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Abstract

Variation in hippocampal neuroanatomy correlates well with spatial learning ability in mice. Here
we have studied both hippocampal neuroanatomy and behavior in 53 isogenic BXD recombinant
strains derived from C57BL/6J and DBA/2J parents. A combination of experimental,
neuroinformatic, and systems genetics methods were used to test the genetic bases of variation and
covariation among traits. Data were collected on seven hippocampal subregions in CA3 and CA4
after testing spatial memory in an 8-arm radial maze task.

Quantitative trait loci (QTLs) were identified for hippocampal structure, including the areas of the
intra- and infrapyramidal mossy fibers, stratum radiatum, and stratum pyramidale, and for a spatial
learning parameter, error rate. We identified multiple loci and gene variants linked to either
structural differences or behavior. Gpc4 and 7enmZ are strong candidate genes that may modulate
intra- and infrapyramidal mossy fiber areas. Analysis of gene-expression networks and trait
correlations highlight several processes influencing morphometrical variation and spatial learning.
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INTRODUCTION

Spatial navigation is a critical hippocampus-dependent skill (O'keefe & Nadel, 1978).
Lesion studies have correlated damage to the hippocampus with impaired navigation ability
(Chozick, 1983) and hippocampal volume and its fine structure covaries with performance
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on navigational tasks in several bird and rodent species (Sherry et al.,, 1992, Shettleworth,
1993). The wide individual variation in spatial learning and memory abilities among humans
is also linked to differences in hippocampal size and morphology (Maguire et al., 2003).
One task to test spatial learning in rodents is the radial maze (Olton & Samuelson, 1976).
Learning capability in this test is heritable and strongly strain-dependent. Strains such as
C57BL/6 are fast learners while strains such as DBA/2 are slow learners (Crusio &
Schwegler, 2005, Crusio et al., 1987).

Similarly, large variation in the size of hippocampal fields (hilus, suprapyamidal and intra-
and infrapyramidal mossy fibers, and the strata pyramidale, oriens, radiatum, and
lacunosum-moleculare; Fig. 1) has been found in mice (Crusio et al., 1986, Crusio &
Schwegler, 2005). One projection in particular is highly variable among strains: the intra-
and infrapyramidal mossy fiber (IIPMF) terminal field (Barber et al., 1974), with a
heritability of about 50% (Crusio et a/., 1986). The IIPMF projection is made up of axons of
the dentate granular cells that project onto the pyramidal cells in CA3 (Andersen et al.,
2007). Large IIPMF projections are usually associated with good spatial learning abilities
(Crusio & Schwegler, 2005). Manipulating this projection by means of inducing early
postnatal hyperthyroidism results in larger IPMF and improved learning in radial maze
tasks (Crusio & Schwegler, 1991, Schwegler et al., 1991), strongly suggesting a causal
relation. To further understand the genetic basis of this behavioral and neuroanatomical
variation and covariation, we exploited the large family of BXD recombinant inbred strains
(Peirce et al., 2004), to map QTLs linked to these traits. Although some previous studies to
dissect the genetic architecture of hippocampal neuroanatomical variation were carried out
(Lassalle et al., 1999, Lu et al., 2001, Peirce et al., 2003), an analysis of radial-maze learning
was not yet available.

The BXD strains are well suited for QTL analysis. They were derived from the C57BL/6J
(B) and DBA/2J (D) parental strains. Both parental lines have been sequenced and differ at
~5.5 million loci—mainly single nucleotide polymorphisms (SNPs) and indels (Wang et al.,
2010, submitted). All genotypes, extensive phenome data, and many large expression data
sets are publicly available at www.genenetwork.org.

QTL-mapping is a statistical method used to map chromosomal intervals (loci) that
contribute to heritable variance in phenotypes. The method simply compares the inheritance
of allelic variants (B or D genotypes in our case) with differences in phenotypes. A QTL will
generally cover a region that includes 10 to 100 genes, and these positional candidates can
then be ranked roughly on the basis of criteria such as the types of DNA variants, patterns of
MRNA expression, data from complementary human genetic cohorts (GWAS and linkage)
and relevant literature about gene effects on CNS structure and function. Given the
correlations between spatial learning and hippocampal neuroanatomy, we hypothesized that
at least some of the QTLs for these two categories would be shared.
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MATERIALS AND METHODS

Subjects

Breeding pairs of 53 BXD strains were acquired from the University of Tennessee Health
Center (Memphis, TN, USA) and the Neuro-Bsik consortium of the VU University
Amsterdam (Amsterdam, The Netherlands). Breeding pairs of the parental strains,
C57BL/6J (B) and DBA/2J (D), were obtained from Charles River (L'Arbresle, France). Our
aim was to test 10 males and 10 females of each strain in the radial maze and to process half
of these (i.e., 5 males and 5 females) for hippocampal morphometry. Because of logistical
problems (for example, some strains not breeding well), we did not achieve this goal for all
strains (see supplement). All animals were housed and bred in the SPF mouse facility of the
University of Bordeaux (Pessac) in a climate-controlled breeding room (temperature: 21+/
-1 °C, humidity: 55+/-10%, 12 hour light-dark cycle with lights on at 7 am). Food (Safe,
type 113, sterilized) and water (softened, sterilized) were available ad /ibitum. Animals were
housed 2—-4 in classical (non-ventilated) clear plastic cages (162x406x176 mm, Tecniplast)
filled with poplar wood shavings (Souralit). No other bedding or nesting material was
provided.

Radial maze learning

Apparatus—The eight-arm radial maze used was similar to the one described previously
(Supplementary Fig. 1; for a photograph, see Fig. 1 in Crusio & Schwegler, 2005). The
central part measured 22 cm in diameter and the arms were 25 cm long, 6 cm high, and 6 cm
wide. They were enclosed and made of transparent Plexiglas and the floor of the maze was
colored gray. At the end of each arm some food pellets were deposited behind a perforated
wall in order to prevent the mice from smelling the presence or absence of the food reward.
A small fresh food pellet (approximately 10 mg) was placed in each arm behind a low
barrier preventing the animal from seeing whether a specific arm was still baited or not. The
maze was always oriented in space in the same way, but turned by 45° daily. Several extra-
maze cues were provided close to the arms in a fixed configuration. A confinement
procedure was used, consisting of transparent guillotine doors at the entrance of each arm.
These doors were lowered and kept closed for 5s after the animal had returned to the central
platform. This procedure is known to disrupt chaining responses and kinesthetic strategies in
mice (Schwegler et al., 1990). Two identical mazes were used, one to test female mice and
one to test male mice.

We decided that the current experiment should have a power such that the correlation
between RI strain means and a given genetic marker would reach 95% of the additive
genetic correlation. The sample sizes necessary to obtain this goal were determined
according to a method published earlier (Crusio, 2004). Briefly, heritabilities were estimated
from data obtained in our previous studies (Schwegler et al., 1990). For the size of the
IIPMF, a value of around 0.50 was obtained, meaning that sample sizes of 5 animals per
strain would be needed. For radial maze learning, heritability was estimated to be around
0.30. In order to have the correlation between strains reach 95% of the additive genetic
correlation, a sample size of 10-11 animals per strain would therefore be required.
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Procedure—All mice were tested in an open field for 20 min (not shown). Four days later
the animals were tested in the radial maze as follows.

