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Summary

In mammals, innate reproductive and defensive beha-
viors are mediated by anatomically segregated con-
nections between the amygdala and hypothalamus.
This anatomic segregation poses the problem of how
the brain integrates activity in these circuits when
faced with conflicting stimuli eliciting such mutually
exclusive behaviors. Using genetically encoded and
conventional axonal tracers, we have found that the
transcription factor Lhx6 delineates the reproductive
branch of this pathway. Other Lhx proteins mark neu-
rons in amygdalar nuclei implicated in defense. We
have traced parallel projections from the posterior
medial amygdala, activated by reproductive or defen-
sive olfactory stimuli, respectively, to a point of con-
vergence in the ventromedial hypothalamus. The
opposite neurotransmitter phenotypes of these con-
vergent projections suggest a “gate control” mecha-
nism for the inhibition of reproductive behaviors by
threatening stimuli. Our data therefore identify a po-
tential neural substrate for integrating the influences
of conflicting behavioral cues and a transcription
factor family that may contribute to the development
of this substrate.

Introduction

Virtually all metazoan organisms exhibit innate repro-
ductive and defensive behaviors that are triggered by
signals sensed from conspecifics or predators. Such
behaviors are crucial for the survival of each species.
The stereotypical nature of these behaviors suggests
that their underlying neural circuits are likely to be ge-
netically “hard-wired.” At the same time, animals are
frequently faced with conflicting cues in their natural
environment and therefore must make rapid decisions
to engage in defensive versus reproductive, or other
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appetitive, behaviors (Lima and Dill, 1990). The neural
mechanisms that determine which of these hard-wired
behaviors will predominate when conflicting stimuli are
present are poorly understood.

The basic neural pathways that mediate reproductive
(such as mating or maternal) and defensive (such as
aggressive or predator-avoidance) behaviors in rodents
have been intensively studied. Olfactory stimuli play an
important role in the release of such behaviors. These
stimuli activate primary sensory neurons in the main
olfactory epithelium or vomeronasal organ, which pro-
ject to the main or accessory olfactory bulbs (AOB),
respectively (Itaya, 1987). While recent genetic evi-
dence increasingly suggests an important role for the
main olfactory system in processing reproductive stim-
uli (Belluscio et al., 1998; Keverne, 2002; Leypold et al.,
2002; Stowers et al., 2002), a great deal of attention
has been focused on a parallel pathway involving the
accessory olfactory system, which responds to phero-
monal cues (Brennan and Keverne, 2004; Luo and Katz,
2004; Newman, 1999). Projection neurons in the AOB
synapse in the medial amygdalar nucleus (MEA; Figure
1A, top), which, in turn, projects to a series of nuclei in
the medial hypothalamus (Figure 1A, bottom) (Davis et
al., 1978; Kevetter and Winans, 1981; Krettek and Price,
1978; Scalia and Winans, 1975; Swanson, 2000; Swan-
son and Petrovich, 1998). The MEA also projects indi-
rectly to the hypothalamus through the bed nucleus of
the stria terminalis (BST) (Dong et al., 2001; Dong and
Swanson, 2004).

The posterior portion of the MEA is subdivided into
dorsal and ventral subnuclei (MEApd and MEApv; Fig-
ure 1A, top, magenta). The projections from these two
subnuclei to the medial hypothalamus exhibit a striking
anatomic segregation, which is thought to reflect their
involvement in either reproduction or defense (Figure
1B) (Swanson, 2000; Canteras, 2002). The dorsal por-
tion (MEApd) is activated by reproductive stimuli (Fig-
ure 1C) (Bressler and Baum, 1996; Fernandez-Fewell
and Meredith, 1994; Heeb and Yahr, 1996; Kollack-
Walker and Newman, 1997) and projects to three in-
terconnected hypothalamic nuclei implicated in reprod-
uctive behaviors: the medial preoptic nucleus (MPN),
ventrolateral part of the ventromedial hypothalamic nu-
cleus (VMHvl), and the ventral premammillary nucleus
(PMv; Figure 1B). The ventral portion (MEApv) is acti-
vated by defensive stimuli such as predator odors (Fig-
ure 1C) (Dielenberg et al., 2001; McGregor et al., 2004)
and projects to the anterior hypothalamic nucleus
(AHN) and the dorsomedial part of the VMH (VMHdm),
which are involved in defensive behaviors (Figure 1B)
(Swanson, 2000; Canteras, 2002). This striking anatomi-
cal and functional segregation suggests that these neu-
ral pathways for reproduction and defense are likely ge-
netically determined, but genes that might control their
wiring have not yet been identified.

Such parallel circuit organization brings into question
how rapid decisions between competing reproductive
and defensive behaviors are made by organisms faced
with conflicting cues. Such decision-making would
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Figure 1. Processing of Chemosensory Stim-
uli through the VNO Pathway

(A) Schematic diagram of a transverse sec-
tion through the MEAp (top panel) and a flat
map of diencephalon (bottom panel). Re-
productive nuclei (red) and the defensive nu-
clei of the hypothalamic behavioral control
column are indicated (adopted from Swan-
son, 2000). See Supplemental Data and Ta-
ble S1 for list of abbreviations.
(B) Topographic organization of the projec-
tions from the accessory olfactory bulb
(AOB) to the MEA to the nuclei in the hypo-
thalamic behavior control column (modified
from Swanson, 2000).
(C) Convergence and divergence in the acti-
vation and projections of MEAp subnuclei.
The MEApv is activated by both reprod-
uctive (this study) and defensive (Dielenberg
et al., 2001) stimuli and projects to both re-
productive (R) and defensive (D) hypothala-
mic nuclei.
seem to require crosstalk between these subcircuits, r
tbut there are very few interconnections between the

reproductive and the defensive hypothalamic nuclei. i
lThe MEApv projects to the reproductive as well as the

defensive hypothalamic nuclei (Figure 1B), but the i
tfunction of this divergent projection is not known.

