UC San Diego

UC San Diego Electronic Theses and Dissertations

Title
The meaning of Mups : understanding the basis of activation in the vomeronasal organ

Permalink
https://escholarship.org/uc/item/4nw987tx

Author
Lloyd, Kathleen Marie

Publication Date
2010

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4nw987tx
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA, SAN DIEGO

The Meaning of Mups: understanding the basis of activation in the vomeronasal orga

A thesis submitted in partial satisfaction of the requirements

for the degree Master of Science

Biology

by

Kathleen Marie Lloyd

Committee in Charge:
Professor Lisa Stowers-Anderson, Chair

Professor Jing Wang, Co-Chair
Professor James W. Posakony

2010






The Thesis of Kathleen Marie Lloyd is approved, and it is acceptable in qunality a

form for publication on microfilm and electronically:

Co-Chair

Chair

University of California, San Diego

2010



TABLE OF CONTENTS

SIGNALUIE Page. ... .ot e e et e e e e e el
Table of CoNtENtS... ... eIV
LISt Of FIQUIES. .. .o e e e e e e eV
S 0 N = PR V |
ACKNOWIBAGEMENTS. ...ttt e e e e e Vil
ADSTIACT. .. et e e IX
11 0T (3o (o o 1P |
Materials and Methods..........cooi i e 14
RESUIS. .o e e 19
3 o U7 o] o PO 30
U S . e e e e 40
L1201 65

REIBIENCES. .. .o e e e e e e e e e e e e e e e e e e e 69



LIST OF FIGURES

Figure 1: Processing of Chemosignals through Dual Olfactory systems...... 40

Figure 2: Heterologous Expression of V2ZRs inthe VNO.............cocoiiiiiiiinnn. 41
Figure 3: Crystal Structure of the Major Urinary Protein .......ccccc.coievnn.n 42

Figure 4: The C56BI/6J MoUSE MUPS .......cevvviieiieiieeie e iieieee e ienieeennn .43

Figure 5: Alignment of Class Aand B MUPS.......cccovveviiviiviiiiieiieeenenn 44

Figure 6: Experimental Setup of Aggression ASSay........ccvvveevieeiiiiineenieiennnnn 45
Figure 7: Mup 24 and 25 are Individually Sufficient for Stereotyped Aggressiatt....
Figure 8:Mup 24 and 25 Activate Specific Subsets of VNO Neurons.................... 47
Figure 9: Positions of Class B Mup Polymorphisms...................ccce v v 48

Figure 10: Experimental Design of the Class B Calcium Imagiqgixent......... 49
Figure 11: Representative Traces of Neurons Responding to Class B Mups............ 50
Figure 12: The K13Q Mutation is Sufficient for a Specialist Neuromp&ese........ 51
Figure 13: Alignment of Mup 8, Mup 25, N8 and N25...................cceveeveennn .52
Figure 14: Representative Traces of Neurons Responding to the N25 Chimera ....... 53
Figure 15: The N25 Chimera Activates Mup 25 Specialist Neurons..................... 54
Figure 16: The NTD of Mup 25 is Sufficient for Specific Neuron Actvati. ....... 55

Figure 17: Double Pulse of Recombinant Mups Shows a Significant Driept#f..56

Figure 18: Representative Traces of Neurons Responding to the N8 Chimera ......... 57
Figure 19: The N8 Chimera Activates Mup 8 Specialist Neurons ...................... 58

Figure 20

: The NTD of Mup 8 is Sufficient for Specific Neuron Activatian......59



Figure 21: The N25 Chimera is not Sufficient for Stereotyped Aggression.....60
Figure 22: Representative Traces of the N25 Chimera and Mup 24 Activation6l
Figure 23: The N25 Chimera does not Activate Mup 24/25 Generalist Neurari2..
Figure 24: The N25 Chimera does not Account for 24/25 Neurons.....................

Figure 25N25-Activated Neuron Populations are not Sufficient for Aggression.....

Vi



LIST OF TABLES

Table 1: Accession numbers for C57BI/6J Mups............ccoeviveiiiiiiine i e en. .65
Table 2: Major Urinary Protein PCR primers............ccccoeviviie i i iiiieiienenenn...66
Table 3: Mutagenesis Primers used in Class B Mup Design......................J 67....

Table 4: Calculation of Theoretical Dropoff............ccoooiiiiiiiii i, 68

Vil



ACKNOWLDEGMENTS

| would like to acknowledge Professor Lisa Stowers for her guedand help
as my committee chair. | would like to thank Darren Logan fonestorship in the
lab. | would like to additionally thank Angeldeep Kaur for her stasice in the
aggression assays. | would like to thank Pablo Chamero, Tobias Marton, and
Angeldeep Kaur for their previous work in this field that set the fouwmwaldor my
work, and for allowing me to use adaptations of their figures inttieisis. Finally, |
would like to thank all of the members of the Stowers Lab for theut and help
throughout my project.

Figure 7, in full, is adapted from work done by Angeldeep Kaur and Jobia
Marton. This work is currently being prepared for submission.

Figure 8, in full, is adapted from work done by Angeldeep Kaur and Sobia

Marton. This work is currently being prepared for submission.

viii



ABSTRACT OF THE THESIS

The Meaning of Mups: understanding the basis of activation in the vomeronasal orga

by

Kathleen Marie Lloyd
Master of Science in Biology
University of San Diego, California, 2010
Professor Lisa Stowers-Anderson, Chair

Professor Jing Wang, Co-Chair

Animals use pheromones to communicate information such as soaial atat
to elicit stereotypic behaviors such as intraspecies aggnesear, reproduction, and
suckling. The family of Major Urinary Proteins (Mups) in mice baen implicated as
pheromones that promote individual recognition and male to male aggr.ebkip

variants 24 and 25 are sufficient to elicit stereotypic malaate aggression through



activation of the vomeronasal organ, part of the accessory olfasystgm. The
neural mechanisms by which these pheromones elicit this behavior hoamve
largely unknown. Through the engineering of point mutations and Mup climera
found that the amino terminus domain of these proteins is requiregefaifis neuron
activation in the vomeronasal organ. Furthermore, a chimeric Mup 2&h abiivates
a subset of sensory neurons stimulated by native Mup 25, failstiedeniup 25-
mediated aggression in behavioral assays. Overall, our rgeoNgle a possible
mechanism for Mup-receptor interactions as well as insight théo mode of

information coding in the vomeronasal organ.



I ntroduction

Animal communication through chemosignals

In many mammalian species, pheromones and olfactory cuessamtial for
communicating information. These cues may be obtained from the envirbrome
from other animals and function as either inter- or intra-secifes. Pheromones and
olfactory cues have been implicated in stereotypic behaviors suaftraspecies
aggression, fear, reproduction, and suckling (Blass and Teicher, 1980; Bbethm
2005; Brechbuhl et al., 2008). These innate behaviors have been shown tateel dire
through pheromones in a contextually based manner. The neuralrgitoyitvhich
these cues modulate behavior however is still largely unknown. Undenrsjating
neuronal mechanisms behind these innate behaviors is a key factoadehing our
understanding of how the brain encodes and interprets external stimuli.

Interspecific communication: prey vs. predator response to chemosignals

Chemical communication between animals can occur between meeoflibe
same or different species. Interestingly, the molecules thdiateethese interactions
as well as the pathways utilized can be the same in both ciftspad heterospecific
chemical communication (Papes et al., 2010). Elucidating the mechanismsctbdete
in the sensory system can therefore explain how an animaledifigies between
predator and conspecific cues.

Interspecies communication can be defined as an exchangeshatveenbers
of different species through chemical cues. These semioctisncan be excreted by

either prey or predator. These may be pheromones that are éxzyetanember of a



prey species in an intraspecific manner, while the predator spbae evolved a
detection method to this semiochemical for better hunting the préstnatively, a
prey species may evolve innate aversion or fear responses to shfeocne predator,
enhancing the prey’s ability to survive in a hostile environmemifgldach et al.,
2005). Mice display avoidance behaviors when exposed to predator odoraniss such
cat collars or red fox feces (DellOmo et al., 1994; SamuelsdnMeredith, 2009).
Female mice have been found to decrease both litter size anthdpeajvity when
exposed to predator cues. While the cues behind several of these behavsobeen
discovered and characterized, the neural circuitry and mechanisdeslying this
informational coding is not yet fully understood.

Intraspecific communication: cues for reproduction and social status

While the detection of interspecific cues may aid in the fitméss particular
species, this will do an animal no good if it cannot carry out kbel@aviors such as
mate choice and reproduction. In higher mammals, this can be achleeeght
vocalization, however lower mammals are highly dependent on a cilemode of
communication (Zarzo, 2007). This consists of either odorants which ean b
associated with specific situations and acted upon accordingly, @npbiees which
instigate an innate response.

Intraspecies communication is the dialogue between members ohre s
species through specific signals or cues. These cues maytenkdiaviors such as
reproduction (Boehm et al., 2005), territorial scent marking (Nevisah,&003), pup

suckling (Schaal et al., 2003; Teicher et al., 1980), oestrus inductronsd@ and



Whitten, 1968; Mucignat-Caretta et al., 1995), or as elucidated irstdly, male to
male aggression (Novotny et al., 1985). Males will aggressistganother male when
paired in one cage, but not against a castrated male. Additionetnree to the back
of a castrate mouse will initiate this aggression behaviornf@haet al., 2007). This
is a contextually based cue, as male urine applied to pups or foodotilhstigate
stereotyped aggression (Mucignat-Caretta et al., 2004). Dominamt will also
display a countermarking behavior in response to sensing a moressiv@males’
urine in their cage. In females, pregnancy may be aborted whemaéefes exposed to
unfamiliar male scents, known as the Bruce effect (Bruce, 19%&h Bf these
behaviors has been found to be instigated by conspecific cues. Tioumetezstand
how these behaviors are processed in the brain, we must firstigatedtow these
signals are detected and distinguished by the olfactory sensory system.