The maze was placed on the floor of a dedicated lighted procedure room in the animal
facility. On the first day of testing, each mouse was weighed and subsequently subjected to a
habituation session in which it was allowed to explore the maze freely for 10 min. Arm
doors remained open, and no food was accessible in the maze. Mice were subsequently
deprived of food, but not water, and were maintained at about 85% of their initial body
weight throughout the experiment. The habituation trial was followed by five days of
training with one trial per day, during which all eight arms contained a food reward. Animals
were confined between arm visits for 5 seconds on the central platform by lowering the
Plexiglas doors.

On the first 2 days of training, animals often entered an arm without eating the food reward.
Therefore only results from the last 3 days of the training were included in the statistical
analyses. Trials ended when an animal had found and eaten all eight rewards except on the
first two days of training, where trials were stopped after a maximum of 30 minutes, even if
an animal had not yet eaten all rewards. Animals were weighed daily. The experimenter was
seated next to the maze, always in the same position. Arm visits were recorded using The
Observer XT (Noldus, Wageningen, The Netherlands). An arm was considered visited if an
animal entered it with all 4 paws. In between subjects, the maze was cleaned with water.

An error was counted if an animal entered an arm that had been visited before or without
eating the reward (this happened only very rarely after the second day of training). Variables
recorded were the total number of errors and the number of new arm entries during the first
8 arm visits. The maximum number of new entries is eight, whereas random choices will
lead to an expected mean of 5.3 (Olton & Samuelson, 1976). In addition, the duration of
each arm visit time was measured as a measure of activity.

Hippocampal histology and morphometry

Five days after the radial maze test, males were submitted to an aggression test. Three days
later both males and females were perfused intra-cardiacally with sodium sulfide followed
by glutaraldehyde and their brains removed for histology, weighed, and placed for 24 h in a
postfixative solution of 3% glutaraldehyde and 20% sucrose. Subsequently, sections were
developed for Timm’s silver sulfide stain for heavy metals, which is associated with synaptic
enzymes containing zinc (Danscher & Zimmer, 1978) and allows the visualization of the
terminal fields of the hippocampal projections in the form of colored bands and patches. For
morphometry, we selected the brains with the clearest histology/coloration, for a maximum
of 5 males and 5 females per strain. We measured five horizontal 40-um sections, taking
every second one and starting at the midseptotemporal level, immediately after the
disappearance of the septal pole. Both left and right hippocampi were measured. We used a
microscope (Leica DM6000 B x10) to make micrographs using an automated procedure to
create composite photographs. The morphometrical analysis was performed using ImageJ
(NIH v.1.48) with macros developed by one of us (BB). We determined the sizes of the three
main mossy fiber (MF) terminal fields, namely, CA4 (hilus), suprapyramidal MF, and
IIPMF, as well as of the stratum pyramidale, stratum oriens, stratum radiatum, and the
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stratum lacunosum-moleculare (Fig. 1), and summed them over the five measured sections.
Results for the subfields are expressed as percentages of the total hippocampus (CA3+CA4).
This permitted an objective measurement, independently of the intensity of the coloration.
We determined the sizes of the three main mossy fiber (MF) terminal fields, namely, CA4
(hilus), suprapyramidal MF, and IIPMF, as well as of the stratum pyramidale, stratum oriens,
stratum radiatum, and the stratum lacunosum-moleculare (Fig. 1), and summed them over
the five measured sections. Results for the subfields are expressed as percentages of the total
hippocampus (CA3+CA4).

Statistical analysis

Strain and sex effects—All statistical analyses were performed with SAS 9.3 (SAS
Institute Inc., Cary, NC, USA). To determine strain and sex effects, hippocampal
morphometry and radial maze data were subjected to 2-way ANOVA with sex and strain as
between-subjects and, if applicable, days of training as within subjects factors. Data are
reported as means +/— SEM. Heritabilities were estimated according to the method of
Hegmann and Possidente (1981). Briefly, h2 was defined as the ratio of the variance between
strains divided by the sum of the within-strains and between-strains variances. These
variance components were derived from the expected mean squares obtained with the SAS
procedure GLM.

Bioinformatics—All of the genetic analyses were done in GeneNetwork which is an open
source bioinformatics resource for systems genetics that exists as both a repository for
genetic, genomic, and phenotypic data together with a suite of statistical programs for data
analysis that includes mapping and evaluating QTLs, examining phenotype/genotype
correlations, and building interaction networks.

QTL mapping—The QTL mapping module of GeneNetwork was used to identify QTLs
for hippocampal morphometry and radial maze trait data. This module enables interval
mapping, composite interval mapping, and a pairwise scan option to identify epistatic
effects. QTL significance was assessed using the likelihood ratio statistic (LRS) obtained
after 5000 permutations and 2000 bootstrap tests. QTLs were deemed significant if P<0.05
and suggestive if P<0.63, which yields, on average, one false positive per genome scan.
Male and female data were analyzed separately because of possible interactions between
strain and sex. Outliers were winsorized.

All genes located within significant QTL intervals were screened with the QTLminer
component of GeneNetwork (Alberts & Schughart, 2010). QTLminer is a program that
integrates information for all the genes present within a specific genomic region such as
functional annotation, gene expression data, sequence polymorphisms, cis-regulation data,
and KEGG pathway associations. Functional associations and gene ontology for candidate
genes were further assessed using Gene (http://www.ncbi.nlm.nih.gov/gene), DAVID (http://
david.abcc.ncifcrf.gov), Webgestalt (http://bioinfo.vanderbilt.edu/webgestalt/) and literature
mining using PubMed (http://www.nchi.nlm.nih.gov/pubmed). The percentage of the
variance between means explained by a certain QTL was calculated as the square of the
correlation between the strain means and the genetic marker with the highest LRS score
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(note that to some extent this will be an overestimation, due to the "Beavis effect"; see Xu,
2003).

Correlation analyses—Radial maze and hippocampal trait data, for which significant and
nearly significant QTLs were obtained, were correlated against an mRNA expression dataset
(Affymetrix Hippocampus Consortium M430v2 MASS, http://www.genenetwork.org/dbdoc/
Hippocampus_M430_V2_PDNN_Sept05.html) and the behavioral phenotypes database in
GeneNetwork. The top 200 correlates were considered for both mRNA expression and
behavioral phenotypes data. Covariates were rank correlated using Spearman’s rank
correlation (Siegel, 1956). For covariates with a P-value < 0.02 and the number of common
strains =10, data were exported to Cytoscape for network construction and visualization.

3D modeling—The mouse GPC4 protein structure was modeled in normal mode with the
Phyre2 server (http://www.shg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) using the crystal
structure of the GPC1 human homolog (pdb id: 4ACR chain B) as a template. The GPC4
structure was modeled with 100% confidence for 424 residues, representing 76% coverage.

