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CENTRAL AND PERIPHERAL SEROTONIN DIFFERENCES:
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Abstract—The genetic heterogeneity of autism spectrum dis-
orders (ASDs) suggests that their underlying neurobiology
involves dysfunction at the neural network level. Understand-
ing these neural networks will require a major collaborative
effort and will depend on validated and widely accepted ani-
mal models. Many mouse models have been proposed in
autism research, but the assessment of their validity often
has been limited to measuring social interactions. However,
two other well-replicated findings have been reported in
ASDs: transient brain overgrowth in early postnatal life and
elevated 5-HT (serotonin) levels in blood platelets (platelet
hyperserotonemia). We examined two inbred mouse strains
(C57BL/6 and BALBI/c) with respect to these phenomena. The
BALB/c strain is less social and exhibits some other autistic-
like behaviors. In addition, it has a lower 5-HT synthesis rate
in the central nervous system due to a single-nucleotide
polymorphism in the tryptophan hydroxylase 2 (Tph2) gene.
The postnatal growth of brain mass was analyzed with mixed-
effects models that included litter effects. The volume of the
hippocampal complex and the thickness of the somatosen-
sory cortex were measured in 3D-brain reconstructions from
serial sections. The postnatal whole-blood 5-HT levels were
assessed with high-performance liquid chromatography.
With respect to the BALB/c strain, the C57BL/6 strain showed
transient brain overgrowth and persistent blood hypersero-
tonemia. The hippocampal volume was permanently enlarged
in the C57BL/6 strain, with no change in the adult brain mass.
These results indicate that, in mice, autistic-like shifts in the
brain and periphery may be associated with less autistic-like
behaviors. Importantly, they suggest that consistency among
behavioral, anatomical, and physiological measures may ex-
pedite the validation of new and previously proposed mouse
models of autism, and that the construct validity of models
should be demonstrated when these measures are
inconsistent. © 2012 IBRO. Published by Elsevier Ltd. All
rights reserved.
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Autism spectrum disorders (ASDs) represent a wide range
of genetically heterogeneous conditions (Betancur, 2011;
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Casey et al., 2012) that share similar behavioral symp-
toms. This suggests that the reported gene mutations may
affect various nodes in a specific neural network. The
identification of this network and its dysfunction will require
a major collaborative effort due to the expected complexity
of its connections and dynamic properties. Because of the
limitations of human experimentation, this research will
have to increasingly rely on a small number of well-vali-
dated and widely accepted animal models.

To date, many rodent models have been proposed that
replicate some aspects of ASDs, including their genetics,
central and peripheral physiology, and behavioral pheno-
types (Kahne et al., 2002; McNamara et al., 2008; Carter et
al., 2011; Ey et al., 2011; Spencer et al., 2011; Eagleson et
al., 2011; Lewis, 2011; Mercier et al., 2011; Bangash et al.,
2011; Stephenson et al., 2011; Wohr et al., 2011). One of
the major challenges in the field is to ensure the construct
and predictive validities of these models. ASDs are char-
acterized by a maladaptive, inflexible interaction with con-
specifics and the environment, as well as impaired social
communication. Therefore, mouse models of autism are
typically tested by assessing these and related behaviors
(Silverman et al., 2010; Fairless et al., 2011). However, a
direct comparison between human and rodent social be-
haviors may be misleading because of the sensitive de-
pendence of the social behavior of a species on its eco-
logical niche. For example, desert gerbils tend to lead
solitary lives, whereas gerbil species inhabiting regions
with cold winters tend to be highly social (Macdonald,
2006). Likewise, the social mating systems of some vole
and deer mouse species show remarkable variability (Insel
and Shapiro, 1992; Macdonald, 2006; Robinson et al.,
2008; Turner et al., 2010). It suggests that behavioral tests
should be used in conjunction with other biological mea-
sures that are altered in many autistic individuals and that
are likely to be directly comparable across mammalian
species. Two such findings are the transiently accelerated
brain growth in early postnatal life and the blood hyperse-
rotonemia. Both of these phenomena may be related to
abnormalities of the central and peripheral 5-HT (sero-
tonin) systems (Anderson et al., 1987; Jacobs and Azmitia,
1992; Gershon and Tack, 2007; JanusSonis, 2008). The
central serotonin system has been so well conserved in
vertebrate evolution that it allows direct comparisons not
only among mammalian orders (e.g. primates and ro-
dents), but also between fishes and mammals (Lillesaar,
2011). Likewise, the general mechanisms of brain devel-
opment are highly conserved in all vertebrate radiations


mailto:skirmantas.janusonis@psych.ucsb.edu

Z. C. Flood et al. / Neuroscience 210 (2012) 286—-295 287

(Butler and Hodos, 2005) and are virtually independent of
the species’ position in its ecological system.

Autistic brains tend to transiently overgrow normally
developing brains during the first years after birth, but by
adulthood autistic and normal brains no longer differ in size
(Courchesne et al., 2001, 2003, 2011). Evidence suggests
that the brain growth trajectory can be affected by pertur-
bations of the central 5-HT system (Altamura et al., 2007;
Vitalis et al., 2007; Wassink et al., 2007). Also, a large
subset of autistic individuals has elevated 5-HT levels in
blood platelets. This phenomenon was first reported in the
early 1960s (Schain and Freedman, 1961) and in the
subsequent 50 years has been replicated by many groups
of researchers in populations with diverse ethnic back-
grounds (Hanley et al., 1977; Anderson et al., 1990; Cook,
1996; McBride et al., 1998; Mulder et al., 2004; Hranilo-
vic et al., 2007; Melke et al., 2008). While the causes of
the platelet hyperserotonemia of autism remain unclear
(JanuSonis, 2008; Anderson et al., in press), several
genes have been associated with elevated platelet 5-HT
levels (Weiss et al., 2004, 2006; JanuSonis et al., 2006;
Coutinho et al., 2007). The importance of blood hyperse-
rotonemia in mouse models of autism and anxiety has
been emphasized by some groups (Carneiro et al., 2008,
2009; Carter et al., 2011; Veenstra-Vanderweele et al.,
2012), including ours (JanuSonis et al., 2006).

Thus far, no attempts have been made to demonstrate
in a mouse model the triad of autistic alterations: the
impaired social behavior, the transiently accelerated post-
natal brain growth, and the persistent blood hypersero-
tonemia. Motivated by these considerations, we conducted
a case study in which we used two inbred mouse strains,
C57BL/6 and BALB/c. Compared with the C57BL/6 strain,
the BALB/c strain is known to show a low level of sociability
and some other autism-related behaviors (Brodkin, 2007;
Fairless et al., 2008). These strains also carry different
alleles for a single nucleotide polymorphism (C1473G) in
the gene coding for tryptophan hydroxylase 2 (Tph2), the
rate-limiting enzyme in the brain 5-HT synthesis pathway.
The C57BL/6 strain is homozygous for the C-allele and has
a higher brain 5-HT synthesis rate compared with the
BALB/c strain that is homozygous for the G-allele (Zhang
et al., 2004). This difference in the alleles appears to be
insufficient to affect the 5-HT tissue levels in the adult
forebrain of C57BL/6 and BALB/c mice congenic for the
Tph2 locus (Siesser et al., 2010). Also, it has no effect on
the 5-HT tissue levels in the developing forebrain of the
two strains (Yochum et al., 2010). Few studies have di-
rectly assessed tissue and/or extracellular 5-HT levels in
autistic brains. The results of a recent immunohistochem-
ical study suggest that 5-HT tissue levels may be consid-
erably higher in young autistic brains compared with age-
matched control brains (Azmitia et al., 2011), but the evi-
dence for possible alterations of extracellular 5-HT levels
in autistic brains remains inconclusive (Narayan et al.,
1993; Adamsen et al., 2011), mostly due to severe tech-
nical limitations.

