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Complex Trait Analysis of the Hippocampus: Mapping and
Biometric Analysis of Two Novel Gene Loci with Specific Effects on
Hippocampal Structure in Mice
Lu Lu, David C. Airey, and Robert W. Williams
Center for Neuroscience, Department of Anatomy and Neurobiology, University of Tennessee Health Science Center,
Memphis, Tennessee 38163

Notable differences in hippocampal structure are associated
with intriguing differences in development and behavioral capabilities. We explored genetic and environmental factors that
modulate hippocampal size, structure, and cell number using
sets of C57BL/6J (B6) and DBA/2J (D2) mice; their F1 and F2
intercrosses (n ⫽ 180); and 35 lines of BXD recombinant inbred
(RI) strains. Hippocampal weights of the parental strains differ
by 20%. Estimates of granule cell number also differ by ⬃20%.
Hippocampal weights of RI strains range from 21 to 31 mg, and
those of individual F2 mice range from 23 to 36 mg (bilateral
weights). Volume and granule cell number are well correlated
(r ⫽ 0.7–0.8). Significant variation is associated with differences
in age and sex. The hippocampus increases in weight by 0.24
mg per month, and those of males are 0.55 mg heavier (bilateral) than those of females.

Heritability of variation is ⬃50%, and half of this genetic
variation is generated by two quantitative trait loci that map to
chromosome 1 (Hipp1a: genome-wide p ⬍ 0.005, between 65
and 100 cM) and to chromosome 5 (Hipp5a, p ⬍ 0.05, between
15 and 40 cM). These are among the first gene loci known to
produce normal variation in forebrain structure. Hipp1a and
Hipp5a individually modulate hippocampal weight by 1.0–2.0
mg, an effect size greater than that generated by age or sex.
The Hipp gene loci modulate neuron number in the dentate
gyrus, collectively shifting the population up or down by as
much as 200,000 cells. Candidate genes for the Hipp loci
include Rxrg and Fgfr3.
Key words: dentate gyrus; granule cells; complex trait analysis; heritability; quantitative trait locus; BXD recombinant inbred
strain; C57BL/6; DBA/2; spatial memory

Structural variation in hippocampus can be substantial. Among
normal humans hippocampal volume varies approximately twofold—from 6 to 11 cm 3 (Csernansky et al., 1998; De Bellis et al.,
2000). This variation is generated and maintained in large part by
differences in gene sequences and gene expression levels. Classic
biometric studies by Richard and Cynthia Wimer and their colleagues demonstrated that pervasive differences in hippocampal
structure among inbred strains of mice are attributable to a
complex mixture of genetic, environmental, and maternal effects
(Wimer and Wimer, 1971; Barber et al., 1974; Wimer et al., 1976,
1978, 1982, 1983). This well characterized variation in mice is
now especially intriguing for two reasons. First, the discovery,
characterization, and manipulation of neuronal and glial stem
cells in rodent forebrain (Altman and Das, 1965; Bayer, 1982;
Kaplan and Bell, 1984; Stanfield and Trice, 1988; Cameron et al.,
1993; Gould et al., 1994) has invigorated research directed at
isolating factors that modulate rates of stem cell cycling and
proliferation (Palmer et al., 1997; Kuhn et al., 1997; Kempermann
et al., 1997ab, 1998). Gage and colleagues have shown marked
differences in the dynamics of cell proliferation in the dentate

gyrus among inbred strains, including the two key strains,
C57BL/6 and DBA/2, that we have used in the present study
(Kempermann et al., 1998) (G. Kempermann, personal
communication).
The second complementary reason to be interested in strain
differences is that recent advances in molecular genetics and in
complex trait analysis now make it practical to map, characterize,
and clone gene loci that influence a wide range of heritable
neuroanatomical and behavioral traits (Williams, 1998; Rikke and
Johnson, 1998; Sandberg et al., 2000; Williams, 2000; Belknap et
al., 2001). Complex trait analysis initially involves associating
differences in alleles at defined chromosomal positions with differences in a trait—in this study with the size, architecture, and
cellular composition of the mouse hippocampus. A strong association between differences in phenotypes and genotypes indicates the presence and position of a quantitative trait locus (QTL)
(Darvasi, 1998; Williams, 2000). Complex trait analysis has
proved to be highly effective for neuroanatomical and behavioral
traits. For example, by taking advantage of differences between
several strains of mice, we have recently succeeded in mapping
sets of gene loci that modulate large scale traits such as total brain
weight (Strom, 1999; Williams, 2000) and total cerebellar size
(Airey et al., 2001) as well as more refined traits such as single
neuron cell populations (Strom and Williams, 1998; Williams et
al., 1998; Strom, 1999).
In this study we use biometric and genetic techniques to explore the basis of variation in the size, structure, and cell populations of the hippocampus. Our work begins with a systematic
multiple linear regression analysis of the effects of age, sex, body,
and brain weight on the adult hippocampus. This work is of
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interest in its own right, but in the context of gene mapping
studies is a prelude to interval mapping. We have succeeded in
identifying and verifying two gene loci that control the size of the
hippocampus. These are among the first QTLs associated with
normal variation in forebrain anatomy in any vertebrate. We have
examined the cytoarchitecture of the hippocampus and granule
cell density in the dentate gyrus to access the scope of action of
these novel gene loci.

