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Abdract : The neurobiology of nmoroganous cid organization can be gudied by laboratory examination of scid bonding Inthis
review , we discuss how the nonoganous prairie vole ( Microtus ochrogaster) has been used as a moddl sygem to provide tremen
dous ingght into the neurd regulation of pair bond formation Neuroanatomicad diff erences between monoganous and nor monogar
nmous wles, aswell as how neurochemica manipulations dfect par bond formation are revieved In addition , interactions among
neurochemica sydems that regulate pair bond formetion and the extent of sexud dinorphiam asociated with pair bonding are dis
cused. Fndly, we propose future directionsfor thisline of research and explain why underganding the neurd regulation of socia

bonding is importart for human hedth
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1 INTRODUCTION

Pair bonding describes an enduring attachment be
tween members of a breeding pair that share territory and
parental duties and is a fundamenta characteridic of
nonogamy'?!. Urfortunately , moroganous animal's are
mt comnon experimental subjects, and as a result pair
bonding is undergudied relative to other types of <ocid
behavior!®]. However , recent research utilizing the prairie
wle ( Microtus ochrogaster) has permitted tremencdous
progress toward underganding the neural mechaniams urr
derlying pair bonding™ ™ 8). Here , we firg provide a brief

overview of prairie wle naturd higory and then discuss
our current underganding of neura mechaniams underly
ing pair bonding.

2 THE PRAIRIE VOL E MODHE

Prairie wles are digributed primarily in the grass
lands of the central United Sates®®!. Snce the mgjority
o dudies examining neurochemica regulation of pair
bonding have been performed in prairie woles origindly
from lllimois, these animas will be the focus of this re-
vien. However , saverd dudies have used prarie voles
from Kansas, and athough these animals d 9 are norog
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anous, ome agects o behavior and physology differ be-
tween Kansas woles and those from lllinoid ™~ 1.

Prairie woles have adgpted to food ourcesof minima
caoric value and scarce water supplies ™™ Y"1 and it has
been suggesed that, under conditions of limited re
ources, two parents may be necessary to successully
raise pupst™®!. Snce biparenta care is a key conponent
o a moroganous life strategy!* !, a harsh environment
may have contributed to the ewolution of morogamy in
prairie woles® . While mdes of nog mammaian
gecies provide little to o parental care, fidd dudies
have shown that mae prairie wvoles are highly paternd ,
contributing dgnificantly to neg building, nes guarding,
huddling over pups, and pup retrieval!® %, Fdd sud
ies d provided evidence suggesting that prairie wvoles
form pair bonds Sudiesdf territory usage by prairie woles
enploying repested trgoping methods, found that malefe-
male pairs were often trgoped together , indicating that
these animdl s travded together and were likdy pair bond
ed® 21, Additional evidence for pair bonding came from
fidd gudies showing that prairie vole nests were often oc
cwied by a breeding pair and one or nore litters of
pupsi?!. Such family units diplay high levels of =cid
contact with minimal aggresson toward one arother , while
unrelated intruders are aggressvely repelled!™!. Perhgps
the mog conmpédlling evidence for pair bonding is that the
breeding pair often remai ns together until one dies, and in
many cases, the surviving member never takes a new
matel ).

While fidd gudies provided the initid identification
o prairie voles as nornoganous, invedigeation of the neura
badsof par bonding requires carefully controlled laborar
tory experiments  Fortunately , voles breed well in captivi-
ty and animal care is conparable with that of other ro-
dents, making laboratory study of volesfeasble!® %), Inr
portantly, the nomoganmous behaviors observed in nature
are do rdiably expressed under laboratory conditions
For indance, prairie wles tend to copulate preferentialy
with a familiar mate versus a rnovel congecifict? % %!,
After mating, prairie wles remain together during geder
tion'*?!. This appears to be necessary for succesful
pregnancy, as prairie wles show both decreased hirth

success if the femdle is done during gestation™! | and a
greater susceptibility to stranger induced pregnancy termi-
nation compared to other rodents'* *2. Once the pups are
born , males show high levels of parental care!®!. Mogt
importantly , pair bonding can be reliably assessed in the
lab by measuring behaviors asociated with the formation
and meintenance of the bond***!. Pior to review of
experimental manipulations of pair bonding, it is neces
sary to firg discuss how conparative gudies between vole
ecies provided the initid evidence regarding which neur
rochemicals and brain regons are involved in pair bond
ing.

