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Abstract
Neuroligin-3 is a member of the class of cell adhesion proteins that mediate synapse development
and have been implicated in autism. Mice with the human R451C mutation (NL3), identical to the
point mutation found in two brothers with autism spectrum disorders, were generated and
phenotyped in multiple behavioral assays with face validity to the diagnostic symptoms of autism.
No differences between NL3 and their wildtype littermate controls (WT) were detected on
measures of juvenile reciprocal social interaction, adult social approach, cognitive abilities, and
resistance to change in a spatial habit, findings which were replicated in several cohorts of males
and females. Physical and procedural abilities were similar across genotypes on measures of
general health, sensory abilities, sensorimotor gating, motor functions, and anxiety-related traits.
Minor developmental differences were detected between NL3 and WT, including slightly different
rates of somatic growth, slower righting reflexes at postnatal days 2−6, faster homing reflexes in
females, and more vocalizations on postnatal day 8 in males. Significant differences in NL3 adults
included somewhat longer latencies to fall from the rotarod, less vertical activity in the open field,
and less acoustic startle to high decibel tones. The humanized R451C mutation in mice did not
result in apparent autism-like phenotypes, but produced detectable functional consequences that
may be interpreted in terms of physical development and/or reduced sensitivity to stimuli.
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Introduction
Neuroligins and neurexins are cell adhesion proteins that have been implicated in autism
(Kim et al., 2008). Neurexins in axons bind to neuroligins in dendrites at synaptic junctions
to trigger synaptic differentiation (Chubykin et al., 2005; Varoqueaux et al., 2006; Arac et
al., 2007; Budreck and Scheiffele, 2007; Chubykin et al., 2007; Conroy et al., 2007; Craig
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and Kang, 2007). Mutations in neuroligin-3 (NL3) are reported to shift the balance between
glutamatergic and GABAergic synapses (Chih et al., 2005; Chubykin et al., 2005; Levinson
and El-Husseini, 2007; Sheng and Hoogenraad, 2007). An arginine to cysteine mutation at
amino acid position 451 in NL3, a gene located on the X-chromosome, was discovered in
two Swedish brothers, one with severe autism and one with Asperger's syndrome (Jamain et
al., 2003). This point mutation causes defective neuroligin-3 protein trafficking, resulting in
NL3 retention in the endoplasmic reticulum and decreased NL3 reaching the cell surface
(Comoletti et al., 2004; Chubykin et al., 2005; De Jaco et al., 2006). In contrast, a large
number of association studies have not detected NL3 mutations in autistic individuals,
indicating that mutations in the neuroligin-3 gene are unlikely to account for a substantial
number of cases of autism (Talebizadeh et al., 2004; Vincent et al., 2004; Gauthier et al.,
2005; Yan et al., 2005; Ylisaukko-oja et al., 2005; Blasi et al., 2006; Talebizadeh et al.,
2006; Wermter et al., 2008). However, multiple reports of mutations in several cell adhesion
synaptic genes, including neurexins, neuroligins, SHANK3, and CNTNAP2, each in a small
number of cases of autism, prompt the hypothesis that a shift in the interplay between
synaptic genes during development contributes to autism spectrum disorders (Laumonnier et
al., 2004; Jeffries et al., 2005; Autism Genome Project Consortium, 2007; Durand et al.,
2007; Garber, 2007; Moessner et al., 2007; Alarcon et al., 2008; Arking et al., 2008; Jamain
et al., 2008; Kim et al., 2008; Lawson-Yuen et al., 2008).

To begin to test the hypothesis that a mutation in NL3 contributes to the symptoms of
autism, we generated knockin mice with the R451C NL3 mutation that was discovered in
the two Swedish brothers (Jamain et al., 2003). A comprehensive analysis of the behavioral
phenotype of 3 independent cohorts of NL3 and WT males and females from two different
types of matings was conducted, employing multiple tests for traits relevant to juvenile and
adult social interaction, developmental milestones including vocalizations, sensory abilities,
motor functions, anxiety-related behaviors, habit reversal, and control measures of general
health. Since synapse formation is essential to cognitive abilities, we also evaluated NL3 and
WT on two learning and memory tasks. Results indicate that NL3 R451C mice do not
display autism-like behavioral phenotypes or cognitive deficits. No genotype differences
were detected on physical and procedural abilities, although unusual scores on a small
number of behavioral measures indicate functional outcomes of the mutation.

As we were completing a comprehensive behavioral characterization at NIMH of the line of
R451C NL3 knockin mice generated at Rockefeller University, a report was published of an
independently generated line of R451C NL3 knockin mice (Tabuchi et al., 2007). Striking
differences between our results and those described in Tabuchi et al., 2007 are addressed in
the Discussion section below.

Methods
Mice

The humanized R451C mutation, in which the nucleotide sequence CGT in exon 6 for
arginine 451 was modified to TGC for cysteine 451, was generated as described in
Supplementary Methods. The targeting vector and confirmation of the conditional null allele
by Southern blot analysis are shown in Figure 1, along with the initial breeding strategy.

