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Development/Plasticity/Repair

Bone Morphogenetic Protein Signaling in the Developing
Telencephalon Controls Formation of the Hippocampal
Dentate Gyrus and Modifies Fear-Related Behavior

Giuliana Caronia, Jennifer Wilcoxon, Polina Feldman, and Elizabeth A. Grove
Department of Neurobiology, University of Chicago, Chicago, Illinois 60637

The cortical hem is an embryonic signaling center that generates bone morphogenetic proteins (BMPs) and acts as an organizer for the
hippocampus. The role of BMP signaling in hippocampal neurogenesis, however, has not been established. We therefore generated mice
that were deficient in BmprIb constitutively, and deficient in Bmprla conditionally in the dorsal telencephalon. In double mutant male
and female mice, the dentate gyrus (DG) was dramatically smaller than in control mice, reflecting decreased production of granule
neurons at the peak period of DG neurogenesis. Additionally, the pool of cells that generates new DG neurons throughoutlife was reduced,
commensurate with the smaller size of the DG. Effects of diminished BMP signaling on the cortical hem were atleast partly responsible for
these defects in DG development. Reduction of the DG and its major extrinsic output to CA3 raised the possibility that the DG was
functionally compromised. We therefore looked for behavioral deficits in double mutants and found that the mice were less responsive to
fear- or anxiety-provoking stimuli, whether the association of the stimulus with fear or anxiety was learned or innate. Given that no
anatomical defects appeared in the double mutant telencephalon outside the DG, our observations support a growing literature that
implicates the hippocampus in circuitry mediating fear and anxiety. Our results additionally indicate a requirement for BMP signaling in
generating the dorsalmost neuronal lineage of the telencephalon, DG granule neurons, and in the development of the stem cell niche that

makes neurons in the adult hippocampus.

Introduction

The embryonic telencephalon contains dorsal midline signaling
centers, the roofplate and cortical hem, which secrete Wnt proteins
and bone morphogenetic proteins (BMPs) and contribute to telen-
cephalic patterning (Furuta et al., 1997; Grove et al., 1998; Hébert et
al., 2002; Cheng et al., 2006; Fernandes et al., 2007; Mangale et al.,
2008). Substantial evidence implicates Wnt signaling in specification
and proliferation of hippocampal neurons (Galceran et al., 2000; Lee
etal., 2000; Li et al., 2005; Machon et al., 2007; Mangale et al., 2008),
but the contribution of BMP signaling to the development of the
neuronal populations of the hippocampus remains unclear.

A promising approach to determining the telencephalic role
of BMP signaling has been to generate mice deficient in BMP
receptor activity (Hébert et al., 2002; Fernandes et al., 2007).
BMP receptors are heterodimers of type I and type II subunits
(Chen et al., 2004). Genetically removing type I components re-
duces BMP signaling effectively in the developing CNS (Wine-Lee et
al., 2004; Qin et al., 2006; Fernandes et al., 2007).
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BMPRI1a and BMPRI1b are separately required in develop-
mental processes such as gastrulation or chondrogenesis
(Mishina et al., 1995; Yi et al., 2000; Ahn et al., 2001; Jamin et al.,
2002; Andl et al., 2004; Ovchinnikov et al., 2006). In several stud-
ies of CNS development, however, each receptor can compensate
for the loss of the other (Hébert et al., 2003; Wine-Lee et al., 2004;
Fernandes et al., 2007). Consistent with this functional redun-
dancy, deleting genes encoding single type I subunits has disap-
pointingly modest effects in the telencephalon, which expresses
three type I BMP receptor genes, Bmprla/Alk3, Bmprlb/Alke,
and Alk2 (GENSAT, public domain) (Fig. 1A-C). Deleting
Bmpr1b causes no obvious defects (Yi et al., 2000). Conditional de-
letion of Bmprlain the early embryonic telencephalon results in loss
of the telencephalic choroid plexus epithelium (CPe) (Hébert et al.,
2002), a non-neuronal structure, and to date no effects of deleting
Alk2 selectively in the telencephalon have been reported.

In contrast, compound mutant mice show an extreme pheno-
type. Loss of Bmpr1b and conditional deletion of Bmprla before the
forebrain vesicle has closed causes holoprosencephaly (Fernandes et
al., 2007). The entire dorsal telencephalic midline is disrupted;
moreover, the embryo dies in midgestation (Fernandes et al., 2007),
making it impossible to distinguish the loss of specific dorsal neuron
types.

We aimed at an intermediate effect on telencephalic develop-
ment by generating Bmprla;Bmprlb mutant mice in which
Bmprla was deleted by Cre-lox recombination after neural tube
closure. These mice, henceforth, “double mutants,” were not ho-
loprosencephalic and lived into adulthood. Double mutants
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showed an abnormally small hippocampal dentate gyrus (DG).
Specifically reduced were the granule cells of the DG, and the pool
of cells set aside to generate new granule neurons in the adult. The
mossy fibers bundles that represent the major extrinsic output
from the DG to CA3 were also diminished. We investigated the
mechanisms by which reduction of BMP signaling caused a
smaller DG and the behavioral consequences of an abnormal DG
in double mutant mice.

Materials and Methods

Mouse lines. The Institutional Animal Care and Use Committee of the
University of Chicago approved all protocols; mice were used according
to National Institutes of Health guidelines. Mice carrying mutant alleles
of Bmprla or Bmprlb were gifts from Y. Mishina (University of
Michigan, Ann Arbor, MI) (Mishina et al., 1995, 2002) and K. M. Lyons
(University of California, Los Angeles, Los Angeles, CA) (Yi et al., 2000).
The Emx1(IRES)Cre line was provided by Dr. K. R. Jones (Gorski et al.,
2002). A mouse line deficient in Wnt3a was provided by Dr. A. C. P.
McMahon (Harvard University, Cambridge, MA) (Takada et al., 1994).

Introduction of loxP sites into the Bmprla locus has been described
previously, and Cre-dependent recombination of the resulting Bnprla™
allele generates a null allele (Mishina et al., 2002). Tissue from the tail and
telencephalon was collected from embryos, pups, and adult mice, and
two sets of primer pairs were used with PCR to amplify either a 180 bp
fragment that indicated Cre-dependent recombination of the Bmpria™
allele or a 190 bp fragment from the Bmpria null allele (Mishina et al.,
2002). Primers used to identify the null allele of Bmprlb were as previ-
ously described (Yi et al., 2000). The mutant alleles of Bmprla or Bmprlb
used in the present study have been used extensively in studies cited
above, and others, and found to reduce BMP receptor function in the
mouse embryo (Ahn et al., 2001; Jamin et al., 2002; Andl et al., 2004;
Wine-Lee et al., 2004; Ovchinnikov et al., 2006; Qin et al., 2006;
Fernandes etal., 2007; Samanta et al., 2007). Equally, the EmxI(IRES)Cre
line has been demonstrated to produce highly efficient Cre-lox recombi-
nation in the dorsal telencephalon (Gorski et al., 2002, 2003; Li et al.,
2003; Baquet et al., 2004; Yoshida et al., 2006; Cocas et al., 2009).