In the brain, virtually all tissue 5-HT is stored in sero-
tonergic varicosities (Jacobs and Azmitia, 1992), and tis-

sue 5-HT levels may not reflect the availability of free,
extracellular 5-HT that can act on 5-HT receptors. ASDs
may be associated with an altered brain 5-HT synthesis
rate (Chugani et al., 1999, 2002) rather than altered 5-HT
tissue levels. The C57BL/6 and BALB/c strains differ on
this measure (Zhang et al., 2004) and also show related
differences in the expression of Tph2 (Bach et al., 2011).

These considerations show that the C57BL/6 and
BALB/c strains make an instructive case study because
the C57BL/6 strain is often used as the baseline strain
against which new models are compared, the BALB/c
strain shows some autistic-like behaviors, and some infor-
mation is available about the genetics of the serotonin
system in the two strains. We show that while the BALB/c
strain is relatively more autistic-like on behavioral mea-
sures, the C57BL/6 strain is relatively more autistic-like on
two major biological measures: postnatal brain growth and
blood 5-HT. These results (i) demonstrate that care should
exercised in choosing the baseline mouse strain and (ii)
suggest that postnatal brain growth, blood 5-HT levels, and
social behavior, assessed together, may facilitate the val-
idation and ranking of mouse models of autism.

EXPERIMENTAL PROCEDURES
Animals

Timed-pregnant C57BL/6 and BALB/c mice were purchased from
Charles River Laboratories (Wilmington, MA, USA) and housed
individually on a 12:12 light-dark cycle (lights on at 7:00, off at
19:00) with free access to water and food. The Tph2 alleles of the
two strains (C/C and G/G, respectively) were analyzed by PCR
genotyping and were confirmed to be consistent with Zhang et al.
(2004). Dams were inspected before noon, and the delivery day
was considered to be postnatal day (P) 0. The litters were not
perturbed or culled before tissue collection. All procedures have
been approved by the UCSB Institutional Animal Care and Use
Committee. All efforts were made to minimize the number of
animals used and their suffering.

Brain mass

A total of 156 postnatal (P3, P7, P14) brains and 36 adult female
brains were used in the analysis. Adult females were used be-
cause it allowed us to increase sample sizes by including the
dams that had produced litters analyzed at other developmental
times. In another study, we have found no significant sex differ-
ences in the brain mass, hippocampal volume, and blood 5-HT
levels of the CD-1 strain (Albay et al., 2009). At P3, P7, and P14,
five litters were analyzed from each of the two strains at each of
the three time-points (a total of 30 litters). Animals were weighed,
immediately decapitated, and their whole brain (from the rostral
pole to the cervicomedullary junction) was dissected from the skull
into phosphate-buffered saline (PBS; 0.1 M, pH 7.4) with a fine
forceps under a dissecting stereoscope (P3 and P7) or with a fine
rongeurs (P14 and adult). Any liquid attached to the surface of the
brain was carefully removed by bringing the brain into contact with
a piece of Parafilm, and the brain was immediately weighed on a
precision (£0.0001 g) balance. In order to ensure temporal inde-
pendence, each litter was used for only one developmental time-
point.

Blood collection

At P3, P7, and P14, one pup from each litter was decapitated, and
its trunk blood was collected into a 25-ul drop of 5% Na,EDTA on
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a piece of Parafilm. The blood from adult animals was collected in
the same way. Blood samples were visually inspected for blood
clots, and their volume was measured with a 200-ul precision
pipette. Samples were stored in 1.5-ml microcentrifuge tubes at
—75 °C until further analysis.

Hippocampal volume and cortical thickness

Following the collection of a blood sample, the brain was dis-
sected from the skull and immediately fixed in 4% paraformalde-
hyde in 0.1 M phosphate buffer (PB; pH. 7.4) at 4 °C overnight. It
was cryoprotected in 30% sucrose in PB at 4 °C overnight, em-
bedded in 20% gelatin (type A; 275 bloom), immersed in formalin
with 20% sucrose for 3 h at room temperature, and sectioned
coronally on a freezing microtome at 50-um thickness into PBS in
96-well trays. Every lost section was recorded, and the percent-
age of missing sections was not allowed to exceed 5%. The
sections were mounted onto glass slides coated with 0.5% gelatin
and 0.05% chromium (lll) potassium sulfate dodecahydrate (Pap-
pas, 1971), allowed to air-dry, Nissl-stained with 0.25% Thionin,
dehydrated in a graded series of ethanols, cleared in xylenes, and
coverslipped with Permount. Since fixation and embedding can
alter tissue volume (Baker, 1958; Blinkov and Glezer, 1968), care
was taken to ensure that all brains and sections were exposed to
the reagents for the same length of time.

Images of serial sections were captured with a Zeiss Axio
Imager Z1 equipped with a color digital camera (AxioCam HRc
Rev. 2) using a 1X objective, imported into the Reconstruct soft-
ware (version 1.1; http://synapses.clm.utexas.edu), and the out-
line of hippocampal complex was traced on one side from the
most rostral section containing the hippocampal pyramidal layer to
the most caudal section containing the granular layer of the den-
tate gyrus. In this rostro-caudal block, the traced regions included
the hippocampus proper, the fimbria, the dentate gyrus, and the
subiculum. If a section was missing, the thickness of each of
the two neighboring sections was digitally increased by 50%. The
quality of tracing was assessed by rotating the 3D-reconstruction
and visually inspecting it for discontinuities. No digital smoothing
was used. Cortical thickness was measured at the level of the
barrel field of the primary somatosensory cortex (S1) from the top
of layer | to the underlying white matter. The mean thickness of
two nonadjacent sections was used.