Twenty mice (10 male and 10 female) homozygous for the neuroligin-3 R451C mutation
were shipped from Rockefeller University in New York, NY to NIMH in Bethesda, MD for
behavioral testing. Homozygotes were mated with C57BL/6J (The Jackson Laboratory, Bar
Harbor, ME) to produce Cohort 1. Because the gene that codes for NL3 is located on the X
chromosome, Cohort 1 contained litters in which all females were heterozygous (Het), and
males were either full mutant (NL3) or full wildtype (WT), depending on the mother.
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Heterozygote females from Cohort 1 were mated with either C57BL/6J or NL3 knockin
males to generate Cohorts 2 and 3, consisting of wildtype (WT) or NL3 males and wildtype
(WT), heterozygous (Het), or homozygous (NL3) females. Identical behavioral tests were
conducted with offspring from both breeding schemes. When tests were run with both types
of cohorts, they were analyzed for genotype of the dam. Tailsnips were genotyped at
Rockefeller University, as described in Supplementary Material. All mice were maintained
in an NIH vivarium with a 12/12 light cycle (lights on at 7:00 am) under temperature (20° C)
and humidity (∼ 48%) controlled conditions. Food and water were available ad libitum.
Behavioral tests were conducted between 9:00 am and 6:00 pm. All procedures were
conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals,
and approved by the NIMH Animal Care and Use Committee.

Group sizes from each independent cohort used for behavioral testing were: Cohort 1: 17
male WT, 12 male NL3; Cohort 2: 19 male WT, 15 male NL3, 5 female WT, 19 female Het,
4 female NL3; Cohort 3: 14 male WT, 16 male NL3, 7 female WT, 16 female Het, and 13
female NL3. Results from WT were consistent across cohorts for the same sex on the same
test.

Behavioral tests
Comprehensive behavioral phenotyping was conducted as described in Supplementary
Materials. Pups were tested for developmental milestones, ultrasonic vocalizations during
separation from the mother and siblings, and homing to familiar cage litter odors. Juveniles
were tested for reciprocal social play and open field exploratory locomotion. Adults were
tested for social approach in an automated three-chambered sociability apparatus, elevated
plus maze and light↔dark anxiety-related behaviors, general health and home cage
measures including nesting, neurological reflexes, open field locomotion, rotarod
coordination and balance, forepaw reaching for vision, acoustic startle threshold for hearing,
prepulse inhibition of acoustic startle for sensorimotor gating, hot plate and tail flick for pain
sensitivity, contextual and cued fear conditioned learning and memory, and Morris water
maze spatial learning and memory acquisition and reversal, as previously described
(Crawley and Goodwin, 1980; Bailey et al., 2007; Crawley, 2007; Crawley et al., 2007; Moy
et al., 2007; Yang et al., 2007; McFarlane et al., 2008; Scattoni et al., 2008) and described in
detail in the Supplementary Methods.

Results
Juvenile social interaction

Figure 2A-D documents no significant differences between male genotypes for A) follow
(F2,28 = 0.157, NS), B) nose-to-nose sniff (F2,28 = 0.087, NS), C) push-crawl-touch (F2,28 =
2.031, NS) or D) social groom (F2,28 = 0.337, NS). As shown in Supplementary Figure 1
(1S), there were also no significant differences between the genotypes for A) nose-to-
anogenital sniff (F2,28 = 1.01, NS), B) self groom (F2,28 = 0.969, NS), C) jump (F2,28 =
3.127, NS), and D) exploration duration (F2,20 = 0.847, NS).

Adult Social Approach
Figure 2 panels E-F illustrates high levels of sociability for both NL3 and WT male mice.
There was a significant effect of chamber time (F1,56 = 47.57, p<0.0001) but not of genotype
(F1,56= 0.04, NS) or interaction of genotype and chamber time (F1,56= 3.28, NS). Both
genotypes spent more time in the chamber with the stranger mouse than in the chamber with
the novel object: WT (F33,1= 18.778, p<0.001) and NL3 (F23,1 = 26.061, p<0.0001). There
was a significant effect of sniff time (F1,56 = 90.87, p<0.0001) but not of genotype (F1,56=
0.64, NS) or interaction of genotype and sniff time (F1,56= 3.34, NS). Both genotypes spent

Chadman et al. Page 3

Autism Res. Author manuscript; available in PMC 2009 June 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



more time sniffing the stranger mouse than the novel object WT (F1,33= 56.55, p<0.0001)
and NL3 (F1,23 = 36.10, p<0.0001). There were no significant differences in exploration
during the 10 minute habituation period (Figure 2SA). There were no significant differences
of entries (F1,56= 0.24, NS), genotype (F1,56= 0.90, NS) or interaction of genotype and sniff
time (F1,56= 0.39, NS) for the number of entries into the chamber with the novel object
versus entries into the chamber with the stranger mouse for either genotype (Figure 2SB):
WT (F1,23 = 0.451, NS) and NL3 (F1,23 = 0.124, NS), suggesting that there were no
locomotor impairments or differential levels of general exploration that could have affected
the social approach scores. Results for the preference for social novelty phase, a control for
social olfactory abilities, did not show any genotype differences and are presented in the
Supplemental Materials Figure 2S panels C-E. Similar results obtained in the females are
shown in Figure 3S panels A-G.

