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Abstract

Loss of a loved one is a painful event that substantially elevates the risk for physical

and mental illness and impaired daily function. Socially monogamous prairie voles are

laboratory-amenable rodents that form life-long pair bonds and exhibit distress upon

partner separation,mirroring phenotypes seen in humans. These attributesmake voles

an excellentmodel for studying the biology of loss. In this review, we highlight parallels

between humans and prairie voles, focusing on reward system engagement during pair

bonding and loss. As yearning is a unique feature that differentiates loss from other

negativemental states, we posit amodel inwhich the homeostatic rewardmechanisms

that help to maintain bonds are disrupted upon loss, resulting in yearning and other

negative impacts. Finally, we synthesize studies in humans and voles that delineate

the remodeling of reward systems during loss adaptation. The stalling of these pro-

cesses likely contributes to prolonged grief disorder, a diagnosis recently added to the

Diagnostic and Statistical Manual for Psychiatry.
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INTRODUCTION

Pair bonding is an innate, fundamental human experience that pos-

itively contributes to our health and well-being. Yet, the benefits of

these relationships come with the potential costs associated with

losing them. Losing a loved one and the corresponding grief is so emo-

tionally painful and cognitively taxing that it is frequently reported as

the most traumatic event of a person’s life.1,2 Accordingly, bereave-

ment imposes a substantial personal burden and societal cost. Grieving

individuals are at a substantially increased risk of developing a myriad

of physical and mental illnesses, as well as enhanced suicidality.1,3–9

Bereavement results in impaired daily function and time away from

work, the costs of which is estimated at $37 billion annually in 2003.3

These costs continue to escalate in the face of elevated rates of

bereavement due to SARS-CoV-2 and an aging US population.10,11

Despite the universality of loss and the widespread negative

impacts of bereavement, research on loss is far less developed than

that of other mental and emotional states (Box 1). The paucity of

information is due to the many challenges related to studying loss.

It is difficult to recruit subjects to participate in studies during the

sensitive period following the death of a loved one, and retention of

these participants can be difficult either due to other post-loss stres-

sors (e.g., financial difficulties) and/or the emotionally triggering nature

of the stimuli or interviews.12 Further, funding support to character-

ize the trajectories of bereavement is hampered because grief is not

a disease but rather a natural reaction to loss and, therefore, does

not have a definable cure or endpoint per se. Compounding the dif-

ficulties of human studies is the lack of appropriate animal models

for understanding the processes underlying partner loss.13–15 Com-

plex grief-like behaviors have been observed in many wild and captive

animals.16–18 Whales and dolphins will attend to a dead member of

the pod—most frequently, a mother to a dead calf.19 This can involve

dragging or carrying a dead corpse or more spontaneous and active

behaviors, such as lifting a corpse up to the surface as if to help it

breathe, and hauling, spinning, and diving with it. Chimpanzees have

also beenobserved carrying deceasedoffspring for days toweeks,20–22
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BOX1

DEFINING LOSS

Defining loss is challenging. We have multiple meanings for

the word, referring to loss both as an event (the loss of a

lovedone) and thenegativebehavioral state that follows (e.g.,

experiencing loss).Neurobehavioral research is farmore con-

cerned with loss as a negative emotional behavioral state,

while much of public health and medicine focuses on pre-

venting loss (the event) from occurring. In an effort to more

explicitly state the goals of addressing loss from a neu-

robehavioral research perspective, the National Institutes of

Mental Health added loss as a construct within the nega-

tive valence systems in Research Domain Criteria (RDoC),

defining it as a state of deprivation from a motivationally

significant conspecific, object, or situation.24,25

and elephants exhibit multiple responsive behaviors following loss,

included postural changes, guarding/keeping vigil, touching, investigat-

ing the carcass, epimeletic behaviors, and vocalizations.23 However,

the most commonly used laboratory animals—flies, worms, mice, and

rats—do not form the long-lasting adult social bonds that are a prereq-

uisite for loss.13–15 Together, these hurdles have resulted in a limited

understanding of a fundamental human experience and its underlying

neurobiology.