3 NEUROANATOMICAL DIFFERENCES BE
TWEEN MONOGAMOUS AND NONMONOGA-
MOUS VOL ES

In an dfort to undergand what neura sysgems may
be asociated with pair bonding, severd <gudies have
oconpared the neuroanatomy of nmonoganous and  rorr
nonogamous volest®~ 1. Such conrparative sudies alow
neuroanatormical differences to be corrdated with differ-
ences in meting sysems and <ocid organizations, and
there is great potential for such sudy because the various
Microtus goecies diplay a wide range of scia behav
iors. For exanple ,while prairie wles are highly socid and
noroganous, other well gudied wle ecies, such as
nmontane ( Micratus montanus) and meadow woles ( Micro-
tus penrdlyvanicus) , are cid and ron-nonoganous? .
Soecificdly, nontane and meadow wles prefer nove
metes, engage in little to o sociad contact ,and are mini-
maly parenta , with adnmog mo parenta care from
males?® 4%l Degite many differences in cid be
havior , these goecies are taxoromicaly close to prairie
wvoles, and diglay very smilar non-<ocia behaviors, such
as activity and feeding patternd®! | and therdfore differ-
ences in neuroanatony are nore likely to be related to -
cid behavior.

Interegingy , wleswith different socia organizations
show drametic differences in the digribution patterns of
certain neurotranamitter receptors in the brain. For inr
dance , the digributions of receptorsfor the neuropeptides
oxytocin (OT) and vaopressn (AVP) differ sgnificantly
between nornoganmous and non-noroganous wles, while
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digributions for other receptors, such as benzodiazepine
andy -opioid receptors, show ro differenced®” !, This
irformetion is reviewed in detail e sawhere!®®®l. Bridly,
noroganous and mon-monoganous wles sow differences
in OT receptor dendty within the nucleus accumbens
(NAcc) , bed nucleus of the dria termindis (BNST) |,
latera septum (LS) and amygddal®“°!. AVP receptor
dengtiesin LS, BNST, amygdaa and ventra pdlidum
ao dffer between nonogamous and o onogamus
voles!® ® 41 These findings suggest that particular re-
ceptor digribution patterns may be asociated with gpecies
differences in socid behavior. Thisisfurther supported by
a qudy in which normally asocia mice were geneticaly
altered to carry the AVP receptor gene (including its pro-
moter region) of the prairie wle. Mice expressing the vole
gene dowed & prairie wle like' digribution of AVP re-
ceptors and diglayed increased dfiliative ocia behavior

in reponse to AVP adminigration'®!. Together , these
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dudiesinplicate AVP and OT and ecific brain regons
in the neura regulation of pair bonding.

In addition to differences in receptor digribution , it
is d9 inportant to mote that meting differentialy aters
these neural sysems in nmonogamous and NoN-MoNoganous
woles A mgjor extrahypothaamic AVP pathway in rodents
includes AVP cdls in the BNST which project to the LS
(Figure 1A) ®1. In male prairie wles ,mating increases
AVP messenger RNA in cell bodieswithin the BNST(Fg
ure 1B) ,while decreasng AV P contents in the projections
o these cellswithin the LS(Figure 1C) 1 *8]. Based on
these data ,it has been suggested that AVP is rdeased in
the LS during mating™®. OT is do released during met-
ing in mammal L. Gven that these neuropeptides are
likely rdleased during mating and that pair bonding isfa
cilitated by mating!® ! it has been hypothesized that re-
lease of these neuropeptides during meting is criticaly i
wolved in the neura regulation of pair bonding
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Fg 1 Hfectsd meting on the AVP pathway from the BNST to the LS
(A) Receptor autoradiography shows that AVP V1a receptors are presert in both the LSand BNST; (B) Mean AVP mRNA labeled cdlsin mde
and femele prairie wles that are either sexudly naive or have been paired with an opposte sex congecific for 72 hrs, during which the pair metes.
In males, but not females, mating induces a gnificant increase in AVP mRNA inthe BNST; (C) Mean areadf AVP immuroreactive (ir) fibers
intheLSd male and female prairie wles that were sexually naive or paired with an oppodte sex congecific for 72 hrs. Mating induces a dgnifi-