Morris water maze acquisition and reversal
Acquisition—Figure 3 panels A-D (left side of graphs) illustrate performance on
acquisition in the Morris water maze spatial learning and memory task, and reversal of the
original position habit in the Morris water maze. During acquisition, male WT and NL3
mice similarly improved across day of training for latency to reach the hidden platform
(F4,216 =64.84, p<0.0001), with no main effect of genotype (F1,54 = 0.417, NS) and no
interaction between genotype and day (F4,216 = 1.094, NS). Total distance traveled was
significant for day of training (F4,216 =31.064, p<0.0001) and for genotype (F1,54 = 4.378, p
<0.05) but not for the interaction of genotype × day of training (F4,216 = 0.939, NS). Swim
speed showed a significant main effect of day of training (Figure 4S panel A): (F4,216 =
7.731, p<0.0001) but not of genotype (F1,54 = 2.24, NS) or interaction of genotype × day of
training (F4,216 = 0.104, NS). However, as shown in Figure 4S panel B, a transient genotype
difference was detected on thigmotaxis, a measure of distance from the perimeter wall
during swimming. Thigmotaxis showed a significant main effect of day of training (F4,216 =
52.865, p<0.0001), and also of genotype (F1,54 = 4.291, p < 0.05) and the interaction of
genotype × day of training (F4,216 = 5.707, p<0.001). Newman-Keuls post hoc analysis
determined that thigmotaxis was significantly different between the WT and NL3 mice on
day 1 (p<0.01). Probe trial results revealed that all genotypes spent significantly more time
in the trained quadrant than in the other three quadrants (F3,165= 28.84, p <0.0001, post hoc
all comparison p values < 0.05) and made significantly more platform crosses over the
former location of the hidden platform than over the comparable locations in the other three
quadrants (F3,165= 32.10, p <0.0001, post hoc all comparison p values < 0.05),
demonstrating that both the WT and NL3 mice successfully learned the location of the
hidden platform using distal spatial cues.

Reversal—Data from the reversal phase of the Morris water maze are shown in Figure 3
panels A-D (right side of graphs). During reversal training both WT and NL3 mice
improved across day of training in latency to reach the hidden platform (F4,220 = 40.065,
p<0.0001) but there was no main effect of genotype (F1,55 = 1.05, NS) and no genotype ×
day of training (F4,220 = 0.956, NS). Total distance traveled showed a significant main effect
of day of training (F4,220 = 36.863, p<0.0001) but not of genotype (F1,55 = 2.59, NS) or
genotype × day of training (F4,220 = 0.51, NS). Swim speed was significant for day of
training (F4,220 = 7.68, p<0.0001) but not genotype (F1,55 = 2.55, NS) or genotype × day of
training (F4,220 = 0.48, NS). Thigmotaxis (Figure 4SB) was significant for day of training
(F4,220 = 3.00, p<0.05) but not for genotype (F1,55 = 2.86, NS) nor genotype × day of
training (F4,220 = 0.53, NS). Probe trial testing revealed that all genotypes spent significantly
more time (all comparison p values < 0.05) in the reversal training quadrant as compared to
the left and right adjacent quadrants. However, time spent in the opposite quadrant, where
the hidden platform was originally located, was similar to time spent in the new quadrant
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where the hidden platform was located during the reversal trial in some cases (F3,165= 14.25,
p <0.0001, post hoc comparison for left and right quadrant p values < 0.05, opposite
quadrant NS). The WT group made significantly more platform crosses in the trained
quadrant than in the other three quadrants during the reversal probe trial (F3,93 = 12.58,
p<0.0001, post hoc all comparison p values < 0.05). While the NL3 group showed a
significant effect of platform crosses (F3,72 = 3.48, p<0.05), the NL3 group crossed the
reversal training platform significantly more than the right platform location but not any of
the other platform locations.

Contextual and Cued Fear Conditioning
As shown in Figure 3E, no genotype differences were detected on contextual or cued fear
conditioning in the standard delay learning and memory emotional task in male NL3 and
WT mice. In the training phase, significantly more freezing was apparent during the 2 min
after the cue-shock pairings than in the 2 min before the cue-shock pairings (F1,59=92.39,
p<0.0001). There was no main effect of genotype on freezing during training (F1,59=3.10,
NS), and no genotype × cue-shock pairing interaction (F1,59=2.72, NS). On the next day,
when trained mice were placed back in the identical context, but with no footshock
administered, there was no main effect of genotype on the levels of freezing (F1,60=0.31,
NS). On the subsequent day, when trained mice were placed in a novel environmental
context and given the auditory tone that had been paired with footshock during training, both
genotypes displayed some freezing to the novel context and similarly high levels of freezing
to the auditory cue (F1,60=156.58, p<0.0001), with no significant differences between
genotypes (F1,60=0.10, NS), and no interaction of cue × genotype (F1,60=0.41, NS).