Tissue processing. For analysis of the forebrain, brain sections were
taken from double mutants and control mice from embryonic day 11.5
(E11.5) to 1 year of age. Structural, gene expression, cell proliferation,
and cell death comparisons between the brains of double mutant mice
and controls were based on at least three brains per group per age for each
gene, protein product, or histochemical assay. Fixed brains were sec-
tioned using a Leica 2000 sliding microtome and processed for in situ
hybridization, histochemistry, and immunohistochemistry (IHC). Im-
ages were captured with a Zeiss Axioskop microscope, Axiovision cam-
era, and software.

Expression patterns of Alk2, Bmprla, Bmprlb, Ctgf, Cxcr4, Ephbl,
Etvl, Fezf2, Fz10, 1d3, Msx2, Prox1, Rorb, Pou3f1/SCIP, Sorll, Tbrl, Ttrl,
and Wnt3a genes were visualized by nonradioactive in situ hybridization
(Grove et al., 1998) to assess development of the cortical hem, dentate
gyrus, other regions of the hippocampus, and overall brain structure.

For immunohistochemistry, primary antibodies were as follows: anti-
phospho-Smadl (Ser463/465)/Smad5 (Ser463/465)/Smad8 (Ser426/
428) rabbit polyclonal antibody (1:50; Cell Signaling Technology), anti-
phosphohistone H3 (PH3) (Ser10) rabbit polyclonal antibody (1:200;
Millipore), anti-calbindin D-28K rabbit polyclonal antibody (1:250; Mil-
lipore Bioscience Research Reagents), anti-neuronal nuclei (NeuN)
mouse monoclonal antibody (1:10; Millipore), anti-5-bromo-2-deoxy-
uridine (BrdU) mouse monoclonal antibody (1:75; BD Biosciences) for
IHC and anti-BrdU mouse monoclonal antibody (1:50; Serotec) for im-
munofluorescence, anti-tyrosine hydroxylase (TH) antibody (1:5000;
BD Biosciences), anti-B-tubulin (Tujl) (1:500; Covance), anti-Axin2
rabbit polyclonal antibody (1:5000; Abcam), anti-Olig2 rabbit polyclonal
antibody (1:1000; Abcam), anti-(cleaved) caspase 3 rabbit polyclonal
antibody (1:200; Cell Signaling), anti-Dickkopfl (DKK1) rabbit poly-
clonal antibody (1:2000; Santa Cruz Biotechnology), anti-calretinin rab-
bit polyclonal antibody (1:1000; Millipore), and anti-Acvrl (ALK2)
rabbit polyclonal antibody (1:2000; Novus Biologicals).
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To survey brain structure overall, histological assays included AChE
(acetylcholinesterase) histochemistry, a standard way to identify brain
subdivisions (Paxinos et al., 1991) and NeuN and B-tubulin IHC, which
allowed determination of neuron density and additional identification of
specific structures and cell groups. Caspase-3 IHC was used to identify
apoptotic cells, and PH3 THC and BrdU labeling, to identify cells in
division. To label newborn neurons at postnatal day 5 (P5), pups were
injected with a single dose of BrdU (200 ug/g body weight) 24 h before
killing. To label dividing cells in the adult DG, mice were injected once
daily for 7 d before killing.

Quantification of neurogenesis and cell proliferation. BrdU-immuno-
reactive (IR) or PH3-IR DG cells were counted in 10 sections/brain in
one 0.04 mm* field/section in neonatal brains, and two 0.05 mm * fields/
section in young adult brains. In neonates, square fields were centered on
the DG hilus, and in the adult, a pair of rectangular fields were centered
on the inner margin of each blade of the DG, the subgranular zone (SGZ).
One-tailed ¢ tests were used to test for difference between cell density
scores in double mutant (# = 3) and control mice (n = 3) brains.

Quantification of gcl area. Three young adult double mutant brains and
littermate controls from three different litters were analyzed. From each
brain, 12 coronal sections 20 wm thick were selected evenly spaced along
the anterior/posterior (A/P) axis of the forebrain. Images of the sections
were obtained as above, and the area of the adult granule cell layer (gcl) of
the DG was measured using Image]. A contour was drawn around the gcl
in each section and the area inside the contour measured in pixels. From
each matched pair of mutant and control brains, paired area measure-
ments were obtained at 12 different A/P levels through the DG. Pooled
gcl area measurements were compared between double mutants and
controls with the paired two-sample ¢ test.

Behavioral testing overview. Mice were 12 weeks of age when testing
began. Tests were conducted in the following sequence: home cage activ-
ity, open-field test, fear conditioning, Morris water maze (MWM), ele-
vated plus maze, startle response, and T-maze. One week of rest was given
between tasks.

Home cage activity. Mice were single-housed in cages placed onto a
Stoelting activity meter (Grailhe et al., 1999). Activity was monitored
continuously for 48 h.

Open-field test. (Beeler et al., 2006). Each mouse was placed in an acrylic
open-field chamber (MED Associates). Infrared beams recorded the ani-
mal’s location and path (locomotor activity) as well as the number of rearing
movements. Data were collected in 5 min bins during a 1 h trial.

Fear conditioning. This one-trial training protocol (Tang et al., 1999)
used a fear-conditioning working station (Coulbourn Instruments).
Mice were individually put into the shock chamber and allowed to ex-
plore the environment for 150 s. A tone (90 dB; 2800 Hz) (conditioned
stimulus) then sounded for 30 s, and during the last 2 s a footshock (0.8
mA) was delivered (unconditioned stimulus). A retention test was con-
ducted 24 h after training. For contextual conditioning, mice were put
back into the chamber where they had received the shock on the previous
day, and freezing responses were recorded for 4 min. For cued condition-
ing, mice were put into a novel chamber for 3 min. Then the same tone
used during the training session was delivered for another 3 min. Freez-
ing was recorded in both pretone and during-tone periods.

Morris water maze. A white acrylic pool (100 cm diameter) was filled so
that the water line was ~20 cm below the lip of the pool. For hidden-
platform trials, nontoxic white paint (Reeves and Poole Group) was
added to the water, and the platform (diameter, 8 cm) submerged 1 cm
below the surface and kept in one location for all training trials. Mice
were given four trials on 6 consecutive days; on the seventh day, the
platform was removed from the pool for a probe trial in which the time
spent in the former platform quadrant was measured. Movements were
recorded using EthoVision software (Noldus).