Transduction and informational coding of pheromones and odorants

How are pheromones and odorants detected by sensory systems atetlenco
in the brain for the transduction of chemical communication? Both plosesmand
odorants may activate dual pathways in the olfactory sensorgnsydthis system
consists of two sensory organs called the main olfactory epithetiuMOE, and the
vomeronasal organ, or VNO. The MOE is located in the posterior degiah of the
nasal cavity, while the VNO resides in a cartilage casinthe base of the nasal
septum (Halpern, 1987; Lin et al., 2004).

Traditionally, the main olfactory system had been implicatetersensing of

odors, while the accessory olfactory system has been implicatgztharomone



sensing. Primary signal transduction in the VNO and the MOE heas foend to be
molecularly distinct (Dulac and Torello, 2003). Both the VNO and the M&gfess
G-protein coupled receptors (GPCR) in their respective sensargns but they are
from distinct protein sub-families (Kaupp, 2010).

Olfactory receptors (ORs) expressed in the sensory neurohg dGiOE are
capable of detecting a wide range of small molecule odorantsk(E004). The
activation of ORs leads to the opening of CNGA2 channels. These neyrmaysse
onto the main olfactory bulb (MOB), which then projects to mitrlsdbat synapse
on to the cortex and the olfactory amygdala (Dulac and Torello, 2003) (Figure 1a).

In the VNO, there are two receptor classes that are esqutethe V1Rs and
the V2Rs (Keverne, 1999; Ryba and Tirindelli, 1997). The activation of phasasel
C leads to the opening of TrpC2 channels in both vomeronasal neurons (VNS).
Activated VNs synapse to the accessory olfactory bulb (AOB)¢ctwthen projects
neurons directly to the vomeronasal amygdala and hypothalamus (Ddldoeello,
2003)(Figure 1b). These molecular and spatial organizations of the amain
accessory olfactory systems indicate that they may perfdferatitiated roles in the
detection of odorants and pheromones.

However, while these two systems do in fact have differentiasrohey also
have a certain amount of overlap (Meredith, 1998). Certain behaviors kool
modulated by pheromones are not eliminated when the VNO is ablatatysi&s of
Trpc2™ mice has shown that the ablation of VNO function was not sufficient t

eliminate either the mating or suckling response in mice, behgwevsously thought



to be modulated by pheromones (Leypold et al., 2002). Conversely, in exmsrime
with Cnga2’" mice and MOE glomeruli ablations it was found that aggressiofgnat
and innate aversion was attenuated, suggesting a broad modulating tltedeM®DE

on VNO function (Kobayakawa et al., 2007; Mandiyan et al., 2005). Overadl, thi
previous work shows that while these traditional roles for the \@&d® MOE hold
true in some cases, the precise mechanisms behind pheromone and odorant
differentiation are as yet unknown. For further research to be doniese non
classical modes of pheromone and odorant detection, it wilbr&teneficial to fully
elucidate what mechanisms are underlying the classicalitsirfound in these two
systems. Understanding the mechanisms behind pheromone transduttierv/MO
can help us understand the molecular basis behind possible diffeoeniiatihe
function of these organs.

Ligand detection is organized by spatial organization of the VNO

While the VNO is known to have a role in the detection of pheromohes, t
varied neuronal makeup of this subsystem has made it difficullumdate the
receptors responsible for innate behaviors (Bush and Hall, 2008). Tusounded
by the fact that different pheromones have diverse chemical sandtural
characteristics. Vomeronasal neurons respond to female and nn&eliffierentially
in a manner that indicates quantitative interaction of a receptiora ligand (Holy et
al., 2000). Thus these receptors found to be expressed differentitiily YNO may
have evolved to associate with specific ligands, creating innaieéd pathways to

mediate stereotypic behaviors.



The VNO is capable of detecting both small volatiles and nonvofa¢ides
(Dulac and Axel, 1995; Wysocki et al., 1980). How does the VNO diffatent
between large and small molecule pheromones? This is the @psirselucidating
molecular mechanisms behind pheromone coding.

In the main olfactory system, dispersed sets of neurons are tadtiva
response to odorants. These cells converge onto molecularly distinetrglo The
VNO however has a heterologous organization of neurons onto the glomettud
AOB (Del Punta et al., 2002). Additionally, there is a spatial mgdion of
molecularly distinct neurons in the VNO. The VNs are spatially separatee VNO,
with V1Rs expressed apically and V2Rs expressed basally. Addijiotiad Gui2
proteins have been found to complex specifically with the V1Rs, white fBoteins
have been found to complex with V2Rs (Krieger et al., 1999)(FigureThe) V1Rs
and V2Rs in the VNO additionally have distinct electrical respems stimuli, further
dividing the apical from the basal VNO (Fieni et al., 2003). Fin#llg,V1R and V2R
receptors project to the apical and basal regions of the AOR:spamdingly,
establishing subdivisions of glomerular projection (Jia et al., 1997) (Figure 1c)

The capacity of the VNO to detect pheromones can be definedebkarge
number of family members found in both the V1R and V2R classesept@s. The
V1R class consists of 139 receptors which can be organized intotit2tdiamilies
(Rodriguez et al., 2002). A subset of stereotyped behaviors controlled hhtiogig

VNO was found to be dependent on intact V1R receptors including regiels



behavior and maternal aggression, stimulated by small molecuisP(Ita et al.,
2002).

The V2R class similarly consists of 121 receptors, organized infamifies
(Yang et al., 2005) (Figure 2a). As an additional level of complexistead of
following the “one neuron one receptor” rule of the main olfactgsfesn, the basal
VNO sensory neurons express multiple receptors per neuron (Fleetchk, 2009;
McClintock, 2010). This makeup is currently thought to consist of one o ti&
family receptors expressed in every basal neuron, with aniadditV2R from
families A or B or co-expressed in these same cells (Mat al., 2001) (Figure 2b).
The function behind the heterologous co-receptors expressed in rtbesms is
unknown.

The functional relevance of the V2R-expressing VNs has begun to be
elucidated. Pheromone proteins expressed in male mouse urine aceergufb
stimulate innate aggression in males through activation of the \4géxifically
through neurons expressingu&and thus V2R receptors (Chamero et al., 2007). This
stereotyped behavior provides an excellent platform to further stader the
expression pattern of the VN receptors.

Pheromones can be large or small molecules

Pheromones were initially detected when the compound N-acetpiitee was
discovered to be responsible for copulation in the silk nbaimbyx moriin 1959
(Butenandt et al., 1959). Since then, the question of pheromones uséé in t

mammalian world has become increasingly prevalent. In 1959,dRadsd Luscher



defined pheromones as “substances which are secreted to the bytaiéndividual
species, in which they release a specific reaction, for pbeara definite behavior or a
developmental process” (Karlson and Luscher, 1959).

Since the VNO Ilumen is fluid filled and mostly inaccessilde volatile
molecules, pheromones were previously thought to be nonvolatile semioalseem
(O'Connell and Meredith, 1984; Stowers and Marton, 2005). However, seveevol
compounds have been identified that cause stereotyped behaviorginmrhase cues
have been shown to elicit behaviors such as maternal aggression, jagbeltyation
and delay, and female attraction (Novotny et al., 1985; Novotny et al., Hi886iny
et al., 1999). Additionally, an innate response to the volatile chemicdT™was
found to be detected through the MOE, a nontraditional mode of detectiomé&te i
behaviors (Lin et al., 2005). Although traditionally, volatile moleculesevedassified
as odorants while nonvolatile semiochemicals were thought to bliseety
pheromones, these compounds show that a volatile compound can indeed cause a
stereotyped behavior in a pheromone-like manner.

As volatiles cannot easily access the mucous-filled lumen oWVi®, one
mechanism of action for these potential volatile pheromones to bedrgets can be
found in the mouse Major Urinary Proteins, or Mups. These are &/fahgenes that
belong to the lipocalin superfamily. Lipocalins consist of eight anti-gdiadita sheets
that form a hydrophobic binding pocket in the middle, which binds varioud sma
hydrophobic molecules in the calyx groove (Flower, 1996; Ganforniné, €080;

Timm et al., 2001) (Figure 3).he small hydrophobic molecules that bind this region



of the Mup include all six identified male specific pheromonesy(i®n and Hurst,
2003). These molecules were shown to bind to different Mups with ditfafenities,
showing that Mup proteins can form complexes with a number of thestblgos
ligands, or carry no ligand at all (Bacchini et al., 1992). Thus,ethidence supports
the role of Mups as carrier proteins to deliver these volatile pheromones to @e VN

In addition to volatile pheromones, proteins have been implicated in
pheromone response. The protein aphrodisin is expressed and excretgpdahfiad
in female hamsters, and is sufficient to elicit copulation behswomales (Singer et
al., 1986). This protein, once analyzed for primary structure was foumel similar to
Mups in that it was a member of the lipocalin superfamily, mithg a broad role for
these proteins in modulation of innate behaviors (Henzel et al., 198&jdltion to
this, the MHC class | peptides were shown to act as individusadjhals in the context
of mate recognition during pregnancy block (Leinders-Zufall e280D4). Finally, a
peptide excreted from the exorbital lacrimal gland calledcexre gland-secreting
peptide 1 (ESP-1), was found to be secreted in the eyes of malespexifically
activate female VNOs through direct contact (Kimoto et al., 2005).

While these examples show precedent for pheromonal activity eptdp,
Mups are unique for their role in volatile pheromone transport. Simeeprotein
aphrodisin shares characteristics with Mup proteins, there iadithed possibility of
endogenous pheromone activity in Mups. Mups could activate the VNO indiyiduall

or through creating complexes with their volatile pheromone ligands.
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The Major Urinary Proteins of Mice are diverse, highly homologous genes

Mups have been previously implicated in volatile pheromone transport;

however a large expansion in the mouse genome indicates a more diverse fiitlgctiona

than acting as a simple carrier molecule (Logan et al., 20@@)estingly, although
there is a large genomic cluster of Mups, they have an extrenmgy sequence
homology at both the protein and nucleotide level (Logan et al., 2008).

Mups were initially found to be synthesized in the liver of enadice and
excreted as the most prominent protein in the urine at concentrafid® to 30
mg/ml (Finlayson et al., 1965; Rumke and Thung, 1964). Indeed, they anmgotite
abundant transcript found in the liver, consisting of 5% of all @A and present
at 30,000 copies per cell, indicating that they serve an importaniditctwarrant so
much energy in expression (Hastie et al., 1979). Mups were taiad fto also be
excreted by the submaxillary, lachrymal and mamillary glands (Shaly é983).