PRAIRIE VOLES AS AN EMERGING MODEL FOR
STUDYING LOSS

Sociallymonogamous prairie voles (Microtus ochrogaster) are an emerg-

ing animal model for studying the loss of a pair-bonded partner.

Whether in the laboratory or in the wild, these small rodents form life-

long pair bonds with their mating partner.26,27 Pair bonding results in

striking sociobehavioral changes, including selective partner-directed

affiliative behaviors, aggression toward novel individuals of either sex,

and robust and organized biparental care.13,28–31 Further, compared to

other rodents—and even other closely related species of voles—prairie

voles form socially exclusive bondswith a partner.32,33 When a vole has

pair bonded, despite the potential for extrapair copulations, they will

not formabondwith a secondmate.34,35 Rather, bondedpairswill raise

even mixed-parentage litters together and the majority will share the

sameburrow throughout their adult lifetime.36,37 Notably, likehumans,

prairie voles can form more than one sequential pair bond throughout

their lifetime.25,38

Social monogamy is observed in only 3%−5% of mammals and

represents a rare sociosexual phenotype among mammals.32,33 We

have learned much by studying similarly rare or extreme physiologies,

including sound localization mechanisms in barn owls, parthenogen-

esis in lizards, and cardiac hypertrophy in the Burmese python.39–41

Research spanning nearly five decades has delineated major neural

regulators and circuitry underpinning pair bonds in this species.30,42–45

Notably, much of what we know about human pair bonding has par-

allels in prairie voles. In both instances, a pair will share a dwelling,

and upon reproducing, both parents will care for the offspring.29

These behavioral traits also share physiological bases; humans, voles,

and other taxa-spanning species from fish to apes, engage mesolim-

bic reward circuitry and nonapeptide systems when forming a pair

bond.46–48

We can draw on extensive prior research about pair bonding in

prairie voles to inform our understanding of loss. Loss is operational-

ized in prairie voles by physically separating partners.25,49,50 Partner

separation is ethologically relevant as it mirrors what happens in

the wild where many voles lose their partners to predation.27 A

primary advantage to using prairie voles to study loss is the pow-

erful and sustained nature of a pair bond which, when disrupted,

results in robust and persistent phenotypes that can be measured

in the laboratory. Prior studies have detailed how partner sepa-

ration activates the hypothalamic−pituitary−adrenal axis, increases

anxiety-like behaviors, alters stress-responsivity, decreases pain tol-

erance thresholds, and alters autonomic function.50–57 Many of these

metrics have also been measured after separation from a same-sex

peer.50,52,56,58–60 Prairie voles will show an affiliative preference for

a same-sex peer,49,61 so by comparing peer and partner relationships

and the responses to their disruption, we can home in on the unique

facets of pair bond loss. Broadly, but not universally, pair bond disrup-

tion results in more pronounced loss-induced phenotypes than does

separation from a same-sex peer.50,52,54,62 These studies have been

extensively reviewed elsewhere.63,64

Prior studies provide essential face and construct validity for

using partner separation in prairie voles to study loss. Specifically,

separation-induced behavioral and physiological changes mirror those

observed in grieving humans,8,9,63,65–69 and these changes are initiated

by a similar disruption of a specific social bond (Figure 1). These pheno-

types also reflect themultifacetednature of loss,which affects systems

as diverse as cognition, stress coping, anxiety, pain, sleep, and immune

function.70,71 However, thesedeleterious effects arenotunique to loss.

Other forms of trauma, and even chronic stress, can inducemany of the

same cognitive, behavioral, and physiological changes.2,72–77 Thus, an

important question for the field is whether and how loss is different

from other adverse events or negativemental states.