MATERIALS AND METHODS
T wo complementary groups of mice were used in this study. The first
consisted of a set of 35 BX D/ T y recombinant inbred (RI) strains. All of
these strains were used both for gene mapping and for the biometric
analysis of the hippocampus and its parts. The BX D RI strains were
generated by crossing C57BL /6J (B6) and DBA /2J (D2) parental strains
in the mid-1970s (BX D1 through 32) and 1990s (BX D33 through 42) by
Taylor (1989) and Taylor et al. (1999). RI strains are completely inbred
lines derived from brother– sister matings starting from an F2 intercross.
They are advantageous for complex trait analysis for several reasons
explained in Williams (1998, 2000). First, numerous individuals with
identical genomes can be phenotyped, and this greatly improves the
precision of phenotypes because the key parameter used during mapping
is a strain average rather than an individual value. We typically averaged
values from eight animals for weight data and five animals for volumetric
data and cell counts (both sides were analyzed in all cases). The coefficient of error (SEM /mean) of hippocampal weight data averages only
1.8%, whereas the corresponding coefficient of variation (SD/mean)
averages 3.7% (Table 1). A related advantage of RI strains is that they
can be used by many investigators over a period of many years. The large
strain differences in hippocampal structure and cell density that we
report in this study can now be followed up by developmental, physiological, pharmacological, and behavioral studies.
The second group of mice that we used consisted of reciprocal F1 and
F2 intercrosses between B6 and D2, the same strains used to make the
BX D RI strains. With the exception of any new mutations, the RI and
the F2 mapping panels share precisely the same sets of parental alleles.
The F2 animals were generated at the University of Tennessee by
intercrossing both BDF1 and DBF1 mice, as described in Z hou and
Williams (1999); 105 of the animals were BDF2s, and 75 of the animals
were DBF2s. An F2 intercross is often used to complement the analysis
of recombinant inbred strains, and in this study we have used the F2 to
confirm and refine the location of QTL s that modulate hippocampal
weight. An F2 intercross has the advantage over the RI set of a much
larger number of genomes to correlate with phenotypes. The disadvantage to this cross is the effort required to genotype each individual
mouse. In our study 180 animals were genotyped at 145 microsatellite
marker loci as describe below.
Animal husbandr y and age. Mice were maintained at 20 –24°C on a
14/10 hr light /dark cycle in a pathogen-free colony at the University of
Tennessee. Most animals were fed a 5% fat Agway Prolab 3000 rat and
mouse chow and given tap water in glass bottles. The average age of
BX D/ T y animals was 80 d; that of F2 mice was 98 d. Parental strains and
the set of BX D/ T y strains were obtained from the Jackson Laboratory
(Bar Harbor, M E) from 1994 through 2000.
Fi xation. Mice were deeply anesthetized with Avertin (1.25% 2,2,2tribromoethanol and 0.8% tert-pentyl alcohol in water; 0.5–1.0 ml, i.p.).
Most mice were perf used through the heart with 0.1 M PBS followed by
1.25% glutaraldehyde and 1.0% paraformaldehyde in 0.1 M phosphate
buffer, and then by 2.5% glutaraldehyde and 2.0% paraformaldehyde in
0.1 M buffer.
Dissection and weight of the hippocampus. Fixed brains were bisected
along the midline. Left and right hippocampal regions were dissected under
a dissecting microscope by inserting fine blunt forceps into the ventricular
cavity just dorsal to the hippocampus and removing overlying cortex and
callosum (Fig. 1). The surface of the hippocampus and dentate gyrus was
used to guide removal of cortex along the septotemporal axis. The exposed
hippocampus and dentate gyrus was pulled free of the hemisphere in a
ventral-to-dorsal direction. The dorsoanterior aspect of each hippocampus
was trimmed free of septum and dorsal fornix, rolled quickly in tissue
paper, and immediately weighed to the nearest 0.1 mg. The dissection
includes a small part of the subiculum adjacent to CA1 and occasionally a
small strand of the fimbria. To ensure low technical error, all dissections
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were performed by the first author. Original data files are available at
www.nervenet.org/papers/hipp2000.html.
Volumetric measurement of the hippocampus. A second independent set
of 31 BX D strains and the two parental strains that are part of the Mouse
Brain Library (w w w.mbl.org) was studied to assess the reliability of the
weight data and to determine if QTL s affecting hippocampal size have
regional effects limited to the dentate gyrus, the hippocampus proper, the
pyramidal cell layer, or the granule cell layer. Images of the serial
sections through the entire hippocampus from 154 BX D cases (average
of five per strain), 8 C57BL /6J cases, and 6 DBA /2J cases were downloaded from w w w.mbl.org and analyzed in N IH Image. Images were not
available for four BX D strains 6, 16, 21, and 37. Serial section images
have a resolution of 4.5 m /pixel. The interval between adjacent sections
on each slide is 300 m. Borders of the hippocampus, excluding the
subiculum, but including the fimbria and dentate gyrus (Fig. 1a–e) were
traced manually. The dentate gyrus was traced separately. The area of
the set of sections was multiplied by the section interval to estimate
volume. Finally, areas of the pyramidal cell layer (CA1– CA3) and the
granule cell layer were measured bilaterally for all cases. These layers
have a high cell packing density and can be reliably defined by a
thresholding operation in N IH Image. To improve uniformity of the data
set, the first author conducted all thresholding. The reliability of thresholding was tested by repeated measures analysis. The correlation of
duplicated estimates is 0.95. Shrinkage among cases in the Mouse Brain
Library is variable, but known. To correct for variance caused by shrinkage, we divided hippocampal volumes by the total brain volume and then
multiplied by the brain volume expected from the known brain weight,
assuming a brain density of ⬃1.05 mg /mm 3 of fixed tissue. The postprocessing volume of the total brain was measured by point counting as
described in Williams (2000). All volume data have been corrected for
shrinkage, case-by-case. The correlation between weight and volume
from two different sets of BX D animals is 0.66 (df ⫽ 31; p ⬍ 0.01).
Volumetric data used in the results are group means based on 4 – 6 cases
per stain.
Stereolog ical anal ysis of cell densit y in the dentate g yrus of BX D strains.
Mean cell density in the dentate gyrus was determined bilaterally in an
average of five cases of each of 33 BX D strains. For this work we used
tissue from the Mouse Brain Library described in the preceding paragraph. All tissue was embedded in celloidin and cut at 30 m in coronal
or horizontal planes by Rosen and Williams (2001). Precise volumetric
shrinkage for each case had been previously computed as described at
w w w.mbl.org, and this has made it possible to compute the expected
density for fixed brain tissue before processing (Table 1). Granule cells,
glial cells, and endothelial cells were counted separately using the threedimensional (3-D) counting procedure of Williams and Rakic (1988).
Glial cells and endothelial cells make up only a very small fraction of the
total cell count (⬍10%) and were relatively easy to distinguish. The
volume of the count box was fixed at 17 ⫻ 18 ⫻ 30 m and did not include
an upper guard space. The z-axis was monitored using a calibrated rotary
shaft encoder as described in Williams and Rakic (1988). This modification of the 3-D counting protocol avoids potential bias introduced by
differential z-axis shrinkage (Hatton and von Bartheld, 1999; von Bartheld, 1999). The sample volume was counted using a contrast-enhanced
video differential interference contrast system and a 1.25 NA 100⫻
planachromat objective. Final magnification on the monitor was 4000⫻.
All cell density estimates are corrected case-by-case for volumetric
shrinkage.
We computed the mean neuron density in the granule cell layer at a
consistent location 2.0 –2.3 mm posterior to bregma, at a level that
corresponds to the central part of the dorsal lateral geniculate nucleus
(Fig. 1b). The counting boxes were located in the dorsomedial apex. For
each RI strain the mean cell density estimate is based on 10 counts from
five individuals. These density estimates have a very low coefficients of
error (3% or 60,000 cells/mm 3) across cases within strains. Given this
single point sampling protocol, it was of interest to assess how representative values obtained at ⫺2.0 AP are of the entire dentate gyrus. For a
subset of five cases (three C57BL /6J and two DBA /2J cases) we explored
this question by performing high-density sampling of sections spaced at
300 m intervals in coronal and horizontal planes. An average of 70
fields were counted using a systematic random protocol (Howard and
Reed, 1998). C ell densities tend to be higher in the rostral and dorsal
regions than in the caudal temporal region. The difference between
extreme poles is ⬃40%. The gradient of cell density across the granule
cell layer is more modest. The marginal part the granule cell layer (both
molecular and hilar sides) has a density that is ⬃10 –20% lower than that
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Table 1. Summary of key hippocampal values in BXD recombinant inbred strain

Strain

Case
N

Bilateral
weight
hippocampus (mg)
⫾ SE correcteda

BXD1
BXD2
BXD5
BXD6
BXD8
BXD9
BXD11
BXD12
BXD13
BXD14
BXD15
BXD16
BXD18
BXD19
BXD20
BXD21
BXD22
BXD23
BXD24
BXD25
BXD27
BXD28
BXD29
BXD30
BXD31
BXD32
BXD33
BXD34
BXD35
BXD36
BXD37
BXD38
BXD39
BXD40
BXD42
C57BL/6J
DBA/2J
Average

