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Chapter 3

Concluding Remarks and Future Directions
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Are LIM genes necessary for the development of correct target specificity of various
MEA neuronal populations?
Utilizing genetically encoded and conventional axonal tracers, I have demonstrated
that different LIM homeodomain transcription factors mark subpopulations of MEA neurons
(or PVT neurons for Lhx9) with distinct projection targets. In particular, I have found that
Lhx6 delineates a pathway for reproductive behavior, comprising the MEApd and BSTpr and
their projections to the hypothalamus.
There is considerable evidence from Drosophila, chick, and mice to indicate that LIM
homeodomain proteins control aspects of motoneuron projection specificity, as well as
neurotransmitter identity (Jessell, 2000; Shirasaki and Pfaff, 2002; Thor et al., 1999; Thor
and Thomas, 1997). These data raise the question of whether Lhx6 functions in the
development of amygdalar-hypothalamic pathway mediating reproductive behaviors. Our
Lhx6-/- animals died before projections from the amygdala to the hypothalamus were
established, thus requiring conditional mutants to determine whether LHX6 is essential for
this pathway.
In order to gain more insight in the functional role of Lhx6 in the specification of the
amygdalar-hypothalamic pathway for reproduction, I have generated a construct, which
contains cDNA of Lhx6 flanked by LoxP sites and followed by farnesylated green
fluorescent protein (fEGFP) (Fig. 1a). This construct will be used to target the Lhx6
chromosomal locus and to replace its coding region via homologous recombination in
embryonic stem cells. In these mice, the expression of CRE recombinase will abrogate the
expression of Lhx6 cDNA and instead yield the expression of fEGFP. fEGFP, being
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membrane-bound (Zylka et al., 2005), will be used as a genetically encoded axonal tracer to
investigate projection phenotypes of the cells without LHX6.
I have also shown that there are two distinct subpopulations of neurons in the MEAa
and the PVT that project to the defensive hypothalamic nucleus (VMHdm), and not to the
reproductive nucleus (VMHvl). The observation that they are also marked by LIM
homeodomain transcription factors, Lhx5 and Lhx9, raised questions of whether the
expressions of the LIM genes are accountable for their projection specificity. In order to
address this question, I have generated additional targeting constructs in which, Lhx6 cDNA
is flanked by loxp sequences and followed by either Lhx5 or Lhx9 cDNA – IRES – fEGFP
(Figure 1b and 1c). If the expression of LIM genes is sufficient to shape the amygdalarhypothalamic projection patterns, then the formally Lhx6-expression neurons will not only
fail to project to the reproductive nuclei but will instead project to their defensive
counterparts.
I have decided to use Aromatase-Cre as a brain region-specific cre-deleter line.
Double staining for β-gal and LHX6 in Aromatase-LacZ reporter mice demonstrated that coexpression is observed only in MEApd and BSTpr, the regions of interest, as early as in
embryonic day 14.5 (Figure 2). Every LHX6+ neuron in MEApd and BSTpr does not express
β-gal. However, since fEGFP will be turned on only in the cells with the Cre, assessing its
expression should be able to allow the investigation of projection phenotypes of only those
cells without functional LHX6. Moreover, deletion of Lhx6 in a subpopulation of Lhx6expressing neurons in MEApd and BSTpr may be enough to produce behavioral deficits
because of the essential roles Aromatase and possibly the cells expressing Aromatase play in
the development of male and female social behaviors (Balthazart, 1989; Luttage, 1979).
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Figure 1. Targeting constructs for conditional knock-out of Lhx6.

Figure 2. Expression of Aromatase and Lhx6 in MEApd and BST.
Aromatase is (indicated by a reporter gene LacZ in Aromatase-LacZ mice) co-expressed in a
subset of Lhx6-expressing neurons in the MEApd and BSTpr.
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Search of markers for the MEApv neurons that project to either reproductive or
defensive nuclei of the hypothalamus
One crucial conclusion that came out of my study is that each nucleus, which has
been treated as a single anatomical unit, consists of several distinct populations of neurons
with different projection specificities and neurotransmitter phenotypes intermingled together.
For example, the MEApv contains at least four different subpopulations of neurons: two
glutamatergic populations projecting to either reproductive or defensive nuclei and two
populations expressing Lhx6 or Lhx9 with unknown projection specificities. Such
heterogeneity of neuronal populations thus necessitates dissection of circuits – relating
projection specificities to the stimulus selectivity or neurotransmitter phenotypes – at the
level of single cells.
The heterogeneity of individual nuclei also requires a novel approach to finding
markers for behavioral circuits. A simple search for the genes that are expressed in the
MEApv but not in the MEApd failed to find molecular markers for the two glutamatergic
neuronal populations in MEApv. The markers for these populations could have been diluted
out in the samples prepared from the whole MEApv. Moreover, the initial assumption that
they would not be expressed in the MEApd may not be valid, in light of the fact that axonal
projection patterns of motoneuron populations are determined not by a single “mastermind
gene,” but by a combinatorial code of transcription factors (Jessell, 2000; Shirasaki and Pfaff,
2002). Since the MEApd neurons and the neuronal populations of our interest in the MEApv
already differ in the expression of one gene, Lhx6, they do not necessarily have to show a
differential expression for other genes concerned with the projection specificities. A more
successful approach, therefore, would require retrogradely-labeling individual populations
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from either reproductive or defensive targets, isolating them at a single-cell level, and
comparing their gene-expression profiles to each other rather than to that of MEApd.