YEARNING AS A CORE FEATURE OF GRIEF

Yearning is a core feature of grief that differentiates loss from

other negative emotional states.2,78–79 Yearning is emotionally painful,

encompassing not only rumination on the past but also a frustrated

appetitive desire for the lost individual.78 For instance, a bereaved indi-

vidual may want their deceased spouse to return home at night, but

this desire will ultimately go unfulfilled, resulting in yearning. Yearn-

ing is not a feature of other negativemental states or disorders such as

depression.
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F IGURE 1 Loss-induced phenotypes in humans and voles. Loss is multifaceted, resulting in diverse effects on cognition (orange), behavior
(teal), physiology (purple), and neural function (pink). Dotted lines indicate phenotypes that have been studied across both species. Other
phenotypes either have not yet been studied or cannot be easily studied in one of the species, such as rumination in voles or neural transcription in
humans. Abbreviations: BOLD, blood-oxygenation-level-dependent; HPA, hypothalamic−pituitary−adrenal.

Yearning reflects social motivation and reward processes that help

to reinforce and cement bonds over time. Yearning likely engages brain

reward systems in order to drive an individual to seek out a part-

ner in much the same way that hunger or thirst results in a drive

to seek food or water (putative circuit mechanisms reviewed in Ref.

80). When bonds are intact, the proximity-seeking and drive for con-

nection induced upon partner separation is important for maintaining

bonds.When the bond is lost, there is no way to satisfy this motivation

for reunion, which leads to intense yearning for that specific individ-

ual. Thus, yearning represents an outcome of a natural homeostatic

process, differentiating it from craving and withdrawal as observed

following substance abuse.80

All homeostatic mechanisms engage reward and motivational sys-

tems to drive an organism to return to a specific state. In the context

of pair bonds, social interaction with a partner is highly rewarding.

This is evidenced in prairie voles by their selective preference to hud-

dle and interact with the partner and by forming a conditioned place

preference for locations previously paired with a partner.28,81 Of note,

these sources of reward are specific to a particular individual. This

is in contrast to laboratory mice and rats, which are innately driven

to seek social interactions but do not develop selectively rewarding

relationships with a single adult conspecific.13–15

ENGAGEMENT OF REWARD SYSTEMS DURING
BONDING AND LOSS

The mechanisms underlying the selectively rewarding nature of

pair bonds have been examined in humans and in prairie voles.

Much of this work has focused on the nucleus accumbens (NAc),

a critical hub for regulating reward and aversion processing, moti-

vation, and action selection—all behaviors key for forming and

maintaining a pair bond, although other brain regions are also

important.44,82 In voles, oxytocin and dopamine signaling in the NAc

are required to form a bond. Specifically, signaling at dopamine D2

class (DRD2) receptors facilitates partner preference, while dopamine

D1 class (DRD1) receptor activation impairs partner preference

formation.83–85 Blockade of oxytocin receptors (OXTR) in the NAc

similarly impairs pair bonding, OXTR and DRD2 signaling interact

to facilitate bonds; blockade of either receptor cannot be over-

come by activation of the other.86–90 This suggests opposing reg-

ulation by different classes of dopamine receptors and a concomi-

tant input from the oxytocin system is required when forming a

bond.

The coordinated activity of dopamine and oxytocin systems in the

NAc during pair bond formation likely triggers long-term changes that

help to encode and cement a pair bond. In humans, participants who

thought they were holding hands with a romantic partner exhibited

enhanced blood-oxygen-level-dependent (BOLD) signal in theNAc rel-

ative to when they held hands with someone they did not know.91

Supporting this shift in accumbal activation by a bonded partner,

long-term, bond-induced changes have been examined at multiple

biological levels in prairie voles. Mature pair bonds are character-

ized by persistent and consistent shifts in NAc gene expression.49,92

Partner-associated alterations in neuromodulation and neural activity

in the NAc have also been observed following bonding. These include

the identification of enhanced partner-associated dopamine release

and larger partner-associated neuronal ensembles, the size of which

correlate with the strength of partner preference for an individual

vole.93,94
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Long-termbond-inducedchangeswithin thebrain’s rewardcircuitry