Mup transcription has been shown to be dependent on several hormones.
male mouse Mups are not expressed in either females or eastnawever this
expression profile has been rescued by testosterone (Szoka gad, A&78). Mice
can therefore easily be created as “Mup nulls” through castratnen studying Mup-
mediated male to male interactions. Additionally, GH deficiamayg found to deplete
the expression of Mups by 150 fold, and testosterone treatment was ttourel
insufficient for Mup rescue (al-Shawi et al., 1992; Knopf et al., 1983)efdre, both

hormones have a distinct yet complementary effect on Mup production in mice.

Adult
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There are at least 21 Mup genes present on chromosome 4 ({Cérkli884;
Logan et al., 2008). Mouse Mups exist in two distinct classes, &élss éls and class
Bs (Logan et al., 2008) (Figure 4a). Mups are expressed in diffprefiles of six to
eight Mups across strains in laboratory mice and individuals oh mwite, creating an
individuality “barcode” (Hurst et al., 2001; Robertson et al., 1997). The male
C57BI/6J mice used in this study all express the same 5 Mupstfreimgenome
(Figure 4b). The class A Mups have a higher level of divesgerhile the class Bs
have been found to be highly homologous, containing only 8 residue polymorphisms
between the 15 C57BI/6J class B Mups (Figure 5).

Mups have been shown to be an important factor of individual recognition and
territory ownership in male mice (Beynon and Hurst, 2003; Darwisrie et al.,
2001; Nevison et al., 2003). Male mice will not countermark a submissneseais
urine if the stimulus is covered by a nitrocellulose membrar@wviglfy volatiles
through, implicating Mups in this behavior (Hurst et al., 2001). Findéyales
discriminate during mate choice to favor males with increasendafgosity of Mups
(Thom et al., 2008).

In addition to this, stereotypic male to male aggression has beamgo be
mediated by both purified and recombinant (therefore lacking antileataolecules)
Mups (Chamero et al., 2007). This behavior is particularly helpfulnwdtadying
Mup-mediated behaviors, as creation of Mup “nulls” through castratgm ablates
any innate aggression an intact male has towards the cabtoatever, if a castrate

has Mup stimulus applied to its back (Figure 6a), an intact malaespond with
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stereotyped aggression behaviors (Figure 6b). Both the Mup-containoigriraf

male urine and recombinantly expressed male Mups have been shbe/sutiicient

for this behavior (Chamero et al., 2007). Beyond the pool of Mups, when tested
individually it was found that Mups 24 and 25 were individually sufficfentmale to

male aggression (Figure 7).

Highly homologous Mups activate differential, specific subsets of neurons

Mups are sufficient for inter-male aggression without binding velatil
aggression pheromones (Chamero et al., 2007). As Mups are small (30 kD
inherently stable molecules, we have designed recombinant Mupsethat their
native neuronal activation profiles with a Maltose Binding ProteiBR) tag to allow
for protein purification. This has allowed for experiments with specific Migsent of
any bound molecules. Using these recombinant proteins, it was found upat 24
and 25 alone are individually capable of eliciting stereotypic aggre@glarton et al,
data not published, Figure 7). How are Mups 24 and 25 activating VN@n®in a
manner sufficient for aggression? As these are the only Mups thab&ernadentified
in our lab to induce an easily quantifiable stereotyped behavioratieegiso ideal to
study for the question of detection mechanisms in the VNO.

The vomeronasal activation seen from Mups 24 and 25 will help to elucidate
the neural mechanisms driving this innate behavior. The vomeronasal isrgan
differentially activated by different Mup ligands, despite thehthgmology of Mups
(Papes et al., 2010; Marton et al, data not published) (Figure 8)oEtdw@hfive Mups

expressed in C57BI/6J urine are sufficient to activate a unique tsabseurons
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specific to each recombinant Mup stimuli, called specialistareu(Figure 8a, i-iv).
Additionally, there are four subsets of neurons activated by \@argmguential
combinations of Mups, called generalist neurons (Figure 8b, v-viii).

The divergences in Mup sequence and structure lead to individual cading i
the VNO, possibly through different receptor-ligand pairs. How mighktihteraction
be occurring? Given the heterologous expression of receptors ingake\b¢O, the
most similar system known are the sweet taste receptorstéfinglis, 2009). The
regions of sweet proteins that drive binding and neuron activatiorikewgise
unknown, although there is some indication that there are non-traditiecabmsms
of protein-to-receptor interaction (Temussi, 2002). There are n@dwaely apparent
regions when examining polymorphisms between Mup proteins wheraiotral
binding pocket might bind. Through point mutations in the highly homologoss BEla
Mups and construction of Mup chimeras consisting of the aggression-fmgrolatss
A Mup 25 and the class B Mup 8, we can investigate the regions dMujpeprotein
involved in information detection in the VNO. Elucidating the basishedironal
coding of Mups will allow us to further understand how sensory neuraie ifNO
are activated in a specific manner by such a highly homologass of ligands, and
grant further insight into the processes that allow specific Mwpsnstigate a

specialized pheromone response.



Materials and M ethods

Bioinformatics

C57BI/6J mouse Mup sequences were acquired from the annotated genome for
sequence analysis. The accession numbers for each Mup can be foune ib. &R
sequence information was acquired from the annotated genome, conypbBadblara
Trask (Lane et al., 2004). Phylogenetic trees were deastng the MEGA 4.1
program, via a Neighbor Joining method and using a Kimura 2-paramete|.
Sequences alignments were created using Clustal W, and formatted witho@eneD

Recombinant Mup and Chimera Construct Design

RNA was extracted from the liver of a male C57BL/6J mousaguan
RNeasy extraction kit (Qiagen, Valencia, USA) and reverasstribed using an
oligo-dT primer and SuperScript Il reverse transcriptaset(bgen, Carlsbad, USA).
Mups were cloned from the synthesized cDNA using primers wegigvith the
restriction sitesBamHI and Hindlll introduced in the forward and reverse primers
respectively (Table 2). Mups were subcloned into the pCRII-TOPGtove
(Invitrogen), and sequenced against the annotated genome. Mups 3, 8, 17, 24, and 25
were then cloned into the pMal-c2x vector (New England Biolabs).

The Class B Mups 4, 7, and 13 were mutagenized from Mup 17 insettezl in
pMal-c2X vector with primers annotated in Table 3. The QuikChahrifagenesis
Kit was used for mutagenesis reactions (Agilent Technologilasmids containing

mutagenized Mups were sequenced to ensure that the mutation had occurred.

14
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Chimeras were designed using Mups 8 and 25. Residues 1 to 66 of Mup 25
was merged to residues 67 to 180 of Mup 8, and designated as N25. The second
chimera was designed with the amino terminus of Mup 8 from residiwe86land the
carboxyl terminus of Mup 25 from residues 67 to 180, and the chimerabeisd as
N8. Chimeras were designed withBamHI restriction site at the 5 end of the
sequence, and Hindlll restriction site at the 3' end. Chimeras were synthesized by
Genscript, and ligated into the expression plasmid pMal-c2X (NeglaBd Biolabs)
with Maltose Binding Protein at the carboxyl terminus for puriftca of expressed
protein.

Protein Preparation

Recombinant Mups in pMal-c2X expression plasmids were transfomte
DH5a bacterial cells (Invitrogen), and a 10 ml culture was grawrovernight in LB
medium. Bacterial culture was then inoculated into 1 L of LB omadi2 g Glucose
and 100 ug/ml ampicillin, and grown until the OD reached 0.5 at 590 nns. \Welé
then induced with 0.3 mM IPTG and bacteria were further incubatetiviorand a
half hours with shaking at 3. Cells were spun down for twenty minutes &C4at
4,000xg.

Cells were resuspended in 25 ml Column buffer (20 mM Tris-HCI7gH 1
mM EDTA, 200 mM NaCl made in ddi@) and one dissolved protease inhibitor
cocktail pill (Roche). Cells were lysed for thirty minutes oa with 1 mg/ml chicken

egg white lysozyme, or 25 mg in 25ml of suspension (Sigma). Wefls sonicated by
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probe for two minutes at 28% for 3 second on/off cycles and spun down rtyr thi
minutes at #C at 9,000xg.

Supernatant was collected and recombinant proteins were captured nsing
of 50% amylose resin slurry (New England Biolabs) overnight ®.4Protein was
eluted with 2 mL of 25 mM Maltose in Tris-HCL buffer. Protewsre stored at 4C
and used within two weeks.

Calcium Imaging

Primary vomeronasal neurons (VNs) were prepared from 8- to 1K-vlde
male C57BI/6J mice by dissection in ice cold 1X PBS. VNs Jiese mechanically
dissociated in ice cold papain solution (0.0022 U papain, 5 mM cysteir®.amdM
EDTA in 1X PBS) followed by chemical dissociation with papsotution at 37 C
with shaking for twenty minutes. 5 ul of DNase was then added tootbhgos to
prevent cells from clumping, followed by addition of 10 ml DMEMell€ were
pelleted at 1.1 rcf for five minutes and the supernatant was reinGe#ls were then
resuspended in 80 ul DMEM and pipetted onto coverslips coated withnewatiaa A
(Sigma Aldrich). Dissociated VNs were perfused with stimati 37 °C, and
intracellular calcium was monitored using a 1:100 dilution of furavRfMolecular
Probes) in calcium imaging buffer (5 mL of HEPES in 500 mL of 1S3 buffer)
by a Zeiss Axiovert 200M inverted microscope.

Urine was collected from 8- to 12-week-old C57BI/6J males aed as a
positive control in experiments. Recombinant Mup proteins were dilat@alcium

imaging buffer at a concentration of 50 ug/ml. Stimuli wasysed for 60 seconds
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with 120 second buffer-only intervals. Traces of neurons were normhahzéhe y
value of the first data point, creating a baseline normalized Toahsients were only
counted as valid responses if the trace began before the 60 second wirstionulus
had ended, and if the transient responded at least 1.5 times abdesé¢hievel (1
Unit or more of increase). The base level of the neuron was at@duds the average
of the ten data points before the beginning of each stimulus.