Elevated plus maze. The elevated plus maze (EPM) had four arms
measuring 30 cm in length and 7 cm in width, elevated 55 cm above the
floor (Beeler et al., 2006). Two arms had 15 cm walls enclosing all but the
top; the other two arms were open. Animals were placed in the central
platform and allowed to explore the maze for 5 min. Mice were recorded
by a video camera placed above the mice and the following were scored:
total entries (number of entries into an arm), open arm entry index



Caronia et al. « BMP Signaling in Dentate Gyrus Development and Fear Response

J. Neurosci., May 5, 2010 - 30(18):6291- 6301 * 6293

Bmpria*; X Bmpria™®;

Bmprib*; Bmprib*"-
Emx1 +/IREScre *

Bmpr1a™-; Bmprib™-; Emx1+/IREScre
E Bmpf1 afx/—;me1+/IREScrs Bmpr1afx/.
18 2 SRS .4 285 6

tail telencephalon telencephalon
1,3,5,190bp null; 2,4,6,180bp recombined

Figure1.

Generating double mutant mice deficientin Bmpr7a and Bmpr1b. A-C, Coronal sections through the telencephalon of control mice at E11.5, processed with in situ hybridization to show

expression of Bmprla (A), Bmpr1b (B), and a third type | BMP receptor gene, Alk2 (C). Bmpria is expressed throughout the telencephalic neuroepithelium including the cortical hem; Bmprib is
expressed more selectively in the dorsal telencephalon with a hot spot of expression at the hem; Alk2 is expressed broadly in the dorsal and ventral telencephalon, but not in the cortical hem (C, C’).
D, Breeding strategy used to generate mice lacking Bmpr1b constitutively and Bmpra conditionally, the Bmpria™'~;Bmprib —'~Emx1 /"Ee double mutant genotype. E, PCR analysis of DNA
extracted from the tail and telencephalon of E12.5 Bmpria™’~;Emx1 /&€ and Bmpr1a™'~ mice. Primers fx1 and fx4 (Mishina et al., 2002) amplified a 180 bp fragment from Bmpria™'~;
Emx1 */™ESre telencephalon (lane 4), indicative of Cre-mediated recombination of Bmpra™. The 180 bp “recombined” band was not amplified from tail tissue (lane 2) or Bmpr1a™’~ telencephalon
(lane 6). Primers fx3 and fx5 amplified a 190 bp fragment from the BmprTa constitutive null allele in all three tissue samples (lanes 1,3, 5). F, G, Coronal sections through the hem region at E12.5
in a control mouse (c) and a double mutant (dm), immunostained for pSmad1/5/8, transcription factors activated downstream of BMP signaling. The red arrows indicate pSmad1/5/8-IR cells in the
control hem (F) but virtually no pSmad1/5/8-IR cells in the double mutant hem (G). Outside the hem, in the hippocampal primordium, pSmad1/5/8-IR cells are dense along the ventricular surface
(F,G).H,1,Ayoung adult control mouse (H) and littermate double mutant (). The double mutant is slightly smaller than the control; the red arrows indicate truncated digits and partial loss of facial
hair (see Results). Abbreviations: hem, Cortical hem; hp, hippocampus; Ige, lateral ganglionic eminence; mge, medial ganglionic eminence; ncx, neocortex; th, thalamus. Scale bar: (in A) A-C, 200

wm; €', 100 wm; F, G, 50 pm.

(percentage of entries into the open arms compared with total number of
entries), and open arm time ratio (time spent in open arms divided by
total time spent in the arms). An entry was scored when all four limbs
entered the box. Timing of the duration of an open arm entry started on
entry and was terminated when one limb left the arm.

Startle reactivity. Testing was as previously described (Dulawa et al.,
1997). Startle stimulus was a 40 ms broadband 120 dB burst. Amplitude
of the startle response was recorded in 65 1 ms readings/stimulus.

Delayed alternation in a T-maze. There were 10 trials in the spatial
alternation test. On trial 1, both arms were baited. On subsequent trials, a
food pellet was given for entering the arm not visited on the previous run.
Animals had 15 s to eat the pellet; the next trial began after 5, 30, or 60 s.

Analysis of behavioral tests. Twenty-four mice used for behavioral test-
ing had the following genotypes: Bmprla™'~;Bmprib '~ ;Emx] */™REScre
(n = 6); Bmpr]uf"H;Bmprle*;mel HIRESere (17 = 7)), Bmprlaf"/f;
Bmprlb = Emx] TIRESere (= 5); Bmpr]af"/+;Bmpr1b e o=
2); Bmpr]uf"H;Bmprlb It Emx] TIRESare (= 4); Bmprlaf"H;
Bmprlb '~ (n = 1); Bmprid™'*;Bmprib ™" (n = 4). An initial control
group for comparison with the double mutants (n = 6) was formed of
single heterozygote animals and Bmpr1a™'™;Bmprib™'* mice (n = 10).
However, a second group of mice (n = 8) with more severe genotypes
comprising Bmprlb deletion, double heterozygosity, and Bmprla condi-
tional deletion plus Bmprlb heterozygosity, did not differ significantly
from the initial control group in contextual ( p = 0.13) or cued ( p = 0.5)
fear learning, or on the EPM open-arm index (p = 0.7) (one-tailed ¢
tests). For this reason, mice of all genotypes other than double mutants
were pooled in the final control group. ANOVA was used to test for
significant differences between means. For most behavioral tests, a one-
way ANOVA (with genotype as the factor) was used. The exception was

the MWM, which was analyzed by repeated-measures ANOVA. Statisti-
cal tests were run using NCSS software.

Because a Cre allele can occasionally disrupt development and behav-
ior as a result of effects on the gene locus into which Cre s inserted or Cre
toxicity (Shen et al., 2006; Naiche and Papaioannou, 2007), we compared
two groups of control mice: those that carried a Cre allele (n = 11) and
those that did not (# = 7). The two groups did not differ significantly in
performance measures on the EPM test ( p > 0.6). We therefore found
no evidence that the presence of Cre itself contributed to the behavioral
phenotype described in double mutant mice.

The number of double mutants available for behavioral testing was
restricted because of low fertility and low probability of the double-
mutant genotype. For this reason, all behavioral tests were run on the
same two groups of double mutants and controls. A concern was that
differential postfear conditioning stress levels might influence the behav-
ior of double mutants and controls in the EPM. Greater retention of
conditioned fear might cause higher general stress, resulting in increased
anxiety in the EPM. Linear correlation (NCSS) was used to test the hy-
pothesis that freezing time in the cued fear retention test covaried with
the open-arm index score in the EPM, consistent with an influence of
postfear conditioning stress on behavior in the EPM. Control mice
showed no significant correlation, failing to support the hypothesis.