All data have been deposited in the GeneNetwork database and are publicly available (trait
IDs male/female: hippocampal morphometry, IIPMF: 16307/17476; hilus: 17483/17477,
suprapyramidal MF 17484/17478; stratum pyramidale: 17485/17479; stratum oriens:
17486/17480; stratum radiatum: 17487/17481; stratum lacunosum-moleculare:
17488/17482: weights, body weight 17489/17492; brain weight: 17490/17493; relative brain
weight: 17491/17494; radial maze: errors day 3: 17495/17507; errors day 4: 17496/17508;
errors day 5: 17497/17509; total errors: 17498/17510; new entries day 3: 17499/17511; new
entries day 4: 17500/17512; new entries day 5: 17501/17513; new entries total:
17502/17514; arm visit time day 3: 17503/17515; arm visit time day 4: 17504/17516; arm
visit time day 5: 17505/17517; total arm visit time: 17506/17518).

Body and brain weights

Data for initial body weight at the beginning of radial maze testing were available for 432
female (52 strains) and 444 male mice (53 strains). Of these, brain weights were available
for 426 female (52 strains) and 434 male mice (53 strains), as well as for 10 males and 10
females for each of the parental strains. Two-way ANOVA indicated significant strain
differences for body weight (Fs4 go5=13.36, P<0.001), brain weight (Fs4 759=8.59, P<0.001)
and relative brain weight (Fs4 789=11.62, P<0.001; see Table S1). Significant sex differences
were also observed for body weight (F1 gp5=1023.08, P<0.001) and brain weight relative to
body weight (F1 789=983.09, P<0.001), but not for brain weight itself (F1 759=0.50, ns).
Significant strain-by-sex interactions were observed for body weight (Fs3 go5=2.56,
P<0.001) and relative brain weight (Fs3 789=2.26, P<0.001), but not for brain weight itself
(Fs3,789=1.20, ns). Strain distribution patterns and heritabilities are presented in Fig. S2.
Heritabilities were rather high for both males and females and were similar for the different
variables, with an average of 0.39 for males and 0.41 for females.
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Radial-maze learning

For the spatial learning and navigation test, the performances of 914 mice were evaluated for
their ability to learn a standard 8 arm radial maze (see Table S2). Data were obtained from
451 female (52 strains) and 463 male mice (53 strains), as well as for 10 males and 10
females for each of the parental strains. Overall, there was a normal learning curve with
errors decreasing over days (Days: F2 1602=20.43, p<0.0001) and new entries increasing
(Days: Fp 1602=12.27, p<0.001; Fig. 2, Fig. S3 and S4).

Errors—Large differences were found between strains (Fs3 gg1=2.30, p<0.001) and sexes
(F1,801=5.47, p<0.05), with females making more errors than males. There was no
significant strain*sex interaction (Fs3 go1<1, ns). Not all strains learned at the same rate
(Days*Strain: F1og 1602=1.35, P<0.05).

New entries—Here, too, large differences between strains were found (Fs3 gg1=2.53,
p<0.001), but sex*strain effects were not significant (F<1). Not all strains learned at the
same rate (Days*Strain: F1gp 1602=1.29, P<0.05).

Learning was also evaluated by testing whether the total new entries over days 3-5 deviated
significantly from random (5.3, t-test). For 44 strains sufficient data were available for this
analysis (see Tables S3-S6). About two-thirds of the strains learned. For twenty-six of these
strains, this was the case for both males and females. There were 5 strains (BXD40, BXD81,
BXD28, BXD80, and BXD43) in which only females learned and 6 strains (BXD97,
DBA/2J, BXD16, BXD42, BXD70, and BXD27) in which only males learned.

Arm visit time—Time spent per arm visit decreased with training (Days:F 1602=35.15,
P<0.001; Fig. 2). There were considerable differences between strains (Strain: F53 go1=3.71,
p<0.001; Days*Strain: F10g,1602=1.69, P<0.001). Differences between males and females
appeared in a strain dependent manner (Sex: Fq go1=1.67, ns; Sex*Strain: Fs3 gp1=1.79,
p<0.001).

Strain distribution patterns and heritabilities are presented in Fig. S3. Heritabilities were low
for both males and females and were similar for the different variables, with an average of
0.10 for males and 0.11 for females.

Hippocampal morphometry

Data were obtained from 207 female (51 strains) and 215 male mice (53 strains), as well as
for 5 males and 5 females for each of the parental strains (Table S1). A repeated-measures
ANOVA of the left and right total sizes of the CA3+CA4 fields showed large differences
between strains (Fsp 3420=3.03, P<0.001). However, no differences were found between sexes
(F1,342<1, ns) and there was no strain*sex interaction (Fsy 342=1.03, ns). Left-right
differences missed significance (F1 342=3.12, P=0.08). However, they did not interact with
any other factor (LR*Strain, LR*sex:, LR*strain*sex: F<1, ns). Therefore whatever left-
right differences are present in these data, they were similar over strains or sexes. Therefore,
all following analyses were performed on left-right mean values.
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Significant strain differences (p<0.001) were observed for all 7 hippocampal traits measured
(IIPMF: Fs3,342=8.61, Hilus: F5p 340=7.09, suprapyramidal MF Fs; 345=4.59, stratum
pyramidale: Fsp 342=3.79, stratum oriens: Fs 34p=2.86, stratum radiatum: Fsp 342=6.70,
stratum lacunosum-moleculare: Fsp 34,=3.12; see Fig. S5 and Table S1). Significant sex
differences (p<0.001) were observed for the stratum oriens (F1 34=10.95), stratum radiatum
(F1,342=11.51), and stratum lacunosum-moleculare (F1 340=10.05). Significant sex-by-strain
interactions (p<0.05) were observed for the stratum lacunosum-moleculare (Fs 345=1.46,
see Table S1). Heritabilities ranged from 0.04-0.46 with an average of 0.27 for males and
for females from 0.16-0.45 with an average of 0.31. For both sexes, the lowest h? measure
was obtained for the stratum oriens and the highest for the IPMF. Strain distribution
patterns and heritabilities are presented in Fig. S5.

Bi- and multivariate analyses

Moderate Spearman rank correlations were observed among morphometrical traits (Tables
S7a and S7b). For females: stratum oriens correlated negatively with the hilus (rs=—0.53),
stratum pyramidale (rs=-0.54) and stratum lacunosum-moleculare (rs=-0.50). For males,
negative correlations were also observed for the stratum oriens and hilus (rs=-0.63). In
addition, new entries correlated with errors (males: rs=—0.55, females: rs=-0.41). However,
there were no significant correlations between hippocampal morphometry and spatial
learning.

A multivariate factor analysis of hippocampal morphometry and radial maze learning was
performed on strain means for the BXD and parental lines. Seven hippocampal
morphometry variables and two learning variables produced two factors with an Eigenvalue
>1 structure for both the male and female data sets (Table S8), which were subjected to an
orthoblique Harris-Kaiser rotation.

For females, Factor 1 had 5 loadings = |0.3|, which were all related to hippocampal
morphometry. Factor 2 had 3 loadings = |0.3|. Two of these were related to hippocampal
morphometry (hilus and suprapyramidal MF) and one was associated with learning (new
entries).