Each population of neurons was compared to a negative control experiment
with Maltose Binding Protein (MBP) in calcium imaging buffes a stimulus.
Responding neurons were only counted if they responded to a 60 second peifusion
urine as a positive control. Each population of neurons from experimersts wa
compared to the equivalent number of responses in the negative contrcd iamn-
Whitney U statistical test. Populations were only consideredfisigni if the p value
was less than 0.05.

Aggression Assays

Eight to twelve-week old C57BIl/6J male mice were isolated fdeast one
week before conducting behavioral experiments. Males were teasttithree weeks
of age, and used in assays after at least eight weeks of age. €astrat@ainted with
40ul of 5mg/ml stimuli onto their backs and paired with an intaceni#irings lasted
for ten minutes and were assayed for the total duration of aggrdsshavior in that
time period.

Tests took place in the home cages of isolated mice. Testsvidentaped and

analyzed at quarter speed using Observer software (Noldus Tegy)ntmogeasure
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aggression parameters including tail rattling, biting, chasiomering, tumbling and
kicking. Total duration was defined as the total duration of aggressiweact
behavior consisting of kicking, biting, wrestling or tumbling.

One round of urine as a positive control and no-urine as a negative eegsrol
performed with each resident mouse before and after samplegteRenults of the
experimental stimuli were compared to both the positive and negaintels using a
Students Paired two tailed T-test. Results were only condidéaéstically significant

if the p value was less than 0.05.



Results

Alignment of Class A and Class B Mups

How are individual Mups sufficient to activate specific populatiaris
vomeronasal neurons? One possibility is that specific regions dfidpeprotein are
essential for receptor to ligand interaction. To determinespleeific domain of the
Mup protein that is sufficient to dictate a specific neueabonse, we first looked at
an alignment of all of the Mups found in the C57BI/6J genome (Figuret®. T
C57BI/J6 mouse Mup alignments were divided by the class As anthdsRs. Class
A Mups are more divergent, containing 66 total divergent residuessathe entire
class. The class B Mups possess significantly fewer polymongsiclues when
examining the amino acid sequence, with a total of 8 polymorphic resttuess the
16 members of this class (Figure 5).

Interestingly, even with such a low amount of divergence, inedfthese
Mups can differentially activate vomeronasal neuron (VN) populatfmrsthe rest of
this study, Mup-responsive VNs will be referred to in two separiasses: generalists
and specialists. The five Mups in C57BI/6J urine are labeled 3, 8, Bhd225. Four
sets of generalist neurons will respond to either class A Migsss B Mups, to every
Mup but Mup 24, or to any class of Mups indiscriminately (Figure 8bik-Vihese
are referred to as 24/25 generalists (Figure 8b,v), class B gstseflaigure 8b,vi), No
24 generalists (Figure 8b,vii) and Mup generalists (Figure 8b,\@$peactively
(Marton et al, data not published). In addition to generalist neurorts oédte Mups

expressed in C57Bl/6J male urine is sufficient to activate algEcineurons in
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C57BI/6J VNs. These are neurons that will respond exclusively fmeafis Mup,
even when stimulated with other possible stimuli (Marton et al, natgublished,
Figure 8a,i-iv).

The class B Mups are a good platform to elucidate the domain of Mups
interacting with VN receptors, as most class B Mups only diffeone or two amino
acids in their primary sequence (Figure 9a). Mups 3, 8 and 17 have prg\beeasl
cloned and used in calcium imaging experiments, and each have been sfimramis
to activate a specific subpopulation of neurons (Marton et al, ddtgpublished,
Figure 8a,i-iv). Of these three Mups, Mup 8 contains a E50K sulmtitwthile Mup
3 possesses a F56V and a Q140K substitution (Figure 9a). Ofhhesedsidues, two
reside in the amino terminus half of the Mup. When examining aatrgisticture of
the Mup protein, it is found that the amino and carboxyl halves of theapriprotein
sequence form different faces of the Mup (Figure 9b). The esimgkidue
polymorphism of Mup 8 resides on the amino terminus of the Mup, indicainghis
face may be important in receptor-ligand binding and specific ligand recogniti

Residues implicated in specialist coding through activation profiles s 8aups

To address the question of which face of Mups may be involved in speciali
coding, we looked at additional activation profiles of four C57BIl/6p$td Mup 17,
Mup 13, Mup 7 and Mup 4. These were chosen because each possesses one, two or
neither of two residue polymorphisms that reside in the amino andahboxyl
terminus respectively (Figure 10a). Mup 4 and Mup 13 contain an E13@tstidys,

while Mup 7 and Mup 13 contain a Q140K substitution (Figure 10b). Mup 17
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possesses neither of these substitutions, and has previously been shmmantstdf
activate a specialist population of neurons (Figure 8a,i-ivijh\ttiese Mups, we can
investigate whether one or both of these substitutions are sufficietitit a specific
response from VNs. To do this, we used dissociated primary neuconghe VNO
(see Materials and Methods). Previous work has shown that when theeasnare
loaded with fura-2, they will respond transiently to relevant stirf@hamero et al.,
2007). Calcium imaging of these transient responses can be reapftiedresolution
of single cells to determine which ligands are sufficient to aaa signal in
specific neurons.

Each of the Mup stimuli was perfused over primary VNs consecytwith
perfusions of stimulus-free buffer to clear the stage of stifbaka was collected and
represented as the percent of individual neurons that responded tandigigosets of
consecutively pulsed Mups. Populations of neurons were counted only if drey w
significantly above the percentage of neurons responding to the reamger of
Maltose Binding Protein (MBP) control perfusions, referred to frioemne on as
“noise”.

A specific population of specialist VNs found to be significantip\a noise
responded to separate pulses of Mups 4 and 13 at a rate of 0.465%a#lI®{@=39,
p<0.0001) (Figure 11a, 12). An additional significant population of speamigns
responded to pulses of Mups 7 and 17 at a rate of 0.427% (p<0.0001) (Figure 11b, 12),
and a final significant population of generalist neurons responded fouallMup

pulses at a rate of 0.876% (p<0.0001) (Figure 11c, 12).
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Mups 4 and 13 both contained the K13Q substitution (Figure 10). Mup 13 also
possessed the additional E140K substitution, but this was not sufficiantitate a
unique population of neurons significantly different from noise. All neurspamrse
to Mup 13 was contained in Mup 4 responsive neurons, and vice versa (Figure 12
Mups 7 and 17 consecutively activated a subset of neurons (Figure 1ligithet of
these Mups activated neurons that could differentiate between(Enguane 12). Mup
7 possessed the E140K substitution, which resides on the carboxyldfabe® Mup
(Figure 10). Taken together, these response profiles show thsingie substitution
on the amino face of the Mups is sufficient to encode a specifrona&l response, but
the single substitution on the carboxyl terminus is not.

Design of a Mup 8 and Mup 25 Chimera

Although the class B Mup experiments support the hypothesis offispgci
coding through the amino terminus of Mups, the aggression promoting phesaione
the class A family provide a more rigorous test of this thebing class A Mups lack
this extremely high level of sequence homology, so single resmiations are not
practical for the class As. However, polymorphic residues of ddaMups are also
found in the amino terminus of the primary sequence (Figure 13a), indicagat
differentiated signaling may occur through this face.

We designed a chimera consisting of the amino terminus of one Mupand t
carboxyl terminus of another Mup. The chimera was designed from cisp B and
class A Mup 25. We designed a chimera with Mup 25, which along withaipec

neuron activation also causes a specific stereotyped behaygargHi, 8a, iv). Mup 8
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was used for the second half of the chimera as it is oneeombst divergent from
Mup 25 and also is a member of the class B family, which has beem4o possess
the ability to activate specialist neuron responses in the amino termigus(Ba,ii).

Two chimeras were designed: one with residues 1 through 66 of Mup 25
followed by residues 67 through 162 of Mup 8, and one with residues 1 through 66
Mup 8 followed by residues 67 through 162 of Mup 25 (Figure 13b). Theg we
labeled N25 and N8, respectively. These amino terminus domains (NJdob)
included the first three beta sheets of the protein beta b&igrlré¢ 13a). The N8
chimera contains the single amino acid divergence found in Mup 8iabpd®, and
so would be expected to activate 8 specialist neurons. Since both Mumgs48have
been shown to activate a specialist neurons, we tested the &xighich the N25
chimera will support this finding, and activate Mup 25 responsive neurons
specifically.

Residues 1 to 66 of Mups 25 are sufficient for a specific neuron response

The N25 chimera was examined for the level of activation overlagnw
compared to the native Mups it was designed from. The N25 chimerpesased
onto a coverslip with dissociated VNs, followed by Mup 8 and Mup 25nin a
intentionally random order. There were 4959 cells imaged (n=21).dequiations
of neurons were significantly above noise: Mup 25 specialists ésppbnded to N25
(Figure 14a), Mup 25 specialists that did not respond to 25 (Figure ¥ip),8

specialists (Figure 14c) and Mup generalists responding to all stianguireé 14d).
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The majority of Mup 25 specialist and Mup generalist responseg wer
accounted for by the N25 chimera, while the opposite was truddpr8 specialists,
implicating the NTD of Mup 25 in a specialist neuron response (Eijgj. Neurons
responding to Mup 25 and the N25 chimera were found to be significantly above
noise, responding at a rate of 0.783% (n=21, p<0.0001) (Figure 14a, 16). Mup 25
activated a slightly significant population of neurons consisting of 0.348%0193)
of total cells (Figure 14b, 16). In contrast, 0.645% of these neurgrsncked to Mup
8 specifically which is significantly above the level of noiseZ1, p<0.0001) (Figure
14c, 16). Neurons that responded to both Mup 8 and N25, however were not
significantly greater in number than those that responded to twesmfl$4BP (n=21
p=0.1074) (Figure 16). Neurons responding to the N25 chimera specifieaiynot
significant at 0.256% (p=0.0536) (Figure 16). Finally, a population of gkster
neurons was activated by all four stimuli at 1.209% of urineegpponsive cells (n=21,
p<0.0001) (Figure 14d, 16). This data implicates the NTD of Mup 25 in $igecia
neuron activation. Since there is no overlap of the N25 chimera witiMtige 8
responsive neurons, this indicates that the C terminus domain (CTi® afimera is
not sufficient for a specialist neuron response.