3
3
6
11
6
10
11
5
10
12
6
10
10
10
7
11
5
5
8
9
10
10
6
5
5
10
5
5
6
5
3
9
5
7
5
13
24
8

27.5 ⫾ 0.3
25.8 ⫾ 0.4
25.2 ⫾ 0.6
28.3 ⫾ 0.4
26.5 ⫾ 0.7
25.1 ⫾ 0.4
25.9 ⫾ 0.1
25.7 ⫾ 0.5
25.5 ⫾ 0.2
26.7 ⫾ 0.3
25.8 ⫾ 0.6
27.1 ⫾ 0.4
25.8 ⫾ 0.5
28.1 ⫾ 0.3
26.0 ⫾ 0.8
25.9 ⫾ 0.2
24.0 ⫾ 0.2
24.7 ⫾ 0.6
23.8 ⫾ 0.6
24.8 ⫾ 0.3
25.6 ⫾ 0.4
24.9 ⫾ 0.2
24.8 ⫾ 0.3
23.9 ⫾ 0.2
24.7 ⫾ 0.2
23.5 ⫾ 0.5
27.4 ⫾ 0.2
25.0 ⫾ 0.1
27.3 ⫾ 0.5
27.6 ⫾ 0.2
25.1 ⫾ 0.3
28.5 ⫾ 0.3
26.7 ⫾ 0.3
30.8 ⫾ 0.3
27.5 ⫾ 0.2
27.4 ⫾ 0.3
26.4 ⫾ 0.3
26.1 ⫾ 0.4

Bilateral
weight
(mg)b

Granule
cells per
mm3
⫻103

Granule
cells n
⫻103c

Brain
weight
(mg)d

27.6
24.9
29.9
26.7
28.7
25.7
25.2
26.7
23.5
26.4
26.2
28.1
26.0
28.0
24.3
25.6
24.5
24.5
21.6
23.7
22.9
24.1
23.3
21.3
23.7
24.1
26.7
24.4
26.4
26.4
23.6
28.3
25.3
30.8
28.2
28.4
23.0
25.7

1040
849
859
–
974
936
756
985
850
880
907
892
1010
954
921
–
928
828
1053
782
837
932
900
905
860
970
822
850
897
837
–
793
793
853
748
857
871
889

1067
639
835
–
1155
708
793
887
864
1019
766
–
800
1002
709
–
960
725
766
966
684
742
645
734
700
809
760
533
772
664
–
718
776
995
794
886c
697c
806

433
419
544
386
477
448
415
453
384
412
447
455
435
436
399
429
441
435
388
412
373
415
403
367
409
444
427
420
413
405
411
418
405
438
443
496
415
426

D1
Mit145
89 cMe
Genotype
B
B
D
B
B
D
D
B
D
B
D
B
B
B
B
B
D
D
D
D
D
D
D
D
B
D
D
D
B
B
D
B
D
B
B
B
D

D1
Mit218
67 cMe
Genotype

D5
Mit197
36 cMe
Genotype

D5
Mit352
20 cMe
Genotype

B
B
D
D
B
B
D
B
D
B
D
B
B
B
D
B
B
D
D
B
D
D
D
D
B
D
D
D
D
B
D
B
D
B
B
B
D

B
D
D
B
B
D
B
D
B
B
B
D
B
D
D
D
D
D
D
B
B
D
B
D
D
D
B
D
B
D
D
B
D
B
D
B
D

B
D
D
B
B
B
D
B
B
B
B
D
B
D
D
B
D
B
D
B
B
D
B
D
D
D
B
D
B
D
B
B
B
B
D
B
D

a

Bilateral hippocampal weight after correction by multiple regression for differences in logarithm of age, sex, body weight, and brain minus hippocampal weight. These values
were used for QTL mapping. All cases were adjusted to that of 75-d-old 22 gm female mice with a brain weight of 420 mg.
Bilateral hippocampal weight with adjustment only for age and sex (no adjustment for brain weight). Data are values expected of 75-d-old female mice. These values are very
close to values of the original uncorrected data.
c
Bilateral (summed) estimates of granule cells in the dentate gyrus averaged across five cases in each strain. The SE of each estimate is typically ⬍30,000 cells. For the two
parental strains, C57BL/6J and DBA/2, we have used two different sampling procedures, one of which is described in Materials and Methods. Estimates for the parental strains
listed here rely on the same method used to count the BXD strains (10 samples from 5 cases). The difference between protocols is ⬍10%.
d
Brain weight is the average of the particular sample used for hippocampal dissection.
e
MIT microsatellite marker genotypes. The four columns of genotypes are taken from public databases generated and maintained by the Informatics Center for Mouse
Neurogenetics (www.nervenet.org/MMfiles/MMlist.html). B alleles are inherited from C57BL/6J, whereas D alleles are inherited from DBA/2J. Positions in centimorgans
are taken from the Mouse Genome Database (www.informatics.jax.org/searches/marker_form.shtml).
b

of the most central part the granule cell layer. The sampling sites that we
selected for analysis are intermediate in both position and in mean cell
density and yield good estimates of total granule cell number. For
example, comprehensive estimates of granule cell number from three
C57BL /6J mice obtained using a dense sampling grid (60 – 80 samples per
side) are 484,000 ⫾ 16,000, 465,000 ⫾ 16,000, and 435,000 ⫾ 16,000. This
gives a unilateral average of 456,000 granule cells. In comparison, the

estimate given in Table 1 that is based on counts from five cases and 10
bilateral samples taken at AP ⫺2 is 443,000 with an SE of ⬃15,000 (note
that the estimates in Table 1 are given for the sum of both sides and for
comparison were divided by two). Our estimate for this strain is close to
that recently obtained by Abusaad et al. (1999) (493,000 based on six
9-week-old cases also of both sexes). Similarly, the two comprehensive
estimates of the other parent, DBA /2J, were 360,000 ⫾ 11,000 and
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Figure 1. An example of a dissected hippocampus. This dissection is
from the left hemisphere and is oriented properly with respect to the
septotemporal (S to T ) axis of the small inset of a mouse brain. The
internal anatomy of the hippocampus is referenced by five small insets of
Nissl-stained sections in the coronal plane (a–e). Scale bar (for the image
of the dissected hippocampus), 1 mm.
312,000 ⫾ 8,000. This compares to a mean of 349,000 cells in Table 1.
The agreement is satisfactory, and estimates listed in Table 1 are of
sufficient accuracy to gauge effects of the two Hipp loci on dentate
granule cell populations.
Regression anal ysis. Complex trait analysis tests the strength of the
relationships between genotypes and phenotypes. The advantages and
restrictions of this biometric approach have been reviewed extensively
(Tanksley, 1993; Lander and Schork, 1994; Lynch and Walsh, 1998). One
issue that is important in our analysis of the hippocampus is the specificity of gene effects. We did not want to inadvertently map genes that
control body or brain weight. For this reason we have performed linear
regression analysis to explore and statistically control for covariance
between hippocampal weight and other variables using standard techniques explained more f ully elsewhere (Sokal and Rohlf, 1995; Williams,
2000). For example, strain BX D5 has an unusually large brain (544 mg)
and, not surprisingly, has an unusually large hippocampus (30 mg).
However, after normalizing for brain weight with regression, a process
that involves computing residual hippocampus size, the hippocampus of
this strain is not at all exceptional. Computing residuals via regression is
preferable to the use of ratios to correct for brain or body size effects.
Use of ratios can lead to biased results (Lynch and Walsh, 1998, p. 307;
Bishop and Wahlsten, 1999). Controlled parameters in our multiple
linear regression analysis include brain weight, sex, age, and body weight.
Interactions and second-order terms were not significant. The standard
assumptions required for regression analysis were met. Statistics and
statistical tests were computed using Data Desk (Data Description, Inc.,
Ithaca N Y; w w w.datadesk.com).
Genot yping and QTL mapping. In essence, the QTL mapping involves
categorizing cases or strains (genetic individuals) based on their genotypes (e.g., BB, BD, or DD) at defined chromosomal markers (e.g.,
microsatellite loci) and comparing these groups with a quantitative
variable; in our case hippocampal measurements (Table 1). A gene locus
that affects hippocampus will be recognized when the variation in phenotype is well matched to differences in genotype (see w w w.nervenet.
org /papers/ brainrev99.html for several examples). QTL mapping generally proceeds from an analysis at defined loci (single marker analysis), to
an analysis at positions inferred between loci (simple interval mapping),
and then finally to positions inferred between loci but with statistical