Whole-blood 5-HT

Whole-blood 5-HT levels were assessed with high-performance
liquid chromatography (HPLC) as described in our published stud-
ies (JanuSonis et al., 2006; Albay et al., 2009). Briefly, 100 ul of
25% ascorbic acid, 100 ul of 5% sodium metabisulfite, and 10 ul
of 10 ng/ul N-methylserotonin (NMS, internal standard) were
added to frozen whole-blood samples; after thawing and mixing,
75 pl of 3.4 M perchloric acid was added; the samples were kept
on ice for 10 min, centrifuged, and the supernate was stored at
—80 °C until further analysis. Analysis was performed by HPLC
using the following conditions: a 25X.46 cm Altex Ultrasphere
column heated to 40 °C was eluted with a mobile phase consisting
of 70% 0.1 M NaH,PO, (pH 4.7) containing 150 mg/L octyl sulfate
and 20% methanol. Compounds were detected with a Shimadzu
RF 10-AXL fluorometer, with excitation and emission wavelengths
of 285 and 345 nm, respectively, quantitated by comparing peak
heights ratios (analyte/NMS) with those observed for standards,
and concentrations expressed as ng per ul. The neurochemicals
were determined with typical intra- and interassay coefficients of
variation of less than 5% and 10%, respectively. In the calcula-
tions, the dilution of the collected blood in the Na,EDTA solution
was factored out (i.e. the reported values represent 5-HT concen-
trations in the undiluted whole blood).
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Fig. 1. The body mass of BALB/c and C57BL/6 mice at postnatal days
(P) 3—14 and in adulthood. At P3—14, each data point is the mean of
a litter (i.e. the height of a bar indicates the mean of the litter means).
Error bars are standard errors of the mean.

Statistics

Statistical analyses were performed in R 2.14.1 (the R Foundation
for Statistical Computing) and in IBM SPSS 19 (IBM Corporation,
Armonk, NY, USA). In ANOVAs, residuals were tested for homo-
geneity of variance (with the Levene test). If a violation of homo-
geneity was detected, the data were analyzed with the R nime
package (Pinheiro et al., 2011) by choosing the varldent variance
structure (Zuur et al., 2009) that allows each experimental group
to have a different variance. The nime package was also used in
mixed-effects analyses. These statistical approaches are superior
to traditional statistical tests that emphasize mathematical conve-
nience (rather than biological relevance) and are strongly recom-
mended for experimental research in neuroscience (Lazic, 2010;
Nakagawa and Hauber, 2011). By following a well-established
procedure (Zuur et al., 2009), statistical models were built sequen-
tially by using restricted maximum likelihood estimation (REML)
and maximum likelihood estimation (ML) as follows: (i) first, a
“beyond optimal” model was constructed that included all relevant
fixed effects; (ii) the structure of variances and random effects was
optimized by comparing nested REML-fitted models with ANOVA
and testing the significance of the likelihood ratios (L) (in mixed-
effects analyses, the significance of L was calculated “on the
boundary,” as recommended by Zuur et al. [2009]); (iii) the struc-
ture of fixed effects was optimized by comparing nested ML-fitted
models with ANOVA and testing the significance of L (the non-
significant fixed effects were removed); (iv) the final model was
refitted with REML and validated (tested for normality and homo-
geneity of residuals). In all tests, the significance level was set at
0.05.

RESULTS
Postnatal growth of brain mass

The postnatal growth of body mass in the C57BL/6 and
BALB/c strains is shown in Fig. 1. A two-way ANOVA
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revealed no significant difference between the strains
(F156=1.29, P=0.26) and no significant interaction be-
tween strain and age (F3 sg=2.34, P=0.083). If adulthood
was considered separately, the BALB/c body mass was
significantly larger than the C57BL/6 body mass (f;,=2.97,
P=0.005). However, the analysis of the same set of ani-
mals showed that the brain mass of the two strains was
virtually identical in adulthood (t;,=1.41, P=0.17; the 95%
confidence interval of the difference between the BALB/c
and C57BL/6 strains: [—0.003, 0.017 g]). This effectively
pegged the brains of both strains at the same endpoint and
allowed us to directly compare their postnatal growth tra-
jectories.

First, we analyzed postnatal brain mass, disregarding
which litter the pups came from (Fig. 2A). A two-way
ANOVA revealed a significant interaction between strain
and age (F3 15,=16.8, P<10~%). A simple effects analysis
showed that the mass of the C57BL/6 brain was not sig-
nificantly different from that of the BALB/c brain at P3 and
in adulthood (F; 15,=0.17, P=0.68; F; 15,=2.41, P=0.12,
respectively). However, at P7 and P14, the mass of the
C57BL/6 brain was significantly greater than that of the
BALB/c brain (F;54=51.6, P<107"% F, 15,=21.5,
P<1075%, respectively). We next calculated the z-scores of
the C57BL/6 brain mass by using the BALB/c means and
standard deviations at the respective time-points (Fig. 2B).
This analysis confirmed the accelerated brain growth at
P7-P14, which was similar to early postnatal autistic tra-
jectories presented in the same format (Courchesne et al.,
2003). The interaction between strain and age remained
significant if only the means of the litters were used (Fig.
2C; F355=5.57, P=0.002).

While the presented ANOVA analyses are relatively
simple, their interpretation poses problems. If all pups are
pooled irrespective of the litter, one runs the risk of pseu-
doreplication due to possible litter effects (Lazic, 2010). If
the means of the litters are used, one analyzes the growth
of the mean litter brain mass, which is not the same vari-
able as the individual brain mass. Finally, using only one
pup from each litter is impractical because of the large
samples required to reliably detect alterations in nonlinear
growth trajectories. All of these problems are solved by
mixed-effects modeling (Zuur et al., 2009; Nakagawa and
Hauber, 2011), which we describe next.

First, a “beyond optimal” linear model was constructed
that included strain, age, and the interaction between
strain and age as the fixed factors. Next, the random
component was optimized to account for litter effects. A
random intercept greatly improved the model (L=61.4,
P<10~"%). A random slope for either strain or age did not
further improve the model (L=10"%, P=1.00; L=0.86,
P=0.50, respectively), so the final random component
contained only the random intercept. The interaction be-
tween strain and age was tested in the presence of the
random intercept and was retained because its deletion
resulted in a significantly worse model (L=19.4, df=3,
P=0.0002). The final model was REML-fitted and vali-
dated (Fig. 2D-F). The parameters of the model are pre-
sented in Table 1. It indicates that there is no overall

difference between the brain mass of the two strains, but
that at P7 the mass of the C57BL/6 brain is significantly
greater than that of the BALB/c brain (by 11%; P=0.007).
This result confirms that the C57BL/6 brain transiently
overgrows the BALB/c brain by the end of the first postna-
tal week.

We note that body mass was not included in the model
because, at a given developmental time, body mass is a
poor predictor of brain mass due to its high sensitivity to
environmental factors unrelated to brain growth (Epstein,
1978; Woods and Epstein, 1979). Body mass can be use-
ful as a proxy for litter effects, but the mixed-effects ap-
proach allowed us to model general (not only body mass-
related) litter effects directly.