There are two populations of neurons from this experiment that belaerfur
investigation — the Mup 25 responsive pool and the N25 responsive pool. These
populations seemed to be higher than the usual level of noise, althoug@Siomnly
population was not significant (Figure 16). To further investigaterdbestness of

these populations, a double pulse experiment was conducted to accoupb$siitde
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drop off of neuronal responses when the same stimulus is pulsed Wiean the
same stimulus is pulsed twice followed by a positive control, 34.78Béspbnding
neurons did not respond to the second stimulus (Figure 17). The neurons responded
the same stimuli twice at a rate of 0.634%, while the percemtwbns responding to

the first pulse only responded at a rate of 0.338%. Neurons thandespto the
second pulse of identical stimulus were not significantly above n@rs6.1645,
n=21). These values are not statistically significant fronréisponse rate of neurons
responding to Mup 25 and the N25 chimera and neurons responding specifitadly to
N25 chimera, respectively (Table 4). These results cortfiah the N25 responsive
pool isnot a significant population.

Residues 1 to 66 of Mups 8 are sufficient for a specific neuron response

The NTD of Mup 25 has been shown to activate a majority of the $§ipecia
response. Is the NTD of Mup 8 also sufficient for specialist beHavibe NTD of
Mup 8 includes the polymorphic residue at position 50, delineating it flapm17, so
there should be overlap with Mup 8 as opposed to Mup 17 specialist responses.

The N8 Chimera was assayed for specificity coding by stiingla
vomeronasal neurons in addition to Mup 8 and Mup 25. There were 5965 neurons
imaged (n=27). Three populations of neurons were seen at agaifecantly above
noise: neurons responding to both Mup 8 and N8 (Figure 18a), spenglisins
responding to Mup 25 (Figure 18b), and generalist neurons respondirigstionali
(Figure 18c). The majority of Mup 8 specialist and Mup gersraisponses were

accounted for by the N8 chimera, while the opposite was true dqr 25 specialists
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(Figure 19). This data shows that the NTD of Mup8 in the N8 claingesignificant
for a Mup 8 specialist response.

Interestingly, 0.747% of neurons responded to both Mup 8 and the N8 Chimera
(42 responsive cells, p<0.0001) (Figure 18a, 21). Of all VNs imaged, only 0.166% that
responded to Mup 8 did not respond to N8, which is not significantly abovevisie |
of noise (10 responsive cells, p=0.3567) (Figure 20). There was acgighifesponse
of neurons specifically to Mup 25 at 0.525% (34 responsive cells, p=0.00QuygFi
18b, 21), while neurons responding to both Mup 25 and the N8 chimera did not rise
significantly above noise at 0.0958% (5 responsive cells, p=0.1902) €FRfl)c
Neurons responding to the N8 chimera alone were not significantlye dbevevel of
noise (11 responsive cells, p=0.4112) (Figure 20).

The N8 chimera accounts for all significant Mup 8 specialist neactwity in
the vomeronasal organ. There is no additional pool of Mup 8 specihlats$ail to
also respond to the N8 chimera. The N8 chimera is not suffitcena Mup 25
specialist response however, indicating that the CTD of Mup25 |gqoksiadist
activation.

The N25 chimera is not sufficient for the aggression-promoting behavior of Mup 25

The N25 chimera has been shown to activate Mup 25-specific neuron
populations, while lacking the potential to activate Mup 8-specifeuronal
populations and maintaining activation of generalist neurons. Given thesenneur

response profiles, the N25 chimera successfully mimics théispeativation of Mup
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25. The next step is to determine if this chimera is sufficfentthe stereotypic
aggression behavior seen in males.

Castrate males were paired with intact male mice fer absay, and the
respective stimuli was applied to the castrates’ back. Mere assayed against whole
urine (n=25), blank castrates (n=17), Mup 25 (n=6), and the N25 Chime24)(n
While Mup 25 initiated a significant level of aggression in mica dtration of 13.98
seconds (p=0.00294) (Figure 21), the aggression observed from N25 stimuidtva
statistically significant from the negative control (p=0.1919pg(Fe 21). Thus the
N25 chimera is not sufficient for the behavioral function of Mup 25.

The N25 chimera does not activate the 24/25 population of neurons in the VNO

The loss of aggression found in the N25 Mup could be from either a gain or
loss of function in VNO activation. Since there is no significant pdjoumaf neurons
responding to N25 exclusively, the latter possibility is more lik&lthough the N25
chimera overlaps with the population of Mup 25 specialist neuronsyihotaoverlap
with the 24/25 responsive neuron population seen previously (Marton, data not
published, Figure 8b,iii). This lack of neuronal activation could ledddaleficit seen
in behavioral responses. To investigate this possibility, we condwctedicium
imaging experiment that stimulated VNO neurons with Mup 8, Mup 25N
chimera and Mup 24. This will indicate if the N25 chimera activatiearlaps with
the Mup 24-Mup 25 responsive neurons, exclusively with the Mup 25-respondars, or

novel sub-population of neurons.
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There were 6219 total cells imaged in this experiment (n=19).pgépalations
of neurons were significantly above noise: Mup 8 specialists @ig2a), Mup 25
specialists that responded to N25 (Figure 22b), Mup 24/25 generabstslitl not
respond to N25 (Figure 22c), Mup 24/25 generalists that did respond to dRe(F
22d), and Mup generalists responding to all stimuli (Figure 22e).

The majority of Mup 25 specialists, No 24 generalists and Mup geneedéists
responded to the N25 chimera, however the chimeraatidccount for the majority
of the Mup 24/25 generalists (Figure 23). There was a signifreapbnse of neurons
specifically to Mup 8 at a rate of 0.763% of total cells, sigaiftly above the level of
noise (42 responsive cells, p<0.0001) (Figure 22a, 24). Neurons responding to Mup 8
and N25 however were not significantly above noise at a rate of 0.160% (
responsive cells, p=0.0673) (Figure 24). This supports the previous N25 calcium
imaging experiment showing that the CTD of Mup 8 is not sufficfer a specialist
neuron response.

There was a significant population of neurons responding to both Mup 25 and
N25 at 0.794% (38 responsive cells, p<0.0001) (Figure 22b, 24). A sayific
population responded to Mup 24 and Mup 25 at 0.519% (24 responsive cells,
p<0.0001) (Figure 22c, 24). There was a slightly significant populafioreurons in
the Mup 24-Mup 25 responsive pool of neurons that also responded to N2Geabh
0.165% of total cells (8 responsive cells, p=0.0404) (Figure 22d, 24). Wasre0
significant response however to Mup 25 alone (15 responsive cells, p=0.GkE (F

24). Additionally, the N25 chimera did not activate a significant pojamaif neurons



29

(16 responsive cells, p=0.3542) (Figure 24) Finally, there was a piopulaf
generalist neurons responding to all stimuli at a rate of 0.988%esponsive cells,
p<0.0001) (Figure 22e, 24).

The lack of behavior seen from stimulation by the N25 chimera islumto
additional activation. However, there is a significant population ofams that were
activated by Mup 24 and Mup 25 that lacked a response to the chinnguiee(E2,
24). This population of neurons therefore could be required for the codingttieom

VNO for this stereotyped male to male aggressive response.



Discussion

The NTD of Mups is required for specialist detection in the VNO

Mouse Mups are known activate specific subsets of vomeronasal neurons
depending on the identity of the Mup, however the basis behind this sestial
coding was unknown. Despite the fact that Mups are highly homologousngydtes
divergences found in their sequences are sufficient to alter ikataet profile in the
VNO. This specialist coding could be important in differentiatictyvation profiles in
the VNO allowing for diverse behavioral responses to different Mupglucidate the
mechanism behind the coding in the VNO looked at the functional sigraécaf
class A and Bs, the specificity of ligand/receptor inteoasti and how the VNO
differentiates between intraspecies (and possibly interspédigsy. We manipulated
this initial sensory activation in the VNO through point mutations amdhera
construction of the Mup proteins to address these questions.

The highly homologous cla®d Mups are sufficient to activate separate
subsets of VNO neurons (Figure 8, 11). In calcium imaginpements, residues 50
and 13 are individually sufficient to activate specialist subsetseofons (Figure 8,
11). Mup 8 contains a single polymorphic residue at position 50, while Mampd4
Mup 13 contain a divergent residue at position 13 (Figure 9a). Onir@rgnthe
crystal structure of the Mups, both the residue at position 13 andesidue at
position 50 are localized in the same region of the amino termawesdf the Mup
(Figure 9b). In contrast to this, residue 140 in the CTD of Mupsssfficient to

activate specialist neurons (Figure 12). This is an additional suppdiie hypothesis
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that Mups activate their specialist receptors through the aramanus face of the
protein.

While the VNO has evolved a highly specialized system to deiegle
residue substitutions in the class B Mups, detection of the cldssgpA is less refined
given the higher level of divergence between the class A Miigsire 4). When
examining the sequences of Mups, it is found that the majority ofgdimees are in
the amino terminus (Figure 5), indicating VN receptors may legaating with class
A Mups in the same region as class Bs. In concordance with thignseresponding
to Mup 8 and Mup 25 specifically also respond in an overlapping manrieth&itN8
and N25 chimeras, respectively (Figure 15, 19). This is supports goghlegis that
the NTD of Mups is indeed implicated in specialist coding.

