; Whitaker-Azmitia, 2001).

Notably, previous studies have shown that the altera-

tions in barrel fields in MAOA-deficient mice are

supported by the high levels of 5-HT in early devel-

opmental stages (Cases et al. 1996), through the ex-

cessive stimulation of cortical 5-HT1B/D receptors

(Salichon et al. 2001).

If the abnormalities exhibited by MAOA and A/B

KO mice reported in the present study were actually

related to ASD manifestations, our results may sup-

port a direct implication of high blood and/or brain 5-

HT concentrations in the pathophysiology of autism.

Future research is warranted to test this intriguing

possibility and parse out the specific contributions of

5-HT and its receptors in the ASD-like morphological

and behavioural alterations of MAOA and A/B KO

mice.

Although our hypothesis focuses on high 5-HT as

a likely mechanism for the ASD-related disturbances

in MAOA and A/B mutant mice, we cannot rule

out that NE and DA may contribute to these phe-

notypical abnormalities. It should be noted, how-

ever, that the current evidence on the role of these

catecholamines in ASDs is still preliminary and

poorly supported (Ernst et al. 1997; Gillberg &

Svennerholm, 1987; Lake et al. 1977; Lam et al. 2006;

Launay et al. 1987; Martineau et al. 1992; Minderaa

et al. 1994).

Irrespective of the neurochemical mechanisms im-

plicated in the phenotypical aberrances of MAO-

deficient mice, the results of the present study

afford an interesting platform for further preclinical

studies on the impact of developmental alterations of

monoaminergic systems with regard to ASDs and

other related neuropsychiatric disorders.
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