Postnatal growth of hippocampal volume and
cortical thickness

Alterations in the growth of brain mass do not necessarily
reflect changes in the volume of specific brain structures.
Therefore, we performed a high-precision volumetric anal-
ysis of the hippocampal complex in C57BL/6 and BALB/c
brains at P3, P7, P14, and in adulthood (Fig. 3A—-C). We
also measured the thickness of S1 in these brains at the
same time-points (Fig. 3D). The hippocampal volume of
C57BL/6 pups was significantly larger than that of BALB/c
pups (Fig. 3C; F; 33=10.9, P=0.002). The interaction be-
tween age and strain was not significant (F;;3=1.22,
P=0.32). The S1 thickness of C57BL/6 pups was not
significantly different from that of BALB/c pups
(Fq.33=2.33, P=0.14), and there was no significant inter-
action between age and strain (F5 33=1.07, P=0.38). How-
ever, if tested separately at P7, the S1 thickness of
C57BL/6 pups was significantly larger than the S1 thick-
ness of BALB/c pups, even after the Bonferroni correction
for the four developmental times (t,=3.77, P=0.004). In all
of these analyses, only one brain from each litter was
used, and no violation of the assumption of homogeneity of
variance was detected (the Levene test: P>0.2). There-
fore, the inferences of the standard statistical models were
considered to be valid.

Whole-blood 5-HT levels

We next asked whether the transient brain overgrowth in
C57BL/6 is accompanied by another consistent finding in
autism research, the blood hyperserotonemia that persists
into adulthood (Anderson et al., 1990, in press; Mulder et
al., 2004; JanuSonis, 2008). At all ages, the whole-blood
5-HT levels of C57BL/6 pups were significantly higher than
those of BALB/c pups (Fig. 4). A two-way ANOVA revealed
a significant strain effect (F; 5,=16.7, P<<0.001), but no
significant interaction between strain and age (F; 5,=0.60,
P=0.62). However, the assumption of homogeneity of vari-
ance across the age-groups was severely violated and
could lead to incorrect inferences (the Levene test:
F; 57=4.90, P<<0.001). Therefore, we next accounted for
this variability by explicitly including it in the statistical
model. The validated model is given in Table 2. The overall
estimated difference between the strains was 0.40 ng/ul
(Table 2). Compared with the BALB/c strain, this increase



290 Z. C. Flood et al. / Neuroscience 210 (2012) 286—295

A B

957 [JBALBIc 47
8
& c578L/6 ° °
* o
0.4 - o g
2 - ° o 38
5 " 8 g °
\J; * 1] § 8 °
& 0-31 § o § <]
£ N 9
c o 9 g 5}
o 3 0 °
m 0.24 ,':E o o 8
w0 8 o
O 8 °
-24 g °
0.1+ o
o
o
0 -4 T T T T
P3 P7 P14 Adult P3 P7 P14 Adult
Postnatal age Postnatal age
%571 [sALBLc o ° -
[ c57BL6 1 7 o |
° Oo -_ - - T
S 04+ o & 8 o : I P
e % © © g ! ! G .
-~ o o ~ 1 ~ 4 1
: = S L N i
£ * 2 50 %3 '
£ 0.3 2 £ g9 S g
_5 8 o £ s @ § o o 4
c N & °
© © o & @ T ' ' |
Q n 1S i ﬁ ' | ! | | |
£ 02 5 7 o mé o 4 . o
= =z g ® ° ! | ! | | |
g o <§ ° ' ' : | [,
5 o, © o b+
0.1 ¥4 o ¥4 - ¥4 +
o o (<]
L o @ o < o
P3 P7 P14 Adult 0.15 025 0.35 045 BALB/c  C57BL/6 P3 P7 P14 A
Postnatal age Fitted brain mass (g) Strain Postnatal age
(A = Adult)

Fig. 2. The brain mass of BALB/c and C57BL/6 mice at P3—14 and in adulthood. (A) All individuals pooled irrespective of the litter. (B) The z-scores
of C57BL/6 individuals calculated with respect to the BALB/c means and standard deviations at each time-point. This representation has been used
to analyze the postnatal growth of autistic brains (Courchesne et al., 2003). (C) The litter means (at P3—14, each data point is the mean of a litter, and
the height of a bar indicates the mean of the litter means). (D—F) The validation of the mixed-effects model (Table 1). The residuals are normally
distributed (the Shapiro—Wilk test: P=0.24) and have homogeneous variances across the groups (the robust [median-based] Levene test: F, 14,=1.27,
P=0.26 for the strain groups; F; 15=2.71, P=0.05 for the age-groups). In (A) and (C), error bars are standard errors of the mean. The asterisks
indicate significant (P<0.05) simple effects.

was equivalent to 57%, 49%, 18%, and 10% at P3, P7, validation of mouse models of autism. The obtained results
P14, and in adulthood, respectively. have implications for other mouse strains and models.
However, we do not suggest that the biological mecha-

DISCUSSION nisms underlying the observed developmental shifts in the

Two mouse strains were investigated with regard to sev- two mouse strains are equivalent to those in autistic indi-
eral biological measures that can facilitate the design and viduals. Instead, we propose that when such equivalence
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Table 1. The brain mass (bm) of the C57BL/6 and BALB/c strains from P3 to adulthood. The final mixed-effects model is represented by bm(s,
a)=(C+vy)+s+a+sXa+e. The BALB/c strain and P3 are assumed to be the base categories. For the model validation, see Fig. 2D—F.

Parameter Groups Value (g) SE (9) t df P
Fixed intercept
C All 0.1450 0.0050 29.05 126 <0.0001**
Random intercept
b% Random across litters mean=0
sd=0.0105
Strain
s BALB/c 0
C57BL/6 —0.0007 0.0070 —0.09 58 0.93
Age
a P3 0
P7 0.1017 0.0071 14.40 58 <0.0001**
P14 0.2120 0.0071 29.84 58 <0.0001**
Adult (A) 0.2972 0.0059 50.73 58 <0.0001**
StrainxXAge
sXa BALB/cXP3 0
BALB/cXP7 0
BALB/cXP14 0
BALB/cXA 0
C57BL/6XP3 0
C57BL/I6XP7 0.0281 0.0100 2.82 58 0.0066**
C57BL/6XP14 0.0169 0.0100 1.69 58 0.096
C57BL/6 XA —0.0061 0.0084 -0.73 58 0.47
Residual
e Random across individuals mean=0
sd=0.0089

SE, standard error; sd, standard deviation; f, Student ¢; df, degrees of freedom,** P<0.01.

can be demonstrated, the studied measures can greatly
strengthen the validity and relevance of the mouse model.

Previous research has shown that the BALB/c strain
exhibits some autistic-like behaviors (Brodkin, 2007; Fair-
less et al., 2008). Our results show that it is the C57BL/6
strain that is more autistic-like on two measures: transient
brain overgrowth in early postnatal development and per-
sistent blood hyperserotonemia. Taken together, these
findings do not imply that either of the strains is an accept-
able autism model, but they demonstrate that behavioral
tests can be grossly insufficient to demonstrate the rele-
vance of a mouse model to autism research, especially if
the model is not supported by construct validity (van der
Staay et al., 2009). Currently, construct validity is likely to
be based on gene mutations observed in autistic individu-
als, but future mouse models can be designed to replic-
ate autistic-like shifts in the dynamics of entire neural
networks.