cant decreae in AVPir fibersin mdles, but not infemdes

4 BEHAVIORAL TESTS OF PAIR BONDING

Neurobiologica invegigation of pair bonding is pos
sble because, in the lab, prairie wles rdiably diglay
behaviors thet are indicative of pair bond formetion. For
ingance, pair bonding requires that an anima recognize
and choose to be with its mate over urfamiliar ocorr
gecifics Thisis routindy assessed in the lab by a dnple
choice teq , referred to asthe partner preference ted. The

teding apparatus consgsof a centra cage with tubes corr
necting it with two identica cages (Figure 2A) . Thefa
miliar partner and a novel congecific (stranger) are tethr
ered in separate cages and do ot interact with each othr
er , while the subject isinitially placed in the neutral cage
and isfree to nove throughout the tegting goparatus during
the 3-hr ted. It has been denondrated that ater meting ,
both male and femae prairie voles prefer to be with their
mete , as indicated by gpending sgnificantly more time in
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oontact with the partner compared to time gent with the
granger!® Y. Partner preferences are reliably produced
following 24-hrs of ad libitum mating, whereas shorter
periods of cohabitation (usually 6 hrs) |, in the absence of
meting , do not lead to partner preferences, i. e. subjects
dlay momrsdective contact with partner or dranger
(Figure 2B) . While differences in experimental desgn
exig between labs, the partner preference remains the
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nog comnon behaviord index of pair bonding In addi-
tion to partner preferences, mated prarie wles a9 show
an increase in aggresdve behavior toward urfamiliar con
ecifics, which presumably alows the pair bonded ani-
md to guard both its mate and territory (Figure 2C and
D) [%. This behavior is referred to as sdlective aggresson
and it has d < been used to gudy the neural bassdf pair
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Fg 2 Behaviord indicesd pair bonding include partner preferences and seective aggresson.
(A) Apparatus used to peform partner preference testsin our laboratory. Each cageisidentica (20 x 25 x 45 cm) , and hollow
tubes (7.5 x 16 cm) connect the neutra cage to those containing gimulus animals. The primary behavior of intered is Sde-by-sde
oontact time and is recorded by an experimenter blind to trestment by reviening time Igpse video of the partner preference tedt. (B)
Idedlized data of sde-by-dde contact during the 3-hr partner preference tes. 24 hrsaf ad libitum meting prior to the partner prefer-
ence teg resultsin the subject gpending sgnificantly nore time in contact with the partner conpared to that with the sranger. In
oontrag , 6 hrsof cohabitation in the absence of mating resultsin subjects spending gpproximetely equa time, on average , with ei-
ther the partner or the sranger; (C) SHective aggresson has been gudied in woles by usng a resdent-intruder tes. SQubjects re-
meinintheir bome cage (20 x 25 x 45 cm) and if they have a mete , the mate is removed. A rovel congoedific (Intruder) , usir
dly of the same sex, is then placed in the home cage with the resdent. Behavior is videotaped and an experimenter blind to trest-
ment records the number of bites, pushes, chases, etc. duringthetes , whichistypicaly 6 min. Qllectively , these behaviors con-
ditute aggressve interactions; (D) Idedlized datadf aggressve interactionsfor this resdent-intruder tes. Mae subjectsthat have o
experience with afemale (No-femde) and those that have socid experience with afemdle, but are sxudly naive (Unrneted) ,
show very low levelsof aggressive behavior. However |, following 24 hrsdf meting with afemde (Mated) , males became very aggres:

sve toward intruders

© 1995-2004 Tsinghua Tongfang Optical Disc Co., Ltd. All rights reserved.