control for background loci of interest (composite interval mapping).
The QTL analysis program, Map Manager QT (Manly and Olson, 1999),
implements both simple and composite interval mapping methods described by Haley and Knott (1992) and evaluates genotype –phenotype
associations with likelihood statistics and permutation tests. Genomewide significance levels for assessing the confidence of the linkage statistics are estimated by comparing the peak likelihood ratio statistic
(LRS) of correctly ordered data sets with LRSs computed for 10,000
permutations (Churchill and Doerge, 1994). Permutation tests are a
commonly accepted method for determining the probability of the effect
occurring by chance. LRS scores can be converted to logarithm of odds
ratios (L OD scores) by dividing by 4.6.
Genomic DNA from all F2 mice was extracted from their spleens using
a high-salt procedure (Laird et al., 1991; w w w.nervenet.org /papers/
ShortCourse98.html). A set of 145 microsatellite loci distributed across
all autosomes and the X chromosome were typed in the F2 progeny using
a modified version of the protocol of L ove et al. (1990) and Dietrich et
al. (1992). Each 10 l PCR reaction contained 1⫻ PCR buffer, 1.92 mM
MgC l2, 0.25 U of Taq DNA polymerase, 0.2 mM of each deoxynucleotide,
132 nM of the primers, and 50 ng of genomic DNA. The microsatellite
primer pairs were purchased from Research Genetics (Huntsville, AL;
w w w.resgen.com). A loading dye (60% sucrose, 1.0 mM cresol red) was
added to the reaction before the PCR (Routman and Cheverud, 1994).
PCRs were performed in 96-well microtiter plates. We used a highstringency touchdown protocol in which the annealing temperature was
lowered progressively from 60 to 50°C in 2°C steps over the first six cycles
(Don et al., 1991). After 30 cycles, PCR products were run on 2.5%
Metaphor agarose gels (FMC Bioproducts, Rockland M E), stained with
ethidium bromide, and photographed. Genotypes were entered into
Microsoft E xcel 98 and transferred to Map Manager QT (Manly, 1993;
Manly and Olson, 1999) for mapping and permutation analysis. For
mapping with the BX D set we used a set of ⬃831 f ully typed loci. We
took ⬃200 genotypes from Taylor et al. (1999), and the remaining 630
genotypes were generated for this analysis in our laboratory using the
same methods described above for the F2. The new genotypes are
available from the Informatics C enter for Mouse Neurogenetics
(w w w.nervenet.org / MMfiles/ MMlist.html).

RESULTS
The results are divided into two main sections. The first is a
biometric study and multiple regression analysis of normal variation in the size of the hippocampus as a function of sex, age,
brain weight, and body weight. We initially focus on hippocampal
weights of all BXD strains (Table 1), 180 F2 progeny, two parental strains, and the reciprocal F1 hybrids. This is followed by an
analysis of the absolute and relative volumes of four parts of the
hippocampus and a stereological analysis of granule cells in the
dentate gyrus of BXD strains. The second main section summarizes our QTL mapping results and describes the effects of two
QTLs on hippocampal weight, structure, and granule cell number. A key part of this work is an analysis of the specificity of
action of these QTLs. The multiple regression analysis ensures
that the QTLs that we have mapped have comparatively selective
(although not exclusive) effects on the size, structure, and cell
populations of the hippocampus.

Normal variation in size, structure, and cell number
Hippocampal weights of parental strains
Hippocampal weights of the parental strains B6 and D2 are
28.4 ⫾ 0.7 and 23.0 ⫾ 0.3 mg, respectively (Table 1). This 19%
difference is highly significant (t20 ⫽ 17.0; p ⬍ 0.001) and corresponds to a 20% difference in number of granule cells in the
dentate gyrus of these two strains (Table 1). Total brain weight of
B6 is also ⬃20% greater than that of D2 (496 ⫾ 6 mg versus
415 ⫾ 4 mg), whereas body weight is ⬃28% greater at 75 d (24.7
versus 19.3 gm). When hippocampal weights of these strains are
adjusted to account for differences in brain and body weight, the
strain difference is reduced to 1 mg: 27.4 ⫾ 0.3 versus 26.4 ⫾ 0.3
(Table 1, column 3). This difference is still statistically significant
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Table 2. Correlation matrix of 10 parameters for individual BXD animals

Hipp
Lage
Age
Sex (F⫽1)
Body
Brain
Brain-Hipp
Forebrain
FB-Hipp
Cerebellum

Hipp

Lage

Age

Sex

Body

Brain

Brain-Hipp

Forebrain

FB-Hipp

Cerebellum

–
0.30
0.20
⫺0.09
0.42
0.73
0.69
0.72
0.67
0.56

9

4
75
–
0.07
0.46
0.25
0.25
0.14
0.13
0.25

1
1
1
–
⫺0.17
0.00
0.01
0.01
0.03
0.00

18
48
21
3
–
0.52
0.52
0.43
0.42
0.51

53
12
6
0
27

47
11
6
0
27
100
–
0.94
0.94
0.69

52
5
2
0
18
89
88
–
0.99
0.67

45
5
2
0
17
88
88
99
–
0.66

31
18
6
0
26
49
48
44
43
–

–
0.86
0.07
0.69
0.34
0.34
0.23
0.21
0.43

–
0.99
0.94
0.94
0.70

In the bottom left half of this table are correlations between variables. All correlations were computed using individual values from BXD animals (n ⫽ 254), not from strain
averages. These values are therefore typical of what would be obtained from a mixed or genetically heterogeneous population of animals.
In the upper right half are coefficients of determination (R 2) expressed as percentages.
Correlations greater than 0.138 are significant ( p ⬍0.05). Correlations ⬎0.181 are significant ( p ⬍0.01).
Hipp, Hippocampus; FB, forebrain; Lage, logarithm of age.

(t24 ⫽ 17.0; p ⫽ 0.04). The hippocampal weight of the reciprocal
F1 hybrids—BDF1 and DBF1—are 27.8 ⫾ 0.3 and 28.2 ⫾ 0.4 mg,
respectively, an insignificant difference from each other or from
the B6 parent.