When construct validity is not well established (as is
often the case in autism research), the researcher may be
forced to decide which of the measures should be given
more weight in the selection of the most appropriate
model. Behavioral measures appear to be immediately
relevant, but they are a function of the species’ ecological
niche. In contrast, neuroanatomical and neurophysiologi-
cal measures can be highly conserved in phylogenetic
radiations and therefore are especially strong where be-
havioral measures are weak. Based on our results, we
suggest that behavioral tests should always be comple-
mented with analyses of brain growth and blood 5-HT

levels. While inconsistency among these measures does
not automatically invalidate a mouse model, it does indi-
cate that caution should be exercised until more solid
evidence becomes available. This is important because
the very concept of the autistic-like mouse is based on
species-independent assumptions. Also, the proliferation
of mouse autism models is becoming unsustainable and
hinders large-scale collaborative efforts.

The observed transient increase in the C57BL/6 brain
mass might be related to the higher brain 5-HT synthesis
rate in this strain due to its Tph2 allele (Zhang et al., 2004;
Bach et al., 2011). However, other genes in the C57BL/6
genome are likely to contribute to this phenomenon. Gen-
erally, it is difficult to predict how a major perturbation of
the brain 5-HT system will affect the gross anatomy of the
adult brain, suggesting that these effects depend on more
subtle mechanisms than general 5-HT levels or the activity
of a single receptor. Mice lacking serotonin 5-HT,, or
5-HT, receptors are grossly normal, including their adult
brain mass or size (Heisler et al., 1998; Compan et al.,
2004). Ablation of nearly all brainstem serotonergic neu-
rons has little effect on the gross brain cytoarchitecture and
cortical thickness of the adult brain (Hendricks et al,
2003). However, the absence of the 5-HT transporter does
alter the thickness and cell density in the cerebral cortical
layers of the mouse brain. Intriguingly, these effects are
strain-dependent (Altamura et al., 2007).

Little is known about how these and other perturba-
tions can affect the trajectory (as opposed to the final
plateau) of postnatal brain growth. We surmise that many
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Fig. 3. The volume of the hippocampal complex and the thickness of the primary somatosensory cortex (S1) of BALB/c and C57BL/6 mice at P3—14
and in adulthood. (A) Representative Nissl-stained sections used in 3D-reconstructions of the hippocampal complex (all serial sections were aligned
and traced in Reconstruct). (B) Representative wire-frame images of the reconstructed hippocampus at all ages (C57BL/6). (C) The volume of the
hippocampal complex. (D) The thickness of S1. Error bars are standard errors of the mean.

researchers would be interested in this information, but it
would require obtaining large samples and using advanced
statistical analyses to account for litter and other random
effects. Since presently funding agencies and professional
journals place little value on either (Janu$onis, 2009; Lazic,
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Fig. 4. The whole-blood 5-HT levels of BALB/c and C57BL/6 mice at
P3-14 and in adulthood. Error bars are standard errors of the mean.

2010; Nakagawa and Hauber, 2011), there is no doubt that
many subtle, but revealing, changes in currently existing
mouse models remain undiscovered. It is also likely that

Table 2. The whole-blood 5-HT levels (wb) of the C57BL/6 and
BALB/c strains from P3 to adulthood. The final statistical model is
represented by whb(s, a)=C+s+a+e. The BALB/c strain and P3 are
assumed to be the base strain and age categories, respectively.

Parameter Groups Value SE t df P
(ng/pl)  (ng/ul)
Intercept
C All 0.7047  0.0785 8.97 60 <0.0001**
Strain
s BALB/c 0
C57BL/6  0.3992 0.0810 493 60 <0.0001**
Age
a P3 0
P7 0.1085 0.0880 123 60 0.22
P14 1.5126  0.2011 752 60 <0.0001*
Adult 3.4030 0.1429 23.81 60 <0.0001**

Since in ANOVA the variance of the residuals (¢) was not homoge-
neous across the age-groups, the gls function with the varldent vari-
ance structure was used to estimate the model (the R nime package).
The interaction between strain and age was not significant (L=3.08,
df=3, P=0.38) and was removed from the final model. The residuals
were normally distributed (the Shapiro-Wilk test: P=0.19) and had
homogeneous variances across the groups (the robust (median-
based) Levene test: F,s;=0.50, P=0.48 for the strain groups;
F36:=0.34, P=0.80 for the age-groups). SE, standard error; ¢, Student
t; df, degrees of freedom,** P<<0.01.
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many of these changes are time-sensitive, which leads to
another deep methodological issue (JanuSonis, 2012). It is
interesting to note in this regard that the transient over-
growth of the C57BL/6 brain appears subtle, but it is actu-
ally larger than the overgrowth of autistic brains (compare
Fig. 2B with Fig. 1 of Courchesne et al. [2003]).

In light of our findings, new insights may be gained by
testing a larger set of mouse strains that do not differ in
their adult brain mass. Some of these strains are likely to
show accelerated brain growth during postnatal develop-
ment. If these same strains always have higher blood 5-HT
levels, it may lead to a major reassessment of how the
central and peripheral 5-HT systems interact in develop-
ment. This association may be mediated by factors ex-
pressed in both systems, or it may be due to direct 5-HT
exchange between the systems. We have hypothesized
the former possibility on theoretical grounds (JanusSonis,
2005) and have experimentally demonstrated it in mice
lacking functional serotonin 5-HT, 5 receptors. These mice
develop blood hyperserotonemia (JanusSonis et al., 2006)
in addition to developmental brain alterations that result in
elevated levels of anxiety in adulthood (Heisler et al., 1998;
Ramboz et al., 1998; Parks et al., 1998; Gross et al.,
2002). An interaction between the brain and peripheral
5-HT has been recently demonstrated in embryonic mice,
the forebrain development of which is affected by 5-HT
synthesized in the placenta (Bonnin et al., 2011; Bonnin
and Levitt, 2011). It is intriguing that genetic ablation of
brainstem serotonergic neurons has no gross effects on
brain and cortical cytoarchitecture (Hendricks et al., 2003),
but prenatal treatment with DL-p-chlorophenylalanine
(pCPA), a 5-HT synthesis inhibitor, does (Vitalis et al.,
2007). One possible explanation is that these effects are
caused by the action of pCPA in the gut or the placenta
(Bonnin et al., 2011), and that the subsequent changes in
peripheral 5-HT levels affect the 5-HT levels in the devel-
oping central nervous system.

We note that some recent reports (Brodkin, 2007;
Yochum et al., 2010) have cited previously published find-
ings (Wimer et al., 1969; Roderick et al., 1973; Wahlsten et
al., 1975) that the adult BALB/c brain is significantly larger
than the adult C57BL/6 brain. Our large sample data con-
tradict these reports. The cause of this discrepancy is not
clear, but the three reports published in 1969-1975 should
be interpreted with caution. Wimer et al. (1969) and Rod-
erick et al. (1973) have examined only four to five mice per
group and have presented neither standard errors nor
pair-wise statistical comparisons. Wahlsten et al. (1975)
have used larger groups, but they have compared brains
after a long fixation with 10% formalin, which is known to
increase measured brain mass by around 8% (Blinkov and
Glezer, 1968). Furthermore, the fresh C57BL/6 brain mass
obtained by Roderick et al. (1973) is comparable to the
fixed BALB/c brain mass obtained by Wahlsten et al.
(1975).