Pup Ultrasonic Vocalizations to Separation from the Mother and Siblings
Baseline measurements of ultrasonic vocalizations revealed a different profile of emission
between male NL3 and WT at one time point during the first two postnatal weeks (Figure
4B). On pnd 8, WT pups emitted significantly more calls (genotype: F1,27= 3.47, p=0.07;
day: F3,81= 6.79, p<0.001; genotype × day interaction, F3,81=2.85, p=0.04, pnd 8: p<0.001),
indicating a temporally shifted developmental profile of these distress calls. Duration, peak
frequency and amplitude of the calls did not differ between groups (Duration, F1,27=1.61,
NS; Peak frequency, F1,27=1.75, NS; Peak amplitude, F1,27=0.80, NS; Figure 5S panels A-
C). No differences were detected between the body temperatures of WT and NL3 mice
(F1,27= 0.01, NS) as measured after each separation test. Female pups are showed no
significant genotype differences on any of the vocalization parameters (Figure 5S panels D-
G).

Homing test (postnatal 9)
In the homing test (Figure 6S), which measures the tendency of pups placed in a novel arena
to move toward a familiar social odor, i.e. a location containing nesting material from the
home cage, no significant effect of genotype was found in males on latency to reach the area
containing the nest litter (F1,30=0.26, NS) or time spent over the area containing the nest
litter (F1,30=0.05, NS). No significant effect of genotype was detected on general locomotor
activity, as measured by number of line-crossings in the arena (F1,30=2.85, NS; data not
shown). Females (Figure 6S panels C-D) displayed a significant genotype effect on latency
to reach the area containing the nest litter (ANOVA F2,33=3.81, p=0.03; Kruskal-Wallis
p=0.02). Post hoc comparisons revealed that female NL3 pups showed shorter latencies to
reach the nest area in comparison with WT pups (p<0.01). Female NL3 pups spent
significantly more time in the nest area (F2,33=4.24, p=0.02, p=0.01 for NL3 vs WT).
ANOVA did not detect a significant genotype effect on general locomotor activity,
indicating that the three genotypes had similar activity levels in the homing arena
(F2,33=2.60, NS, data not shown).
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Open Field Exploration
Figures 5A and 8S panel A-C, show open field exploratory locomotion in adult male WT
and NL3. Both groups were more active at the beginning of the test as compared to the end.
Figure 5A illustrates a genotype difference in vertical activity (F1,58 = 8.40, p<0.01) and of 5
min bin (F5,290 = 5.43, p<0.0001) but no interaction of genotype and 5 min bin (F5,290 =
0.98, NS), indicating that the NL3 made fewer upright rears. There was a significant effect
of time on horizontal activity (F5,295 = 56.76, p<0.0001; Figure 8S panel A) and interaction
of genotype by 5 min bin (F5,295 = 5.43, p<0.0001) but no effect of genotype (F1,59 = 0.099,
NS). Newman-Keuls post hoc analysis did not detect any significant differences between the
genotypes on any specific day (p >0.05). There was a significant effect of 5 min time bins on
total distance (F5,295 = 75.87, p<0.0001) but no effect of genotype (F1,59 = 0.001, NS) or
interaction of genotype by 5 min bin (F5,295 = 2.02, NS; Figure 8S panel B). There was no
effect of genotype on % center time (F1,95 = 0.175, NS; Figure 8S, panel C) or interaction of
genotype × 5 min bin (F5,295 = 0.798, NS), but there was a significant effect of 5 min bin
(F5,295 = 6.05, p<0.0001). The majority of the open field results were similar in the females,
although genotype differences were detected in males but not in females on vertical activity
(Figure 8S panels D-G).

Accelerating Rotarod
Adult male NL3 mice displayed better performance on the rotarod than WT, as seen by
longer latencies to fall (Figure 5B). There was a significant effect of genotype (F1,32= 8.31,
p<0.01), day of training (F2,64=52.70, p<0.0001), trial (F2,64=23.11, p<0.0001) and
interaction of day and trial (F4,128=4.88, p<0.01) but no interaction of genotype × day of
training (F2,64=0.50, NS), trial (F2,64=0.34, NS), or day × trial (F4,128=1.09, NS). No
genotype differences were found in the females (Figure 9S).