contribute to implicit and explicit expectations that a pair-bondedpart-

ner will be there to provide a reliable and enduring source of reward

and support. In humans, attachment theory refers to this as a secure

base fromwhich to explore theworld.95-99 As a result, being away from

a partner for long enough engages motivational systems that drive

proximity-seeking and reunion.99 In voles, such proximity-seeking can

be measured using tasks in which a vole exerts effort to gain tran-

sient access to their pair-bonded partner by lever pressing or climbing

a barrier.94,100-102

Recent studies examining the neuromodulatory basis of active

partner-seeking suggest an important role for dopamine in the NAc.

Once a bond is formed, dopamine signaling is no longer required

for the display of partner-directed huddling and interaction.84,94

Instead, dopamine signaling in bonded voles plays an important role

in stranger-directed aggression and in active partner-seeking. Block-

ade of DRD1 impairs both selective aggression and partner-seeking

behaviors.85,94 In addition, seeking and interacting with a pair-bonded

partner results in greater NAc dopamine release than the same

behaviors directed toward a stranger vole. In concert with enhanced

DRD1 expression post-bonding, these data suggest that dopamine

signaling at DRD1 drives partner-seeking.85,94 These findings align

well with other work on the role of dopamine in maintaining home-

ostasis: dopamine is particularly important for behavioral activation

and reward-seeking but is dispensable for reward consumption (e.g.,

partner interaction).103

Working from a framework in which bonding informs our under-

standing of loss, we can synthesize the above experimental findings

to gain insight into the biology underlying yearning. Specifically, being

separated from a highly rewarding partner activates motivational sys-

tems that drive partner-seeking. These systems rely on dopamine

signaling, and in the context of loss, this motivation cannot be satis-

fied. This frustrative nonreward may sensitize key neuromodulatory

systems within days of loss. Separation from a pair-bonded partner

results in upregulation of dopamine-associated genes and downregu-

lation of Oxtr in the NAc.49,52 There is also upregulation of dopamine

receptor genes (Drd1 and Drd2) in cortical regions (anterior cingulate

cortex and insular cortex) after the loss of a high-quality partner and

reduced oxytocin mRNA in the hypothalamus.52,62

Yearning occurs when partner-seeking does not result in a reunion.

In other contexts, when access to an expected reward fails to occur, it

results in an error signal within the brain.104 A similar error signal may

underlie yearning, transitioning a healthy mechanism that maintains

bonds through partner-seeking to one that contributes to the emo-

tional distress and burden of loss. Although the nature of this potential

error signal has not yet been elucidated in the context of pair bond loss,

work on maternal–offspring interactions has delineated dopaminergic

error signals that shape maternal care of offspring.105 A similar error

signal has alsobeenobserved in a social operant task inmice.106 Thus, it

is intriguing to imagine that a similarly conserved systemmay function

in adult attachment relationships. Prairie voles provide an ideal animal

model for further exploring this hypothesis.

PROLONGED GRIEF DISORDER AND STALLED LOSS
ADAPTATION

Yearning and other painful features of grief resolve as the individual

integrates the loss, with most people indicating significant improve-

ment in daily function within around 6months of the loss.107 However,

for a subset of ∼7%−10% of bereaved people, stalling of normal

adaptive processes leads to prolonged grief disorder (PGD)—an under-

studied mental health disorder recently added to the DSM5108,109

(Figure 2A). The World Health Organization approved a new diagno-

sis of PGD for inclusion in its International Classification of Disease in

2018110,111 (Figure 2B).

PGD is defined as a persistent and pervasive grief response charac-

terized by longing for and preoccupationwith the deceased. Symptoms

may include identity confusion, intense emotional pain, and difficulty

engaging in ongoing life, among others. There is often a conflation of

grief/PGD and depression, but the core symptoms of grief and PGD—

especially those focused on yearning for the lost person—are not

present in mood or anxiety disorders.78,79,114 Further, while advances

in cognitive behavioral therapies tailored forPGDhave shownpromise,

traditional pharmacological treatments for depression and other psy-

chiatric disorders donot ameliorate the core symptomsor augment the

effects of PGD therapy.115 Together, these lines of evidence indicate

that PGD has distinct biological underpinnings and will require novel

treatment options.