For males, Factor 1 had 7 loadings = |0.3|. These were five related to hippocampal
morphometry, plus the two learning variables. Hilus, stratum lacunosum molecular,
suprapyramidal MF, and errors had positive loadings while the stratum oriens, stratum
radiatum, and new entries had negative ones. Factor 2 had 4 loadings = |0.3|. Two were
related to morphometry, plus the two learning variables. The IIPMF, suprapyramidal MF,
and new entries had positive loadings whereas errors had a negative one.

QTL mapping of individual variables

Significant QTLs were detected for three of the seven hippocampal morphometry traits:
IIPMF, stratum pyramidale, and stratum radiatum (Figs. 3 and 4, Fig. S6, and Table 1). A
QTL just shy of the threshold for significance was detected for the size of the hilus in males
(Fig. S6). Finally, a significant QTL was mapped for radial maze error rate (Fig. 4 and Table
1). No significant QTLs were found for brain or body weight, new entries, or arm visit time
(Fig. S7-S9). In general, strains that inherited the B haplotype at these loci had larger
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IIPMF, stratum radiatum, and stratum pyramidale sizes and made fewer errors. Composite
interval mapping controlling for each of the QTLs did not reveal any secondary QTLs. In
addition, no significant pairwise epistatic interactions were found between these QTLs.

To identify candidate genes, the areas under the QTL peaks and shoulders that cross the
suggestive threshold were screened. The selection criteria used here were based on criteria
used in similar studies: (1) whether a gene is expressed in the relevant tissue (the
hippocampus), (2) presence of SNPs within the candidate genes (3) the occurrence of
missense or non-synonymous mutations or other DNA variants, and (4) the presence of cis
acting expression QTLs (Alberts & Schughart, 2010).

Errors—For the radial maze learning parameter, total errors, a significant QTL peak
(LRS=17.9) was identified in females on Chr 3 (Table 1 and Fig. 4), explaining 26% of the
variance between strain means. The peak LRS was broad and occurred at 12.6-15.8 Mb. The
support interval for the QTL ranged from 5-20 Mb and contained 82 genes. This initial gene
list was filtered to three candidates, including carbonic anhydrase-2 (Car2), RNA binding
protein-like (Ralyl), and 1810022K09Rik (human C8orf59). CarZ2is a cytosolic zinc
metalloenzyme that catalyzes the reversible hydration of CO, and, like other family
members, regulates pH and fluid balance in different regions of the body (Lindskog, 1997).
Car2 may modulate neuronal signaling by enhancing bicarbonate-driven GABAergic
excitation during intense GABAA receptor activation (Ruusuvuori et al., 2013). Ralyl (Raly-
like recognition motif) is an RNA-binding protein that plays a critical role in embryonic
development (Ji et al., 2003). There is currently minimal functional annotation for
1810022K09Rik/C8orf59, but this gene is well expressed in mouse and human hippocampus
(Gtex Consortium, 2015).

[IPMF—Two QTLs contributing to 1IPMF size were identified on Chrs X (males) and 11
(males and females, Fig. S6). In males a significant peak (LRS=18.24) was observed at 48.1
Mb on Chr X, explaining 26% of the variance between strain means. The interval including
shoulders and peak ranged from 45-60 Mb. In females a suggestive peak occurred at about
the same chromosomal location. The initial list consisting of 107 candidate genes was
narrowed down to a single gene that met all selection criteria: Gpc4 is a member of the
Glypican family of membrane associated proteins that interact with cell surface and
extracellular matrix proteins (Filmus & Selleck, 2001). Glypicans play an important role in
developmental morphogenesis and also in the regulation of Wnt and Hedgehog cell
signaling pathways (Achouche et al., 1992, Fico et al., 2011, Filmus & Capurro, 2014,
Sakane et al., 2012, Serralbo & Marcelle, 2014). Gpc4 KO mice indicate a functional role
for this gene in synapse formation via the glutamate receptors where it facilitates clustering
and receptivity (Allen et al., 2012). While there is no direct structural information available
for the GPC4 protein, a threaded model based on the crystal structure of human GPC1
indicates that the non synonymous mutation A537T occurs in a disordered loop region at the
C-terminus (Fig. S10).

For Chr 11, a highly suggestive peak was observed at position 42.6 Mb (Fig. S6) for both
males (LRS=15.2) and females (LRS=15.9), explaining 28% and 25% of the variance
between strain means, respectively. The range, including the peak and shoulders spanned
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34-43 Mb. This region of Chr 11 consisted of 25 genes which were narrowed to two
candidates: 7enmZ2and Gabrg2. TenmZ2encodes the teneurin 2 transmembrane glycoprotein
which is expressed during pattern formation and morphogenesis (Rubin et a/., 1999, Zhou et
al., 2003). Teneurin-2 facilitates cell-cell contact, cell recognition, and cell adhesion (Rubin
et al., 1999). Relative to neuronal function, the teneurin protein family has a role in neuronal
path finding and axon guidance (Kenzelmann et a/., 2008, Young & Leamey, 2009). The
H243P amino acid substitution occurs in the N-terminal region which has been implicated in
transcription factor activity (Bastias-Candia et a/., 2015, Nunes et al., 2005) (Fig. S10).

GabrgZ2 encodes the gamma 2 subunit of the gamma aminobutyric acid (GABA) receptor.
Mutations in GabrgZhave been associated with epilepsy and febrile seizures (Hirose, 2014,
Saghazadeh et al., 2014). The non-synonymous mutation Ala to Thr occurs at amino acid
position 49 at the N-terminus which is extracellular and outside of its known functional
domains but may be part of a signaling motif. Due to its critical role in neuronal signaling,
the GabrgZ2 gene cannot be excluded as a factor influencing IIPMF size. However, additional
data supports 7enmZ2 as the stronger candidate. This is based on sequence data obtained over
15-years ago from two inbred selection lines, SRH and SRL, which were derived from an F,
cross between DBA/2 and C57BL/6 (Van Abeelen, 1970). Males were selected for high
versus low rearing behavior in an open field and, for four generations, backcrossed to
DBA/2 females. After this, the selection was continued combined with sib-mating. The
resulting inbred selection lines were found to differ in the sizes of their IPMF (Crusio et al.,
1989). These strains were genotyped (Worksheet S1) which showed that, as expected, they
were highly similar to DBA/2, but some C57BL/6 derived material was present on Chrs 2, 3,
4,6,9,11, 12, and 18. On Chr 11, the recombination interval was located at 0-40.25 Mb,
partially overlapping with the highly suggestive QTL obtained in this study (34-43 Mb),
narrowing down the region of interest to the interval between 34 and 40.25 Mb (with the
region up till 36.9 Mb B haplotype-derived and the crossover point located somewhere
between 36.9 Mb and 42.6 Mb). 7enm?Z lies squarely in the B6-derived region, but GabrgZ2is
rather close to the D haplotyé-derived region, supporting 7enm.Z2 as the more likely
candidate. Unfortunately, the SRH/SRL lines are extinct so that it is not possible to
investigate this interval in finer detail.