164 Acta Theridogica Sinica 24

5 NEUROPEPTIDE REGU.ATION OF PAIR
BONDING

Initia experimental manipulationsdf pair bonding fo-
cused on AVP and OT systems because conparative sud
ies indicated their potential involvement. In mele prairie
wvoles, robugt partner preferences and selective aggresson
were diplayed following 24 hrsof ad libitum mating™".
It was hypothesized that mating-induced neuropeptide re-
lease was involved in the regulation of these behaviors,
and this was directly tested by adminidration of an AVP
receptor antagoni s prior to mating. The drug was i njected
into the ventricular sysem (icv) which alowed it to
read throughout the brain and to bind AVP receptors,
preventing their activation. In support of the hypothes's,
both partner preferences and sHective aggresson were
prevented by blockade of central AVP receptord® . In
the same sudy , maes paired with an ovariectomized fe-
male in the absence of mating, did mot digplay partner
preferences or sHective aggresson. However , these be
haviors were induced with icv irfuson of AV | sugr
geding that exogerous AVP may have mimicked AVP
function asociated with meting. Female prairie wvoles a9
show partner preferences folloning 24 hrs of ad libitum
meting, and this behavior was prevented by blocking OT
receptor activation within the braint® " f femdes were
ovariectomized and paired with a mele for only 6 hrs, in
the absence of meting, they did mot show partner prefer-
ences, but this behavior was induced by icv irfusons of
oTi®~,

Together , the above gudies provide clear evidence
that centra AVP and OT are inwolved in pair bonding
However , these gudies d 9 suggeded that neuropepti des
regulated pair bonding in a sex ecific manner. It was
a o reported that while AVP irfluenced pair bonding in
meles, it did rot afect this behavior infemeles*. on-
dgent with thisfinding, neuroanatomica gudies showed
that male and female prairie wles differ in centrd AVP
neura sygems and in the activation of these sysems by
meting (Figure 1B and C) 41 gnilarly , OT mer
nipulations that ater femde pair bonding gopeared to have
o efects on male behavior™. It was therefore conclud

ed that a sxudly dinmorphic mechanism was involved in
pair bond regulation.

However , in a nore recent gudy that teted wider
rangesdf dosesof AVP and OT, icv adminidration of ei-
ther neuropeptide induced partner preerences in hoth
males and females, and the induction was blocked by
ooncurrent adminigration of either peptide receptor antagr
onig!®). These data indicate that both AVP and OT are
inwlved in the regulation of pair bonding in both mae
and femde prairie wlesd®! . While these results differ
from those of earlier sudied®*!! | comparions must be
made with caution as experimental methods differed with
repect to method of drug adminidration, doses of drug
treatment , length of oohabitation prior to partner prefer-
ence tes , and the ocid experience of the subjects prior
to manipulation. We have therefore performed experiments
intended to replicate the methods of the earlier gudies and
teg the role of AVPon partner preference formetion in fer
maes Centrd (icv) irfusons of AVP a the same dose
used in a previous sudy!*®! | had ro dfect , but when we
increased the dose, AVP indeed induced partner prefer-
ences in femdes (Fgure 3A) . While it is posible that
higher concentrationsof AV Pwere dfective because of ac-
tivation of OT receptors®! | these data suggest that the
sx differences may not be as drametic as previoudy sug

gested.

6 BRAIN REGIONS IMPORTANT FOR PAIR
BONDING

A dgnificant limitation asociated with the above
dudiesistha drugs were adminigered into the ventricu
larsygem, dlowing activation of receptors in multiple
brain regons This makes it difficult to asess the inr
wolvement of these neuropeptides in gecific brain areas
Therefore nore recent gudies have focused on ste pecific
drug manipulaions of partner preferences

The brain regons primarily inplicated in pair bond-
ing were those in which nonoganmous and norr nonogarmus
woles differed sgnificantly in AVP and OT receptor deng-
ties These brain regons include LS, BNST, amygdda,
NAcc , and VP®~ ®1. |n addition , several other sudies
examined neurond activation during behaviors asciated
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with pair bonding. Neuronal activation was asseesed by la
beling the protein product of an immediate early gene, ¢
fos. This protein isproduced soon &ter the animd is gimr
ulated , and it has therfore been a very usful index of
where neurd processng isoccurring in regonse to partic-
Forebrain cfos has been measured in re-
Fone to svera Dcid dtuations related to pair bonding,
including a bri¢f ocia exposure®! | a period of ad libi-
tum mating conducive for partner preference formation!™’ |
and during mating-induced selective aggresson'®!. To-
oether, the results of these gudies support the involve
ment of LS, BNST, and the medid amygdda (MeA) in
pair bonding , and these areas are therefore primary targets
for dte- pecific manipulation of pair bonding.