Results

Loss of BMPR1a and BMPR1b function in

double mutant mice

BMPs are produced by the embryonic telencephalic roofplate,
cortical hem, and developing CPe (Furuta et al., 1997; Grove et
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al., 1998), and at least three BMP type I
receptors are expressed in the cortical pri-
mordium (Fig. 1A-C). Bmprla is ex-
pressed throughout the telencephalic
ventricular zone (VZ), whereas Bmprlb
expression is more confined to the dorsal
and lateral telencephalon (Fig. 1A,B).
Alk2, a third BMP type I receptor gene,
also known as Acvrl, is also expressed in
the telencephalon (Fig. 1C) and was not
deleted in the present study. Strikingly,
only Alk2 expression is absent from the
cortical hem (Fig. 1C,C’). An implication
is that the cortical hem may be particu-
larly vulnerable to the loss of both
BMPRI1a and BMPRI1D, given the lack of
potential functional compensation by the
ALK?2 receptor. To test this possibility, we
examined immunoreactivity for phos-
phorylated Smad transcription factors
(pSmad1/5/8 immunoreactivity), which
transduce BMP signaling (Chen et al.,
2004). Our findings support the hypothe-
sis that loss of BMPR1la and BMPRI1b
function has a marked effect on the hem.
Virtually no pSmad1/5/8-1R cells were de-
tected in the hem of double mutants,
compared with many immunoreactive
cells in the hem of control mice (Fig.
1F,G, red arrows). Outside the hem,
dense pSmadl1/5/8-IR cells appeared
along the ventricular surface in both dou-
ble mutants and controls (Fig. 1 F,G).

To generate double Bmprla/Bmprlb
mutant mice, Bmprlb was deleted consti-
tutively (Yi et al., 2000), and Bmprla was
deleted conditionally using null and floxed alleles of Bmprla
(Mishina et al., 1995, 2002) and an EmxI(IRES)Cre line (Gorski
etal., 2002) (Fig. 1 D). Emx1(IRES)Cre-mediated recombination
of the Bmprla™ allele was confirmed in the telencephalon by PCR
(Fig. 1E). Thus, from E9.5 onward, both BMP receptor genes
were lost from a similar region of the forebrain: the neocortical
and hippocampal primordia and the cortical hem. Because the
breeding scheme used to generate the Bmpria™ ~;Bmprib~'~;
Emx] *RESere genotype (Fig. 1D) did not give rise to true wild-
type mice, littermate controls used in neuroanatomical analyses
of Bmprla™'~;Bmprlb '~ ;Emx1 "™RES* mice were animals that
were singly or doubly heterozygous for Bmprla and Bmprlb, or
that carried one wild-type and one floxed Bmprla allele.

Mice of the Bmprla™'~;Bmprib '~ ;Emx1 */™ES" genotype
were slightly smaller than littermate controls (Fig. 1H,I), al-
though brain size was unchanged (supplemental Fig. S1, available
at www.jneurosci.org as supplemental material). Despite the
broad expression of Bmprlb in the body and brain (Yi et al,
2000), the most prominent reported feature of the Bmprlb null
mouse is a truncation of the digits of both limbs, particularly
evident in the hindlimb (Yi et al., 2000). Bmprla™'~;Bmprib~'~;
Emx] */RESere displayed digit truncation as expected, indicating
constitutive loss of Bmprl1b function (Fig. 11). A previous study
revealed that EmxI(IRES)Cre-mediated recombination occur-
ring outside the developing brain led to defects in facial structure
(Yoshida et al., 2006). Interestingly, given a previous report that
BMPRI1a signaling is implicated in differentiation and growth of

Figure 2.
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Loss of function of two BMP receptor genes leads to a reduced DG. A—G, Coronal sections through the hippocampus
of 8-week-old (A4-C) and 4-week-old (D-G) mice. A-C, Sections stained for NeuN immunoreactivity from mice lacking Bmpr7b and
heterozygous for BmprTa (A), lacking BmprTa conditionally and heterozygous for Bmpr1b (B), or lacking both Bmpr1a and Bmpr1b
(€). Only the double mutant shows a reduced gl (€). D-G, Calbindin immunoreactivity reveals that the entire DG including the gcl,
molecular layer (mol), hilus (h), and the SGZ is smaller in double mutants compared with controls. H, The cross-sectional area of the
gclin double mutants is ~60% of that in control mice; this proportion is not significantly different at anterior, mid, or posterior
levels of the DG. Data are represented as means == SEM. Scale bar: (in G) A-G, 375 um.

hair follicles (Andl et al., 2004), the double mutant mouse dis-
played a partial loss of hair on the face (Fig. 11). Limb truncation
and facial hair loss were also seen, respectively, in single Bmprlb
and single Bmprla mutants (data not shown). Both phenotypic
analysis and PCR analysis of recombination therefore demon-
strated loss of function of BMPR1a and BMPRI1D in mice of the
Bmprla™'~;Bmprib '~ ;Emx1 ""RES¢ genotype.

The dentate gyrus granule cell layer is selectively reduced in
double mutant mice

With one exception, overall brain anatomy was grossly normal in
double mutant mice (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material). The exception was in
the hippocampus, composed of the CA fields and the DG.
Double mutant mice showed an abnormally small DG (Fig. 2).
In contrast, the CA fields appeared normal in size (supple-
mental Figs. S2, S3, available at www.jneurosci.org as supple-
mental material).

A reduced DG was seen only in double mutant mice, not in
mice lacking either functional Bmprla or Bmprlb alone, or ani-
mals additionally lacking one functional copy of the other Bmpr1
gene (Fig. 2A-C). Thus, BMPR1a and BMPR1b receptors com-
pensate for one another in DG development: a single functional
copy of either Bmprla or Bmprlb rescues normal DG size.

The area of the gcl in coronal section was quantified and com-
pared between 8-week-old double mutants and controls (n =
3/group) as described in Materials and Methods. The two groups
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Figure 3. A reduced DG is associated with a drop in neonatal but not adult neurogenesis.
A, B, Proliferating cells labeled with immunohistochemistry for BrdU (4, arrows) or PH3 in
8-week-old brains. BrdU-IR cells appear equally dense in the SGZ and hilus in control and double
mutant brains (4). The rectangles in 4 indicate field size used for counting BrdU-IR and PH3-IR
cells. B, Density of PH3-IR cells in the SGZ of control and double mutant brains (n = 3, each
group) is not significantly different. €, Coronal sections through the DG hilus at P5 processed
with double immunofluorescence for BrdU and the neuronal marker NeuN. Double immunoflu-
orescence (merge) labels twice as many newborn neurons in the DG hilus of a control mouse
than a double mutant (the white arrows indicate double-positive cells). D, Density of PH3-IR
cells in the hilus of neonatal control and double mutant brains (n = 3, each group). The density
of mitotic cells was significantly less in double mutants ( p = 0.003, one-tailed ¢ test). Data are
represented as means == SEM. **p << 0.01. Scale bar: (in €) 4, 100 wm; €, 50 pum.

were significantly different ( p = 0.003), and the mean area of the
gcl in double mutants was 0.62 of that in controls (Fig. 2 H).
Because anatomical and neurochemical features of the hip-
pocampus differ along its septal to temporal axis (approximately
anterodorsal to posteroventral in the mouse or rat) (Fanselow
and Dong, 2010), the proportional decrease in gcl area was com-
pared among binned sections representing the anterior, middle,
and posterior thirds of the DG (Fig. 2 H). No significant differ-
ences were found.