Acoustic startle, Acoustic Startle Threshold, and Prepulse Inhibition (PPI) of Acoustic
Startle

Adult male NL3 showed less startle response to sudden loud acoustic stimuli than WT
(Figure 5C). There was a significant effect of genotype (F1,32 = 21.55, p<0.0001), trial type
(F5,160 = 66.58, p<0.0001), and interaction of genotype and trial type (F5,160 = 13.66,
p<0.0001). Newman-Keuls post hoc examination revealed significant differences between
the genotypes on the 100, 110, and 120 dB trials (p<0.05). Both genotypes showed minimal
startle at 80 dB, suggesting similar acoustic thresholds. A separate cohort of NL3 mice
showed a lower response to a 110 dB acoustic startle stimulus (F1,47 = 6.79, p<0.05; Figure
5D) but normal prepulse inhibition (F1,47 = 2.58, NS; Figure 5E). PPI increased with
prepulse intensity up to 86 dB regardless of genotype (F4,188 = 46.81, p<0.0001). There was
no interaction between genotype and prepulse intensity (F4,188 = 0.86, NS). Similar results
for females on acoustic startle and PPI are shown in Figure 10S panels A-C.

General Health Measures
NL3 and WT were similar on almost all measures of general health, reflexes and sensory
function (Table 1). General health included body weight, temperature, fur condition, body
and limb tone. Empty cage observations included transfer freezing, wild running,
stereotypies, exploration and self-grooming. Motor reflexes included passivity, wire hang,
grip strength and trunk curl. The only genotype difference in males was detected in the wire
hang where the WT hung on longer than the NL3 mice. The only genotype differences in
females were on body weight (Table S1) and forepaw width in the footprint test (Table S2).
General reactivity was assessed with petting escape, struggling and/or vocalizations, and
dowel biting. There were no significant differences between the genotypes. Observations of

Chadman et al. Page 6

Autism Res. Author manuscript; available in PMC 2009 June 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



home cage behaviors in the vivarium indicated that NL3 mutants were normal on home cage
activity, nest building, huddling and grooming.

At young ages, body weight differed significantly between male WT and NL3 and between
female genotypes (Figure 4A, 7SA). ANOVA results showed that somatic growth rates
differed between groups (genotype effect, F1,27= 3.67, p=0.07; days, F4,108= 1098.27,
p<0.0001; genotype × days interaction, F4,108= 5.16, p<0.0008). Post hoc comparisons
revealed that NL3 pups had a significantly greater weight increase starting from pnd 6
through pnd 11 (p<0.001 for NL3 versus WT, Figure 4A). In contrast with male data, NL3
female pups showed a significantly lower body weight on pnd 6, 8, and 11 (genotype effect,
F2,31= 2.15, NS; days, F4,124= 1167.36, p<0.0001; genotype × age interaction, F8,124=2.13,
p=0.03; p<0.001 for NL3 versus WT; Figure 7SA). The same profile was seen for Het pups
starting from pnd 8 to 11 (p<0.05 for Het versus WT).

No significant differences in body length (F1,27= 0.06, NS), length of the tail (F1,27= 0.54,
NS), eyelid opening (F1,27= 3.13, NS), incisors eruption (F1,27= 2.97, NS) and fur
development (F1,27= 0.82, NS) between WT and NL3 were observed. Almost all reflex
measurements were similar between the pup groups, including negative geotaxis (F1,27=
0.29, NS), cliff aversion (F1,27= 0.72, NS), forelimb stick grasp reflex (F1,27= 1.03, NS),
forelimb placing reflex (F1,27= 0.01, NS), level and vertical screen test (F1,27= 1.32, NS;
F1,27= 0.26, NS), and bar holding (F1,27= 0.18, NS) (data not shown).

Transient delays in righting reflex were noted in NL3 compared with WT pups, leading to a
different pattern of acquisition of the righting reflex (genotype × day interaction,
F6,180=2,18, p=0.04) (Figure 4C). Newman-Keuls post hoc analysis revealed that righting
reflex was significantly slower in the NL3 than in the WT on days 2 and 4 (p<0.05 and 0.01
respectively), although both genotypes displayed the full righting reflex by day 8, indicating
that the subsequent ontogenetic progression was similar in the two genotypes. Female NL3
showed similarly slower righting reflex latencies at earlier postnatal days, but no genotype
differences in subsequent ontogenetic progression (Figure 7S, Panel B).

Anxiety-Related Traits
As described in the Supplementary Results and shown in Figure 11S, genotypes were
generally similar on both the elevated plus-maze and light ↔ dark transitions anxiety-related
tests.

Tactile Sensory Abilities, Grooming, and Gait
Sensory abilities in adult males showed no significant effects of genotype (Table 2). NL3
and WT were similar on latency to respond to thermal stimuli during testing in the hot plate
(F1,59=0.06, NS) and tail flick (F1,59=0.77, NS) tests, on olfactory ability to locate buried
food (F1,71=2.23, NS), and on time spent grooming in an empty cage (F1,37=1.54, NS).
There was no significant effect of genotype on gait, as measured by forepaw width
(F1,32=3.58, NS ), hindpaw width (F1,32=1.13, NS) or stride length (F1,32=1.30, NS) in the
footprint test.