Stratum radiatum—A significant QTL was identified for the stratum radiatum in males
(LRS=17.2) on Chr 2 at 16.2-17.8 Mb (Table 1 and Fig. 4), explaining 24% of the variance
between strain means. The relevant interval ranged from 11-34 Mb and contained 353
genes. This list was reduced to 10 interesting candidates. Of these, four genes are related to
neurological processes and pathologies: Fboxw5 - Parkinson's disease (Ha et al., 2014),
Armc3 - late onset Alzheimer’s disease (Grupe et al., 2006) and Asperger’s syndrome (Steeb
et al., 2014), Kcentl - epilepsy (Becchetti et al., 2015), Ptgds— schizophrenia (Harrington ef
al., 2006, Li et al., 2008), Parkinson's disease, Creutzfeldt-Jakob disease, and multiple
sclerosis (Harrington et al., 2006).

Stratum pyramidale—A significant QTL was identified for the stratum pyramidale in

females on Chr 11 with peaks at 26.8 and 28.4 Mb (LRS 23.4 and 21.6, respectively; Table 1
and Fig. 4), explaining 26% of the variance between strain means. The interval considered
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ranged from 30-60 Mb and contained 365 genes which narrowed to 20 possible candidates.
There was no functional information available for 2 (1810073G14Rik and 9530068E07Rik).
Of the other 18, six genes can be connected to neurological processes and/or pathologies:
Agxt2l2. Autism spectrum disorder and neurotransmission (Cusco et al., 2009); HintI.
nicotine dependence (Jackson et al., 2012), mu-opioid receptor binding (Garzon et al., 2015,
Rodriguez-Munoz et al., 2015), depression (Martins-De-Souza et al., 2012), and
schizophrenia (Vawter et al., 2002), Gemin5: motor neuron survival (Battle ef al., 2006,
Gubitz et al., 2002), Slc22a4: neuronal differentiation (Nakamichi et al., 2012) and 7enm?2
and Gabrg2 which have already been described in the previous section on the IIPMF. It
should be noted that the peaks on Chr 11 for the IIPMF and stratum pyramidale overlap.

Hilus—An almost significant QTL peak was identified for the size of the hilus in males
(LRS=16.258) on Chr13 at 107.8 Mb (Fig. S6). The interval ranged from 106.5-108.5 Mb
and contained 9 genes. One of these genes, /po11, met the selection criteria. The protein
product, Importin 11, belongs to a family of transport receptor proteins that facilitate
nuclear/cytoplasmic transport of protein and RNA cargo (Wagstaff & Jans, 2009). Importins
also shuttle transcription factors like CREB that are associated with memory and synaptic
plasticity (Forwood et al., 2001).

Just after the major peak, the curve plateaus before dropping to baseline. When this region is
included in the analysis, the interval is extended from 106-112 Mb and there are 2 more
genes that meet the selection criteria: Pde4d and Rab3c. Pde4d controls intracellular cyclic
AMP signaling. A KO mouse for Pde4d demonstrated enhanced spatial memory formation
and hippocampal neurogenesis (Rutten et a/., 2008). Rab3c is a small GTPase that has well
defined roles in synaptic vesicle transport, neurotransmitter release, and Ca?* mediated
exocytosis (Schluter et al.,, 2004). Both of these genes along with /po11, are associated with
neuronal processes like hippocampal-dependent memory formation and learning, making it
impossible to discern a best candidate based on functional association (Li et al., 2011,
Rutten et al., 2008, Schluter et al., 2006, Tsetsenis et al., 2011).

Suggestive QTLs shared between males and females—Suggestive QTL peaks
common between males and females occurred for the stratum laconosum-moleculare (Chr
3), stratum oriens (Chr 5), suprapyramidal MF (Chr 1 and Chr 10), stratum radiatum (Chr 2),
and IIPMF (Chr 8, Fig. S7). For the learning traits and for brain and body weight no
common QTLs were observed between males and females (Fig. S8 and S9).

QTL mapping of combined traits

Factor analysis of the morphometry and learning variables produced a 2-factor solution for
both males and females (Table S7). The factor scores were used to identify QTL loci. No
significant QTLs were found for any of the factors (Fig. S11). In males, suggestive QTLs
were obtained for factor 1 on Chrs 3, 5, and 10. For factor 2 suggestive QTLs were identified
on Chr 2 and Chr 11. In females, no suggestive QTLs were found for factor 1 and borderline
suggestive QTLs for factor 2 on Chrs 15 and 19.
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IIPMF gene interaction analysis

For the traits in which significant QTLs were obtained, the data were further used to identify
and explore gene interactions with hippocampal MRNA expression datasets. The correlates
were visualized as interaction network graphs where the nodes represent genes and the edges
represent the correlation value (Fig. 5 and Worksheet S2). Of all the graphs representing the
traits under study, the IIPMF graph is the only one that has interconnectivity between genes.
It also has the most edges and the highest correlation values of all traits, ranging from |0.6| to
|0.85]. For the other traits, all correlations are smaller than |0.6] with one exception (hilus
size and gene id 4930579G24).

For the IIPMF morphometry data, the network contained 26 nodes and 33 edges. Of these
correlates, 17 were positive and 16 were negative. The graph contains 2 clusters that are
marked by interconnectivity and high correlation values (Fig. 5). One of the clusters contains
5 genes: Ncam1, Ssbp3, 2900034C19, Rps1Z2, and Ndufs8, and has 6 edges. Ncam1 is
involved in neural cell adhesion, growth, and migration (Basu et a/., in press). Ssbp3 has
been shown to regulate head morphogenesis in mouse embryos and is involved in midbrain
and hindbrain boundary formation (Enkhmandakh et a/., 2006, Nishioka et al., 2005). There
is no functional information available for 2900034C19but in the cluster it correlates
positively with Cugbp1 whose function is RNA binding and regulation of multicellular
organism growth (Lambert et al., 2014, Lu et al., 2015). Overexpression of Cugbplina
transgenic fly model of Fragile X suppressed the neurodegenerative associated tremor/ataxia
associated with the disease (Sofola et a/., 2007).

Rps12 codes for a subunit of the 40S ribosome. An RNAi study showed a role for Rpsi2in
regulating migration and proliferation in gastric cancer cells (Chen et al., 2013, Herault et
al., 1991). Ndufs8 (NADH dehydrogenase (ubiquinone) Fe-S protein 8) is a subunit of the
mitochondrial complex 1, the largest multi-enzyme complex (45 subunits) of the
mitochondrial respiratory chain that transfers electrons from NADHZ2 to ubiquinone.
Mitochondria complex | mutations have been found in Leigh syndrome and several other
neurological disorders such as Schizophrenia, Parkinson’s, and Alzheimer’s diseases
(Akarsu et al., 2014, Mancuso et al., 2009, Procaccio & Wallace, 2004, Song & Cortopassi,
2015). Correlations between Ncam1/Ndufs8and Ncaml1/Rps12 are negative, whereas all
others are positive (Rps12/Ndufs8, Ncam1/2900034C19, Ncam1/5sbp3, Ssbp3/Rps12).