Brain weight and hippocampal weight
Variation in brain weight is the single most important predictor of
variation in hippocampal weight (r ⫽ 0.73) (Table 2), and 50% of
the variance in hippocampal size among individual BXD mice
can be accounted for by the simple regression equation: hippocampal weight ⫽ 4.08 ⫹ 0.05 (brain weight in milligrams).
Brain weight includes the hippocampus and to compare fully
independent variables, we recomputed this relation after subtracting hippocampal weight from that of the brain. Although the
slope is almost precisely the same, the amount of variance explained by the equation is reduced by 5.0% (Fig. 2a,b, Table 2).
Among the F2 sample, variation in brain weight is also the most
important predictor of variation in hippocampal weight: 57% of
variance in hippocampal weight is accounted for by brain weight,
whereas 51% is accounted for by brain minus hippocampus.

Body weight and hippocampal weight
Body weight and hippocampal weight are correlated among BXD
mice (r ⫽ 0.42) (Table 2). A 1 gm increase in body weight is
associated with a 0.19 ⫾ 0.03 mg increase in hippocampal weight
(Fig. 2c). However, there is no significant correlation when brain
weight is used as a cofactor in a multiple regression analysis (Fig.
2d). In F2 mice body weight correlates even more weakly with
hippocampus (r ⫽ 0.23), and variation in body weight accounts for
only 5% of variation in hippocampal weight. A 1 gm increase in
body weight is associated with a 0.10 ⫾ 0.03 mg increase in
hippocampal weight.

Age and hippocampal weight
The weight of the hippocampus increases with age. Among BXD
individuals that ranged in age from 30 to 300 d, the slope of this
increase is 3.4 mg (⬃15%) for a 10-fold increase in age. Mice are
sexually mature by 50 d of age, and over the next 200 d the
summed weight of the hippocampi increases by 2.5 mg, or close to
10%. Variation in age among BXD mice accounts for 9% of the
variance in hippocampal weight.
In the BXD animals the weights of both the forebrain and
hippocampus increase with age. However, the effect of age on the

hippocampus is not explained completely by an increase in forebrain weight. The slope of the regression of hippocampus against
age remains significant (t247 ⫽ 4.0; p ⬍ 0.0001) but decreases from
3.9 to 2.2 ⫾ 0.5 mg/log age when forebrain weight is added as a
cofactor (Fig. 2e). For the sample of F2 progeny there is a
significant upward trend in hippocampal weight between 75 and
150 d that amounts to ⬃0.02 mg/d (R 2 ⫽ 3%; p ⬍ 0.05). In
contrast to the BXD sample, there is no greater proportional
increase in hippocampal weight of the F2 sample than in the
remainder of the forebrain.

Sex and hippocampal weight
Hippocampi of male mice typically weigh 0.5– 0.6 mg more than
those of females in both BXD mice (t247 ⫽ 2.3; p ⫽ 0.02) and F2
(t176 ⫽ 2.8; p ⫽ 0.005) intercrosses (Fig. 2f ). Despite differences
in body weight, male and female mice have almost precisely the
same average fixed brain weights— 422.7 ⫾ 3.9 and 422.8 ⫾ 3.0
mg, respectively, for the BXD sample. The difference in hippocampal weight is therefore a sex-specific difference. Although
statistically significant, the 2% mean difference between sexes is
relatively small given the other numerous sources of variance.
This difference cannot be characterized as a sexual dimorphism—sex accounts for only 2% of the total variance in hippocampal weight.

Comparison of right and left hippocampi
Measured differences in weights of right and left hippocampi are
attributable to biological differences and technical error. The
mean difference between the two sides averages 0.3 mg. After a
correction for small n, this corresponds to a right–left coefficient
of variation of merely 2% (Gurland and Tripathi correction;
Sokal and Rohlf, 1995). This value sets an upper limit on the
magnitude of variation generated by developmental noise and the
magnitude of error introduced by fixation and dissection technique. The mean weights of right and left hippocampi across all
BXD and F2 mice differ by only 0.05 mg. The right side is on
average 0.4% heavier. This tiny difference does reach statistical
significance (paired t430 ⫽ 2.4; p ⫽ 0.012), but it is possible that
a slight technical bias is introduced during dissection.

Multiple linear regression analysis
To map QTLs that have specific effects on the hippocampus—as
opposed to whole brain weight and other variables—we corrected
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Figure 2. Regression analysis of hippocampal
weight (bilateral sum). A, Approximately half of
the variation in hippocampal weight is associated
with variation in brain weight. B, Corresponding
plot of hippocampal weight against brain weight
minus hippocampal weight. C, Body weight is significantly correlated with hippocampal weight. As
shown in D, after correction for brain weight by
multiple linear regression, body weight residuals
(Body Res) have no independent association with
hippocampal residual weight (Hippocampus Res).
E, x and y axes represent the logarithm of age
residuals (Log age Res) and hippocampus residuals
(Hippocampus Res), respectively. F, Age remains
significantly correlated with hippocampal weight
residuals even after accounting for variation in
forebrain minus hippocampus (see Results for details on calculation methods). There is a modest
sex difference. m is regression line for males; f is
regression line for females. See Table 2 for correlations among these and other variables.

all original hippocampal weight data by multiple linear regression
using the equation:
hippocampal weight (bilateral, fixed in milligrams) ⫽ 4.57 ⫹
1.05 (logarithm of age in days) ⫺ 0.004(body weight in grams) ⫹
0.048 (brain weight ⫺ hippocampal weight in milligrams) ⫺ 0.56
(if female).
This equation accounts for ⬃50% of the variance among BXD
cases (F(4,246) ⫽ 59.5). We refer to these regression-corrected
values as adjusted hippocampal weights (Table 1, column 3). The
adjusted weights represent the weight of the hippocampus after
removing predictable effects of sex, brain size, age, and body size.
These corrected values were used for mapping QTLs that have
comparatively specific effects on the hippocampus. The adjusted
hippocampal weight averages 26.1 ⫾ 0.4 mg and ranges from a low
of 23.5 mg in BXD32 to a high of 30.8 mg in BXD40. This range
extends below the adjusted value of the parental strain DBA/2J
(26.4 mg) and far above the value of parental strain C57BL/6J
(27.4 mg). A similar multiple linear regression model was used to
create a set of adjusted values for the F2 mice:
hippocampal weight (fixed in milligrams) ⫽ 2.81 ⫺ 1.35 (logarithm of age in days) ⫹ 0.017 (body weight in grams) ⫹ 0.063

(brain weight ⫺ hippocampal weight in milligrams) ⫺ 0.52 (if
female).
This equation accounts for ⬃53% of the variance among the F2
sample (F(4,175) ⫽ 50.2). The mean of the adjusted weights for the
F2 mice was 26.7 ⫾ 0.1 mg.

Heritability of hippocampal weight variation
Heritability of hippocampal weight computed using the method of
Hegmann and Possidente (1981) was 44% for unadjusted hippocampal weight and 51% for adjusted weight in the BXD sample. The corresponding estimate of heritability derived by comparing the variance of F1 and F2 animals is 35%.