Discussion
Comprehensive behavioral phenotyping of multiple cohorts of neuroligin-3 R451C knockin
mice and their littermate controls revealed that the NL3 mutation did not significantly affect
reciprocal social interactions in juveniles or social approach in adults. No perseveration was
detected in any genotype on ability to reverse a spatial position habit in the water maze. The
great majority of measures of developmental milestones, pup separation vocalizations,
general health, home cage behaviors, reflexes, sensory abilities including olfaction and

Chadman et al. Page 7

Autism Res. Author manuscript; available in PMC 2009 June 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



nociception, and motor functions including locomotion, balance, and gait, were normal in
NL3 male and female mice. Taken together, these corroborating results do not support the
hypothesis that an R451C point mutation in NL3 produces behaviors in mice that are
analogous to the first and third diagnostic symptoms of autism, abnormal reciprocal social
interactions and repetitive restricted interests. Furthermore, generally similar scores in NL3
and WT on the initial acquisition of the location of a hidden platform using distal
environmental cues in the Morris water maze spatial task, along with similar scores on
emotional learning and memory in contextual and cued fear conditioning, do not support the
hypothesis that the R451C NL3 mutation directly affects learning and memory.

Our findings of generally normal developmental milestones, physical attributes, simple
procedural abilities, and complex behavioral traits in NL3 may be viewed in the broader
context of the multiple neurexin and neuroligin proteins and the specific binding of their
splice variants during synaptic formation (Chih et al., 2005; Chubykin et al., 2005;
Varoqueaux et al., 2006; Budreck and Scheiffele, 2007; Chubykin et al., 2007; Conroy et al.,
2007; Craig and Kang, 2007; Levinson and El-Husseini, 2007; Sheng and Hoogenraad,
2007). Reduction in the cell surface expression of the neuroligin-3 protein may not be
sufficient to affect a large number of synapses relevant to social and cognitive abilities, if
other neuroligins remain available. However, this does not appear to be the case for
neuroligin-4, as an elegant study of behavioral phenotypes in neuroligin-4 knockout mice
reported reduced social interactions and ultrasonic vocalizations (Jamain et al., 2008).

The present findings are at variance with some of the results and interpretations of
behavioral phenotypes in another line of NL3 R451C mice (Tabuchi et al., 2007). Both lines
were normal on measures of general health, motor abilities, and anxiety-related behaviors.
However, social deficits and improved learning were reported in the other line (Tabuchi et
al., 2007). Careful examination of the social behavior results shown in the previous report
(Figure 5, Tabuchi et al., 2007), reveals that the NL3 R451C mutant did not differ from their
WT controls on most measures of social behaviors. The first social task reported, shown in
Tabuchi et al. Figure 5A and B, employed separate sequential test sessions. The subject
mouse was first given five minutes to explore a novel object, and then given five minutes to
explore a novel mouse. Unlike the many excellent and well-validated assays of social
interaction used routinely by behavioral neuroscientists and behavioral
neuroendocrinologists, this design of separate sequential opportunities is not a validated
measure of interest in a social partner. Too many other factors could influence time spent
with the novel mouse, such as generally increased exploration or heightened interest in the
wire mesh container during the second five minutes.

Tabuchi et al. Figure 5C employed the three-chambered social approach task which we
originally developed and validated (Moy et al., 2004; Nadler et al., 2004; Yang et al., 2007;
McFarlane et al. 2008). The habituation and test sessions were performed using methods
consistent with the ones in this manuscript. However, the statistical analyses were
improperly conducted, using only pairwise t-tests. In fact, the data in Figure 5C of Tabuchi
et al., 2007 appear to show that both genotypes spent more time with the novel mouse than
with the novel object. It seems likely that both strains exhibited significant sociability, if
properly compared with ANOVA statistics. This evidence for significant sociability in the
NL3 group argues against a social deficit in the NL3 line tested in Tabuchi et al.

Further, in the conventional test for initial reciprocal social interactions between unfamiliar
pairs of mice, there was no difference between WT and NL3 in the previous report (Figure 5
panel D, Tabuchi et al., 2007), consistent with the lack of genotype differences between WT
and NL3 on reciprocal social interactions during the juvenile test session in the present
findings. The test of direct social interaction in Tabuchi et al. employed only a 2 minute
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session, which is considerably shorter than social interaction tests used in the great majority
of behavioral neuroscience assays. Further, the single parameter shown in Figure 5D, time
spent in interaction, is a very gross composite measure. Most behavioral neuroscientists use
a large number of specific parameters to characterize direct social interaction, as shown in
our Figures 2 and 1S. The data shown in Tabuchi et al. Figure 5D, left bars, clearly
demonstrate that both genotypes showed the same amount of social interaction. This lack of
genotype difference in their best measure of social behaviors supports an interpretation that
their R451C NL3 knockins display normal social behaviors.

The data shown in Tabuchi et al. Figure 5D, right bars, represents a social memory task.
Again, the statistical analysis was incorrectly conducted, using a pairwise t-test. As a result,
a misleading interpretation was given. Given the standard error bars of Figure 5D, it appears
unlikely that there was a genotype difference in social memory if the proper ANOVA
statistical analysis had been conducted.