Of all of the Mups expressed in C57BI/6J mice, Mup 24 and Mup 25 alone
have their function as pheromones elucidated and characterized.bbtiedeelong to
the more divergent class As, raising questions as to the evolutidnairyg force
behind the exquisitely tuned system that is seen in the clas3hBse are two
possibilities for these two distinct classes. One possibilityhas while the class A
Mups serves a direct innate function such as the instigation of toalmale
aggression, the class B Mups has no innate functionality. InsteadatiseBs could
act in conjunction with the class As to confer individuality, a fumctweviously
ascribed to Mups (Brennan, 2004; Hurst et al., 2001). The second explasdahan i
there is an innate behavior driven by the class B Mups that has not yet bedatedlici

and that both classes of Mup have the additional function of individuality coding.
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The ability of a single residue substitution to change the neusmtighation
profile accorded to a class B Mup is similar to the highlle¥especificity seen in
MHC peptide coding, another peptide shown to have pheromone activity. MHC
peptides have a non-classical function as pheromones that can atbhsdés of both
VNO and MOE sensory neurons (Leinders-Zufall et al., 2004; Spehr, 086). In
females, it was found that the MHC peptides were sufficienhdoide pregnancy
abortion, a behavior seen when a female detects an unfamilier imalicating these
peptides in individuality sensing (Leinders-Zufall et al., 2004). Thegpdide ligands
have been found to activate various subsets of VNs dependent on sisiglger
substitutions in their sequence (Leinders-Zufall et al., 2009). This innelreof such
a highly tuned system in an innate process sets precedent for the Muptfeseitye a
similar function. Indeed, behaviors such as dominant male countermarkegponse
to an unknown male’s urine are believed to be dependent upon Mups as opposed to
volatile odor cues (Hurst et al., 2001; Nevison et al., 2003). This is ateibehavior
that may require a more finely tuned detection system to actmumodulations due
to social status and relatedness. These proposed functions of Muptegesting in
that while Mups are sufficient for an innate behavior such assgjgn, they have
also been shown to act as cues to modulate behaviors that haveotenial for
complex signaling.

Possible mechanisms of vomeronasal detection of Mups

The mechanisms behind the initial interaction of Mups with recspare

poorly understood. To better understand how these Mups may be elicitingitibls
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activation of the VNO, we can more closely look at charactesistif the VN
receptors. The traditional methods used to elucidate receptor-ligardctions via
biochemical methods are not available at this time given the nafttinese receptors
(Bush and Hall, 2008), but we can compare the characteristics oftdZygstems that
share known characteristics. Receptors of the V2R C family beee found to be
broadly expressed in d&-expressing neurons, while members of the other V2R
families are co-expressed in these same neurons (Martwhi, @001). This mode of
expression is similar to the gustatory system, where semsguyons cCO express
different receptor classes in order to detect different tastels as sweet, sour, and
bitter ligands (Konstantinidis, 2009).

Like V2R receptors, taste receptors are G-protein coupled resepitir a
large extracellular amino terminus domain. These receptorachiara heterodimeric
fashion to bind with both small and large taste ligands. For exartifdesweet
receptor consists of a dimer between the T1R2 and T1R3 proteins. rdiegbof
sweet proteins to the sweet receptor has been modeled after a wedge maudizhgf bi
where one protein face is implicated in binding to the extraceltidanain of the
receptor (Temussi, 2002).

The NTD of Mups has been implicated in activation of specialigtams in
the VNO, supporting a wedge model of activation. A possible conti@ditd this
model of receptor-ligand interaction however is found in Mup 3. Of tles BaMups,
Mup 3 and 8 has been shown to be sufficient to activate a distinet safiseurons

(Figure 8a,i-ii). However, while Mup 8 has a polymorphic residysoation 50 in the
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NTD, in Mup 3 the two polymorphic residues reside either on the drtesndomain
at position 79, or inside the hydrophobic binding region at position 56 &-@aix.
Initially this seems to contradict the hypothesis that spstiatiding is dependent
upon the NTD of Mups. However, a similar effect was found in theesyeptide
MNEI, when a mutation of the hydrophobic core of the ligand led toteapeelative
displacement of the outer face of the protein. This mutation signify decreased
binding of MNEI, fundamentally altering the sweet taste (Spadiaet al., 2003).
Additionally, efficient binding of the sweet protein brazzein was fouodbe
dependent mainly on the overall shape and charge complementaritiesi (Mal.,
2005). Thus this mutation at position 56 in Mup 3 may also alter thellosieape of
the protein, allowing for unique coding despite the lack of polymorphidues in the
amino terminus face. These factors of sweet protein binding cayurdcfor the
unique activation of Mup 3 in the VNO. Both sweet and Mup protein to ligand
interactions may involve a large section of the protein surface.

The basis of Mup coding in the VNO seems to be reliant on the NhB.
potential of polymorphisms in the hydrophobic region of Mups may not onlygehan
the outer structure and activation capabilities, but also how sniatlles may bind.
When a Mup binds a small volatile, the Bc, Bd and c/d loop of the Mup iprehét
(Timm et al., 2001). This region of the Mup includes the last bett sii¢he chimera
found to induce specialist coding, as well as the first betets{i) of the CTD
(Figure 13a). This conformational change may allow Mups to aetavainique subset

of neurons, extending their role beyond a transport vehicle for #meal molecule
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pheromones. This data supports a potential mechanism for a protdimsolecule
complex to behave as a pheromone, in addition to altering Mup codingtgapidc
mutations in this region.

Neuronal coding of pheromones in the vomeronasal organ

Although the N25 chimera neuron activation is contained within Mup 25
specialist neuron activity, it does not account for all respongeeiaist neurons
(Figure 16). This lack of activity is not accounted for by @D of the N8 chimera,
indicating that this activation loss was not due to interaction tlemopposite face
(Figure 20). This would indicate that while the NTD of Mup 25 wassufficient to
incorporate all Mup 25 responsive neurons, the CTD of Mup 25 failsdouat for
this missing population. When primary VNs are presented with Mup addition to
Mup 25, Mup 8 and the N25 chimera, it is found that this 24/25 population of neurons
is not accounted for by the N25 chimera (Figure 23c, 24). This 24/25 gopuddit
neurons accounts for the aberrant 25 specialist population found in the previous
experiment (Figure 14b, 16). Finally, when assayed for behaviossifaund that the
N25 chimera was not sufficient to instigate stereotyped aggressiongRigjur

One possible explanation for this loss in activation is that whige NTD
region of the protein is required for specialist activation of neyrtihrere may be a
larger surface area of the class A Mups involved. Given the highergdnce
between class A Mups (Figure 5), the region of the receptoaatiieg with the Mups
may need to have a broader scope. In support of this argumemyttiestrand of the

beta barrel of Mup 25 is 80% divergent from Mup 8 (Figure 13a, b). dinéhfstrand
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of the beta barrel in Mup 8 however has 100% identity between all classgBs(Bj.
This indicates that this domain may be important in Mup25 coding, alththugh
region was not required for Mup 8 coding.

Another possibility for the loss of behavior may be that the N25 chinse
eliciting additional neuron responses that may interrupt the Mup25 sigofile.
There were no significant populations of neurons responding to both N25 i@ M
or N8 and Mup 25. Additionally there is no significant response of neui either
the N8 or the N25 chimera alone; however the rate of response seém noticeably
higher than other insignificant populations (Figure 16). To account for waes
conducted an experiment with two consecutive pulses of identical hbuplistFigure
17). When perfusing an identical stimulus twice, 34.78% of responding neurons do not
respond to the second consecutive pulse (Figure 17, Table 4). Althoughrexysri
were purposely conducted with different orders of perfused stimuli,hpasanalysis
showed that over 60% of experiments in each stimulus set in fdcthkachimera
presented before the respective Mup (Table 4). When the thebpaticantage of the
“first pulse” populations is then calculated for each calcium ex@at, it is found
that the experimental data is accurate within 0.026% (Table 4). This dHitamre that
the aberrant populations that fire in response to N8 and N25 are hpopedations,
and therefore would not affect behavior.

The N25 chimera was not sufficient for aggression, indicatingttiatoss of
VNO activation is in fact required for innate behavior. The four pojomat of

neurons that fire in response to Mup 25 stimuli are the Mup 25 sgesidfiup 24/25
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generalists, generalists that respond to all Mups but 24, and getser@ponding to
any Mup (Figure 25b). In contrast to this, only two of these populati@naciivated
by Mup 24, which is also sufficient for aggression: the Mup 24/25 gbsisrand the
generalists responding to any Mup (Figure 25a). Interestingly, the N25 eHaisrto
mimic either of these profiles: N25 elicits activation of Mup pBcsalists, the No 24
generalists and total generalists, but fails to account fordsgonse to the 24/25
generalists as seen from Mup 25 (Figure 25c).

This data provides information on how the activation of the VNO cahttea
specific behaviors, allowing us to better understand the implicatib'tNO coding
on its downstream target, the AOB. While still poorly understood, b8 Aas been
shown to detect conspecific sex from urine, as well as detexih slifferences
(Hendrickson et al., 2008; Luo et al., 2003). The AOB receives input frois, V
however instead of receiving input from single glomeruli as sedreimain olfactory
system, the AOB output neurons receive input from multiple VNO gloim@Vagner
et al.,, 2006). Recently through new techniques to directly record@i, it was
found that the AOB has distinct populations that respond to differensseai, and
even predator cues (Ben-Shaul et al., 2010). How might the sigriedimgthe VNO
be contributing to this ability of the AOB to delineate between bottsgecific and
allospecific cues? The AOB was shown to receive input from alesigferent VNO
glomeruli, while single Mup stimuli have also shown activation edMesal different
neuron populations. It is possible that each of the activated neuron posilet

response to a stimulus is required to propagate the information from that sigoes (F
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25). This is a possible explanation why loss of the 24/25 VN populatiospomee to
the N25 chimera caused a loss of stereotyped aggression.

Alternatively, the 24/25 subpopulation may be both required and sufffoient
successful transmission of the aggression pheromone signal. Tles aaiditional
guestions however, such as the function of the Mup 25 specialist neuron eeSffans
behavioral data indicates that activation of the Mup 25 specialist piogpula not
sufficient for aggression behavior in male mice. One explanatittraisvhile both of
these Mups have endogenous pheromone activity, not all wild mice eipeessme
Mups (Robertson et al., 1997). Mup 24 was found to be expressed in most dut not a
male mice (Thom et al., 2008), indicating that more than one aggrédsmishould
be found in nature. The redundancy of the proteins function therefore may be a
artifact of genetic heterozygosity in the wild mouse population, ¢ee &ensitive
ligand to receptor interactions in the class As, or the evolutiomgrgrtance of male
to male aggression in a social context.