A recent gudy focused on the role of the AVP and
OT sydemsin LSon pair bonding in males AVPinLS
was shown to be involved in this behavior as direct admin
igration of AVPinto L Sinduced partner preference former
tion in the absence of meating, whereas blockade of AVP
receptors in L S prevented this behavior induced by méating
or by AVP adminigration (Figure 38 and C)!®!. Fur-
thernmore, blockade of OT receptors within LS prevented
partner preferences induced by both meting and by AVP
adminigration (Figure 3B and C) . Together , these data
sugges that AVP and OT in the LS are criticaly involved

A B
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inpair bonding™®!. Interestingy , injections of AVP di-
rectly into LS a9 enhanced , whereas an AVP antagoni &
reduced, mde parental behavior, amother behaviora
characterigtic of morogamy!®!l. The MeA and BNST have
received less sudy dthough ledons of the MeA in males
a0 reduced paternd as well as other dfiliative behav
%21 Future work is needed to define the i nvolvement
of these areasin pair bonding.

iors!

Moroganous and ron-rmonoganous wles d sow
sgnificant neuroanatomica differences in the NAcc and
ventrd pdlidum, and recent dudies have reveded tha
these areas d 9 are involved in pair bonding Prairie voles
exhibit high dendties of OT receptors in the NAcc conr
pared to those seen in non-noroganous wles* ! | and
blockade of these receptors prevented meting induced
partner preferences in females®!. Further, ste ecific
injectionsof OT directly into NAcc induced this behavior
in the absence of mating!®!. Prairie voles d have nore
AVP receptors in the ventral pallidum conpared to those
found in ron-nonogamous voles* ** . Adminitration of
an AVP antagpnig directly into ventral pallidum blocked
metingrinduced partner preferences®! | whereas increas:
ing the number of these receptors facilitated partner pre-
erence formation'®’ | indicating the importance of these

AVP receptors in pair bond formation.
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Fg. 3 AVP reguation of par bonding
(A) levirfudonsd CSFor 0.5ng/ hr AVP b ot produce partner preferences in femdle prairie oles However , adminigtration of a higher
dose of AVP (2.5ng/ hr) produces partner preferencesinfemdes; (B) Control male subjects that were paired with afemdefor 24 hrsof ad
libitum meting and that received control injections of artificid cerebrogind fluid (CSF) into the LS showed partner preferences  However ,
direct injectionsdf an AVP antagpnis (AVPA) or the OT antagpnisg (OTA) into theLS, prior to meting, blocked partner preferences; (C)
Males that cohabited with femalesfor 6 hrsin the absence of meting did not show partner preferences; however , continuous admini gration of
AVP into the LS induced this behavior in the absence of meting. Thi's behavior was blocked by co-adminigration of either AVPA or OTA
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7 DOPAMINE REGU-ATION OF PAIR BONDING

The formetion and maintenance of a par bond in
wlves, a a minimum, rewvard procesing, learning and
menory , changes in notivation and attertion , and the ex
presson of gppropriate behavior. Qven this complexity , it
has been suggested that additiondl neurotranamitters may
be inportant for pair bonding One neurotranamitter
grongy inplicated in the above processes is dopamine
(DA) . Furthermore, because mating facilitates pair
bonding, it is notable that DA is rdeased during meting
in a variety of secies, including prairie wles® 7!,
Therefore , DA has been grongy inplicated in the regule
tion of pair bonding.

Smilar to neuropeptide sudies of pair bonding, DA
involverment has a9 been gudied by pharmacologica me:
nipulaion of behavior. As DA drugs readily cross the
blood brain barrier , the initid studies examining DA reg
ulation of pair bonding used peripherd drug adminigtra
tion. In both males and femdes, 24 hrs o ad libitum
meting produced robug partner preferences However ,
periphera injectionsof a DA antagonis , haloperidol , pri-
or to copulation , prevented mati ng-induced partner prefer-
ences degite the fact that these subjects mated rormal-
lyl™ 7] onversely , periphera injections of a DA agp-
nig , goonorphine , induced partner preferences in the ab-
sence of mating!™ . These findings denpngrate that
DA isinportant for pair bonding; however , undersanding
the nature of DA involvement requires identification of the
function of goecific DA receptors in the regulation of this
behavior.