Some evidence suggests that suppression of reprod- m
Puctive behaviors by threatening stimuli may be exerted

within the amygdalar-hypothalamic pathway. For exam- V
dple, exposure of virgin female rats to newborn pups

promotes defensive behaviors and inhibits maternal j
bbehavior (Numan and Sheehan, 1997; Sheehan et al.,

2000). This inhibition can be overcome by lesions of v
tthe medial amygdala and involves projections from this

structure to VMH (Sheehan et al., 2001). The circuit- t
ulevel mechanisms that mediate such behavioral inhibi-

tion are not understood. w
sThe identification of genes that mark amygdalar-

hypothalamic circuits might shed further light on both f
ttheir functional organization and developmental speci-

fication. Here we show that different LIM homeodomain
transcription factors mark neurons in different sub- R
nuclei of the medial amygdala. We have used both
genetic and classical neuroanatomical tracing tech- L

Dniques, in conjunction with markers of neuronal activa-
tion and neurotransmitter phenotype (Jongen-Relo and T

Amaral, 2000; Lieberoth et al., 2003), to determine the
elationship of these molecularly identified neurons to
he functions and connectivity attributed to the nuclei
n which they reside. Our results indicate that Lhx6 de-
ineates a reproductive pathway that involves neurons
n both the MEApd and the BSTpr and their projections
o the three reproductive nuclei in the hypothalamic
edial behavioral control column (MPN, VMHvl, and
Mv). Further analysis reveals counter-intuitively that
MHvl receives inhibitory projections from this repro-
uctive pathway and a convergent excitatory pro-

ection from neurons in the MEApv that are activated
y a predator odor. We suggest that this point of con-
ergence may serve to “gate” (Melzack and Wall, 1965)
he expression of reproductive behavior under condi-
ions in which animals are exposed to threatening stim-
li. Thus, our data identify a potential neural substrate
ithin the hypothalamus for controlling behavioral deci-
ions in the face of conflicting cues and a transcription
actor family that may contribute to the development of
his substrate.

esults

IM Homeodomain Transcription Factors Mark
ifferent Regions of the Medial Amygdala
o begin to map connectivity within the amygdalar-
hypothalamic reproductive and defensive pathways at
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a cellular level, we first sought to identify molecular
markers for subpopulations of neurons within the me-
dial amygdala. To do this, we took two different ap-
proaches. First, using oligonucleotide microarrays and
laser capture microdissection (Zirlinger and Anderson,
2003), we compared the gene expression profile of the
MEApd with that of the MEApv in adult mouse brain.
Second, to identify markers that might be transiently
expressed during development and therefore missed in
the first screen, we also examined w100 candidate
genes using in situ hybridization at embryonic day
E14.5, when most medial amygdalar neurons are al-
ready generated (McConnell and Angevine, 1983).
These candidate genes included transcription factors
and cell-surface adhesion molecules, which have been
implicated in regulating axonal projection patterns in
other systems, such as the spinal cord (Chen et al.,
2001; Inoue et al., 2003; Jessell, 2000; Price et al., 2002;
Shirasaki and Pfaff, 2002).

Both approaches revealed that two LIM homeo-
domain genes, Lhx6 and Lhx9, are differentially ex-
pressed in the posterior MEA (MEAp). Confocal immu-
nofluorescent microscopy indicated that LHX6-
immunoreactive cells constitute a high proportion
(w80% ± 1.5%) of all neurons in the MEApd, whereas
only a few scattered Lhx6+ cells are observed in the
MEApv (w17% ± 14.8%) (Figure 2A) (Zirlinger et al.,
2001). Lhx6 mRNA was also strongly expressed in the
BST principal nucleus (Figure 2G, pr), which projects to
reproductive hypothalamic nuclei, and was more
weakly expressed in the BST interfascicular nucleus
(Figure 6G, if), which projects to both reproductive and
defensive nuclei (Dong and Swanson, 2004). In con-
trast, Lhx9-expressing cells were observed in the
MEApv, but not in the MEApd (Figure 2B), consistent
with a recent report (Remedios et al., 2004). Double la-
beling (using an Lhx6-EGFP BAC transgenic reporter
line (Gong et al., 2003)) revealed that the Lhx9+ cells
are distinct from the subpopulation of Lhx6+ cells found
within the MEApv (Figure 2J), thereby identifying at
least two subpopulations within this subnucleus. The
expression of Lhx6 and Lhx9 in the MEApd/v was de-
tected as early as E13.5 (data not shown) and persists
into the adult.

The differential expression of Lhx6 and Lhx9 in the
MEAp raised the question of whether other members
of the LIM homeodomain family might mark other sub-
populations of neurons within the medial amygdala. In
situ hybridization screens identified an additional family
member, Lhx5, which is specifically expressed in a well-
demarcated region within the anterior MEA (MEAa; Fig-
ure 2F). Scattered cells expressing Lhx6 and Lhx9 are
present in the MEAa as well (Figures 2D and 2E), but
double-labeling experiments indicated that the Lhx5+

neurons do not coexpress these markers (Figures 2K
and 2L). Thus, members of the LIM homeodomain fam-
ily mark distinct and mutually exclusive neuronal sub-
populations within different subnuclei of the medial
amygdala (Figure 2M).

Lhx6- and Lhx9-Expressing Cells Project
Differentially to Reproductive and Defensive Targets
in the Hypothalamus and the BST
Based on the expression patterns of Lhx6 and Lhx9 and

the known projections of the MEA (Canteras et al.,
Figure 2. Expression of LIM Homeodomain Genes in the Subnuclei
of the MEA

(A–I) In situ hybridizations were performed, using the indicated
probes on serially adjacent transverse sections of an adult male
mouse brain through the MEAp (A–C), MEAa (D–F), or BST (G–I).
Opt, optic tract; sm, stria medullaris; fx, fornix.
(J) Double-label immunofluorescence staining with anti-GFP and
anti-LHX9 antibodies on coronal sections of the MEApv from
Lhx6EGFP/+ mice.
(K–L) Coronal sections through the MEAa hybridized with Lhx5
cRNA probes, combined with immunofluorescence detection of
LHX6 (K) or LHX9 (L).
(M) Schematic diagram showing that MEA subnuclei express dif-
ferent members of the LIM homeodomain family.
1995), we reasoned that Lhx6+ neurons in the MEApd
might project only to reproductive targets in the BST
and/or the hypothalamus, whereas Lhx9+ neurons in
the MEApv might project to defensive and/or reprod-
uctive targets in these regions. Alternatively, one or
both classes of cells could represent local interneu-
rons. To distinguish these possibilities, using Veloci-

Gene technology we targeted (Valenzuela et al., 2003)
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the genetically encoded axonal tracer placental alkaline (
gphosphatase (PLAP) (Leighton et al., 2001; Shah et al.,

2004) to the Lhx6 and Lhx9 chromosomal loci, replacing p
their coding regions via homologous recombination in
embryonic stem cells (Figures 3A and 3B). This enabled a

dus to use PLAP expression to determine whether re-
productive and defensive targets receive differential in- B

pput from Lhx6- and Lhx9-expressing cells, respectively.
These experiments indicated, first, that PLAP+ neu- i

irons in Lhx6PLAP/+ mice were observed in all sites
known to express Lhx6 mRNA, suggesting that the r

ptargeting construct did not grossly disrupt the tran-
scriptional specificity of the locus. Second, PLAP+ fi- a