All layers of the DG are proportionally reduced in

double mutants

Corresponding with the smaller gcl, the molecular layer of the
DG, which contains the dendrites of granule cells and afferent
axons, was reduced compared with control brains, as was the
hilus, the interior, polymorphic region of the DG, and the SGZ
(Fig. 2D-G). The SGZ contains cells that continue to proliferate
throughout life, generating new granule neurons for the DG
(Kaplan and Hinds, 1977; Kaplan and Bell, 1984; Eckenhoff and
Rakic, 1988; Eriksson et al., 1998; Kornack and Rakic, 1999). The
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Figure 4. The projection from the DG to CA3 is abnormal in double mutants. A-H, Coronal
sections through 8-week-old brains, processed for calbindin (A-D) class Il 3-tubulin (E, F) or
NeuN immunoreactivity (G, H). A-D, In double mutant brains, the infrapyramidal mossy fiber
bundle (imf) is truncated (A, B, arrowheads), and the intrapyramidal and suprapyramidal
mossy fibers (grouped as smf) are reduced (A-D, white barsin C, D). E-H, The stratum lucidum
of the hippocampus (E, F, broken outline) is filled with mossy fiber-recipient apical dendrites
(ad) of CA3 neurons. CA3 apical dendrites are shorter in double mutants compared with controls
(E, F, red lines); the arrows indicate the proximal parts of the apical dendrites of two neurons in
G and H. Abbreviation: pcl, Pyramidal cell layer. Scale bar: (in €) 4, B, 300 wm; C~F, 75 m;
G, H,30 wm.

density of proliferating cells in the double mutant SGZ was not
significantly different from that in the control SGZ (Fig. 3A, B).
Thus, the size of the adult stem cell niche in the double mutant
appeared proportional to the overall smaller size of the DG.

Few apoptotic cells were detected in the DG of adult double
mutants or controls (0.3 labeled cells/field). Levels of adult neu-
rogenesis and neuron survival therefore maintained the smaller
size of the DG in the double mutant but did not alter it further as
the animal grew older.

The hilus contains excitatory mossy cell neurons, which are
born at the same time as the first granule neurons and share with
granule cells several aspects of their development (Li et al., 2008).
Consistent with this close developmental association, the num-
ber of mossy cells, identified as large neurons with prominent
processes immunoreactive for calretinin (Li et al., 2008), was
reduced by 25% in double mutants compared with control mice
(supplemental Fig. S2, available at www.jneurosci.org as supple-
mental material).

A smaller mossy fiber projection to CA3 in adult

double mutants

The mossy fiber projection from the DG gcl to CA3 represents the
major extrinsic output of the DG. In double mutant mice, mossy
fiber bundles were reduced (Fig. 4 A-D), and the apical dendrites
of CA3 neurons, which receive mossy fiber input, were shorter
than in controls (Fig. 4 E-H ), indicating that dendritic morphol-
ogy responded to diminished input from the DG. Our findings
therefore indicate that all layers of the DG, two of its major cell
types, its adult stem cell niche, and its extrinsic output to CA3
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Figure 5. DG development is disrupted from its inception. A—H, Coronal sections through
the telencephalon processed for in situ hybridization. A-D, E14.5. E-H, P0. A-D, The pDG and
hem express lower levels of /d3 and Msx2, genes upregulated by BMP signaling, in a double
mutant (B, D) compared with a control (4, €). The pDG domain is indicated with double arrows
(A, B). E-H, The secondary DG progenitor cell pool migrates toward the forming DG, together
with differentiating DG neurons. Both cell types express Cxcr4, and differentiating neurons
express Prox1. Expression of Cxcr4 in the double mutant brain indicates a narrower band of
migratory cells (E, F, arrowheads), and expression of Prox7 reveals a greatly reduced population
of migrating, differentiating DG neurons (G, H, arrowheads). Scale bar: (in A) 4, B, 150 wm;
C-H,100 pm.

were reduced in double mutant mice. These observations sug-
gested that the DG, and neural circuitry that includes the DG,
would be functionally compromised.

DG development in double mutant mice is disrupted from

its inception

The generation of DG granule neurons is prolonged (Altman and
Bayer, 1990a,b; Pleasure et al., 2000; Bagri et al., 2002; Li and
Pleasure, 2005). From approximately E10.5 to E15.5 in mice, part
of the telencephalic VZ close to the cortical hem contains the
primary DG progenitor pool, the pDG. By E16, secondary DG
progenitors migrate from the VZ close to the pial surface, toward
the future site of the DG. After migration, a prolific tertiary pool
in the hilus of the DG generates the majority of granule neurons in
the first postnatal week. The stem cell niche that will continue
into adulthood arises from the tertiary DG progenitor pool as
progenitor cells relocate to the SGZ (Li and Pleasure, 2005).

By E14.5, in control mice, the pDG domain expressed Id3
(Pleasure et al., 2000) (Fig. 5A), and the adjacent hem region
expressed Id3 and Msx2, direct targets of BMP signaling (von
Bubnoff et al., 2005). Both genes were downregulated in double
mutants, indicating reduced BMP signaling (Fig. 5A-D). In par-
ticular, compared with controls, remaining Id3 expression out-
lined a smaller pPDG domain (Fig. 5A,B, paired arrows).
Additional evidence for reduced BMP signaling in the hem was
provided by an abnormally small telencephalic CPe at E12.5,
which arises from the hem (Louvi et al., 2007) at this age, and
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Figure 6.  Defects of Wnt signaling in the cortical hem. A-G, Coronal sections through the
E12.5 telencephalon processed for in situ hybridization. A, Expression of 210 in wild type (wt)
and heterozygous and homozygous Wnt3a mutant brains. F270 expression fills the wild-type
hem and appearsin patchesin the CPe; expression is weaker in the heterozygous Wnt3a mutant
hem and absent from the homozygous mutant hem. B—E, The hem shows a smaller domain of
Whnt3a expression in a double mutant compared with a control brain (B, €) and greatly reduced
expression of Fz10 (D, E). F, G, A region (between arrows) including the hem and pDG shows
immunoreactivity for a Wnt antagonist, DKK1. DKKT immunoreactivity is more intense in this
region in the double mutant (G) than in the control (F). Scale bar: (in 4) A-E, 200 wm; F,
6,100 wm.

requires BMP signaling for its formation (Panchision et al., 2001;
Hébert et al., 2002; Imayoshi et al., 2008).