Conclusion and Future Directions

The findings of this study have elucidated the basis of neucmuthg and
receptor activation in C57BI/6J mouse Mups. The amino terminus domaime s
proteins has been found to be sufficient for specialist coding in the vomeronasal organ,
granting us insight into how these neurons are interacting with Sdonquli. Because
male to male aggression is the only well characterized behavior tha¢é@ashown to
be elicited through Mups, this served as a good platform for iga¢siy how the

neural activation via a ligand can instigate a specific behaVimough loss of a
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specific subset of vomeronasal neurons, it was found that innate mateale
aggression was also lost, effectively implicating a spepiigulation of neurons in a
specific behavior.

With these findings, we have a more complete picture of how infmmes
encoded in the VNO. Because of the importance of the NTD in codingtracting a
new chimera including the &trand of Mup 25 may have the potential to rescue the
behavioral response seen in Mup 25. Additionally, there are otherAcldsps found
in the C57BI/6J genome that have not been found to be expressed in urimayha
also possess endogenous pheromone activity. Mup 26 possesses only 11 divergent
residues from Mup 25, implicating this Mup as a possible aggrepsionoting
pheromone. With recent advances in deep sequencing technology, we algsbehave
opportunity to elucidate the ligand-receptor pairs seen through ampye mMRNA
transcripts present in as little as 500 picograms of matatlawing us to look at
specific neurons responding to stimuli of interest. Overall, Mups tieveotential to
provide us with information about how sensory information is coded and tradsduce

through neural circuits.
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Figure 1. Processing of hemosignals through Dual Olfactoryssem:

(a) Sensory neurons in the main olfactory epitmel{MOE) project to distinc
glomeruli in the main olfactory bulb (MOB). Mitratells then synapse onto t
olfactory cortex. (b) Molecularly distinct sensamgurons in the vomeronasal or¢
(VNO) synapseonto the accessory olfactory bulb (AOB). Processdsnd from the
AOB to synapse onto the vomeronasal amygdala () tae hypothalamus. V1
receptors (dark orange) in the apical and V2R recep(light orange) in the bas
region of the VNO project their respective regions of the AOB as marked.
General characteristics of V1R and V2Rs are defi
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ADHE

Figure 2: Heterologous Expression of V2Rs in the VNO.

(a) A phylogenetic tree of the V2R class. The V2Rs consiseverf 120 open
reading frames that can be organized into 12 clades. The thnéedaknown to be
expressed in the neurons of the basal VNO are highlighted — memltees*Af, “B”
and “C” families. (b) Receptors of the V2R C family (violet)e ubiquitously
expressed in @-expressing neurons. Members of both the A (orange) and B (red)
family of receptors are co-expressed with the C family in basal VNs.
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Ligand binding pocket

Figure 3: Crystal Structure of the Major Urinary Protein.

The structure of Mups consists of an eight stranded beta bamelingp a
hydrophobic binding pocket known to bind small volatile ligands. Regions of the
protein colored purple indicates protein loops, red indicates beta shiedgsblue
indicates alpha helices. The first five strands of the betalli@yg@ are marked, as
well as the c/d loop. The ligand binding pocket is indicated with a white arrow.
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Figure 4: The C56BI/6J Mouse Mups.

(a) Phylogenetic analysis of C57BI/6J Mups. There is a miwergent class
A family and a less divergent class B family. (b) PositioiMaps on chromosome 4.
Class B Mups are purple, class A Mups are grey. C57BI/6J Mups kiovioe
expressed in male mouse urine are indicated with an asterisk.
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Figure5: Alignment of Class A and B Mups.

Primary protein sequence of all of the Mups in the C57BI/6J genosieven
divided into two classes. The class A sequences are alignedtopthed the class B
sequences are in the bottom. Polymorphic residues specific to cash are
highlighted in red. The amino terminus domain (NTD) used in the cotistruaf
Mup chimeras is highlighted in green.
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Figure 6: Experimental Setup of Aggression Assay.

Male C57BI/6J mice were isolated for at least three wémksCastrated male
mouse was coated with 40 ul of stimulus (a) and placed in the céige iotact male
mouse for the duration of the assay (b) (10 minutes). Mice wererectaded and
assayed for the total duration of aggressive behavior.
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Figure7: Mup 24 and 25 are Individually Sufficient for Stereotyped Aggression.

Duration of aggression (normalized to response in urine) in adult C57BL/6J
resident males by a castrated mouse swabbed with individuadgpegt Mups (mean
t+ s.e.m.). n(Urine) = 6-51, n(No Urine) = 6-26, n(Test) =15-44. Theicshaal Mups
that were shown to be capable of endogenous pheromone activity aighteghin
red. P values calculated by one tailed Student’s t-Test compmaial Urine controls
in each experimental set. *** p<0.001, **p<0.01, *p<0.05

Figure 7, in full, is adapted from work done by Angeldeep Kaur and 3obia
Marton. This work is currently being prepared for submission.
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Figure 8: Mup 24 and 2!Activate Specific Subsets of VNO Neurons.

Single representative traces of eight neuron tgiserved upon activation |
Mup 3, 8, 17, 24 and 2Traces activated by aggressipromoting Mups are indicate
with a red dot. (a)Specialist neuron tract i. Cell respondingo Mup 3. ii. Cell
responding to Mup 8iii Cell responding to Mup 17. iv. Cell responding taip/25.
(b) Generalist neuron traces. Cell responding dg to class A Mups 24 and 2vi.
Cells respondingpecifically to class B Mups 3, 8 and 17. \iell responding to a
Mups except Mup 24iii. Cell responding to all Mupgc) Eight subset of neurons ¢
activated by various Mup stimuli, labele-viii. The populations of neurons sufficie
activated by aggressi-promoting Mups is highlighted in reéddapted from Martor
et al, data not publishe

Figure 8, in full,is adapted from work done by Angeldeep Kaur and Tc
Marton. This work is currently being prepared fabsiissior
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Figure 9: Positions of Class B MuPolymorphisms.

Each of the eight class B polymorphisms in the G&dBmouse genomare
shown on tk crystal structure of Mups. The positions of the class
polymorphisms are displayed on a chart, with theopMehown to activate special
neuronshighlighted in grey In (b), NTD polymorphisms are shown in green, C
polymorphisms are shown in b. The By sheet of the beta balrs indicated as fo

reference.
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Figure 10: Experimental Design of the Class B Calcium Ima¢Experiment

Each of the class B Mups perfused during following calcium imaging
experiment(Figure 11, 1) are shown above (a). Residue 13 and residue 14
divergent from the Mup 17 consensus sequence. NTEatrons are highlighted |
green, and CTD mutations are highlighted in blbg¢.Representation of polymorpr
residues of Mups 4, 7, 13, and 17 shcin a table. Mups possessing the indice
substitutions areolored with either green or blue in the appropri&yior.
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Figure 11: Representative Traces of Neurons Responding to Class B Mups.

(a) Specialist neurons respond to the K13Q mutation in Class B Mupd 4 a
13. (b) Mup 17 specialist neurons fail to distinguish the E140K mutationebatw
Mups 7 and 17. (c) Generalist neurons respond to all Mup stimuli indisately.
Scale bars denote the minimum spike above baseline to be considere(/+axis
and the timescale (x-axis).
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Figure 12: The K13Q Mutation is Sufficient for a Specialist Neuron Response.

Mup 4 and Mup 13 contain a K13Q mutation (green bar), while Mup 13 and
Mup 7 contain a E140Q mutation (blue bar). Neurons were scored outbtdts
(10339 imaged, n=39). Only 3 significant neuron populations were obseiven w
compared to maltose binding protein (MBP) controls (Mann-Whitneyst) te=34).
These populations consisted of Mup 17 specialist neurons unable to distivgyish
(44 responsive cells, p<0.0001), neurons that responded indiscriminately tduyoth
4 and Mup 13 (43 responsive cells, p<0.0001), and generalist neurons that résponde
to all four stimuli (83 responsive cells, p<0.0001). Responders that contained Mup 7 in
their activation profiles are highlighted in red, displaying eklaf any Mup 7
specialist response. *** p<0.001.
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Figure 13: Alignment of Mup 8, Mup 25, N8 and N25.

(a) The crystal structure of Mups is displayed above, with thB NGion of
the chimera highlighted in green, the CTD in blue, and class B pgbhisms
highlighted in red for reference. The number of polymorphic resitbeéseen the
class A and class B Mups is indicated to the right. Thedsa sheet is indicated for
reference. (b) All polymorphic residues in the amino terminus doafdahe Mups are
highlighted in green, and all carboxyl terminus polymorphisms afdigiged in blue.
There are 25 divergent residues in the NTD, consisting of 39% of ekemrand 27
divergent residues in the CTD, consisting of 61% of the protein sequence.
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Figure 14: Representative Traces of Neurons Responding to the N25 Chimera.

(a) Neurons fail to discriminate between Mup 25 and N25 pulse$hésg is
a small, slightly significant population of neurons that respond to MugBbleurons
respond to Mup 8 in a specialist manner. (d) Mup generalist neurorfsusre to
respond to the N25 chimera as well. Scale bars denote the unminspike above
baseline to be considered noise (y-axis) and the timescale (x-axis).
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Percentage N25 Activation of VN populations
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Figure 15: The N25 Chimera Activates Mup 25 Specialist Neurons.

The percent response of the N25 Chimera to the Mup 8 specialists 2
specialists, and Mup generalist pools of neurons is shown above. Neurams wer
counted if they responded to each of the pools above regardless of3hredd@nse.

The percent of neurons that also responded to N25 was then calcUletsd.values

were normalized to MBP negative controls. The difference betiweetwo activation

pools was assayed for significance using a Mann-Whitney tigtatal test. The N25
chimera accounted for 16.7% of Mup 8 specialist neurons (p=0.2846, ns), 69.1% of
Mup 25 specialist neurons (p<0.0001), and 87.3% of Mup generalists (p=0.0001).
n=17. *** p<0.0001.
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Figure 16: The NTD of Mup 25 is Sufficient for Specific Neuron Activation.