Vbers were observed in all of the reproductive nuclei in
the medial hypothalamus: VMHvl, PMv, and MPN (Figure p

m1A and Figures 3C–3E) (Newman, 1999; Segovia and
Guillamon, 1993; Simerly, 2002). Furthermore, PLAP o

mstaining was clearly excluded from the dorsomedial
part of the VMH (VMHdm) and the dorsal premammil- i

clary nucleus (PMd), which are known to be part of the
defensive circuit (Figure 3C, dm; Figure 3D, d) (Cant- P

feras, 2002). Intense PLAP staining was also observed
in the BSTpr (Figure 3E, pr), which receives projections i
from the MEApd (Dong et al., 2001). However, as Lhx6
mRNA is also expressed in this structure (Figure 2G), L

uwhether this PLAP staining reflects nerve fibers, intrin-
sic cell bodies, or both could not be distinguished. m

pThese data suggest that Lhx6+ neurons project to re-
productive targets in the hypothalamus, and perhaps p
also in the BST. All of these inferred projection sites
were independently confirmed by retrograde tracing R

Nexperiments (see below). In an apparent exception to
this general rule, weaker PLAP staining was observed W

tin the BSTif and AHN, two defensive behavioral targets
of the MEA (Figures 3E and 3F) (Canteras, 2002; Dong i

cet al., 2001; Dong and Swanson, 2004). However, the
BSTif also contains a few Lhx6-expressing cell bodies n
Figure 3. PLAP Staining of Reproductive and
Defensive Nuclei in Lhx6- and Lhx9-PLAP
mice

(A and B) Generation of Lhx6-PLAP and
Lhx9-PLAP mice. A PLAP/loxp/PGK neomy-
cin cassette replaced the Lhx6 (A) or Lhx9
(B) coding region.
(C–J) Transverse sections through the indi-
cated brain regions, stained for PLAP activ-
ity from postnatal P1–P7 Lhx6PLAP/+ (C–F) or
Lhx9PLAP/+ (G–J) mice. dm, VMHdm; vl,
VMHvl; d, PMd; v, PMv; pr, BSTpr; if, BSTif.
Figure 2G), and retrograde tracing experiments sug-
est that the staining in the AHN represents fibers of
assage (see below).
In Lhx9PLAP/+ mice, the pattern of PLAP expression

gain appeared to correctly recapitulate that of the en-
ogenous gene. Strikingly, in the hypothalamus and
ST the distribution of PLAP+ fibers was roughly com-
lementary to that seen in Lhx6PLAP/+ mice. Thus, stain-

ng was detected in all of the defensive targets, includ-
ng the VMHdm, BSTif, and AHN, but not in the
eproductive targets (Figures 3G, 3I, and 3J). The com-
lementary labeling of hypothalamic nuclei by Lhx6-
nd Lhx9-PLAP+ fibers was particularly striking in the
MH, where these projections were detected in the re-
roductive (VMHvl) and defensive (VMHdm) subdo-
ains, respectively (Figures 3C and 3G). The absence
f Lhx9 mRNA in the defensive nuclei in the hypothala-
us and BST (not shown) suggested that PLAP stain-

ng in these regions represents fibers rather than local
ell bodies. No PLAP expression was observed in the
Md (Figure 3H), consistent with the fact that this de-

ensive hypothalamic nucleus does not receive direct
nputs from the MEAp (Canteras et al., 1995).

Taken together, these data suggest that Lhx6- and
hx9-expressing cells differentially project to reprod-
ctive and defensive targets in the medial hypothala-
us and BST. Lhx6-expressing neurons preferentially
roject to reproductive, whereas those expressing Lhx9
roject to defensive, hypothalamic nuclei.

etrograde Tracing from Reproductive Hypothalamic
uclei Labels Lhx6+ Cells in the MEApd and the BST
hile the foregoing data are consistent with the idea

hat Lhx6+ neurons in the MEApd/v and Lhx9+ neurons
n the MEApv project to reproductive and defensive nu-
lei in the hypothalamus, respectively, these data do
ot prove the idea for several reasons. First, PLAP his-
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Figure 4. Retrograde Tracing Experiments
from Reproductive and Defensive Nuclei of
the Hypothalamus and the BST

(A–P) Double immunofluorescence staining
with anti-CTB and anti-LHX6 antibodies
(A–K) or with anti-CTB and anti-LHX5 anti-
bodies (L–P) on transverse sections through
the MEApd (A–F), BST (G–K), or MEAa
(L–P). Mice were injected with CTB in the
brain regions indicated on the left. (Q)
Double immunofluorescence staining with
anti-CTB antibody and anti-FG antibody on
a coronal section through the MEAa from a
mouse injected with CTB in the VMHdm and
FG in the VMHvl. dm, VMHdm; vl, VMHvl.
tochemical staining does not provide sufficient resolu-
tion to distinguish nerve terminals in a given nucleus
from axons passing through this structure en route to a
different target, known as “fibers of passage.” Second,
because Lhx6- and Lhx9-expressing cell bodies are
present in other parts of the brain in addition to the
MEAp, PLAP+ fibers in the hypothalamus may not nec-
essarily derive from Lhx6+ or Lhx9+ neurons in the MEA.
To resolve these ambiguities, we performed retrograde
axonal tracing using cholera toxin B subunit (CTB), in-
jected into various targets in the BST and hypothala-
mus (Figure 5A A ) and assessed the extent of co-
1– 4
localization of this tracer with LHX6+ or LHX9+ cells in
the MEA, by double-label immunofluorescence and
confocal microscopy (Figure 5A0). CTB is taken up in
the injection site only by nerve terminals, and not by
fibers of passage to any great extent, and is retro-
gradely transported back to the cell bodies from which
these terminals originate (Vercelli et al., 2000).

These experiments indicated that LHX6+ cells in the
MEApd could be back-labeled by injection of CTB into
the three reproductive medial hypothalamic nuclei:
MPN, VMHvl, and PMv (Figures 4A–4C, insets), consis-
tent with the PLAP labeling observed in these struc-
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tures in Lhx6PLAP/+ mice. Coexpression at the single- (
ncell level was confirmed by z-series analysis of multiple

confocal optical sections (not shown). Back-labeling of w
fLHX6+ cells in the MEApd was also observed following

CTB injection into the BST (Figure 4F). The majority, but t
bnot all, of the CTB-labeled cells expressed LHX6 (MPN:

63.5% ± 4.4%; VMHvl: 57.3% ± 8.6%; BST: 66% ± a
415.6%; PMv: 62.3% ± 10.1% [all percentages, mean ±

SD]). Interestingly, the small population of LHX6+ cells B
tin the MEApv (Figure 2A) was not labeled by CTB in

these injections. Importantly, no labeling of LHX6+ cells j
in either the MEApd or the MEApv was observed when
CTB was injected into defensive targets such as the P

LVMHdm and the AHN (Figures 4D and 4E). This last re-
sult suggests that the PLAP+ fibers observed in the t

pAHN of Lhx6-PLAP mice (Figure 3F) likely represent fi-
bers of passage, and not nerve terminals. Consistent p