At PO, in control mice, secondary DG progenitors, migrating
toward the forming DG, expressed Cxcr4, a chemokine receptor
gene, as did migrating, differentiating DG neurons (Bagri et al.,
2002; Lu et al., 2002). Expression of the prospero homeobox
gene, Proxl, labeled differentiating granule neurons along the
same migratory path (Bagrietal., 2002; Lu etal., 2002). In double
mutant mice, the Cxcr4 expressing migratory stream was nar-
rower than in control mice (Fig. 5E, F, double arrows), indicating
a diminished secondary DG progenitor pool, and ProxI-expressing
postmitotic neurons were virtually absent from the pathway (Fig.
5G,H). ProxI expression already outlined a smaller DG in the double
mutant at PO (Fig. 5G,H).

The most pronounced difference between control and double
mutant mice appeared in the first week after birth, when prolif-
eration in the tertiary progenitor pool peaks. A single BrdU in-
jection 24 h before killing at P5 resulted in a profusion of hilar
cells double-labeled for BrdU and the neuronal marker, NeuN, in
control mice. Approximately one-half as many double-positive
cells were seen in the hilus of double mutants (Fig. 3C, merge,
white arrows). Cell proliferation was quantified, with mitotic
cells identified by immunoreactivity for the phosphorylated form
of histone H3 (PH3 immunoreactivity), and was significantly
different between controls and double mutants ( p = 0.003) (Fig.
3D). Rates of neonatal apoptosis, determined by counting cells
immunoreactive for caspase-3, were low and statistically indistin-
guishable between mutants and controls (0.5-1 cell/field). The
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smaller DG seen in the adult double-mutant mouse was therefore
attributable to early postnatal reduction of granule cell genera-
tion and not increased cell death.

Our observations suggest a progression of developmental de-
fects that leads to a reduced DG. Diminished primary and sec-
ondary DG progenitor pools lead sequentially to a smaller tertiary
pool in double mutant mice. The smaller tertiary pool in turn
leads to a reduced DG, and to the allocation of fewer cells to the
adult stem cell niche, which is established by approximately P10
(Li and Pleasure, 2005).

BMP regulation of cortical hem Wnt signaling

A survey of the expression of Fz and sFrp Wnt receptor and in-
hibitor genes in Wnt3a mutant mice (M. Yoshida and E. A.
Grove, unpublished results) demonstrated that the level of Fz10
expression at the hem correlates with Wnt3a gene dosage. Fz10
expression was reduced in mice heterozygous for a null Wnt3a
allele, and absent in homozygous Wnt3a mutants at E12.5 (Fig.
6A). Fz10 expression therefore appears to be regulated by Wnt3a
and to act as a readout of Wnt3a expression and Wnt3a activity
within the hem at this age.

In the double mutant cortical hem at E12.5, Wnt3a expression
was somewhat decreased, but expression of FzI0 was virtually
gone (Fig. 6 B-E). The relatively modest decrease in Wnt3a ex-
pression does not predict the near absence of Fz10 expression; the
latter suggests a considerable loss of Wnt3a function in the hem.
Potentially explaining this discrepancy, immunoreactivity for the
Wnt inhibitor, DKK1 (Glinka, 1998), was increased in double
mutants in the hem and the region of the pDG at E12.5 (Fig.
6 F, G, between arrows). Increased inhibition by DKK1 of an al-
ready low level of Wnt3a signaling could explain the unexpect-
edly dramatic loss of Fz10 hem expression.

Previous studies show that abrogating Wnt3a signaling results
in loss of the entire hippocampus (Galceran et al., 2000; Lee et al.,
2000). Reduction of Wnt signaling, as in LefI and LRP6 mutants,
spares the CA fields and selectively affects the DG (Galceran et al.,
2000; Zhou et al., 2004; Li and Pleasure, 2005). Together, present
and previous observations therefore indicate that the reduced
size of the double mutant DG is at least partly attributable to
lower Wnt signaling from the hem.

Double mutants are deficient in fear learning and display less
anxiety than controls

We asked whether reducing BMP signaling in the developing
telencephalon has behavioral consequences, focusing on behav-
iors associated with the hippocampus. General activity levels
were tested first because the shortened digits of double mutant
mice could affect locomotion and because neonatal hippocampal
ablation may cause hyperactivity (McHugh et al., 2004). No sig-
nificant differences were found in activity levels between control
and double mutant mice in the home cage test (p = 0.7) or in
distance traveled or rearing activity in the open-field test ( p = 0.8
for both).

The rodent hippocampus has been classically implicated in
the consolidation of memory and formation of spatial maps
(Squire, 1987). A commonly used test of spatial learning and
memory is the MWM (Morris, 1981, 1984). No significant differ-
ences were found between controls and double mutants in learn-
ing to find a hidden platform in the MWM, or in time spent in the
platform quadrant during a final “probe” trial. This result was not
unexpected, however, given that a deficit in MWM performance
requires the loss of >20% of total hippocampal volume (Moser et
al., 1993). The decrease in the size of the DG in double mutants
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Figure 7. Double mutant mice show diminished fear conditioning and lower anxiety.
A, Freezing behavior in the shock chamber preceding the 2 s footshock (arrowhead) and for 30's
afterward. Freezing behavior did not differ in the training trial between double mutants and
control mice. B, ¢, Double mutant mice showed significantly reduced responses in retention
tests of contextual and cued fear learning. Tested 24 h after the single conditioning trial, double-
mutant mice froze significantly less than control mice in response to the conditioned stimulus
(contextual, p = 0.04; cued, p = 0.0008). D, E, In an elevated plus maze, double mutant mice
spent significantly more time in the open arms than did control mice ( p = 0.0007) and made
more open arm entries as a percentage of total entries ( p = 0.0008). There was no significant
difference in the number of total entries between the two groups ( p = 0.7). *p < 0.05;
**%p < 0.001. Data are represented as means = SEM.

would not reach this threshold. Lack of impaired performance in
double mutants, however, underscored the normal mobility of
these mice.

In contrast, double mutant and control mice differed signifi-
cantly in a test of contextual fear learning, also associated with
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hippocampal function. Each mouse was placed into a training
chamber, where a tone preceded a mild footshock. Memory was
tested for the training context by returning each mouse to the
same chamber next day and measuring the time spent freezing.
Double mutants froze significantly less than controls ( p = 0.04)
(Fig. 7B).

Placing mice in a novel chamber, and delivering the same tone
as on the previous training day, tested fear conditioning cued by
the tone. Cued fear conditioning is more commonly associated
with the amygdala than the hippocampus (Squire, 1987; LeDoux,
2000). Nonetheless, double mutant mice also froze significantly
less than controls to the tone alone (p = 0.0008) (Fig. 7C). A
hearing impairment in double mutants was discounted by their
normal performance in an acoustic startle test.