Volumetric analysis of the hippocampus
The volume of the hippocampus and several components were
estimated to screen for possible strain differences and to assess
specificity of gene effects. Regions that were measured include the
whole hippocampal formation (a measure that corresponds to
hippocampal weight; see Materials and Methods), the hippocampus proper (excluding the dentate gyrus), the pyramidal cell layer
of CA1 through CA3, the dentate gyrus, and the granule cell layer
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Figure 3. Relations between volume of
hippocampus and ( A) volume of the entire dentate gyrus, ( B) volume of the pyramidal cell layer, including CA1 through
CA3, and ( C) the volume of the granule
cell layer of the dentate gyrus. D illustrates the relation between granule cell
layer volume and granule cell density. All
volumetric data are corrected for differential shrinkage.

of the dentate gyrus. We find significant differences among BXD
and parental strains for each hippocampal component: the total
hippocampal complex (R 2 ⫽ 54%; F(32,135) ⫽ 5; p ⬍ 0.0001), the
hippocampus proper (R 2 ⫽ 53.6%; F(32,135) ⫽ 4.9; p ⬍ 0.0001), the
dentate gyrus (R 2 ⫽ 53%; F(32,135) ⫽ 4.8; p ⬍ 0.0001), the granule
layer (R 2 ⫽ 44%; F(32,135) ⫽ 3.3; p ⬍ 0.0001), and the pyramidal
layer (R 2 ⫽ 51%; F(32,135) ⫽ 4.4; p ⬍ 0.0001). We also find that the
volume of each part correlates significantly with the volume of the
total hippocampus. Correlations range from 0.76 to 0.93 (Fig. 3).
An interesting aspect of this work is that the relative size of the
four components differ appreciably among strains. For example,
the volume of the dentate gyrus in strains that have almost precisely the same total hippocampal volume ranges from 3.7 mm 3 to
4.5 mm 3 (Fig. 3a, see BXD2 and BXD9). Similarly, the pyramidal
cell volume ranges from 1.1 mm 3 to 1.7 mm 3 among strains with
essentially the same hippocampal volume (Fig. 3b).

Stereological analysis of the dentate granule cell layer
The average packing density of granule cells in the dentate gyrus
of BXD RI strains ranges from 750,000 to 1,050,000 cells/mm 3.
SEs of these estimates are generally low and average 60,000
cells/mm 3. Variation in density is not correlated with the total
volume of whole brain, the hippocampus, the dentate gyrus, or
even the volume of the granule cell layer itself (Fig. 3d). However,
in the two parental strains there is a good correspondence between estimates of granule cell number and the weight of the
hippocampus (Table 1). Similarly, there is a significant correlation between estimates of granule cell number and dentate gyrus
volume and total hippocampal volume (r ⫽ 0.77 and 0.70, respectively). Bilateral estimates of cell number range from over
1,000,000 cells in BXD1, BXD8, BXD14, and BXD19 to under
700,000 in BXD2, BXD27, BXD29, and BXD34 (Table 1). The

magnitude of this difference is as great as differences in retinal
ganglion cell number among BXD strains (Williams et al., 1998).

QTL analysis of the mouse hippocampus
Mapping QTLs using BXD mice
Among the BXD strains we detected an excellent match between
variation in hippocampal weight and the distribution of B and D
alleles at the marker D1Mit145 on distal chromosome (Chr) 1
(Table 1). The average weight for 17 BXD strains with a BB
genotype at this locus was 27.04 ⫾ 0.35 mg, whereas that for 18
strains with a DD genotype was 25.08 ⫾ 0.23 mg. A single B allele
in this interval on Chr 1 therefore has an additive effect of ⬃⫹1.0
mg on hippocampal weight. The correlation between hippocampal weight and alleles at D1Mit145 is 0.63 (Table 1), suggesting
that as much as 40% of the genetic variance and 15–20% of the
total phenotypic variance is generated by a QTL on Chr 1.
The association between differences in hippocampal weight
and alleles on Chr 1 is strong and has an LRS of 19.5 (genomewide p ⬍ 0.05), equivalent to an LOD score of 4.2 (Fig. 4a). The
2-LOD confidence interval, the chromosomal region in which the
QTL is located with a confidence of ⬎95%, is ⬃35 cM wide and
is centered at 82– 85 cM. We have named this locus Hippocampus
1. The symbol is Hipp1a.
We controlled for variation generated by the Hipp1a interval on
Chr 1 and searched for secondary QTLs affecting hippocampal
weight. This procedure uncovered an interval on Chr 5 that is
flanked proximally by D5Mit352 (20 cM) and distally by D5Mit356
(41 cM). The LRS score in this interval peaks at 11.5 (Fig. 4e).
The genome-wide p is 0.24 and falls short of the level needed to
declare a QTL. We subsequently verified the position of this Chr
5 QTL and that on Chr 1 with the F2 intercross.
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variance in hippocampal weight. The additive effect of a single
B-to-D allele substitution is ⬃0.64 mg. This is a slightly more
modest effect than that noted in the BXD strains at D1Mit145
(27.04 and 25.08 mg for BB and DD genotypes).
The Hipp5a locus on proximal Chr 5 was also confirmed using
the F2 intercross. This Chr 5 interval has LRS scores of 12.2 at
D5Mit345 and 11.8 at D5Mit352 (Fig. 4d). When variation associated with Hipp1a is controlled, the LRS at D5Mit352 increases
to 15.9 (Fig. 4f ). Mean adjusted hippocampal weights of the BB,
BD, and DD genotypes at this marker are 27.3, 26.6, and 26.5 mg
(ANOVA F(2,174) ⫽ 6.0; p ⫽ 0.003). When data from BXD and F2
sets are combined, Hipp5a is most likely to map between 15 and
40 cM on Chr 5 (genome-wide p ⬍ 0.05).

Test of epistasis between Hipp1a and Hipp5a
Effects of Hipp1a and Hipp5a sum almost linearly. BXD strains
with B alleles at both loci have hippocampi that weigh 3.1 mg
(12%) more than those of BXD strains with D alleles. The
predicted summed effect is 3.5 mg. Residual hippocampal weights
for the four possible two-locus genotypes are 1.7 mg (B/B at
Hipp1a/Hipp5a), 0.27 (B/D), ⫺0.25 (D/B), and ⫺1.4 (D/D). The
same pattern characterizes F2 animals: those with B alleles on
both Chr 1 and Chr 5 have hippocampi that weigh 1.92 mg (7%)
more than those of F2 animals with D alleles. This compares to a
predicted linear sum of 2.1 mg. The double heterozygote is within
0.1 mg of the mean of all cases. Thus, Hipp1a and Hipp5a do not
appear to interact epistatically to modulate hippocampal size.

Specificity of QTL action

Figure 4. Interval maps of QTL on Chr 1 (A, B) and Chr 5 (C, D, E, F )
in BXD (left) and F2 (right). In each of the six panels, the left axis and
bold black line represent values of the LRS computed at 1 cM intervals.
The right axis and the thin red line represent values for the additive effect
of the substitution of a single D allele with a B allele. The x-axis represents
the entire genetic lengths of Chr 1 (A, B) and Chr 5 ( C–F). Positions of
several markers used for mapping both QTLs (e.g., D1Mit200, D5Mit356 )
are labeled on the x axes. The approximate 2-LOD confidence band is
represented by a gray horizontal bar. A–D are simple interval maps,
whereas E and F are composite interval maps that control for the Hipp1a
locus (D1Mit145) on Chr 1.