(with this interpretation, anterograde tracing data in rat
indicate that axons originating from the MEApd pass o

lthrough the AHN to terminate in more posterior hypo-
thalamic reproductive targets (Figure 5A2) (Canteras et i

tal., 1995).
The back-labeling of LHX6+ cells in the MEApd by c

uinjection of CTB into the BST (Figure 4F) indicates that
at least some of the PLAP staining in the BST (Figure v

e3E) indeed reflects projections from Lhx6-expressing
cells in the MEApd, and not just intrinsic Lhx6+ neurons o
Figure 5. Summary of Retrograde Tracing
Experiments

(A) LHX6+ cells in the MEApd could be back-
labeled from the BST (A1), MPN (A1), VMHvl
(A3), and PMv (A4). Axons originating from
the MEApd pass through the AHN (A2) to ter-
minate in the more posteriorly located VMHvl
and PMv. (B) Schematic diagram showing
that Lhx6+ cells in the MEApd project to all
the reproductive nuclei, whereas Lhx5+ cells
in the MEAa and Lhx9+ cells in the PVT pro-
ject to defensive nuclei.
Figure 2G). To determine whether the intrinsic Lhx6+

eurons in the BST also project to hypothalamic nuclei,
e injected CTB into these latter structures, and per-

ormed double labeling for LHX6 and the retrograde
racer in the BST. LHX6+ neurons in the BSTpr were
ack labeled by CTB injections into the MPN, VMHvl,
nd PMv, but not into the AHN or VMHdm (Figures 4G–
K). Thus, Lhx6+ neurons in both the MEApd and the
STpr project to reproductive, but not defensive, hypo-

halamic nuclei, and Lhx6+ neurons in the MEApd pro-
ect to the BSTpr as well (Figure 5B, left, purple).

rojections of Lhx9+ and Lhx5+ Amygdalar Neurons
hx9-PLAP+ fibers were observed in defensive hypo-
halamic nuclei (Figures 3G–3J), and Lhx9+ neurons are
resent in the MEApv (Figure 2B), which is known to
roject to these same hypothalamic nuclei (Figure 1B)

Canteras et al., 1995). Surprisingly, however, injection
f CTB into two defensive nuclei, the AHN and VMHdm,

abeled cells in the MEApv distinct from those express-
ng LHX9 (data not shown). However, the retrograde
racer, when injected into the VMHdm, did label LHX9+

ells in the paraventricular thalamic nucleus (PVT; Fig-
re 5B), a structure implicated in stress-related beha-
iors (Bhatnagar et al., 2003; Jaferi et al., 2003; Klejbor
t al., 2003; Kurumaji et al., 2003). Injection of CTB into
ther known projection targets of the MEApv, including
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reproductive hypothalamic nuclei, has thus far failed to
label any LHX9+ neurons. The LHX9+ cells in the MEApv
may project to targets not yet injected with CTB or may
represent local interneurons.

Because the anterior medial amygdala (MEAa) also
projects to defensive hypothalamic nuclei (Canteras et
al., 1995; Gomez and Newman, 1992), we next asked
whether the Lhx5+ neurons in this structure (Figure 2F)
project to such targets. Strikingly, CTB injection into the
VMHdm strongly labeled the LHX5+ subpopulation in
the MEAa, and all back-labeled neurons were confined
within the Lhx5+ region (Figure 4O). A similar restriction
to the Lhx5-expressing domain was obtained for neu-
rons back-labeled from the AHN (Figure 4P). By con-
trast, very few LHX5+ neurons were labeled by injection
of the tracer into the MPN, a reproductive hypothalamic
nucleus (Figure 4L) (Newman, 1999; Segovia and Guilla-
mon, 1993; Simerly, 2002). A few more neurons were
labeled by injection into the PMv or VMHvl (Figures 4M
and 4N). However, the distribution of such back-labeled
neurons was only partially overlapping with the well-
delineated Lhx5+ domain. The partial back-labeling of
LHX5+ neurons in the MEAa by injection into reprod-
uctive hypothalamic nuclei could reflect partial spillover
of the tracer into their neighboring defensive counter-
parts (the PMd and the VMHdm, respectively; Figure
5A3, A4) (see Figures S2A–S2F in the Supplemental
Data available with this article online). Consistent with
this, a similar partial overlap in the MEAa (w20%) was
observed when two different retrograde tracers, CTB
and fluorogold (FG), were injected into the VMHdm and
the VMHvl, respectively (Figure 4Q; cf. Figures 4M and
4N). Taken together, these results suggest that Lhx5
marks a population of neurons in the anterior MEA that
projects primarily, if not exclusively, to hypothalamic
nuclei associated with defensive behavior (Figure 5B,
green).

Lhx6+ Neurons Are Activated by Reproductive
but Not Defensive Olfactory Stimuli
The foregoing observations indicate that Lhx6 is ex-
pressed by neurons that project from the MEApd to re-
gions of the hypothalamus involved in reproductive be-
haviors. We next sought to determine whether these
Lhx6+ neurons are actually activated by olfactory stim-
uli that release reproductive behaviors. Female urine
evokes aspects of male reproductive behavior, includ-
ing ultrasonic vocalizations (Nyby et al., 1977). We
therefore exposed male mice to the urine of female
mice and performed double labeling, using antibodies
to LHX6, and in situ hybridization for c-fos, a surrogate
marker of neuronal activation (Morgan and Curran,
1991). As controls, we used water, male urine, and odor
from a collar worn by a domestic cat as a predator
stimulus (Dielenberg et al., 2001; McGregor et al.,
2004). In all cases, animals were exposed to the odor
stimuli for 30 min prior to sacrifice for analysis of c-fos
mRNA, or for 1 hr, for analysis of c-FOS protein (see
Experimental Procedures).

The results of these experiments indicated that fe-
male urine indeed activated c-fos mRNA in LHX6+ cells
within the MEApd (Figure 6D, inset) (Bressler and
Baum, 1996). In contrast, water, male urine, and cat
odor did not activate c-fos expression within this region
(Figures 6A–6C), although the cat odor did induce
c-fos in the MEApv (Figure 6I), consistent with previous
studies (Dielenberg et al., 2001; McGregor et al., 2004).
Quantification indicated that the number of c-fos-
expressing LHX6+ neurons in the MEApd that were acti-
vated by female urine was at least 8- to10-fold higher
than that activated by any of the control stimuli (Figure
6J). The percentage of all c-fos+ cells in the MEApd
that expressed LHX6 was approximately 62% ± 2.1%.
Although w80% of MEApd cells are LHX6+ as deter-
mined by single antibody-labeling experiments, when
anti-LHX6 antibody staining was combined with c-fos
in situ hybridization only 30%–50% of all cells were
LHX6-immunoreactive, indicating a partial loss of LHX6
antigenicity during the double-labeling procedure. There-
fore, the percentage of c-fos+ cells that coexpress
LHX6 (62%) is higher than the percentage of all cells
that express LHX6 in the same experiments, suggest-
ing that c-fos is preferentially (although not exclusively)
induced in LHX6+ cells. Exposure to female urine also
activated c-fos within the MEApv (Figure 6H), but in
only one or two cases did these c-fos+ neurons express
LHX6 (data not shown).