In the present study, the hippocampal complex of the
C57BL/6 strain outgrew that of the BALB/c strain, and this
difference persisted into adulthood. The volume of the
hippocampus has been shown to be enlarged in autistic

adolescent individuals (Groen et al., 2010). Another study
has found the hippocampus to be enlarged (by around
10%) at all studied ages up to adolescence, in contrast to
the amygdala that is enlarged only in preadolescent chil-
dren (Schumann et al., 2004). By comparison, in our anal-
ysis, we found the C57BL/6 hippocampus to be larger than
the BALB/c hippocampus by 12%, 9%, and 7% at P7, P14,
and in adulthood, respectively.

In summary, we recommend that mouse models of
autism be consistently evaluated on at least three mea-
sures: social behavior, postnatal brain growth, and blood
5-HT levels. It is especially important when the construct
validity of a model remains in question. While the consis-
tency among these measures is not sufficient to establish
the validity of a model, it can facilitate the selection among
several models that appear to be equally autistic-like in
behavioral tests. Intriguingly, some currently available
mouse models may already exhibit ASD-like changes on
all three measures, but to our knowledge no such evalua-
tion has yet been completed.

Acknowledgments—This research was supported by Hellman
Family Faculty Fellowships (S.J.) and by UCSB Academic Senate
Research Grants. We thank William J. Bruno, Lauren D.S. Kelley,
Alejandra R. Gonzalez, Pasha F. Foroudi, Alice An Yu Yu, and
Katherine Hubbert for their assistance with histology.

REFERENCES

Adamsen D, Meili D, Blau N, Thony B, Ramaekers V (2011) Autism
associated with low 5-hydroxyindolacetic acid in CSF and the
heterozygous SLC6A4 gene Gly56Ala plus 5-HTTLPR L/L pro-
moter variants. Mol Genet Metab 102:368-373.

Albay R, Chen A, Anderson GM, Tatevosyan M, JanuSonis S (2009)
Relationships among body mass, brain size, gut length, and blood
tryptophan and serotonin in young wild-type mice. BMC Physiol
9:4.

Altamura C, DelllAcqua ML, Moessner R, Murphy DL, Lesch KP,
Persico AM (2007) Altered neocortical cell density and layer thick-
ness in serotonin transporter knockout mice: a quantitation study.
Cereb Cortex 17:1394-1401.

Anderson GM, Hertzig ME, McBride PA (in press) Brief report: platelet-
poor plasma serotonin in autism. J Autism Dev Disord, in press.

Anderson GM, Horne WC, Chatterjee D, Cohen DJ (1990) The hyper-
serotonemia of autism. Ann N Y Acad Sci 600:331-340.

Anderson GM, Stevenson JM, Cohen DJ (1987) Steady-state mo-
del for plasma free and platelet serotonin in man. Life Sci 41:
1777-1785.

Azmitia EC, Singh JS, Whitaker-Azmitia PM (2011) Increased sero-
tonin axons (immunoreactive to 5-HT transporter) in postmortem
brains from young autism donors. Neuropharmacology 60:
1347-1354.

Bach H, Arango V, Huang YY, Leong S, Mann JJ, Underwood MD
(2011) Neuronal tryptophan hydroxylase expression in BALB/cJ
and C57BI/6J mice. J Neurochem 118:1067-1074.

Baker JR (1958) Principles of biological microtechnique. London:
Methuen & Co, Ltd.

Bangash MA, Park JM, Melnikova T, Wang D, Jeon, SK, Lee D, Syeda
S, Kim J, Kouser M, Schwartz J, Cui Y, Zhao X, Speed HE, Kee
SE, Tu JC, Hu JH, Petralia RS, Linden DJ, Powell CM, Savonenko
A, Xiao B, Worley PF (2011) Enhanced polyubiquitination of
Shank3 and NMDA receptor in a mouse model of autism. Cell
145:758-772.



294 Z. C. Flood et al. / Neuroscience 210 (2012) 286—295

Betancur C (2011) Etiological heterogeneity in autism spectrum disor-
ders: More than 100 genetic and genomic disorders and still count-
ing. Brain Res 1380:42-77.

Blinkov SM, Glezer Il (1968) The human brain in figures and tables: a
quantitative handbook. New York: Plenum Press.

Bonnin A, Goeden N, Chen K, Wilson ML, King J, Shih JC, Blakely RD,
Deneris ES, Levitt P (2011) A transient placental source of sero-
tonin for the fetal forebrain. Nature 472:347-350.

Bonnin A, Levitt P (2011) Fetal, maternal, and placental sources of
serotonin and new implications for developmental programming of
the brain. Neuroscience 197:1-7.

Brodkin ES (2007) BALB/c mice: low sociability and other phenotypes
that may be relevant to autism. Behav Brain Res 176:53—65.
Butler AB, Hodos W (2005) Comparative vertebrate neuroanatomy:
evolution and adaptation (2nd ed.). Hoboken: John Wiley & Sons,

Inc.

Carneiro AM, Airey DC, Thompson B, Zhu CB, Lu L, Chesler EJ,
Erikson KM, Blakely RD (2009) Functional coding variation in
recombinant inbred mouse lines reveals multiple serotonin trans-
porter-associated phenotypes. Proc Natl Acad Sci U S A 106:
2047-2052.

Carneiro AM, Cook EH, Murphy DL, Blakely RD (2008) Interactions
between integrin «llbB3 and the serotonin transporter regulate
serotonin transport and platelet aggregation in mice and humans.
J Clin Invest 118:1544-1552.

Carter MD, Shah CR, Muller CL, Crawley JN, Carneiro AM, Veenstra-
VanderWeele J (2011) Absence of preference for social novelty
and increased grooming in integrin B3 knockout mice: initial studies
and future directions. Autism Res 4:57—67.

Casey JP, Magalhaes T, Conroy JM, Regan R, Shah N, et al (2012) A
novel approach of homozygous haplotype sharing identifies can-
didate genes in autism spectrum disorder. Hum Genet 131:
565-579.

Chugani DC (2002) Role of altered brain serotonin mechanisms in
autism. Mol Psychiatry 7 (Suppl 2):S16-S17.

Chugani DC, Muzik O, Behen M, Rothermel R, Janisse JJ, Lee J,
Chugani HT (1999) Developmental changes in brain serotonin
synthesis capacity in autistic and nonautistic children. Ann Neurol
45:287-295.

Compan V, Zhou M, Grailhe R, Gazzara RA, Martin R, Gingrich J,
Dumuis A, Brunner D, Bockaert J, Hen R (2004) Attenuated re-
sponse to stress and novelty and hypersensitivity to seizures in
5-HT, receptor knock-out mice. J Neurosci 24:412—419.

Cook EH (1996) Brief report: pathophysiology of autism: neurochem-
istry. J Autism Dev Disord 26:221-225.

Courchesne E, Campbell K, Solso S (2011) Brain growth across the
life span in autism: age-specific changes in anatomical pathology.
Brain Res 1380:138-145.

Courchesne E, Carper R, Akshoomoff N (2003) Evidence of brain
overgrowth in the first year of life in autism. JAMA 290:337-344.