DA receptorsfal into one of two diginct classs, re-
ferred to as D1-type and D2-type receptors, and the ex-
periments described above used drugs that act on hoth
types of receptors ™). Asthese digtinct subtypesof recep-
tors serve different functions, it is necessary to identify
the ecific type of DA receptor mediaing pair bonding
Receptor gecificity was addressed by adminigration of
drugs that act on the gecific DA receptor subtypes Infe-
males, mating-induced partner preferences were prevented
by blockade of D2-type receptors usng periphera admin-
igration of the D2type antagonis , eticlopride. However ,

this behavior was undfected by peripherd admini gration
of the D1-type antagonist , SCH 233901, Furthernore,
partner preferences were induced , in the absence of met-
ing, by activation of D2type receptors with the D2-type
apnig, quinpirole. Adminidretion of the D1-type ago-
nig , SKF 38393, did mot produce partner preerences
Therdfore DA gopears to regulate pair bonding through
Pecific activation of D2-type receptors' ™.

Snce the above gudies utilized peripherd adminis
tration of DA drugs, the brain regon where DA isirflu
encing pair bonding could not be determined. Mating-in-
duced DA release occurs primarily within NAcct® ™™ |
and thisis a true for prairie wles® ™. Furthermore
prairie vole NAcc gopears dmilar to that in other rodents
with regpect to dendty of DA terminads and receptors
(Figure 4A) [, Based on these observations,, the role of
DA processing within NAcc in pair bonding has been
carefully examined.

Blockade of DA receptors within NAcc via Ste e
cific adminigration of a DA antagonis (Figure 4B) , pre-
vents partner preferences in males (Figure 4C) 12, Fur-
thermore , gudies usngfemale prairie voles corfirmed that
DA within NAcc acts on D2-type, but not D1-type, re-
ceptors in the formetion of pair bonds Hte Pecific ad-
minidration of the D2type, but not the D1-type antago-
nig, directly into NAcc blocked mating-induced partner
preferences®!. Additionaly , NAcc injections of the D2
type agpnig , but not the D1-type agonis , induced part-
ner preferences in the absence of mating!t®
nipulations in another highly DAergic brain regon, the
caudate-putamen (CP) , did not dter pair bonding, sug
geding that the D2type activetion inportant for pair
bonding occurs Pecificaly within NAcc. Additiona gud-
iesin maes have further defined the dte ecific regula
tion of D2-type activetion within NAcc. Adminigration of
the D2-type agonig induced partner preferences if injected
into the shel subregion of NAcc, but had ro dfect if de
livered into NAcc corel ™.

While these experiments show that D2-type receptors
within the NAcc are critica for pair bonding , recent sud-
ies have denongrated that DA regulation of this behavior
is nore conplex. Specificaly , D1-type activation is ot

1. 9milar mer
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snply uninvolved , but activation of these receptors actu
aly prevents pair bond formetion. The firg evidence thet
D1-type receptor activetion may antagonize pair bonding
came from gdudies uing the rmon-sective DA agonig ,
goomorphine. In males, either peripherd or NAcc admin-
igration of aponorphine induced partner preferences only
a low doses; higher doses of goonorphine did not pro-

A

duce this behavior (Figure 4D) 2. While aponorphine
binds both D1- and D2-type receptors, it has sronger
dfinity for D2-type receptors' ™!, Therefore , one possibili-
ty isthat low dosesof gporrorphine bind primarily D2-type
receptors, facilitating partner preferences, but high doses
a o activate D1-type receptors, which prevents the former
tion of the bond. Thiswas directly teged in male prairie

C D
120 4 120 1 Bl Pertner
* [J Stranger
100 § 100

80 4 80 1

60 4 60

*
40 4 40 4
20 4 20 4
0 04

CSF Halo 4.0ng CSF Apo0.04ng Apo4.0ng

Side-by-side contact {(min/3hr)