These data indicate that the MEApd, which contains
Lhx6+ neurons that project to the reproductive hypo-
thalamus (Figures 4A–4C and Figure 5B), also contains
Lhx6+ neurons that are activated by a reproductive (but
not a defensive) olfactory stimulus. To directly test
whether LHX6+ neurons in the MEApd activated by ex-
posure to female urine also project to reproductive hy-
pothalamic nuclei, we first retrogradely labeled LHX6+

neurons in the MEApd by injection of CTB into the
VMHvl, allowed the animals to recover from surgery,
and then exposed them to female urine. Triple labeling
for LHX6, CTB, and c-fos in the MEApd indicated that
some LHX6+ neurons that project to the VMHvl are in-
deed activated by exposure to female urine (Figure 6E,
arrowheads). Since only a relatively small subset of
neurons in the MEApd (9% ± 0.06%) is activated by
exposure to female urine (Figure 6D), and since the
Lhx6+ population contains not only neurons that project
to the VMHvl but also neurons projecting to other re-
productive targets (e.g., the MPN, PMv, and BSTpr; Fig-
ure 4), it is not surprising that only a few neurons were
colabeled by c-fos, LHX6, and CTB in these experi-
ments. Nevertheless, the results demonstrate that at
least some of the Lhx6+ neurons that project to reprod-
uctive hypothalamic targets can also be activated by a
reproductive olfactory stimulus.

We also asked whether Lhx5+ neurons in the MEAa,
which project to known defensive hypothalamic targets,
could be activated by cat collar odor. No c-fos activa-
tion was elicited in the MEAa by this olfactory stimulus
(data not shown). However, some LHX5+ neurons in the
MEAa were activated in male mice engaged in aggres-
sive encounters with conspecifics (Figure S1C).

Lhx6+ Neurons in the MEApd That Project
to Reproductive Targets Are Inhibitory
To gain more insight into the function of the Lhx6+ neu-
rons in the MEApd that project to reproductive regions
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Figure 6. Lhx6+ Cells in the MEApd Are Activated by Reproductive Stimuli

(A–D) Double immunofluorescence staining of transverse sections through the MEApd with anti-LHX6 antibody and either anti-c-FOS antibody
(C) or a c-fos cRNA in situ hybridization probe (A, B, and D). Male mice were exposed to olfactory stimuli as indicated. (E) Mice injected with
CTB in the VMHvl and exposed to female urine 1 week later. Thirty minutes after exposure, animals were sacrificed and transverse sections
were hybridized with cRNA probes for c-fos and then immunostained with anti-CTB and anti-LHX6 antibodies. Arrowheads indicate triple-
positive cells. (F and G) Coronal sections through the MEApd hybridized with cRNA probes for GAD67 (F) or for Vglut2 (G), combined with
immunofluorescence detection of LHX6. (H and I) Quantification of c-fos activation in the MEApv by reproductive (H) or defensive (I) stimuli.
(J) Quantification of c-fos activation in LHX6+ neurons in the MEApd by olfactory stimuli. MU, male urine; FU, female urine; control C, control
collar; Cat C, cat collar. Error bars represent the mean ± SD.
of the hypothalamus, we next asked whether these r
fneurons are excitatory or inhibitory. Double labeling for

LHX6 and the GABAergic marker GAD67 (Kaufman et l
bal., 1991) indicated that most or all LHX6+ neurons are

GAD67+ (Figure 6F). In contrast, in situ hybridization for
pthe glutamatergic marker Vglut2 (Fremeau et al., 2001)

revealed scattered cells in the MEApd that did not over- (
dlap with LHX6 (Figure 6G). These data suggest that the

Lhx6+ neurons that project to the medial hypothalamus f
nare likely to be inhibitory. However, the GAD67+ LHX6+

population in the MEApd may also include local inhibi- V
(tory interneurons. Taken together with the results of the

c-fos labeling experiments, these data suggest that c
tLhx6+ neurons in the MEApd that are activated by re-

productive olfactory stimuli send inhibitory projections V
Mto reproductive hypothalamic nuclei.
m

Cat Collar Odor Activates Distinct Populations
of MEApv Neurons Projecting e

bto Reproductive or Defensive Subnuclei of the VMH
As mentioned earlier, cat collar odor activates c-fos in t

tthe MEApv (Dielenberg et al., 2001; McGregor et al.,
2004). Our results confirm this (Figure 6I), but also indi- t

tcate that female urine, a reproductive stimulus, acti-
vates neurons in this subnucleus as well (Figure 6H). p

wBecause the MEApv projects to both defensive and re-
productive hypothalamic nuclei (Canteras et al., 1995), t

rwe sought to determine which type of olfactory stimu-
lus activates the neurons that project to these two hy- M

cpothalamic cell groups and whether these neurons are
the same, or different. To address this question, we in- t

ujected CTB into the reproductive (vl) or defensive (dm)
egions of the VMH, allowed the animals to recover
rom surgery, exposed them to female urine or cat col-
ar odor, and then performed double-label in situ hy-
ridization for c-fos with antibody staining for CTB.
As expected, cat collar odor induced c-fos mRNA ex-

ression in MEApv neurons that project to the VMHdm
Figure 7A). In contrast, such projection neurons were
istinct from the population activated by exposure to

emale urine (Figure 7C, red cells). Surprisingly, MEApv
eurons that project to the reproductive portion of the
MH (VMHvl) were also activated by cat collar odor

Figure 7B) and not by female urine (Figure 7D). Thus,
at collar odor activated MEApv neurons that project
o both the defensive and reproductive portions of the
MH, whereas exposure to female urine activated
EApv neurons that did not project to either hypothala-
ic target.
The foregoing results could be explained by a collat-

ral projection of individual MEApv neurons activated
y cat collar odor to both subdomains of VMH. To test

his possibility, we performed double-label retrograde
racing by injection of CTB and a second retrograde
racer, FG, into the VMHdm and the VMHvl, respec-
ively. The results indicated that neurons in the MEApv
rojecting to these reproductive and defensive nuclei
ere distinct but intermingled (Figure 7F). Quantifica-

ion indicated that approximately 85% of the CTB+ neu-
ons in this structure were negative for FG (Figure 7L,