Dissociated primary neurons were perfused with stimuli consetytiThe
populations of neurons responding to differential sets of stimuli ol toiae
responsive cells are shown above (4959 imaged, n=21). 4 significant neuron
populations were observed when compared to maltose binding protein controls,
displayed as black bars above (Mann-Whitney-U test, n=34). Tpepealations
consisted of Mup 8 specialist neurons (32 responsive cells, p<0.0001),28Mup
responsive neurons (17 responsive cells, p=0.0198), Mup 25 responsive neurons that
also respond to the N25 chimera (38 responsive cells, p<0.0001), and Mupigieneral
neurons that responded to all three stimuli (62 responsive cells, p<0.0001).
***n<0.001, *p<0.05.
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Figure 17: Double Pulse of Recombinant Mups shows a Significant Dropoff Rate.

Neurons responding to an identical stimulus pulsed twice wergealska the
amount of dropoff (a) (grey bars, mean + s.e.m, n=21). P-valuedetnenined by a
pair wise Mann-Whitney test against Maltose Binding Proteinralsnt{black bars,
n=34). After responding to the first pulse of the stimuli, 34.78% of neurdhsat
respond to the second stimuli (First responder bar, p=0.0004). Neuronsfuatd ¢o
the second pulse of stimuli but not to the first are not sigmflg above noise
(p=0.1645). *** p< 0.001.
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Figure 18: Representative Traces of Neurons Responding to the N8 Chimera.

(&) The NTD of the N8 chimera activates Mup 8 specialist msur{b)
Neurons responding to Mup 25 in a specialist manner fail to activate in the gre$enc
N8. (c) Mup generalist neurons responding to all four stimuli. Suate denote the
minimum spike above baseline to be considered noise (y-axis) ardribscale (x-
axis).
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Figure 19: The N8 Chimera Activates Mup 8 Specialist Neurons.

The percent response of the N8 Chimera to the Mup 8 specidisfs,25
specialists, and Mup generalist pools of neurons are shown above. That pErc
neurons that also responded to N8 was calculated, and then compare@Pto M
negative controls. The difference from the negative control was déissayed for
significance using a Mann-Whitney U statistical test. ThecNi&nera accounted for
84.0% of Mup 8 specialist neurons (p<0.0001), 11.4% of Mup 25 specialist neurons
(p=0.7155, ns), and 85.9% of Mup generalists (p=0.0001). n = 20, *** p<0.0001.
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Figure 20: The NTD of Mup 8 is Sufficient for Specific Neuron Activation.

Dissociated primary neurons were perfused with stimuli consetytiThe
populations of neurons responding to differential sets of stimuli ol toiae
responsive cells are shown above (5965 imaged, n=27). 3 significant neuron
populations were observed when compared to maltose binding protein controls,
displayed as black bars above (Mann-Whitney-U test, n=34). Tpepealations
consisted of Mup 25 specialists (34 responsive cells, p=0.0001), Mup @lispec
responding to the N8 chimera (42 responsive cells, p<0.0001), and Mup @neral
neurons that responded to all three stimuli (61 responsive cells, p<0.0001).
***n<0.001
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Figure 21: The N25 Chimera is notufficient for Stereotyped égressior

C57BI/6J mice were used in a 10 minute aggressgsayato determine tt
aggressiorpromoting ability of the N25 chimera. Significanbetween aggressic
durations was calculated with a M-Whitney-U statistical test. Urine was used a
positive control,and mice elicited aggressive behaviors for an a@eeraf 21.6¢
seconds (n=25, +2.655 s.e.rp<0.0001). This was significantly above the nega
control of male mice paired with castrates (2.868osds, n=17, £0.921 s.e.m). T
N25 chimera did not elit aggression significantly above noise (4.630 sdspn=21
+1.637 s.e.m). Mup 25 was sufficient to promoteraggion behavior significant
greater than the blank castrate (13.976 second$, 6.222, p=0.00294).
***p<0.001, *p<0.01, *p<0.05
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Figure 22: Representative Traces of the N25 Chimera and Mup 24 Activation.

Representative traces of (a) 8 specialist and (b) 25 sigéci@lirons. The Mup
8 specialists will not fire in response to the N25 chimera, buMilye 25 specialists
do. (c) The majority of 24/25 specialist neurons are not activatébybut (d) there
is a small subset of neurons that also respond to N25. (e) Geneaalisins that
respond to all stimuli. Scale bars denote the minimum spike aboedéineat be
considered noise (y-axis) and the timescale (x-axis).



62

100

"

. X
—

aa

Percent N25 Activation of Mup 25 VN Subpopulations

a*

3

=
ES
— %
*

I'F
»
3

24 25 Generalists No 24 Generalists Creneralists

S
A
=
=
a
“,
-
—_—
=
=

8 Specralists

Figure 23 —The N25 Chimera does not Activate Mup 24/25 Gersdrileurons

The percent response of the N25 Chimerthe four Mup 25 responsive poc
of neurons as well as the Mup 8 specialist posh®wvn above. Neurons were coun
if they responded to each of the pools above régssdof the N25 response. T
percent of neurons that also responded to N25 masdiculated.These values vre
normalized tdVIBP negative contro. The difference between the two activation pc
was assayed for significance using a NM-Whitney U statistical test. The N:
chimera accounted for 14.6% of Mup 8 specialistD(p031, ns)78.4% of Mup 2t
specialists (p<0.0A), 18.4% of Mup 24/25 generés (p=0.5029, ns), 83.3% of I
24 generalists (p<0.001), and 92 of Mup generalists (p<0.0001n = 19,
***n<0.0001.
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Figure 24: The N25 Chimera does not Account for 24/25 Neurons.

Dissociated primary neurons were perfused with stimuli conselyutiiee
populations of neurons responding to differential sets of stimuli af tesponsive
cells are shown above (6219 imaged, n=25). 6 significant neuron populations were
observed when compared to maltose binding protein controls, displayed lkabdirisc
above (Mann-Whitney-U test, n=34). These populations consisted of Mup 8 specialists
(42 responsive cells, p<0.0001), Mup 25 specialists responding to the N2&ahim
(38 responsive cells, p<0.0001), 24/25 generalists (24 responsive cells, p<0.0001),
24/25 generalist neurons also responding to the N25 chimera (8 regpceis,
p=0.0300), No Mup 24 generalists also responding to the N25 chimeras{&hsive
cells, p<0.0001), and Mup generalists also responding to the N25 chimerb5SB8
total responsive cells, p<0.0001). ***p<0.001, *p<0.05
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Figure 25: N25-Activated Neuron Populations are not Sufficient for Aggression

A schematic model for VNO activation is shown above. (a) Respmadie
of neurons to Mup 24. Mup generalists and Mup 24 specialists aretedtia)
Response profile of neurons to Mup 25. Mup generalists, 25 specialisi§ 24/
generalists, and No 24 generalists are activated. (¢) Respofite @fryNO neurons
to the N25 chimera. Mup generalists, Mup 25 specialists and No 24afistseare
activated. The 24/25 pool of neurons is not activated by the N25 chiaredathis
profile of activation is not sufficient for a behavioral response.



Tables
Table 1: Accession Numbers for C57BI/6J Mups

Asterisks mark the Mups known to be expressed in C57BI/6J urineotibe Mups
listed are the ones referred to in this study. Mups not used in this study are nat show

Protein name DDBJ/EMBL/GenBank accession
Mup 3* EU882230
Mup 4 BK006642
Mup 7 BK006648
Mup 8* EU882231
Mup 13 BK006661
Mup 17* EU882232
Mup 24* EU882234
Mup 25* EU882235
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Table 2: Major Urinary Protein PCR Primers.

Primers used for Mup cloning from cDNA prepared from male C57B#é&ise VNO

RNA.

Primer Name

Primer Sequence

Mup 3 Forward

GGATCCATGAAGATGCTGCTGCTG

Mup 8 Forward

GGATCCATGAAGATGATGCTGCTG

Mup 17 Forward

GGATCCATGCTGTTGCTGCTGTGT

Class B Reverse

AAGCTTTCATTCTCGGGCCTGGAG

Mup 24 Forward

GGATCCATGAAGCTGCTGGTGCTG

Mup 24 Reverse

AAGCTTTCATTCTCGGGCCTCAAG

Mup 25 Forward

GGATCCATGAAGCTGCTGCTGCCG

Mup 25 Reverse

AAGCTTTCATTCTCGGGCCTCGAG




Table 3: Mutagenesis Primers used in Class B Mup Design.
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BMup_E13Q F

5'-GGGAAGGAACTTTAATGTACAAAAGATTAAT
GGGGAATGGC-3

BMup_E13Q R

5'-GCCATTCCCCATTAATCTTTTGTACATTAAAG
TTCCTTCCC-3'

BMup_E140K_F

5'-GGTTTGCACAACTATGTGAGAAGCATGGAAT
CCTTAGAGZ

BMup_E140K_R

5'-CTCTAAGGATTCCATGCTTCTCACATAGTTGT
GCAAACC-3
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Table 4: Calculations of Theoretical Dropoff

Using the known drop off rate of neurons responding to identical consestimuli
(65.22%), and the percentage of experiments where the chimera weag firdt (%N
Pulsed First column), the theoretical percent of total neurons respoodmde
calculated (Theoretical First Pulse). 2X Responders are tleernienf neurons that
responded to both N8 and Mup 8 or N25 and Mup 25, while Experimental &isssP
are neurons that responded to the chimera only. Total Respongé® a@nbined
percentage responders of both 2X Responders and the ExperimentRulses This
number was multiplied by the theoretical percent of neurons thiatespond only
once (34.78%) and the percent of experiments where the chimera wed fgt (last
column). This value is called the theoretical first pulse. Therétieal populations are
comparable to the actual experimental first pulse (both highlightgdey), showing
that this population can be accounted for by dropoff.

Experiment 2X Exp. First | Total Theoretical % N _
Responder | Pulse Responses | First Pulse | Pulsed First
N25/25 0.784 0.256 1.04 0.282 78%
N8/8 0.747 0.194 0.941 0.206 63%
N25/25/24 0.794 0.309 1.103 0.303 79%
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