Mapping with the F2 intercross
The hippocampi of F2 progeny were analyzed to extend and
validate the analysis of BXD strains. A linkage between weight of
the hippocampus was again discovered on distal Chr 1, with a
peak LRS of 34 between marker D1Mit57 and D1Mit145 (Fig. 4b).
This linkage statistic is highly significant with a genome-wide p
value of 0.0003. The 2-LOD confidence interval on Chr 1 is ⬃25
cM wide and extends from 70 to 95 cM and is bracketed by the
markers D1Mit103 and D1Mit356. Individuals with BB, BD, and
DD genotypes at D1Mit145, the key marker locus identified in the
BXD data set, have mean adjusted hippocampal weights of
27.43 ⫾ 0.20 mg, 26.72 ⫾ 0.11 mg, and 26.16 ⫾ 0.16 mg, respectively. Hipp1a is responsible for ⬃14% of the total phenotypic

Hipp1a is defined as a QTL that modulates total hippocampal
weight, but it is possible that this locus has more intense effects on
one or more parts of the hippocampus, such as the dentate gyrus.
To test this possibility we mapped volumetric data from the
independent set of BXD data. The top four panels of Figure 5
(a–d) demonstrate that volumetric data also show linkage to Chr
1. There is concordance in the locations of peak LRS scores for
hippocampal volume (Fig. 5a), pyramidal cell layer volume (Fig.
5b), granule cell layer volume (Fig. 5c), dentate gyrus volume
(Fig. 5d), and mossy fiber area (Fig. 5e) (reanalysis of data from
Lassalle et al., 1999). The important point is that in all of these
maps the LRS peaks between 65 and 85 cM, the same interval
defined as the location of Hipp1a in Figure 4 using our more
extensive hippocampal weight data set. This is also true of the
untransformed and uncorrected cell counts from the dentate
gyrus. Peak LRS values for all of these traits have point-wise
probabilities ⬍0.05, and ⬍0.001 in the case of mossy fiber area.
There is a similar concordance between the position of Hipp5a on
Chr 5 for weight (Fig. 4) and the peak LRS for volume of total
hippocampus, the dentate gyrus, the granule cell layer, and the
pyramidal cell layer (Fig. 6). This suggests that Hipp5a also has
broad effects on hippocampal structure.
The two Hipp loci contribute to a difference of just over 100,000
cells per dentate gyrus (200,000 bilaterally). Two markers in the
Hipp1a and Hipp5a intervals—D1Mit218 and D5Mit197—collectively account for 28% of the variance in granule cell number
among the BXD strains means (Table 1) (F(30,2) ⫽ 7.1, p ⫽ 0.007
at D1Mit218, p ⫽ 0.039 at D5Mit197 ). It is therefore highly likely
that Hipp1a has broad effects on all parts of the hippocampus that
we measured, affecting both volume and neuron numbers.
The bottom panels in Figures 5 and 6 illustrate one of the
advantages of gene mapping with recombinant inbred strains.
Using updated high-density microsatellite maps, we remapped

Lu et al. • Gene Loci Controlling Hippocampal Structure

J. Neurosci., May 15, 2001, 21(10):3503–3514 3511

Figure 6. Interval map of QTL on Chr 5. x axes represent the entire
genetic length of Chr 5. y axes represent values for the LRS computed at
1 cM intervals. Conventions as in Figure 5.
Figure 5. Interval maps for five different hippocampal traits on maps of
Chr 1 derived from the BXD strains. The x axes represent the entire
genetic length of Chr 1. y axes represent values for the LRS computed at
1 cM intervals. A, Hippocampal volume; B, pyramidal cell layer volume
(CA1–CA3); C, granule cell layer volume of the dentate gyrus; D, volume
of the dentate gyrus (excludes part of the hilus); E, cross-section area of
the mossy fiber projection (from Lassalle et al., 1999).

data on the area of the mossy fiber projection in BXD strains
published by Lassalle et al. (1999). Our remapping demonstrates
that Hipp1a, and possibly Hipp5a, act to control the volume of the
mossy fiber projection, a finding not unexpected given the differences in granule cell number.

DISCUSSION
Synopsis
We have mapped two gene loci that have pronounced effects on
hippocampal structure to chromosomes 1 and 5 in mouse. Hipp1a
and Hipp5a are among the first loci known to generate normal
variation in the size of any part of the mammalian forebrain.

While effects of QTLs are often modest in comparison to those of
targeted gene deletions and spontaneous mutations, these two
QTLs have effects that significantly exceed those generated by
sex, age, or body weight. It is possible, even likely, that the
10 –15% shifts in hippocampal weight and neuron number associated with these two QTLs have functional consequences. This
work represents a key step to characterizing genes that normally
modulate proliferation, growth, and maturation of the hippocampus. The volumetric and stereological analyses of the Hipp loci
demonstrate that both loci have widespread effects on hippocampal structure, including an effect on at least one well defined
hippocampal cell population.

Relations between structure and function
Differences in the size and structure of the hippocampus are
known to be associated with marked differences in development,
behavior, and life history. For example, Merriam’s kangaroo rats
have a large home range, widely scattered food caches, and a
comparatively large hippocampus that makes up an average of
6.2% of total brain volume (Jacobs and Spencer, 1994). In contrast,
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bannertail kangaroo rats have a much smaller range, a central food
hoard, and a comparatively small hippocampus (5.2%).
There are also prominent structural differences within species.
A series of studies in mice has confirmed the existence of heritable differences in the development of the hippocampus (Symons
et al., 1988; Lipp et al., 1989) and has shown a good correspondence between hippocampal structural variation and learning
ability among different strains, particularly spatial and contextual
learning ability (Crusio et al., 1986; Lipp et al., 1989). We find that
the hippocampus of C57BL/6J is ⬃5 mg (20%) heavier than that
of DBA/2J. At the level of single gene loci, the hippocampus of F2
progeny that have inherited both Hipp1 alleles from C57BL/6J
are 1.3 mg heavier than those of progeny that have inherited
alleles from DBA/2J.
Upchurch and Wehner (1989) examined the inheritance of
spatial learning and found that C57BL/6 mice are significantly
better at spatial learning than DBA/2 mice. Several studies have
also shown that the mossy fiber projection to CA3 is more
extensive in C57BL/6 than in DBA/2J mice (Crusio et al., 1989;
Schopke et al., 1991; Lassalle et al., 1999). We now add a 20%
difference in granule cell number—the source of the mossy fiber
projection—to this list of differences between the parental stains.
The involvement of the projection from dentate gyrus to CA3 in
learning and memory has been demonstrated in a variety of tasks
(Schwegler and Lipp, 1983, Roullet and Lassalle, 1990; Bertholet
and Crusio, 1991; Flint et al., 1995). It is plausible that allelic
differences at Hipp1a and Hipp5a are functionally related to
hippocampal-dependent behavioral differences that rely on the
mossy fiber projection (Wehner et al., 1997; Lassalle et al., 1999).
In recent quantitative genetic studies of contextual conditioning, a learned behavior that depends on the hippocampus, a set of
behavioral QTLs have been identified using precisely the same
crosses—BXD and B6D2F2—that we have used (Owen et al.,
1997; Wehner et al., 1997). One of the most significant and well
replicated QTLs identified in these studies is located on Chr 1 at
80 ⫾ 10 cM (Flint et al., 1995; Caldarone et al., 1997; Owen et al.,
1997; Wehner et al., 1997). The chance that the position of our
strongest morphometric QTL, Hipp1, would match that of the
single best behavioral QTL is small—this common 20 cM interval
makes up ⬍2% of the mouse genome. The D allele at the learning
locus on distal Chr 1 is strongly dominant and is associated with
greater responsivity to a fearful context. In contrast, alleles at
Hipp1a behave in an almost perfectly additive manner, and the D
allele in this case is associated with a smaller hippocampus. These
differences argue either that Hipp1a and the contextual learning
QTL are different loci or effects of alleles on anatomical and
behavioral traits are not linearly related.