EApv and dm+vl). Positive-control experiments indi-
ated that w70% of CTB+ neurons were FG+ when both
racers were injected (separately) into the VMHdm (Fig-
res 7E and 7L, MEApv and dm+dm). These data indi-
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Figure 7. Separate Populations of MEApv Neurons Project to Reproductive and Defensive Domains of VMH, but Are Both Activated by a
Defensive Stimulus

(A–D) Transverse sections through the MEApv in mice retrogradely labeled in either the VMHdm (A and C) or the VMHvl (B and D) and
subsequently exposed to cat odor (A and B) or female urine (C and D) were double labeled with a c-fos cRNA probe and anti-CTB antibody.
(E and F) Double immunofluorescence staining for CTB and FG on transverse sections through the MEApv in mice coinjected with CTB and
FG in the VMHdm (E) or with CTB in the VMHdm and FG in the VMHvl (F). See (L) for quantification. (G–J) Transverse sections through the
MEApv in mice retrogradely labeled from either the VMHdm (G and I) or the VMHvl (H and J) were hybridized with Vglut2 (G and H) or GAD65
(I and J) cRNA probes and immunostained with anti-CTB antibody. (K) Quantification of c-fos induction by cat odor versus female urine
among neurons back-labeled by CTB from the VMHdm or the VMHvl. Dm, CTB injection in VMHdm; vl, CTB injection in the VMHvl; FU, female
urine; Cat, cat odor. (L) Quantification of overlap between neurons in the MEApv back-labeled by dual injection of CTB and FG into the
VMHdm and/or the VMHvl. dm+dm, CTB and FG both injected in the VMHdm; dm+vl, CTB and FG injected in the VMHdm and the VMHvl,
respectively. (M and N) Transverse sections through the VMH hybridized with Vglut2 (M) or GAD67 (N) cRNA probes. Filled arrowhead indicates
GAD67+ neurons in the capsular part of the VMHvl; open arrowhead indicates GAD67+ neurons in the adjacent tuberal nucleus. vl, VMHvl;
TU, tuberal nucleus; MEAa, medial amygdale, anterior division. Error bars represent the mean ± SD.
cate that the MEApv contains two separate populations
of neurons that project to the VMHdm and the VMHvl
(Figure 7F), both of which are activated by a defensive,
but not by a reproductive, olfactory stimulus.
Cat Collar Odor Activates Excitatory Projections
from the MEApv to the VMHvl
The foregoing observations presented a paradox: why
should a defensive olfactory stimulus activate neurons
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in the MEApv that project to a reproductive hypothala- d
mic target? One possibility is that these projections v
might be inhibitory, while projections from the MEApv m
to defensive nuclei would be excitatory; the fact that m
distinct neurons in the MEApv project to these two p
classes of hypothalamic targets (Figure 7F) would per- (
mit such a scenario, in principle. To address this t
question, we investigated whether MEApv neurons pro- h
jecting to the VMHdm or VMHvl were GABAergic (inhib- r
itory) or glutamatergic (excitatory) by combining retro- t
grade tracing with in situ hybridization for markers of p
these two classes of neurons: Vglut2 (Fremeau et al., r
2001) and GAD65 (Kaufman et al., 1991), respectively. v
The results of these experiments indicated that the V
neurons in the MEApv that project to the VMHvl (the t
reproductive target) are glutamatergic (Figure 7H), but o
not GABAergic (Figure 7J), and therefore are excitatory. n
The same was true for the neurons that project to the v
VMHdm (the defensive target; Figures 7G and 7I).

Taken together with the results obtained from the
analysis of Lhx6+ neurons, the foregoing experiments L
indicated that the VMHvl, a reproductive hypothalamic f
cell group, receives two types of projections from the L
medial amygdala (Table 1). One projection derives from c
Lhx6+ neurons in the MEApd that are activated by a m
reproductive, but not a defensive, olfactory stimulus; p
these projections are inhibitory. The second projection 2
derives from neurons in the MEApv that are, conversely, t
activated by the defensive, but not the reproductive n
stimulus; these projections are excitatory. Thus, tracing 1
of parallel circuits from the medial amygdala for repro- w
duction and defense identifies a point of convergence n
of these circuits in the VMHvl. The results indicating c
complementary neurotransmitter phenotypes of these e
synaptic inputs raised the question of whether these
inputs might exert opponent influences by synapsing n
onto inhibitory neurons present in the VMH. Consistent

f
with this idea, in situ hybridization with GAD67 revealed

wthat the reproductive portion of the VMH (the lateral-
bmost portion of the VMHvl and immediately adjacent
uregions of the tuberal [TU] nucleus) contains GABAer-
pgic cell bodies (Figure 7N, arrowheads). In contrast, the
adefensive, dorsomedial portion of the VMH is essen-
ptially devoid of such GABAergic neurons and rich in
mVglut2+ neurons (Figure 7M). Thus, the convergent in-
sputs to the VMHvl from the reproductive (Lhx6+) and
ndefensive regions of the posterior MEA synapse in a
rregion containing GABAergic neurons as well as gluta-
mmatergic neurons. In comparison, the neighboring de-
cfensive region of the VMH, which receives input from
tonly the defensive region of the MEA, lacks such inhibi-
ttory neurons.
t
MDiscussion
5
LOlfactory stimuli that trigger innate reproductive and
Table 1. Axonal Termination Sites of Various MEAp Neuronal Populations, Activating Stimuli, and Relevant Transmitters

c-fos Induction Transmitter

Origin of Projections Termination Site Female Urine Cat Odor Gad 65 Vglut2

MEApd VMHvl + − + −
MEApv VMHvl − + − +

VMHdm − + − +
defensive behaviors are relayed from the medial amyg-
ala to the hypothalamus, both directly and indirectly
ia the BST (Canteras, 2002; Dong et al., 2001; New-
an, 1999; Petrovich et al., 2001; Segovia and Guilla-
on, 1993; Simerly, 2002). The pathways mediating re-
roduction and defense are anatomically segregated

Petrovich et al., 2001), suggesting that they are likely
o be genetically specified. We have found that the LIM
omeodomain transcription factor Lhx6 delineates the
eproductive branch of this pathway. Other LIM pro-
eins mark different medial amygdalar subgroups,
ossibly involved in defense or aggression. The parallel

eproductive and defensive amygdalar projections con-
erge in the reproductive hypothalamic subnucleus, the
MHvl. The opposite neurotransmitter phenotypes of
hese convergent projections and the complementary
lfactory stimuli that activate them suggest a potential
eural substrate for suppressing reproductive beha-
iors when threatening stimuli are present.