Fg 4 DA anaiomy and DAergic reguation of pair bonding in mde prairie woles
(A) Immurocytochemrica labeling of tyrosine hydroxylase (TH) |, the rate limiting enzyme in DA synthes's, reved s that the NAcc and the CP are
heavily innervated by DAergc fibers Smilar saining i sfound for a nmore specific marker , the DA trangoorter (DAT) , which is respondgblefor DA
reuptake. The find two photos show receptor autogradiogrgphic labeling of D1- and D2-type DA receptors, and demondrate thet these brain regons
have high levdsdf both DA receptor subtypes; (B) Cannuatract and injection ste of atypica subject receiving direct pharmacologicl manipula
tion o the NAcc. On the It is a schemetic draning, and on the right is ained wole tissue; (C) Qontrol subjects that received CSF injections
and meted ad libitum for 24 hrs showed partner preferences, whereas subjects thet received intras NAcc adminigration of the DA receptors antago-
nig , haoperidol , do not show this behavior ; (D) Qortrol subjects paired with afemale for only 6 hrsin the absence of meting show non- selective
sde-by-sde contact. However , low, but not high, dose adminigration of the DA agonigt , gponorphine, directly into NAcc induced partner pref-

erences
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wles IntraNAcc adminidration of the D2type agonig
induced partner preferences in the absence of mating ™’ |
asit did in femaes®!. However , when the D1- and D2
type receptor agoni gswere co-adminigered into NAcc , o
partner preference was formed!™ . These data suggest
that D1-type receptor activetion can prevent pharmacolog-
caly induced pair bonding. Even nore griking, adminis
tration of the DI1-type agonig aone prevented partner
preference formetion induced by 24 hrsdf ad libitum mat-
ing. Together , these findings drondy sugges that D1-
and D2-type receptor activation in NAcc exert opposng
nodulation over pair bond formation! ™.

The above gudies denondrate that both DA receptor
subtypes are important for the neurd regulation of pair
bonding. dven that pair bonding is an enduring behav
iora change, it was hypothedzed that it may be nodulat-
ed by gable changes in the brain. Based on thisidea, a
recent sudy conmpared DA receptor densties between sex
udly naive mde prarie wles and those that had been
paired with afemale for two weeks This two-week cohab-
itation resulted in pregnancies, and thus it was likely that
these animds were par bonded. Par bonded mdes
sowed a subgartid increase in D1-type, but not D2
type , receptor densty in the NAcc!™®). This increase was
ot seen in the CP, which suggests that the change in re-
ceptors is not generalized to al DAergc brain regons
Furthermore , an additional group of mdes that mated ad
libitum for 24 hrs did not show this increase. This sug
gedsthat the increase in D1-type receptors seen in par
bonded males was ot due ldly to cohabitation or meat-
ing. It istherdfore possble that this increase in D1-type
receptors in the NAcc is fundamental to neurd mecha
niams asociated with pair bonding. Snce D1-type recep-
tor activation prevents pair bond formation , this increase
may antagonize the formation of new bonds Such a neurd
nodification could explain why prairie woles rarely form a
seoond bond , and therefore is a potentia mechanian for
the maintenance of nmonoganous behavior.

8 NEUROCHEMICAL INTERACTIONS

While it is clear that DA plays a critical role in pair
bond formetion , DA is a9 rdeased in NAcc during met-

ingin rodent pecies that do not form pair bonds ™ ™.

Therdfore , matingrinduced DA rdease is unlikely to fully
acoount for the neurad control of pair bonding Indead,
the NAcc DA sysgem may interact with other neurochenr
cid sydems that differ between nmoroganous and non
nornoganous wles As roted alove, prairie wles have
nore OT receptors in NAcc conpared with non-nornoga
nous wles, and these receptors are inwlved in par
bonding!® * 1. Therefore , it was hypothesized that DA
and OT sygems within NAcc interact to regulate pair
bonding, and data from a recent sudy indeed supported
this hypotheds Blockade of OT receptors in NAcc ot
only prevented partner preferences induced by OT, but
a o prevented partner preferences induced by adminigra
tion of the D2-type agonist!®!. Further , blockade of D2
type receptors actualy prevented partner preferences in
duced by OT adminigration in NAcc, whereas OT i
duced partner preferences were not prevented by D1-type
blockade!®!. This sudy suggests that activation of both
OT and D2type DA receptors in NAcc are necessary for
pair bonding. Qdven the conplex nature of this behavior ,
it is ot surprisng that different neurochemica sysems
interact to achieve its regulation. Indeed, there is d
evidence that OT and AVP interact to regulate pair bond-
ing!® . Qearly, future udies of pair bonding should
continue to address such interactions