Courchesne E, Karns CM, Davis HR, Ziccardi R, Carper RA, Tigue ZD,
Chisum HJ, Moses P, Pierce K, Lord C, Lincoln AJ, Pizzo S,
Schreibman L, Haas RH, Akshoomoff NA, Courchesne RY (2001)
Unusual brain growth patterns in early life in patients with autistic
disorder: an MRI study. Neurology 57:245-254.

Coutinho AM, Sousa I, Martins M, Correia C, Morgadinho T, Bento C,
Marques C, Ataide A, Miguel TS, Moore JH, Oliveira G, Vicente AM
(2007) Evidence for epistasis between SLC6A4 and ITGB3 in
autism etiology and in the determination of platelet serotonin lev-
els. Hum Genet 121:243-256.

Eagleson KL, Campbell DB, Thompson BL, Bergman MY, Levitt P
(2011) The autism risk genes MET and PLAUR differentially impact
cortical development. Autism Res 4:68—-83.

Epstein HT (1978) The effect of litter size on weight gain in mice. J Nutr
108:120-123.

Ey E, Leblond CS, Bourgeron T (2011) Behavioral profiles of mouse
models for autism spectrum disorders. Autism Res 4:5-16.

Fairless AH, Dow HC, Toledo MM, Malkus KA, Edelmann M, Li H,
Talbot K, Arnold SE, Abel T, Brodkin ES (2008) Low sociability is
associated with reduced size of the corpus callosum in the
BALB/cJ inbred mouse strain. Brain Res 1230:211-217.

Fairless AH, Shah RY, Guthrie AJ, Li H, Brodkin ES (2011) Decon-
structing sociability, an autism-relevant phenotype, in mouse mod-
els. Anat Rec 294:1713-1725.

Gershon MD, Tack J (2007) The serotonin signaling system: from
basic understanding to drug development for functional Gl disor-
ders. Gastroenterology 132:397—-414.

Groen W, Teluij M, Buitelaar J, Tendolkar | (2010) Amygdala and
hippocampus enlargement during adolescence in autism. J Am
Acad Child Adolesc Psychiatry 49:552—-560.

Gross C, Zhuang X, Stark K, Ramboz S, Oosting R, Kirby L, Santarelli
L, Beck S, Hen R (2002) Serotonin,, receptor acts during devel-
opment to establish normal anxiety-like behaviour in the adult.
Nature 416:396-400.

Hanley HG, Stahl SM, Freedman DX (1977) Hyperserotonemia and
amine metabolites in autistic and retarded children. Arch Gen
Psychiatry 34:521-531.

Heisler LK, Chu HM, Brennan TJ, Danao JA, Bajwa P, Parsons LH,
Tecott LH (1998) Elevated anxiety and antidepressant-like re-
sponses in serotonin 5-HT, , receptor mutant mice. Proc Natl Acad
Sci U S A 95:15049-15054.

Hendricks TJ, Fyodorov DV, Wegman LJ, Lelutiu NB, Pehek EA,
Yamamoto B, Silver J, Weeber EJ, Sweatt JD, Deneris ES (2003)
Pet-1 ETS gene plays a critical role in 5-HT neuron development
and is required for normal anxiety-like and aggressive behavior.
Neuron 37:233-247.

Hranilovic D, Bujas-Petkovic Z, Vragovic R, Vuk T, Hock K, Jernej B
(2007) Hyperserotonemia in adults with autistic disorder. J Autism
Dev Disord 37:1934-1940.

Insel TR, Shapiro LE (1992) Oxytocin receptor distribution reflects
social organization in monogamous and polygamous voles. Proc
Natl Acad Sci U S A 89:5981-5985.

Jacobs BL, Azmitia EC (1992) Structure and function of the brain
serotonin system. Physiol Rev 72:165-229.

JanuSonis S (2005) Statistical distribution of blood serotonin as a
predictor of early autistic brain abnormalities. Theor Biol Med
Model 2:27.

JanuSonis S (2008) Origin of the blood hyperserotonemia of autism.
Theor Biol Med Model 5:10.

JanusSonis S (2009) Comparing two small samples with an unstable,
treatment-independent baseline. J Neurosci Methods 179:173—
178.

Janusonis S (2012) Relationships among variables and their equlib-
rium values: caveats of time-less interpretation. Biol Rev Camb
Philos Soc 87:275-289.

Janusonis S, Anderson GM, Shifrovich |, Rakic P (2006) Ontogeny of
brain and blood serotonin levels in 5-HT, , receptor knockout mice:
potential relevance to the neurobiology of autism. J Neurochem
99:1019-1031.

Kahne D, Tudorica A, Borella A, Shapiro L, Johnstone F, Huang W,
Whitaker-Azmitia PM (2002) Behavioral and magnetic resonance
spectroscopic studies in the rat hyperserotonemic model of autism.
Physiol Behav 75:403—-410.

Lazic SE (2010) The problem of pseudoreplication in neuroscientific
studies: is it affecting your analysis? BMC Neurosci 11:5.

Lewis S (2011) Autism: grooming mice to model autism. Nat Rev
Neurosci 12:248-249.

Lillesaar C (2011) The serotonergic system in fish. J Chem Neuroanat
41:294-308.

Macdonald MW (2006) The Princeton encyclopedia of mammals.
Princeton: Princeton University Press.

McBride PA, Anderson GM, Hertzig ME, Snow ME, Thompson SM,
Khait VD, Shapiro T, Cohen DJ (1998) Effects of diagnosis, race,
and puberty on platelet serotonin levels in autism and mental
retardation. J Am Acad Child Adolesc Psychiatry 37:767-776.



Z. C. Flood et al. / Neuroscience 210 (2012) 286—-295 295

McNamara IM, Borella AW, Bialowas LA, Whitaker-Azmitia PM (2008)
Further studies in the developmental hyperserotonemia model
(DHS) of autism: social, behavioral and peptide changes. Brain
Res 1189:203-214.

Melke J, Goubran BH, Chaste P, Betancur C, Nygren G, Anckarsater
H, Rastam M, Stahlberg O, Gillberg IC, Delorme R, Chabane N,
Mouren-Simeoni MC, Fauchereau F, Durand CM, Chevalier F,
Drouot X, Collet C, Launay JM, Leboyer M, Gillberg C, Bourgeron
T (2008) Abnormal melatonin synthesis in autism spectrum disor-
ders. Mol Psychiatry 13:90-98.

Mercier F, Cho KY, Kodama R (2011) Meningeal/vascular alterations
and loss of extracellular matrix in the neurogenic zone of adult
BTBR T+ tf/J mice, animal model for autism. Neurosci Lett
498:173-178.

Mulder EJ, Anderson GM, Kema IP, de Bildt A, Van Lang ND, Den
Boer JA, Minderaa RB (2004) Platelet serotonin levels in pervasive
developmental disorders and mental retardation: diagnostic group
differences, within-group distribution, and behavioral correlates.
J Am Acad Child Adolesc Psychiatry 43:491-499.