hx6 Marks an Amygdalar-Hypothalamic Pathway
or Reproductive Behavior
IM homeodomain transcription factors comprise a
ombinatorial code that marks the columnar identity of
otoneurons in the spinal cord and determines the to-
ography of their projections to limb muscles (Jessell,
000; Shirasaki and Pfaff, 2002). We have found that in
he amygdala, Lhx6 marks neurons in the MEApd, a
ucleus implicated in reproductive behaviors (Newman,
999; Segovia and Guillamon, 1993; Simerly, 2002),
hile Lhx9 (Remedios et al., 2004) and Lhx5 mark other
uclei in the medial amygdala, including some impli-
ated in defensive behaviors (Canteras, 2002; Canteras
t al., 1995).
We have investigated the relationship between the

eurons marked by these transcription factors and the
unctions and connectivity attributed to the nuclei in
hich they reside (Canteras, 2002). Lhx6 is expressed
y neurons in the MEApd that are activated by reprod-
ctive olfactory stimuli and project to regions of the hy-
othalamus involved in reproduction. While Lhx6+ cells
re not the only cells in the MEApd that project to re-
roductive portions of the BST and medial hypothala-
us, they project only to reproductive and not to defen-

ive targets and are activated only by reproductive and
ot by defensive olfactory stimuli. Lhx6 also marks neu-
ons in the BSTpr that project to these same hypothala-
ic nuclei. In apparent exception to this rule, Lhx6+

ells in the MEApv did not project to reproductive
argets injected with CTB. These cells may be local in-
erneurons, or they may project to as yet unidentified
argets. The expression of Lhx6 by neurons in both the

EApd and their projection target in the BSTpr (Figure
B, purple) may be coincidental or may suggest that
hx6 participates in “transcriptional matching” of pre-
synaptic and postsynaptic partners within neural cir-
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cuits, as suggested previously for Ets domain and
paired homeodomain transcription factors (Chen et al.,
2001; Lin et al., 1998). In any case, these data indicate
that Lhx6 delineates a pathway for reproductive beha-
vior, comprised of the MEApd and the BSTpr and their
projections to the hypothalamus (Figure 5B).

These data raise the question of whether Lhx6 func-
tions in the development of this pathway. Our Lhx6−/−

animals died before the time point at which projections
from the amygdala to the hypothalamus are estab-
lished. Conditional mutations will therefore be required
to determine whether LHX6 is essential for this path-
way. Nevertheless, there is considerable evidence from
Drosophila, chick, and mice to indicate that LIM ho-
meodomain proteins control aspects of motoneuron
projection specificity, as well as neurotransmitter iden-
tity (Jessell, 2000; Shirasaki and Pfaff, 2002; Thor et al.,
1999; Thor and Thomas, 1997). Our data suggest that
the concept of “LIM codes” as determinants of nuclear/
columnar identity and projection topography may be
generalized to include a role in development of a com-
plex region of the brain involved in processing innate
social behaviors.

Lhx9 and Lhx5 also marked subpopulations of medial
amygdalar neurons. Unlike Lhx6+ cells, these neurons
do not project to reproductive targets in the hypothala-
mus or the BST and are not activated by female urine
or by cat collar odor. Lhx5+ neurons were, however, ac-
tivated during intermale aggression (Figure S1C). Lhx9+

neurons also project to defensive hypothalamic nuclei,
but these neurons are located in the paraventricular nu-
cleus of the thalamus (PVT), a structure implicated in
stress- and anxiety-related behaviors (Bhatnagar et al.,
2003; Jaferi et al., 2003; Klejbor et al., 2003; Kurumaji
et al., 2003). Thus, while the behavioral relevance of the
Lhx5- and Lhx9-expressing neurons in the MEA is not
yet clear, the data are consistent with the notion that
their projections mediate some aspects of defense or
aggression.

A Potential Neural Substrate for Gating
Reproductive Behavior by Threatening Stimuli
Animals faced with conflicting cues in their environ-
ment must often choose between mutually incompati-
ble behaviors, such as reproduction or defense. Typically,
threatening stimuli, such as predators or aggressive con-
specifics, will suppress reproductive behavior. Thus, for
example, cat odor can inhibit maternal behavior in rats
(N. Canteras, personal communication). Although amyg-
dalar-hypothalamic pathways mediating reproduction
and defense have been mapped extensively with ante-
rograde tracers (Canteras et al., 1995; Coolen and
Wood, 1998; Dong et al., 2001; Gomez and Newman,
1992; Kevetter and Winans, 1981), there is, so far, no
clear model to suggest where and how decisions be-
tween these competing behaviors might be controlled
within this pathway.

The fact that medial amydgdalar nuclei activated by
defensive stimuli (MEAa and MEApv) project to reprod-
uctive, as well as defensive, hypothalamic targets (Fig-
ure 1B), suggests a potential neural substrate by which
such stimuli might inhibit reproductive behaviors. How-
ever, the nature of the neurons involved in these projec-

tions, and the stimuli that activate them, have not been
clear. Indeed, we find that reproductive (female urine)
as well as defensive (cat odor) stimuli specifically acti-
vate neurons in the MEApv. Furthermore, we have
shown that separate subpopulations of MEApv neurons
project to distinct reproductive (VMHvl) and defensive
(VMHdm) hypothalamic targets. This convergence and
divergence makes it difficult to dissect circuits without
relating projection specificity to stimulus selectivity at
the level of single cells. By performing double labeling
for retrograde tracers and markers of neuronal activa-
tion or of neurotransmitter phenotype, we have discov-
ered that, unexpectedly, the MEApv neurons that pro-
ject to the reproductive hypothalamic target VMHvl are
activated by cat collar odor, and not by female urine.
Moreover, these projections are excitatory. These re-
sults are counterintuitive: naively, one might have antic-
ipated that excitatory neurons projecting from the
MEApv to a reproductive target would be activated by
reproductive, rather than by defensive, stimuli.

These observations can form the basis for under-
standing how these circuits function when taken to-
gether with our finding that the Lhx6+ projections to
VMHvl from MEApd, which are activated by a repro-
ductive stimulus, are inhibitory. Thus, the VMHvl re-
ceives convergent inputs, having complementary neu-
rotransmitter phenotypes, from distinct subpopulations
of medial amygdalar neurons activated by either re-
productive or defensive stimuli (Figure 8). Such a circuit
organization suggests that these convergent inputs
function antagonistically to regulate output from this
hypothalamic nucleus that is involved in reproductive
behavior. What is perhaps surprising is that the effects
of the inputs are reversed, relative to what one might
have expected—the reproductive input to VMHvl is in-
hibitory, while the defensive input is excitatory.