9 NONSEXUAL REGUW ATION OF PAIR BOND-
ING

Although a pair bond is a date that exigs between
members of a breeder pair , non-sexuad experience can d-
D irfluence this behavior. Femdle prairie woles show part-
ner preferences and sHective aggresson in the absence of
meting if the period of cohabitation is long enough!® 7).
Such changes in behavior may be asociated with the fact
that female wles do mot have an edrous cycle, and es
trous is induced by the extended presence of a rove
male! ™! Saverd physologica events are asociated
with the initial encounter with a male. For ingance , male
exposure increases estrogen and lutenizing hornone in fe-
males®# | and these hornonal changes lead to sexud
receptivity'® &1, Furthermore , these changes in repro-
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ductive datus are medaed by olfactory and pheronond
gimui®.  Inportantly , olfactory/ pherorona processing
is critical for pair bonding as ledons of the olfactory bulb
or the vomeronasal organ alolish partner pre‘erenceéss'%]

In prairie woles, nmon-sexud ocongecific interactions
do dter dress hornones, such as oorticogerone
(OORT) . Prairie woles have an atypica CORT physiology
with unusudly high levds of serum QORT, and a corre-
gonding decrease in receptor regponsveness® %l
Prairie woles a0 show unique changesin serum CORT in
reponse to various Locia Stuations For exanple, cid
ilation increases CORT in prairie wle pups, but ot in
ron-noroganous wole pups®! . Scid ilation do i
creases CORT in adult femde prairie wles, suggeding
that iolation is gresful ; however , exposure to a novel
mele decreases CORT level s % %1, Therefore , a decrease
in CORT was hypotheszed to be involved in pair bonding
This hypothes's was supported by an experiment showing
that females with reduced CORT, via adrendectony ,
form partner preferences dter only 1 hr of oohabitation
with a mde in the absence of mating. Further , induction
o partner preferences was prevented by periphera injec
tionsof QORT, and dmilar CORT treatment of intact fe-
males led to awidance of the partners ™). While decreas
esin CORT lead to partner preference formetion in fe
males, periphera injectionsdf CORT , or a gresor known
to increase QORT release (forced svimming) , induced
partner preferences in males ®!. Certral adminigration of
corticotropi - releas ng factor a9 induced partner prefer-
ences in the absence of mating in males®!. Together ,
these gudies show that GORT is criticaly involved in pair
bonding , and its regulation of this behavior appears to be
sexudly dinorphic: decreased QORT facilitates partner
preference formetion in females, but CORT promnotes pair
bonding in males

10 CONCL USION AND FUTURE DIRECTION

In summary , pair bonding is an extremely complex
behavior , which makes invedigation o its neura regule
tion difficult. This difficulty is largely overcome with uti-
lization of an appropriate animal nodd , and tremendous

indghts have been gained from sudies of pair bonding in
prairie wles These gudies have identified gecific neuro-
chemicds, interactions of neurochemicd sygems, and
ecific brain regons inwlved in the regulaion of pair
bonding Future research will ocontinue to focus on the
neural circuitry ilvolved in pair bonding as well as addi-
tiona agects of neurd procesing of socid irformetion
For ingance , prairie woles are currently being used to ex
amine intracelular regulation of pair bonding (Aragona
and Wang , unpublished observations) , individua differ-
ences in dfiliation'®! | and the role in ocia behavior on
neMy born neurons in the adult!*®!.

Apart from the inherent interes of pair bonding as a
pheromeron, it mus be enphasized that undergtanding
the neurobiology of this behavior is relevant for human
hedth issues dmilar ocid bonds are formed by hu
mans, and the inability to form such bonds is asociated
with certain psychologica disorders It is believed that a
better undergtanding of the neura procesing of socid inr
formetion will improve treatments for such disorders, and
advances toward achieving this god are being made by in-
vedigations of the neura regulation of pair bonding
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