Specificity of QTL action
What assurance do we have that the QTLs we have mapped have
specific effects on hippocampus and not widespread effects on
many parts of the CNS? As a first line of defense we mapped
hippocampal residuals—the signal that remains after controlling
for major factors, particularly brain weight, age, and sex. As a
second line of defense we have directly mapped QTLs that
modulate brain weight and compared these QTLs with those that
modulate hippocampal weight. We have previously mapped brain
weight QTLs to Chrs 6, 7, 11, and 14 (Strom, 1999; Williams,
2000), but not to Chr 1 or Chr 5. However, an ongoing analysis of
the F2 intercross used in the present study indicates that there is
a brain weight QTL on distal Chr 1. This finding tempers our
conclusion regarding the specificity of Hipp1a. Genetic and mo-
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lecular pathways will often have variable effects on different CNS
regions (graded pleiotropy). For example, a QTL such as Hipp1a
may have intense (but not exclusive) effects on hippocampus and
modest effects on neocortex. This leads to a third line of defense:
mapping QTLs that control other parts of the CNS in the same
crosses. Hipp1a and Hipp5a do not correspond to any of the
olfactory bulb or cerebellar QTLs we have mapped in BXD and
the F2 crosses (Airey et al., 2001; Williams et al., 2001). Hipp1a
and a cerebellar QTL, Cbs1a, both map near to each other on Chr
1 but B6 and D2 alleles at these QTLs have opposite effect
polarities arguing against a common gene.
Regional volumetric and stereological analyses of the hippocampus indicate that Hipp1a and Hipp5a influence multiple
parts of the hippocampus. The correlation between genotypes
and phenotypes is significant for all the hippocampal traits, including total hippocampus weight, volume of the hippocampus
proper, volumes of the dentate gyrus and the granule and pyramidal cell layers, and granule cell population. Even an axonprojection specific phenotype—the area of the mossy fiber projection to CA3—significantly correlates to the Hipp1a locus
(Lassalle et al., 1999). Both Hipp QTLs seem to affect adult
hippocampus size selectively but have shared effects on most
parts of the hippocampus.

Candidate genes for Hipp1a and Hipp5a
Hipp1a maps in the same region as the retinoid ⫻ receptor gamma
(RXR␥) gene (88 cM) on distal chromosome 1. During brain
development, RXR␥ and retinoid-binding proteins are expressed
in CA1–CA3 and the hilus (Zetterstrom et al., 1999). There is
evidence that allelic variants at this gene modulate hippocampal
development. RXR␥ is expressed in the adult murine hippocampus (Zetterstrom et al., 1999) and in RXR␥ mutant mice, maze
learning performance is compromised (Chiang et al., 1998), a
finding that suggests that RXR␥ is at least partly involved in
hippocampal spatial learning and memory. It will be interesting to
determine if this knock-out has an effect on hippocampal weight,
volume of hippocampal regions, or on neuron number.
Gene expression profiling of the mouse hippocampus has also
identified at least one polymorphic candidate gene near Hipp1a.
Sandberg et al. (2000) compared mRNA expression levels of
13,000 genes in the hippocampus of C57BL/6Tac and 129S6/
SvEvTac. Their work highlighted an inward rectifying potassium
channel gene (Kcnj9 or Girk3) that maps to distal Chr 1 (94 cM)
and that is expressed at much lower levels in C57BL/6 than in
129S6. Kcnj9 is probably too distal to be a prime candidate for
Hipp1a, but this example illustrates the power of QTL analysis
when combined with microarray analysis.
Both BXD and F2 data sets indicate that Hipp5a maps between
15 and 40 cM on Chr 5. This region contains two candidates—
Fgfr3 at 20 cM and a cluster of GABA receptor genes at 40 cM.
These candidate genes are expressed in the hippocampus during
development and at maturity (Mohler et al., 1990; Asai et al., 1993;
Peters et al., 1993; Gaiarsa et al., 1995). Fibroblast growth factordependent mechanisms influence a wide variety of CNS traits,
including the survival, growth, and differentiation of hippocampal
neurons (Walicke et al., 1986; Sasaki et al., 1992). GABA receptors
are potential candidates because GABA is now known to have a
trophic role in morphological development of hippocampal neurons (Barbin et al., 1993). With such a roughly defined QTL
interval there are of course numerous other genes, many presumably still unknown that may influence hippocampal development.
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Hippocampal size and sex differences
Hippocampal size is a parameter with interesting functional
correlates. Polygamous male voles traverse large home ranges in
search of mates (Jacobs et al., 1990) and have large hippocampi.
Polygamous kangaroo rats also exhibit a sex difference in home
range size (Jacobs et al., 1994). Hippocampi of males are typically
10 –15% larger than those of females. In these polygamous species, an increase in the size of the hippocampus is associated with
superior spatial ability (Jacobs et al., 1990; Sherry et al., 1992).
We found a smaller sex difference in laboratory mice that conforms to the pattern seen in wild rodent species—the hippocampus of males is ⬃0.5 mg heavier. However, this difference may be
highly dependent on strain background. As much as a 15%
difference in granule cell number was discovered between males
and females of strain LG/J, whereas no significant sex difference
was discovered in C58/J mice (Wimer and Wimer, 1985, 1989).

Age-related changes in hippocampal weight and adult
hippocampal neurogenesis
Neurogenesis occurs in the dentate gyrus of the hippocampus
throughout the life of a rodent (Kaplan et al., 1984; Kuhn et al.,
1996). Kempermann et al. (1997b) reported that 3-month-old
mice produce at least one new neuron per 2000 granule cells per
day. Assuming complete additivity rather than turnover, this is
equivalent to a 10% gain over a 200 d period. In mice, total
granule cell number increases into midlife and then reaches a
stable plateau (Kempermann et al., 1998). We have discovered a
10% gain in hippocampal weight over a 200 d period in adult
mice. This correspondence is probably fortuitous, particularly so
since the dentate gyrus—the only region with notable adult cell
production—makes up only ⬃20% of hippocampal weight.
Kempermann et al. (1997b) have shown that the production of
new neurons in adults differs significantly among strains of mice,
including those we have used in this study. Hipp1a and Hipp5a are
therefore both QTLs that may influence neurogenesis. It is now
feasible to test whether allelic variants at these QTLs modulate
levels or kinetics of neurogenesis in the adult mouse. The analysis
would rely on identifying 10 –20 mice homozygous for either B or
D alleles at the Hipp1a and Hipp5a intervals and phenotyping
these genetically defined animals as adults. Just as is true of
Mendelian mutations, an analysis of the functional role of allelic
variants at QTLs can precede cloning. In fact, functional and
developmental studies of QTLs (Strom and Williams, 1998) can
greatly aid in narrowing the set of candidate genes that subsequently need to be analyzed in detail.
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