VMHvl as a potential neural substrate for gating reproductive behavior by threatening
stimuli
Animals faced with conflicting cues in their environment must often choose between
mutually incompatible behaviors, such as reproduction or defense. Typically, threatening
stimuli, such as predators or aggressive conspecifics, will suppress reproductive behavior.
However, there is, so far, no clear model to suggest where and how decisions between these
competing behaviors might be controlled.
My results indicate that the VMHvl receives convergent inputs, of opposite “signs,”
from different subpopulations of medial amygdalar neurons that are activated by
reproductive or defensive stimuli, respectively. In the simplest model, the inhibitory
projections from Lhx6+ neurons in the MEApd would release reproductive behavior by
inhibiting inhibitory interneurons in the VMHvl. 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. Thus, within such a circuit
organization, the VMHvl may serve as a neural substrate for gating reproductive behavior by
threatening stimuli.
One can test the model using pharmacologic manipulation of glutamatergic synaptic
transmission within the VMHvl. According to the model, infusion of a glutamate receptor
antagonist would remove the suppression of reproductive behaviors by defensive stimuli. In
these animals, thus, cat odor would no longer be able to suppress male courtship vocalization
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in response to female urine. However, such a scenario is based on the assumption that the
glutamate antagonist has an effect only on the GABAergic inhibitory neurons and not on the
glutamatergic excitatory neuron within the VMHvl. A more elegant experiment would be,
therefore, to find a marker and genetically silence or kill the neuronal population within the
MEApv that are activated by defensive stimuli but that project to the VMHvl.

The role of the main olfactory system in eliciting reproductive behaviors
My study was carried out on the traditionally-held assumption that the accessory
olfactory system, which has been shown to be activated by the non-volatile substances, is the
major modality detecting the chemosensory cues that elicit reproductive behaviors. However,
recent evidence increasingly suggests an important role for the main olfactory system in
processing reproductive stimuli (Belluscio et al., 1998; Keverne, 2002; Leypold et al., 2002;
Stowers et al., 2002). TRPC2 -/- male mice with the genetically-silenced vomeronasal
neurons did not lose copulatory behaviors or the courtship vocalization in the presence of
females. Data from Pankevich et al. indicated that the rates of mounting and intromission,
and the timing of ejaculation were equivalent in sexually naïve, sham-operated males and
VNO-removed males (Pankevich et al., 2004), when the mating performance was assessed
over extended periods (4 hours) rather than only during the initial encounter with the females
(20 minutes) (Wysocki and Lepri, 1991).
The foregoing data suggesting that the reproductive stimuli may be detected by the
main olfactory epithelium rather than by the VNO, however, should be taken with caution.
Although the VNO ablation impairs sexual behavior of the male mice minimally, the deficits
are clearly apparent if the damage is made prior to any adult contact with females (Wysocki
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and Lepri, 1991). My preliminary results also indicate that only sexually experienced males,
and not native males, display courtship vocalization upon exposure to the volatile compounds
of female urine, which are presumably detected only by the main olfactory epithelium.
Moreover, it should be noted that Stowers et al. exposed TRPC2 -/- males to intact females
rather than female-derived odors when they observed the courtship vocalization from these
animals. Consequently, one cannot rule out the possibility that learning and experience
during interactions with females as well as cues detected by sensory modalities other than
olfaction may be capable of overriding the otherwise detrimental effect of the VNO
elimination.
In order to formally determine whether the Lhx6-expressing neurons in our circuit are
activated by the MOE-derived or VNO-derived reproductive stimuli, I have obtained TRPC2
and generally anosmic CNG (cyclic nucleotide-gated cation channel) (Brunet et al., 1996)
mutant animals. Assessing whether female urine is capable of activating Lhx6-expressing
neurons in these animals should shed some light on the contribution the main and accessory
olfactory systems make to evoking reproductive behaviors through the amygdalarhypothalamic circuit.

How does my model fit with the current model of VNO/AOB function?
Genetically silencing vomeronasal neurons by eliminating TRPC2 expression results
in the male-male mating behavior (Leypold et al., 2002; Stowers et al., 2002). While this
phenotype has been interpreted to reflect a defect in gender recognition, it may actually
involve a dis-inhibition of mating behavior, as a secondary consequence of an inability to
detect aggression-promoting cues. Consistent with this notion, the TRPC2 mutant mice show
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reduced male-male aggression (Stowers et al., 2002) as well as maternal aggression (Leypold
et al., 2002). Moreover, it has been shown recently that male mice with VNO removal are
still able to reliably discriminate between urinary odors from males and females (Pankevich
et al., 2004), arguing against the loss of gender recognition in the TRPC2 mutants.
My preliminary results show that cat odor can prevent the courtship vocalization
displayed by males when exposed to female urine (Fig. 3 and Fig. 4). If the reproductive
stimuli prove to be detected by the MOE, then I can test whether or not the cat odor’s ability
to suppress the courtship vocalization is lost in TRPC2 mutant males. If so, I can also assess
whether the c-fos activation in the MEApv in response to cat odor is lost in these mice.
These experiments should be able to address whether the circuit identified in my study could
explain the suppression of reproductive behaviors by signals that normally promote
aggression, in relation to TRPC2 mutant phenotypes.
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Figure 3. Spectrograms showing a male mouse vocalizing at an ultrasonic range in
response to female urine and in the presence or absence of cat odor.

Figure 4. Quantification showing the inhibition of male courtship vocalization in the
presence of cat odor.
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Appendix

The bHLH transcription factor Olig2 promotes oligodendrocyte differentiation
in collaboration with Nkx2.2

Qiao Zhou, Gloria Choi, and David J. Anderson
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