The second cluster in the IIPMF network has 6 genes (7enmZ2, Gabral, Pttg1, Prorsdl,
Rhbdfl, Rin4) and 7 edges and is centered around 7enmZ. Gabral/TenmZ, Tenm2/Ptggl,
Prorsd1/Rhbdfl, and Rhbdfl/Ritn4 are negatively correlated whereas Gabral/Pttg1, Tenm2/
Prorsdl, and TenmZ2/Rhbdf1 are positively correlated. As described in detail in an earlier
section, Tenm2/Teneurin-2 is a transmembrane protein involved in cell adhesion and
migration. For the other covariates Gabral is a receptor ligated-gated ion channel, and Prig1/
Securinis involved in cell migration and has been implicated in many types of cancers
(Castilla et al.,, 2014, Kash et al., 2003, Yoon et al., 2012). It is an inhibitor of separase,
which is a protease required for the separation of sister chromatids in mitosis and meiosis
(Tong et al., 2008, Waizenegger et al., 2002). Prorsdl is uncharacterized but it contains a
YbaK domain that is associated with proteins involved in tRNA editing activity, Rtn4 is
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associated with neurite outgrowth and inhibition of neuronal plasticity, and Rhbdfl with
apoptosis and autophagy (Chong et al., 2012, Raiker et al., 2010, Yan et al., 2008).

Network merge

The network graphs were merged to potentially identify common genes that may affect
hippocampal morphometry. Only the IIPMF and stratum pyramidale graphs intersected (Fig.
6). The merged network contains 39 genes and 47 edges. The graphs connect through two
genes, Bcl2/11 which negatively covaries and Naufs8which correlates positively. Bel2/11
acts as an apoptotic activator and its expression can be induced by nerve growth factor
(NGF), as well as by the forkhead transcription factor, FKHR-L1, suggesting a role for this
gene in neuronal and lymphocyte apoptosis (Dai & Grant, 2015, Putcha et al., 2001, Sohn et
al., 2003, Yin et al.,, 2006). Ndufs8 is a subunit of the MCI complex and is one of the cluster
proteins described above. Ndufs8 connects directly to Rps12 and Ncam1. There is no
physical evidence for direct protein-protein interactions but Bcl2111 and Ndufs8 appear in a
common KEGG pathway map (#04932 non-alcoholic fatty liver disease). There are no
KEGG pathway maps for any of the other genes/proteins in the clusters at this time.

Functional enrichment of the genes indicates that most are involved in cell adhesion, growth,
and migration (Fig. 7). For the other graphs there was no concentrated enrichment. Graphs
and functional categories are provided in Fig. S13).

Trait correlation analysis

The trait data for which significant QTLs were obtained were used to identify covariates
within the GeneNetwork traits database. For each trait, the first 200 correlates were filtered
according to whether Spearman’s rho was significant at P<0.01 and based on at least 10
common BXD strains (see Worksheet S3). The strongest correlations (P=0.7) are related to
IIPMF, stratum pyramidale, and stratum radiatum sizes. They are shown as a network graph
together with the correlations with radial maze errors in Fig. 8.

For the IIPMF in males, the strongest positive correlates are iron levels in medial prefrontal
cortex (trait ID 10240), Dopamine receptor 2 membrane binding in the dorsal striatum
(10264), and exploratory activity in response to cocaine (10312). The strongest negative
covariates are iron levels in the liver (10248), field potentials in L2/3 of the primary whisker
motor cortex (17154), HSV-1 virulence, (trait id 16185), thymus to body size ratio (10463),
open arm entries on an elevated plus maze (10909) and prepulse inhibition in a Huntington
model (13495).

The strongest positive covariates for the stratum radiatum in males are seizure susceptibility
(trait ID 10451), open-field defecation in a Huntington model (13442), ethanol consumption
(13578), and preference for a grid textured floor (10101). The strongest negative covariates
are resistance to lymphoma tumors (10716), copper levels in dorsal striatum and ventral
midbrain (10734, 10728), and field oscillations in L2/3 of the primary whisker motor cortex
(17201).

For the stratum pyramidale in females, the strongest positive covariates are body weight and
left hemisphere brain weight in a Huntington model (trait IDs 13518, 13512), body
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temperature after ethanol administration (10510, 10521), open field center time after cocaine
administration (10329), iron levels in ventral midbrain (10245), locomotor activity (11633),
and nose pokes in a holeboard after cocaine administration (10312). The strongest negative
covariates are HSV-1, serum neutralizing antibody titer and virulence (16305).

The strongest positive correlates for errors in females are brain weight and soluble/aggregate
protein in a Huntington model (trait IDs 16188, 14787, 16190), oscillations with the
respiratory rhythm and coherence in L2/3 of the primary whisker motor (17085, 17191),
deep mesencephalic nuclei volume (trait id 10936), blood creatinine concentration (12846),
and time in the center of an elevated plus maze (10905, 10896). The strongest negative
correlates are Rant cytokine activity in draining lymph nodes post Leishmania major
infection (12726), total distance run in an open field after cocaine administration (10317),
median survival after bacterial infection (14833, 14834), and zinc levels in the medial
prefrontal cortex (10725).

DISCUSSION

Learning performance in a radial maze, a hippocampus-dependent task (O'keefe & Nadel,
1978), shows strong, heritable variation between different inbred strains, as does
hippocampal neuroanatomy. In addition, previous work has shown that learning performance
and hippocampal morphometry are strongly correlated. Specifically, mice with large intra-
and infrapyramidal terminal fields (IIPMF) generally make fewer errors in this task and this
correlation appears to be mainly genetic (Crusio & Schwegler, 2005). In addition, increasing
the size of the IIPMF by inducing early postnatal hyperthyroidy predictably improves
performance in the radial maze (Crusio & Schwegler, 1991, Schwegler et al., 1991), making
it highly likely that this correlation is causal. No systematic correlations between learning
and other hippocampal fields have been reported. We therefore used the BXD cohort and a
forward genetics approach to identify QTLs and novel regulators underlying these heritable
differences in spatial learning in a radial maze and hippocampal morphometry,
hypothesizing that part of the genetic variation in behavior and neuroanatomy would be
shared. Our strategy included testing a large number of BXD genotype (>>30, cf.: Wang et
al., 2014) and a large within strain sample size to increase strain mean accuracy and to
increase the likelihood of QTL detection and mapping.

QTL mapping of individual variables

No significant QTLs were identified for body or brain weight, probably indicating a highly-
polygenic mode of inheritance for these characteristics, with each individual gene's
contribution below the detection threshold of this study. Suggestive QTLs were found on
chromosomes 8 and 17 for relative brain weight in females. Others studies have reported
significant loci on chromosomes 11 and 19 (e.g., Hager ef al., 2012; trait IDs 11016, 12661).