Nakagawa S, Hauber ME (2011) Great challenges with few subjects:
statistical strategies for neuroscientists. Neurosci Biobehav Rev
35:462—-473.

Narayan M, Srinath S, Anderson GM, Meundi DB (1993) Cerebrospi-
nal fluid levels of homovanillic acid and 5-hydroxyindoleacetic acid
in autism. Biol Psychiatry 33:630—635.

Pappas PW (1971) The use of a chrome alum-gelatin (subbing) solu-
tion as a general adhesive for paraffin sections. Stain Technol
46:121-124.

Parks CL, Robinson PS, Sibille E, Shenk T, Toth M (1998) Increased
anxiety of mice lacking the serotonin,, receptor. Proc Natl Acad
Sci U S A 95:10734-10739.

Pinheiro J, Bates D, DebRoy S, Sarkar D (2011) nime: linear and
nonlinear mixed effects models. R Foundation for Statistical Com-
puting 3.1 (www.r-project.org).

Ramboz S, Oosting R, Amara DA, Kung HF, Blier P, Mendelsohn M,
Mann JJ, Brunner D, Hen R (1998) Serotonin receptor 1A knock-
out: an animal model of anxiety-related disorder. Proc Natl Acad
Sci U S A 95:14476-14481.

Robinson GE, Fernald RD, Clayton DF (2008) Genes and social
behavior. Science 322:896—-900.

Roderick TH, Wimer RE, Wimer CC, Schwartzkroin PA (1973) Genetic
and phenotypic variation in weight of brain and spinal cord between
inbred strains of mice. Brain Res 64:345-353.

Schain RJ, Freedman DX (1961) Studies on 5-hydroxyindole metab-
olism in autistic and other mentally retarded children. J Pediatr
58:315-320.

Schumann CM, Hamstra J, Goodlin-Jones BL, Lotspeich LJ, Kwon H,
Buonocore MH, Lammers CR, Reiss AL, Amaral DG (2004) The
amygdala is enlarged in children but not adolescents with aut-
ism; the hippocampus is enlarged at all ages. J Neurosci 24:
6392—6401.

Siesser WB, Zhang X, Jacobsen JP, Sotnikova TD, Gainetdinov RR,
Caron MG (2010) Tryptophan hydroxylase 2 genotype determines
brain serotonin synthesis but not tissue content in C57BI/6 and
BALB/c congenic mice. Neurosci Lett 481:6—11.

Silverman JL, Yang M, Lord C, Crawley JN (2010) Behavioural phe-
notyping assays for mouse models of autism. Nat Rev Neurosci
11:490-502.

Spencer CM, Alekseyenko O, Hamilton SM, Thomas AM, Serysheva
E, Yuva-Paylor LA, Paylor R (2011) Modifying behavioral pheno-
types in FmriKO mice: genetic background differences reveal
autistic-like responses. Autism Res 4:40-56.

Stephenson DT, O’Neill SM, Narayan S, Tiwari A, Arnold E, Samaroo
H, Du F, Ring R, Campbell B, Pletcher M, Vaidya VA, Morton D
(2011) Histopathologic characterization of the BTBR mouse model
of autistic-like behavior reveals selective changes in neurodevel-
opmental proteins and adult hippocampal neurogenesis. Mol Au-
tism 2:7.

Turner LM, Young AR, Rémpler H, Schoneberg T, Phelps SM, Hoek-
stra HE (2010) Monogamy evolves through multiple mechanisms:
evidence from V1aR in deer mice. Mol Biol Evol 27:1269-1278.

van der Staay FJ, Arndt SS, Nordquist RE (2009) Evaluation of animal
models of neurobehavioral disorders. Behav Brain Func 5:11.

Veenstra-Vanderweele J, Muller CL, Iwamoto H, Sauer JE, Owens
WA, Shah CR, Cohen J, Mannangatti P, Jessen T, Thompson BJ,
Ye R, Kerr TM, Carneiro AM, Crawley JN, Sanders-Bush E,
McMahon DG, Ramamoorthy S, Daws LC, Sutcliffe JS, Blakely RD
(2012) Autism gene variant causes hyperserotonemia, serotonin
receptor hypersensitivity, social impairment and repetitive behav-
jor. Proc Natl Acad Sci U S A 109:5469-5474.

Vitalis T, Cases O, Passemard S, Callebert J, Parnavelas JG (2007)
Embryonic depletion of serotonin affects cortical development. Eur
J Neurosci 26:331-344.

Wahlsten D, Hudspeth WJ, Bernhardt K (1975) Implications of genetic
variation in mouse brain structure for electrode placement by ste-
reotaxic surgery. J Comp Neurol 162:519-531.

Wassink TH, Hazlett HC, Epping EA, Arndt S, Dager SR, Schellenberg
GD, Dawson G, Piven J (2007) Cerebral cortical gray matter
overgrowth and functional variation of the serotonin transporter
gene in autism. Arch Gen Psychiatry 64:709-717.

Weiss LA, Kosova G, Delahanty RJ, Jiang L, Cook EH, Ober C,
Sutcliffe JS (2006) Variation in ITGB3 is associated with whole-
blood serotonin level and autism susceptibility. Eur J Hum Genet
14:923-931.

Weiss LA, Veenstra-VanderWeele J, Newman DL, Kim SJ, Dytch H,
McPeek MS, Cheng S, Ober C, Cook EH, Jr, Abney M (2004)
Genome-wide association study identifies ITGB3 as a QTL for
whole blood serotonin. Eur J Hum Genet 12:949-954.

Wimer RE, Wimer CC, Roderick TH (1969) Genetic variability in
forebrain structures between inbred strains of mice. Brain Res
16:257-264.

Wéhr M, Roullet FI, Hung AY, Sheng M, Crawley JN (2011) Commu-
nication impairments in mice lacking shank1: reduced levels of
ultrasonic vocalizations and scent marking behavior. PLoS ONE
6:€20631.

Woods VE, Epstein HT (1979) Three parameters affecting interlitter
variations. Dev Psychobiol 12:317-328.

Yochum CL, Medvecky CM, Cheh MA, Bhattacharya P, Wagner GC
(2010) Differential development of central dopaminergic and sero-
tonergic systems in BALB/c and C57BL/6J mice. Brain Res
1349:97-104.

Zhang X, Beaulieu JM, Sotnikova TD, Gainetdinov RR, Caron MG
(2004) Tryptophan hydroxylase-2 controls brain serotonin synthe-
sis. Science 305:217-217.

Zuur AF, leno EN, Walker NJ, Saveliev AA, Smith GM (2009) Mixed
effects models and extensions in ecology with R. New York:
Springer.

(Accepted 3 March 2012)
(Available online 20 March 2012)


http://www.r-project.org

	Brain growth trajectories in mouse strains with central and peripheral serotonin differences: re ...
	Experimental procedures
	Animals
	Brain mass
	Blood collection
	Hippocampal volume and cortical thickness
	Whole-blood 5-HT
	Statistics

	Results
	Postnatal growth of brain mass
	Postnatal growth of hippocampal volume and cortical thickness
	Whole-blood 5-HT levels

	Discussion
	Acknowledgments
	References