Faster learning curves on both the initial acquisition and reversal learning in the Morris
water maze were reported for one cohort of NL3 in Tabuchi et al. (2007) but not seen in the
two large cohorts tested in the present studies, although distance traveled during acquisition
was somewhat shorter in NL3 during the initial acquisition in both the present study and in
Tabuchi et al. (2007). Different techniques for generating the knockin mutation, and
different genetic backgrounds for the two NL3 lines, C57BL/6J in the present line from the
Heintz laboratory versus a mixed C57BL/6J and 129/ImJ in the line from the Sudhof
laboratory, along with methodological differences between the two laboratories in
conducting the cognitive assays, may have contributed to the divergent results on spatial
learning.

In the present studies, NL3 differed from their WT littermates on several minor but
potentially interesting developmental measures. NL3 mice displayed slower righting
reflexes during the first few days after birth, emitted fewer ultrasonic vocalizations at
postnatal day 8, varied from WT in body weights, engaged in less vertical activity in the
open field, had longer latencies to fall from the rotarod, and spent less time near the walls in
the Morris water maze. Females displayed more homing behaviors and a wider stance in the
footprint test. Both males and females responded less strongly to acoustic startle stimuli. The
lower startle response is not necessarily indicative of impaired hearing, as acoustic
thresholds were similar across genotypes, and electrophysiological recordings during the
startle response indicate no direct correlation between hearing and amplitude of startle
response (Willott et al., 1984). It remains possible that the few significant differences
detected were simply the outcome of a large number of statistical comparisons. However, it
seems likely that the several minor genotype differences, taken together, represent small
developmental abnormalities, and/or decreased arousal levels in response to sensory and
motor stimuli, caused by the NL3 mutation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Gene targeting strategy and genotype analysis. (A) Diagram of the Nlgn3 locus with
numbered exons, the BAC targeting vector with R451C mutation, the targeted Nlgn3 locus
and the recombined locus after Cre-mediated excision of Kana/Neo marker cassette. PCR
primers used for genotyping are noted by arrows. A floxed Kana/Neo cassette, a diphtheria
toxin negative selection cassette and targeting arms are illustrated. The 3’ external probe
used in the Southern blotting is indicated below the wild type allele. Diagram is not to scale.
(B) Southern blot analysis of NsiI-digested tail DNA isolated from control wild type female,
heterozygous female and homozygous female mice. (C) DNA sequence of RT-PCR product.
The homozygous R451C (CGT to TGC) missense mutation is indicated.
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Figure 2.
Juvenile social interaction and adult social approach in male neuroligin-3 (NL3) mutants and
their wildtype (WT) littermate controls. No significant differences were detected between
the genotype pairs on number of bouts (events) for any of the reciprocal social interaction
parameters: A) Follow, B) Nose to Nose Sniff, C) Push-Crawl-Touch and D) Social Groom.
N = 13 pairs of WT-WT, N=9 pairs of NL3-WT, and N=9 pairs of NL3-NL3. Both
genotypes displayed sociability as measured by social approach parameters in the automated
3-chambered social approach test in adult males: E) Both the WT and NL3 mice spent more
time in the chamber with the stranger mouse as compared to time in the chamber with the
novel object. F) Both the WT and NL3 mice spent more time sniffing the stranger mouse as
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compared to the novel object. N = 34 WT, N =24 NL3. In Figures 1-5, all data are from
male mice and shown as mean ± standard error of the mean, and * = p<.05, ** = p<.01, ***
= p<.001, for the comparison of NL3 and WT. Additional behavioral parameters for male
mice, results for female mice, complete methods, tables and graphs and procedures are
located in Supplementary Material, as indicated in the text.