For learning, we identified a significant QTL on Chr 3 for the variable "number of errors
days 3-5". Further analysis identified three candidate genes. Of those, Car2is the only gene
at this time that can be associated with neuronal processes. However, the other candidates
cannot be excluded either. Earlier BXD studies identified significant QTLs for escape
latency and number of annulus crossings in a spatial Morris water navigation task on Chr 1
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(mapping to AfpIlaZand most likely not related to learning per se, but to swimming speed,;
see Williams & Mulligan, 2012) and Chr 5 (Milhaud et a/., 2002). That different QTLs were
obtained for learning performance in these two different tasks (radial maze and water
navigation) is perhaps not too surprising. Learning will be influenced by mnemonic- and
stress-related processes in task-dependent ways. For example, being forced to swim is very
stressful for mice, which prefer dry-land tasks (Gerlai & Clayton, 1999, Whishaw, 1995,
Whishaw & Tomie, 1996), so anxiety-related processes will influence test performance more
in tasks requiring swimming than in dry-land tasks like the radial maze. Hence, different
genetic correlates are to be expected.

Several significant and suggestive QTLs were identified for hippocampal morphometric
variables. For the size of the IIPMF, we identified a significant QTL on the X chromosome
affecting mossy fiber size. Further analysis reveals a single gene candidate in that region.
The QTL on Chr 11 misses significance, but is highly suggestive. In addition, there is further
evidence from the data obtained with the SRH/SRL selected inbred lines supporting the
implication of this region. Based on functional association, Gpc4 (Chr X) and 7enmZ2/0Odz2
(Chr 11) are strong candidates to modulate IIPMF size. Both genes encode glycoproteins
that interact with the cell surface and extracellular matrix proteins like signaling receptors
and morphogens. Both genes are also associated with neuronal processes.

Our findings for the IIPMF can be compared with those of an earlier study that had 18 BXD
strains in common with ours (Lassalle et al., 1999). A strong correlation was obtained
between Lassalle et al.'s and our data (=0.78, P<<0.001). Using pooled data from males and
females, Lassalle et al. reported suggestive QTLs on Chr 10 and the X chromosome
(Lassalle et al., 1999). To compare the X-chromosomal QTL with the one reported here, we
used WebQTL, where these authors had archived their raw data, to re-analyze the Lassalle
data with the same methods as employed here. Surprisingly, the re-analysis (Fig. S14) only
showed two QTLs on Chr 4 and 10 that barely crossed the suggestive LRS threshold. The
Chr 10 QTL is located in about the middle of the chromosome, whereas the QTL reported
by Lassalle et al. was at the distal end. The probable reason for these discrepancies is that,
while Lassalle et al. used methods and gene-map data that were state-of-the-art when they
performed their study, the genetic maps of the time contained many errors that have since
been corrected (Williams et a/., 2001, Williams & Mulligan, 2012). Many additional BXD
strains that have become available since Lassalle ef al's work was published were used in
the present study, greatly increasing power to detect loci. Taken together, this explains why
Lassalle et a/. did not find the suggestive and significant QTLs reported here. As we did not
find even mildly suggestive QTLs on Chr 4 or 10, the low signals obtained in the present re-
analysis of the Lassalle data most probably are a chance finding.

For the stratum pyramidale a significant QTL was found on Chr 11 and the suggestive QTL
on Chr 11 for IIPMF size occurs in the same general region and overlaps somewhat, but its
interval is narrower. A possible common gene for the sizes of the IIPMF and the stratum
pyramidale is conceivable, given their functional anatomical relationship: the IIPMF are the
synapses of the dentate gyrus granular cell axons upon the dendrites of the pyramidal cells.
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The highly suggestive QTL for the size of the hilus on Chr 13 (106-108 Mb) occurs in a
gene sparse region, yielding just one gene candidate, /poZ1. If the interval is extended to
106-112 Mb, then there are two additional candidate genes Rab3c and Pde4d. Each of these
three genes is associated with learning and memory.

With the exception of the IPMF (see above) none of the QTLs reported here overlap
appreciably with those reported for other hippocampal variables in GeneNetwork, including
volume and weight of the hippocampus, humbers of granule cells in the dentate gyrus, or
levels of adult neurogenesis.

IIPMF and learning

No QTLs found here were shared between the neuroanatomical and behavioral variables.
This is to be expected, given the low and non-significant correlation between morphometric
traits and learning. The absence of correlations itself, however, is more surprising, given the
fact that the strong correlation between the IIPMF and learning performance in a radial maze
has been replicated many times by us and our collaborators in different laboratories (Crusio
& Schwegler, 1991, Crusio & Schwegler, 2005, Crusio et al., 1993, Crusio et al., 1987,
Schwegler & Crusio, 1995, Schwegler et al., 1990, Schwegler et al., 1991). There was some
indication of the predicted relationship in that IPMF and learning loaded on the same factor
in the factor analysis (particularly in the males), but this is nevertheless much weaker than
was anticipated. One obvious explanation for this discrepancy would be that our hypothesis
of a causal relationship between the size of the IIPMF and radial maze learning is incorrect.
However, given the strength of the evidence from our earlier studies, this seems unlikely.

Comparing the present results with those that we obtained earlier is only possible for
C57BL/6J and DBA/2J, as this was the first time that BXD animals were tested in a radial
maze. The large difference between C57BL/6 and DBA/2 in the sizes of their IIPMF
projections reported here is completely consistent with our previous findings. In addition,
our IIPMF measurements in the BXDs correlated strongly with those reported by Lassalle et
al. (1999). It would therefore appear that it is our behavioral data that do not conform to
what would have been expected. Indeed, the C57BL/6 animals in the present study clearly
learned less well than those in previous studies. When we examine the totality of the BXD
strains studied here, we note that many strains learned the task reasonably well, but, in fact,
no strain was a really good learner (cf. Fig. S4). Given the large differences that we found
previously (Crusio, 2013) between C57BL/6 and DBA/2, this is unexpected.

One possible explanation for the lower than expected performance of the C57BL/6 and (at
least some) BXD strains lies in the housing conditions. Our animal facility was built to
house about 500 cages in one large breeding room. However, the cage-washing installation
(and the available personnel) could not handle that many cages at a time. As a result, every
day one or two racks of cages were changed. C57BL/6 mice are sensitive to such disruptions
and, indeed, breeding results were only mediocre. This also proved to be the case for several
BXD strains. As a consequence we had to increase the number of breeding pairs for a
number of strains, leading to an overcrowding of the facility (occasionally up to 650 cages).
It is conceivable that the stress occasioned in the animal facility influenced later learning
performance in a negative way, therefore obscuring the predicted correlation.
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Gene interaction analysis

Two sub-network motifs were identified in the IIPMF gene interaction network. One of these
motifs involves the 7enmZ2which emerged as a potential candidate for regulating [IPMF
size. The second cluster contains Naufs8which along with B/c2/1, bridges the IIPMF and
pyramidale gene-expression networks. The remaining genes present in the motifs and
merged graph are mainly involved in cell adhesion, cell growth and migration, neuronal-
signaling, mitochondria redox reactions, and apoptosis. It is reasonable that the networks for
the IIPMF and the stratum pyramidale intersect, given the anatomical relationship between
the IIPMF and pyramidal cells discussed above. While there is no direct physical evidence
for these interactions (like protein-protein interaction data), the functional association of
these genes is understandable when one considers that apoptosis balances cell growth and
proliferation and helps maintain tissue homeostasis which is highly relevant to the
hippocampal measurements described here. Moreover, cellular energy demands are
continually shifting during processes related to cytoskeletal rearrangements and these energy
requirements are directly linked to ATP production via electron transfer/redox reactions in
mitochondria by complexes like Mitochondrial complex 1. Indeed, genetically disrupting
neuronal metabolism impedes memory formation in mice (Pei et a/., 2015).