To test the hypothesis that decreased performance in both
fear-conditioning tasks was caused by reduced fear or anxiety,
double mutant mice were exposed to an innately anxiety provok-
ing environment, the EPM. Walls enclose two arms of the EPM,
but two arms are open with a drop on either side. Mice face a
conflict between their drive to explore and their innate aversion
to open spaces. The amount of time spent in the open arms is
taken as an inverse measure of anxiety (Pellow et al., 1985). Con-
trol mice tended to avoid the open arms, but double mutants did
not (Fig. 7D, E). Supporting the hypothesis, therefore, double-
mutant mice showed reduced fear responses, whether these re-
sponses were learned or innate.

Suggesting that lowered responsiveness was specific for aver-
sive stimuli, double mutant mice behaved normally in seeking a
positive reward. In a delayed alternation T-maze task, double
mutants showed robust reward-seeking behavior and working
memory, with no significant difference between controls and
double mutants ( p = 0.6).

Only double mutant mice, and not other mutant genotypes,
showed fear conditioning deficits and lowered anxiety in the
EPM. Behavior in the EPM was not significantly different, for
example, between controls and mice that lacked Bmpria and
were heterozygous for Bmplb (p > 0.4). Thus, as previously
observed, BMPR1a and BMPRI1D receptors compensate for one
another: a single functional copy of Bmprlb in this context res-
cues normal fear-related behavior, as well as normal DG size.
Additionally, the normal phenotype of Bmpria™'~;Bmprib™'~;
Emx1 " ™RES mice (Bmpria null; Bmprlb heterozygous), com-
pared with Bmprla™'~;Bmprib~'~;Emx1 *"™E5" mice (double
mutants) implies that the presence of the Cre allele did not itself
affect DG size or the behavioral measures assessed (see also
Materials and Methods).

At least some previously identified effects of reducing BMP
signaling in the brain can be discounted as a cause of altered fear
and anxiety responsiveness in double mutant mice. For example,
deleting Bmprla conditionally in cells expressing OligI alters the
number of cortical oligodendrocytes and calbindin-expressing
interneurons (Samanta et al., 2007). As noted, however, we found
that mice lacking Bmprla did not show the behavioral abnormal-
ities observed in double mutants. Furthermore, although de-
letion of both Bmprla and Bmprlb causes a transient increase
in somatostatin containing cortical interneurons, this effect is
no longer seen at the age at which double mutants were tested
(Mukhopadhyay et al., 2009).

BMP signaling in the telencephalon regulates

fear responsiveness

Behavioral studies were initiated to test the effects of a reduced
DG on learning and memory. Somewhat unexpectedly, we found
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that double mutant mice showed greatly decreased fear and anx-
iety responses in a variety of tasks. These observations indicate
that BMP signaling is required to regulate fear-related behavior.
Furthermore, this requirement is specific to the telencephalon,
given that hypothalamic and brainstem nuclei involved in fear
and anxiety lie outside the range of Emx1-IRES-Cre-mediated
recombination (Gorski et al., 2002) (M. Yoshida and E. A. Grove,
unpublished observations).

Telencephalic structures that lie in the domain of the EmxI
lineage and have been implicated in fear behavior are the hip-
pocampus (Barkus et al., 2010), the basolateral (BLA) and lateral
(LA) nuclei of the amygdala (Vazdarjanova and McGaugh, 1999;
McGaugh, 2004; LeDoux, 2007; Jimenez and Maren, 2009), and
areas of neocortex, such as prefrontal cortex, which mediates fear
extinction (Sotres-Bayon et al., 2006). Of these, the amygdala is
most strongly associated with fear learning (Vazdarjanova and
McGaugh, 1999; McGaugh, 2004; LeDoux, 2007; Jimenez and
Maren, 2009). We therefore sought evidence that the primary
defect causing altered fear and anxiety behavior lay outside the DG.

A detailed neuroanatomical survey revealed no defects in the
BLA, LA, hippocampal CA fields, or neocortex (supplemental
Figs. S1, S3-S5, available at www.jneurosci.org as supplemental
material). This survey evaluated the size, shape, and gene expres-
sion patterns of the LA and BLA in maturity and development,
and the cholinergic and catecholaminergic innervation of the
amygdala, critical to its role in fear-related behavior (Dalmaz et
al., 1993; Power and McGaugh, 2002). Neocortex, including the
dorsomedial cingulate and retrosplenial areas, appeared similar
in double mutants and controls with respect to size, laminar pat-
tern indicated by gene expression patterns and visible area
boundaries. In particular, detailed layer patterning in prefrontal
cortex appeared identical between double mutants and control
mice (supplemental Fig. S5, available at www.jneurosci.org as
supplemental material). It should be emphasized that the results
of this survey do not preclude subtle changes resulting from re-
duced BMP signaling, which were not seen with anatomical
methods and which, in turn, could cause functional deficits. No-
tably, however, the same region of rodent prefrontal cortex
implicated in fear extinction is also associated with working
memory (Heidbreder and Groenewegen, 2003; Dalley et al.,
2004), and a test of working memory indicated no difference in
performance between controls and double mutant mice. Our
cellular and molecular analysis of the brain in double mutants
therefore points to the DG as the prime candidate for mediating
the behavioral abnormalities of these mice.

Discussion

BMP signaling promotes generation of dorsal

telencephalic neurons

DG granule cells are the most dorsal neuronal lineage in the
telencephalon, with their primary progenitor cells immediately
next to the dorsal telencephalic source of BMPs (Altman and
Bayer, 1990a,b; Pleasure et al., 2000). Our observations therefore
demonstrate that BMP signaling is required in the telencephalon,
as in the caudal CNS (Liem et al., 1995, 1997; Nguyen et al., 2000;
Timmer et al., 2002; Wine-Lee et al., 2004), for a full complement
of dorsal neurons.

Our findings indicate a developmental progression in the DG,
initiated by BMP signaling, that leads to proportional numbers of
granule neurons, mossy cells, and cells for the adult stem cell
niche. We propose that, in double mutant mice, a reduced allo-
cation of neuroepithelial cells to the primary DG progenitor pool
leads to smaller secondary and tertiary progenitor pools. The
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smaller tertiary pool gives rise to a reduced number of DG neu-
rons, and fewer cells are allocated to the adult stem cell niche. The
particular effect of reduced BMP signaling on the adult stem cell
population that we observed is not likely to be ongoing. In the
adult mouse, BMPs block expansion of the SGZ neural stem cell
pool, whereas Noggin, a BMP inhibitor, expands it (Bonaguidi et
al., 2008; Tang et al., 2009).