Chadman et al. Page 15

Autism Res. Author manuscript; available in PMC 2009 June 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Morris water maze spatial learning and reversal, and contextual and cued fear conditioning
measures of cognitive abilities in WT and NL3 knockin mice. A) WT and NL3 displayed
similar latencies to locate the hidden platform for both acquisition and reversal of the Morris
spatial navigation task. B) NL3 mice swam a shorter distance to find the hidden platform
during acquisition but there was no genotype difference in distance swam during reversal.
C) Both WT and NL3 spent more time in the previously trained quadrant (black bars) than
the other three quadrants (white bars) during the probe trial following the initial acquisition
phase. Both WT and NL3 spent more time in the previously trained quadrant than the left
and right quadrants, but not the opposite quadrant, during the probe trial following the
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reversal phase. D) Both WT and NL3 crossed the platform in the previously trained quadrant
(black bars) significantly more than the platform locations in other three quadrants (white
bars) during the probe trial following the acquisition phase. WT crossed the platform in the
previously trained quadrant (black bars) significantly more than the platform locations in
other three quadrants (white bars) during the probe trial following the acquisition phase, but
NL3 crossed the platform in the trained quadrant more than the the corresponding location
in the quadrant to the right, but not the left and opposite locations, during the probe trial
following the reversal phase. N = 31 WT, N = 25 NL3. E) Contextual and cued fear
conditioning. WT and NL3 did not differ in freezing, a species-specific fear responses
measured as the amount of time spent immobile, before training and following training. WT
and NL3 did not differ in freezing to the identical context 24 h after training. WT and NL3
did not differ in freezing to a novel context 48 h after training, either in the absence (pre-CS)
or presence of the conditioned auditory cue. N = 38 WT, N = 24 NL3.
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Figure 4.
Ontogenetic profile at postnatal (PND) ages 2 to 14 days of age. A) Body weight (PNDs
2−11), B) Ultrasonic vocalizations (PNDs 4−11) and C) Righting reflex (PNDs 2−14) in
WT and NL3 male pups. NL3 pups had significantly higher body weights from PND 6
through PND 11. NL3 emitted fewer ultrasonic vocalizations at PND 8 than WT. N = 16
WT, N = 13 NL3. Differences in righting reflex were noted in NL3 pups displayed slower
righting reflex latencies as compared with WT pups at PNDs 2, 4, and 6, which normalized
by PND 8. N = 16 WT, N = 16 NL3.
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Figure 5.
Motor performance, sensorimotor gating, and startle activity. A) Open field. NL3 overall
displayed significantly less vertical activity than WT throughout the 30 min automated open
field session. N = 36 WT, N=25 NL3. Rotarod. B) NL3 showed longer latencies to fall from
the accelerating rotarod than WT across all trials. N = 19 WT, N = 15 NL3. C) NL3 mice
had significantly less startle response as compared to WT in the acoustic startle threshold
test at the 100, 110 and 120 dB stimuli, but no differences at lower startle levels. N = 19
WT, N = 15 NL3. D) Within the prepulse inhibition session, another cohort of NL3 mice
similarly showed less startle to 110 dB than WT. E) No genotype difference was detected in
prepulse inhibition of acoustic startle. N = 30 WT, N = 19 NL3.
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Table 1

General health and neurological screening of male R451C neuroligin 3 knockin (NL3) and their wildtype
littermate controls (WT) at age 5−12 weeks. Data are expressed as percentages, 3 point rating scales, or mean
+/− standard error of the mean. No genotype differences were detected.

Genotypes WT NL3 P-value

N=38 N=25

General Health

    Body Weight (g) 26.0 +/− .67 24.5 +/− .77 NS

    Body Temperature (°C) 38.1 +/− .10 38.2 +/− .11 NS

    Fur Condition (3 pt scale) 2 2 NS

    Bald patches (%) 0 8 NS

    Missing whiskers (%) 0 0 NS

    Piloerection (%) 0 0 NS

    Body tone (3 pt scale) 2 2 NS

    Limb tone (3 pt scale) 2 2 NS

Empty Cage Behavior

    Transfer freezing (%) 8 8 NS

    Wild running (%) 0 4 NS

    Stereotypies (%) 0 0

    Exploration (3 pt scale) 1.92 1.92 NS

    Grooming (3 pt scale) 2.18 2.4 NS

Motoric abilities

    Positional passivity (%) 42 28 NS

    Wire Hang (sec) 59.13 +/− 0.65 52.99 +/− 3.170 <.05

    Grip Strength (force) 113 +/− 3.3 110 +−/ 3.8 NS

    Trunk curl (%) 97 100 NS

Reflexes

    Forepaw reach (%) 100 100 NS

    Righting reflex (%) 100 100 NS

    Corneal (%) 95 96 NS

    Pinna (%) 100 100 NS

    Vibrissae (%) 100 100 NS

Reactivity

    Petting escape (%) 45 32 NS

    Struggle/vocalization (%) 53 36 NS

    Dowel biting (3 pt scale) 0.61 0.52 NS
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Table 2

Measures of sensory function in male neuroligin 3 knockin (NL3) and wildtype (WT) littermates. Data are
expressed as mean +/− standard error of the mean. No genotype differences were detected.

Genotypes WT NL3 P-Value

Pain Sensitivity N=38 N=25

    Hot Plate (latency - sec) 8.90 +/− 0.44 9.08 +/− 0.62 NS

    Tail Flick (latency - sec) 2.02+/− 0.09 2.16 +/− 0.13 NS

Olfactory Sensitivity N=17 N=13

    Buried Food (latency to eat -sec) 35.44 +/− 14.24 83.77 +/− 30.31 NS

Self-Grooming N=24 N=15

    Time spent grooming (sec) 72.38 +/− 6.1 89.64 +/− 14.8 NS

Footprint test N=19 N=15

    Forepaw Width (cm) 1.80 +/− .08 1.99 +/− .05 NS

    Hindpaw Width (cm) 2.90 +/− .08 2.78 +/− .07 NS

    Stride Length (cm) 5.00 +/− .15 4.76 +/− .15 NS
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