Why should these potentially antagonistic inputs be
assigned their neurotransmitter phenotypes in this
manner? There are two types of circuit model that
could explain this observation. In one model, the inhibi-
tory projections from Lhx6+ neurons in the MEApd
would release reproductive behavior by inhibiting in-
hibitory interneurons in the VMHvl (Figures 8A and 8B).
In that case, the glutamatergic projections from the
MEApv, which are activated by predator odors, could
excite these same interneurons, thereby suppressing
output from the VMHvl (Figure 8A). In another variant of
this model, the convergent reproductive and defensive
projections from the MEApd and the MEApv might syn-
apse onto separate subpopulations of inhibitory inter-
neurons, which later converge onto common gluta-
matergic output neurons (Figure 8B). Consistent with
this type of model, the reproductive portion of the VMH
(the lateralmost portion of the VMHvl and the immedi-
ately adjacent regions of the tuberal [TU] nucleus) con-
tains GABAergic neurons (Figure 7N) and synapses
(Commons et al., 1999), while the defensive portion
(VMHdm) does not. This type of synaptic “gate control”
has a precedent in the dorsal spinal cord, where a sim-
ilar mechanism was originally proposed to explain why
high-threshold (Aß) cutaneous mechanosensory input
(e.g., vigorous rubbing of the skin) can suppress painful
signals transmitted by nociceptors (Wall, 1980).

A second type of model does not invoke the involve-
ment of local circuit inhibitory interneurons to mediate

suppression of reproductive behaviors by defensive
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Figure 8. Models for “Gate Control” of Re-
productive Behavior in the Hypothalamus

Schematic illustrating possible mechanisms
by which the convergent inputs to the re-
productive hypothalamic nucleus VMHvl
might antagonistically control reproductive
behaviors. “+” indicates excitatory (gluta-
matergic) neurons; “−” indicates inhibitory
(GABAergic) neurons.
(A and B) In one type of model, projections
from the MEApd and the MEApv synapse
onto local inhibitory interneurons in the
VMHvl, which, in turn, inhibit firing of excit-
atory output neurons. In (A) the amygdalar
projections synapse onto common inhibitory
interneurons (*); in (B), the axons synapse
onto distinct interneurons, which, in turn,
converge onto output neurons (*).
(C) In a different type of model, antagonism
is not mediated by local inhibitory interneu-
rons. Rather, the level of excitatory output
from the VMHvl is controlled by a balance
between direct inhibition (from the MEApv)
versus indirect disinhibition (via the BSTpr)
(see Swanson, 2000). The input from the
MEApv shifts the balance in favor of inhibi-
tion by presynaptically exciting the direct in-
hibitory projection from Lhx6+ neurons in the
MEApd. Note that the VMHdm, which con-
trols defensive behaviors, does not receive
any input from the reproductive portion of
the MEApd (see also Figure 1B) and does
not contain any inhibitory interneurons (Fig-
ure 7N).
stimuli. In this model, the inhibitory Lhx6+ projections p
rfrom the MEApd would synapse directly onto gluta-

matergic output neurons in the VMHvl (Figure 7M), sup- t
cpressing their activity (Figure 8C). Disinhibition of re-

productive behavior would be mediated by the parallel, (
mdouble-negative projection involving the BST (Swan-

son, 2000). In such a circuit arrangement, specific pre-
psynaptic excitation of the direct inhibitory projection

from the MEApd by the glutamatergic predator odor- t
gdriven projection from the MEApv would enhance inhi-

bition of the glutamatergic output neurons, thereby p
asuppressing reproductive behavior (Figure 8C).

Clearly, more complicated circuit arrangements com- M
tbining aspects of both models are possible. Tests of

these models will require combining site-directed phar- M
fmacologic or genetic manipulations of GABAergic and

glutamatergic synaptic transmission with detailed ana- j
stomical analysis of synaptic connectivity within the

VMHvl. The important point is that our data suggest a a
rpotential site for the “gating” of reproductive behavior

by threatening stimuli, in the hypothalamus. This does e
vnot exclude the possibility that such antagonistic con-

trol of reproductive behavior may occur instead, or in v
saddition, at other sites in the circuit. For example, the

convergence of parallel reproductive and defensive p
rojections from the MEApd/v may also occur in other
eproductive hypothalamic nuclei, such as the MPN or
he PMv. Furthermore, there are recognized reciprocal
onnections between the MEApd and the MEApv
Canteras et al., 1995), which could, in principle, also

ediate such antagonism.
If the VMHvl receives opposing inputs from both re-

roductive and defensive amygdalar nuclei, what de-
ermines which behavior predominates when the or-
anism is faced with conflicting cues? Importantly, the
rojections from the MEA to the hypothalamus exhibit
n overall asymmetry: the “reproductive” portion of the
EA, the MEApd, projects only to reproductive hypo-

halamic nuclei, whereas the “defensive” portion of the
EA, the MEApv, projects to both reproductive and de-

ensive hypothalamic nuclei (Figure 1B). If the pro-
ection of the MEApv to reproductive nuclei indeed
erves to inhibit reproductive behaviors, then this
symmetry implies a dominance of defensive over
eproductive behaviors. In other words, priority has
vidently been given to interrupting reproductive beha-
iors if threatening stimuli are present, rather than vice-
ersa. From an evolutionary standpoint, this makes
ense: animals abrogating aggressive encounters or
redator defenses to engage in reproductive behavior,



LIM Codes Mark Amygdalar-Hypothalamic Projections
659
despite the continued presence of the threat, are less
likely to achieve reproductive success.

Finally, the notion that threatening stimuli repress re-
productive behaviors is consistent with the observation
that mice lacking TrpC2, which is required for VNO
function, display reduced intermale aggression and in-
creased male-male mounting (Leypold et al., 2002;
Stowers et al., 2002). While this phenotype has been
interpreted to primarily reflect a defect in gender re-
cognition (but see Pankevich et al., 2004), it may in ad-
dition involve a disinhibition of mating behavior, as a
secondary consequence of an inability to detect ag-
gression-promoting cues. Consistent with this notion,
female TrpC2−/− mice also show reduced maternal ag-
gression (Leypold et al., 2002). Although cat collar odor
does not elicit aggressive behavior per se, it is thought
to be detected by the VNO (McGregor et al., 2004) and
it suppresses ultrasonic vocalization evoked by expo-
sure to female urine (G.C. and D.J.A., unpublished
data). It is possible that chemosensory stimuli that sig-
nal threats from a variety of sources simultaneously
suppress reproductive behaviors, in order to give prio-
rity to fight or flight responses.

Experimental Procedures

The generation of gene-targeted PLAP mice was accomplished
using VelociGene technology (Valenzuela et al., 2003). In situ hy-
bridization, immunohistochemical staining, and retrograde tracing
experiments were performed using established procedures. Fur-
ther details can be found in the Supplemental Experimental Pro-
cedures.

Supplemental Data
Supplemental Data include two figures, Supplemental Experimen-
tal Procedures, Supplemental References, a list of abbreviations,
and a table and can be found with this article online at http://
www.neuron.org/cgi/content/full/46/4/647/DC1/.
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