BMP signaling regulates Wnt signaling in the cortical hem
BMP regulation of the hem appears to be a prime mechanism by
which BMP signaling controls development of the DG. We found
evidence of greatly decreased Wnt3a activity in the hem itself, and
by inference, in neighboring tissues that normally receive a
Wnt3a signal from the hem. Single Bmprla and Bmprlb mutants
also show decreased Wnt3a function (data not shown), but less
prominently than double mutants. Consistent with these find-
ings, in mice with an earlier embryonic loss of Bmprlb and
Bmprla than in the present study, expression of Wnt3a and
Wnt2b is virtually absent in the presumptive hem (Fernandes et
al., 2007). Present and previous observations therefore indicate
that BMP signaling is required, both early and late in corticogen-
esis, to induce and maintain the expression of Wnt signaling in
the cortical hem.

BMP signaling and dorsal cell type induction in the

neural tube

In the spinal cord, where the patterning effects of BMP signaling
on the CNS have been most thoroughly studied, raised levels of
BMP signaling increase the dorsalmost neuronal populations at
the expense of more ventral populations, and decreased levels of
BMP signaling have the opposite effect (Liem et al., 1995, 1997;
Nguyen et al., 2000; Timmer et al., 2002; Wine-Lee et al., 2004).
Moreover, different cell populations change size without corre-
sponding alterations in cell proliferation, suggesting that BMP
signaling does not influence cell proliferation in the dorsal spinal
cord, but rather the fate of dorsal cell populations (Liem et al.,
1995, 1997; Timmer et al., 2002; Wine-Lee et al., 2004).

We found no evidence for cell fate changes in the hippocam-
pus of double mutant mice. Adjacent to the smaller DG, the CA
fields appear normal in size. Responses to decreased BMP signal-
ing in the developing hippocampus resemble, instead, those seen
in the cerebellum (Qin et al., 2006). Loss of function of BMP type
I receptors leads to a large reduction of cerebellar granule cells,
with no apparent defects in the specification of cerebellar Pur-
kinje cells (Qin et al., 2006). Reduction of cerebellar granule cells
is associated with a decrease in cell proliferation (Qin et al., 2006),
similar to our findings that the reduced DG granule neuron pop-
ulation in double mutants is associated with reduced prolifera-
tion in the tertiary DG progenitor pool.

The telencephalic phenotype of double mutant mice appears
highly selective

The region of EmxI(IRES)Cre-induced Cre-lox recombination
includes most of the dorsal telencephalon, and double mutant
mice might have been expected to show more extensive anatom-
ical defects. Nonetheless, we found no overt abnormalities in the
double mutant brain outside the dorsal midline of the telenceph-
alon and propose three factors to explain this phenotype. First,
structures that develop adjacent to the dorsal telencephalic BMP
source may require the highest levels of BMP signaling and there-
fore be most vulnerable to reduced signaling. Second, selective
overlap between Bmprla expression and EmxI(IRES)Cre-
mediated recombination left functional Bmprla in much of the
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brain. Third, BMP signaling was not completely abrogated in the
double mutant telencephalon. With the notable exception of
the cortical hem, a third type I BMP receptor, ALK2, is present
in the telencephalon from embryogenesis into adulthood (Allen
Mouse Brain Atlas) (Lein et al., 2007) (Fig. 1; supplemental Fig.
S4, available at www.jneurosci.org as supplemental material). Ac-
tivation of ALK2 may account for the broad pSmad1/5/8 immu-
noreactivity observed in both adult control and double mutant
brains, which suggests significant BMP signaling in both (supple-
mental Fig. S4, available at www.jneurosci.org as supplemental
material). The cortical hem, which lacks ALK2, together with
structures that are dependent on the hem, are therefore particu-
larly vulnerable to combined deficiency in Bmprla and Bmprlb.
These dorsal telencephalic structures, the hem, choroid plexus
epithelium, and DG, were indeed those with obvious defects in
double mutant mice.

Potential role for the DG in neural circuitry mediating fear
and anxiety

The DG is the single structure that shows an overt anatomical
defect in the double mutant brain. Moreover, lower levels of fear
and anxiety, and a reduced DG, both correlate with the double-
mutant genotype, and with none of the other Bmprl mutant ge-
notypes assessed. Previous studies have directly associated the
DG with anxiety-related behavior. Loss of NMDA receptor activ-
ity in the DG (Niewoehner et al., 2007; Barkus et al., 2010), or the
DG and CAl (von Engelhardt et al., 2008; Barkus et al., 2010),
reduces anxiety in the successive alleys test, a modified EPM
(Niewoehner et al., 2007).

Inputs to the DG further support a link between the DG and
the modulation of fear and anxiety. Afferents to the DG include
the densest noradrenergic innervation of any part of the hip-
pocampus (Amaral and Witter, 1995), serotonergic input from
the raphe nuclei, and a projection from the supramammillary
region (Amaral and Witter, 1995; Leranth and Hajszan, 2007).
Ablating or reversibly silencing the supramammillary region re-
duces fear responses in rodents (Pan and McNaughton, 2002;
Aranda et al., 2006).

The association of a part of the hippocampus with fear has a
precedent, in that large lesions of the rodent ventral hippocam-
pus, but not dorsal hippocampus, diminish responsiveness to
fear-provoking stimuli whether the association with fear is
learned or innate (Moser and Moser, 1998; Kjelstrup et al., 2002;
Bannerman et al., 2004; Fanselow and Dong, 2010). Our analysis
suggests that the DG is smaller throughout the double mutant
hippocampus with no greater reduction in the ventral hippocam-
pus. However, the packing density of granule neurons is normally
higher in rodents at dorsal than at ventral levels of the hippocam-
pus (Amaral and Witter, 1995), potentially making the ventral
hippocampus more vulnerable to DG cell loss. Finally, a connection
between the hippocampus and fear is conserved across distantly re-
lated mammals. Monkeys with large hippocampal lesions (no at-
tempt was made to ablate the ventral or dorsal hippocampus
selectively) show little fear of toy snakes, an innately fear-provoking
stimulus (Chudasama et al., 2008).

Conclusions

We find that BMP signaling is required to allocate the proper
number of DG progenitor cells in early hippocampal develop-
ment, a process that appears at least partly mediated by Wnt
signaling from the cortical hem. As a result of decreased BMP
signaling, several cell types of the DG, including the stem cell
niche that provides new neurons in adulthood, as well as the
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overall laminar structure of the DG, are proportionally reduced.
We further find that BMP signaling in the telencephalon regu-
lates fear-related behaviors. The specific locus of the dysfunction
remains to be confirmed, using conditional gene deletions spe-
cific to the amygdala, the cortical hem, or the developing DG, an
approach that is not yet available. Current evidence, however,
supports the DG as a strong candidate for this role and contrib-
utes to previous findings that implicate the hippocampus in emo-
tional as well as cognitive behaviors.
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