Trait correlation analysis

The phenotypes in the GeneNetwork database that covary with the QTL data include a wide
variety of traits related to morphology, behavior, and physiology, as well as immune system
function. Common themes among the covariates include several traits from a study involving
a Huntington model hybrid: open-field activity, ratio of soluble-aggregate protein, pre-pulse
inhibition (PPI) of the acoustic startle response, and brain and body weight ratio. The PPI-
hippocampus connection has been observed in a previous study that also considered
hippocampal morphometric measures (Peirce et al., 2003). An inverse correlation between
dentate gyrus granule cell proliferation volume (trait ID 10460) and PPI was observed. This
is a reasonable association considering transient disruption of hippocampal activity reduces
PPI (Bast & Feldon, 2003, Zhang et al., 2002). Other covariates are concerned with
exploratory behavior and locomotor activities as well as anxiety and stress and these are all
relevant to hippocampal function as well.

For the physiological covariates, which include brain metal ion levels (zinc, copper, iron),
respiration and olfactory bulb activity, and Drd2 binding, it is well established that metal
ions play a role in neuronal processes and neurodegenerative diseases like Alzheimer's,
Parkinson’s, and others by causing protein misfolding and oxidative stress. Drd2 signaling
has also been associated with hippocampal related processes like working memory and
memory formation.

The relationship between hippocampal morphometry, radial maze learning, variables related
to immune system function, and the response to various bacterial and viral infections is less
obvious. However, there is an established, but as yet poorly understood, link between the
immune and nervous systems. The two are connected at least in part through cytokines
which are signaling molecules that regulate both systems. Cytokine receptors are found in
many neuronal cell populations including the hippocampus where they play a role in
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neurogenesis and learning and memory and may also provide the basis for the covariation
with the hippocampal morphometry traits presented here (Arisi, 2014).

Conclusion

In this study, we have identified multiple loci and gene variants linked to either structural
differences in the hippocampus or learning in a spatial radial maze task. Although several
significant QTLs were localized, none were common between behavior and morphometrical
variation. Strong candidate genes that may modulate intra- and infrapyramidal mossy fiber
areas are Gpc4and Tenm?Z, but further experiments are needed to confirm their direct
implication.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic diagram of the mouse hippocampus
Shown are the 7 hippocampal fields measured in this study; suprapyramidal mossy fibers

(SP), stratum oriens (OR), stratum pyramidale (PY), stratum radiatum (RD), stratum
lacunosum-moleculare (LM), Hilus (CA4), intra- and infrapyramidal mossy fibers (IIPMF).
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Figure 2. Radial maze learning in male and female mice
A: least square means of total number of errors made, B: new entries, and C: arm visit time

(seconds) for days 3-5 (x-axis) of radial maze testing. Males: purple, females: yellow. Error
bars represent +/— SEM.
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Figure 3. BXD strain differencesin hippocampal morphometry and radial maze learning
Variation in the sizes of hippocampal subfields in the BXD and the parental strains

(C57BL/6J: green bars and DBA/2J: orange bars) for the IPMF (A), Stratum radiatum (B),
and Stratum pyramidale (C) along with the spatial learning trait, errors (D). Bar graphs
represent the means (+/- SEM). Heritability (h2), fold difference, and overall mean are
shown for each trait. The y-axis represents percentage of total CA3+CA4 and the x-axis lists

the BXD strains (rank ordered from low to high).
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Figure4. QTL graphs of hippocampal morphometry and radial maze learning
Graphs indicating the chromosomal loci that modulate A: Stratum radiatum (males), b:

Stratum pyramidale (females), and C: IIPMF (males) sizes along with D: Errors in the radial
maze (females). The x-axis represents megabase position. The y-axis represents the
likelihood ratio statistic (LRS) of linkage. Blue lines represent LRS across the genome. The
pink and gray horizontal lines are approximate threshold values which are used to assess
whether a peak is significant (P<0.05) or suggestive (P<0.63), respectively. Colored
rectangles depict individual genes, red and green lines represent the additive genetic
contribution; red lines indicate negative values (C57BL/6J alleles increasing trait values) and
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green lines indicate positive values (DBA/2J alleles increasing trait values). Gray lines are
shown when the parental strain is unknown. The orange hash marks on the x-axis signify the
SNP density (sequence difference between the two parental strains). The yellow bars
represent the relative frequency of peak LRS at a given location from 2000 bootstrap
resamples. Below the x-axis legend the peak LRS and its position is indicated.
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Figure 5. Hippocampal mRNAs associated with IIPMF size
A: Network graph of the IIPMF together with the respective top mRNA covariates expressed

in the hippocampus. Edges are colored either red or blue to highlight negative and positive
correlations, respectively. Line thickness represents correlation strength. B: The IPMF
graph has two subnetwork clusters (cluster 1, top; cluster 2, bottom) that are highly
interconnected and contain some of the strongest correlates.
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Figure 6. Hippocampal mRNAs associated with I1PMF and stratum pyramidale sizes
Merged network graph of the IIPMF and Stratum pyramidale together with their respective

top mRNA correlates expressed in the hippocampus. Edges are colored either red or blue to
highlight negative and positive covariates. Line thickness shows correlation strength. There
are 2 common genes bridging the graphs that may affect IIPMF and Stratum pyramidale
sizes, Bcl2l11, which is strongly associated with apoptosis and Nudfs8, which is a subunit of
Mitochondrial complex 1.
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Figure 7. Molecular function enrichment for the lIPMF and stratum pyramidale
Functional assignment of the mMRNA covariates affecting IIPMF and stratum pyramidale

sizes shows strong themes in cell adhesion, growth, and migration.
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Figure 8. Covariation with traits from the GeneNetwork database
Network diagrams showing covariation among the Stratum pyramidale (A), IPMF (B), and

stratum radiatum (C) sizes and errors in the radial maze test (D) with morphological,
behavioral, and physiological phenotypes from the GeneNetwork database. Edges are
colored red and blue to highlight negative and positive covariates. Line thickness shows
correlation strength. 1IPMF data from Lassalle et al. are omitted because of their very high
correlation.
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Significant QTLs for hippocampal morphometry and radial maze learning.

Table 1

Trait description LRS p-value Chr@Mb
IIPMF (males) 18.241 0.029 X@48.1
Stratum radiatum (males) 17.181 0.043 2@16.2-17.8
Stratum pyramidale (females) 23.389  0.035 11@47.9-50.2
Total errors (females) 17.896 0.035 3@12.6-15.8

Chr@Mb = Chromosome number and Megabase location of QTLs

LRS = liklihood ratio statistic
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