The biological mechanisms contributing to manifestations of loss,

including the pathological symptoms of PGD, remain unknown. The

extended symptoms of PGD, which can last for months to years, mir-

ror the symptoms that are prominent during acute phases of grief, and

the predominant model suggests that PGD results from stalled adap-

tive processes.113,116-118 Thus, one extremely promising avenue for

new treatment options is to identify the molecular and neural pro-

cesses that facilitate healthy loss adaptation, with the ultimate goal of

stimulating these processes in patients with PGD.

What neural changes underpin successful loss adaptation? In a

human neuroimaging study of women who had lost a mother or sister

to breast cancer within the previous 5 years, PGD is associated with

an enhanced signal in the NAc when viewing images of the lost loved

one, while normal resolution of grief corresponds with a decrease in

NAc activity elicited by reminders of the loss (Figure 2C). A similar

study has not yet been performed following partner bereavement. In

the same study, self-reported levels of yearning also correlated with

NAc BOLD levels112 (Figure 2D). A recent review also highlights the

involvement of reward regions in grief and PGD, including a study that

found that cortico–basal–ganglia interactions measured via functional

magnetic resonance imaging (fMRI) have further been suggested to

mediate avoidant grieving, a grief style aimed at preventing thoughts

of loss, which is associated with poorer grieving outcomes.24,119 While

far from exhaustive, these preliminary studies suggest that changes

in NAc activity, mediated by underlying changes in gene expression

and/or neuromodulation, may contribute to the successful process-

ing of loss. Prairie voles provide a unique opportunity to further
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PGD criteria
● Death more than a year ago for adults
● Identity disruption
● Intense emotional pain

● Intense loneliness
● Feeling that life is meaningless

● Difficulty re-integrating 

(D)

F IGURE 2 Stalling of adaptive processes in prolonged grief disorder. (A) For most people, the intensity of grief subsides within approximately
6months, but this does not occur in PGD. (B) Diagnostic Statistical Manual criteria for diagnosing PGD. (C) Individuals who have adapted to their
loss—as indicated by less severe loss phenotypes—have reduced fMRI BOLD signal in the nucleus accumbens (NAc) when viewing pictures of their
deceased loved one. In contrast, individuals with PGD exhibit greater NAc BOLD signal upon reminders of their lost loved one. (D) BOLD signal in
the NAc correlated with self-reported yearning levels (adapted fromRef. 112). Abbreviations: BOLD, blood-oxygenation-level-dependent; PGD,
prolonged grief disorder.

examine the neuromolecular mechanisms that contribute to healthy

loss adaptation and potentially identify systems contributing to PGD.

MODELING LOSS ADAPTATION IN VOLES

Studying loss and adaptation is inherently challenging, but one major

approach to delineating loss adaptation in voles has been to focus on

characterizing the lost bond. Prairie vole pair bonds areexclusive;when

an animal is bonded, they cannot form a bond with a second mate.34

Thus, the ability to form a new pair bond provides insight into the tran-

sition in the behavioral state between bonded and not bonded as a key

feature of loss adaptation. However, it remains unclear how changes

in bond state relate to the other negative aspects of loss, including

heightened stress and anxiety systems, and so on.

Prior work indicates that up to 4 weeks of partner separation is

required before amale vole can form a pair bondwith a new partner.25

Male voles were cohoused with a female for 2 weeks (partner 1) and

then separated for either 48 hours, 2 weeks, or 4 weeks before the

males were re-paired for another 2 weeks (partner 2).25 After re-

pairing, only males that had been separated for 4 weeks showed a

consistent preference for the second partner. Males in this group also

chose the secondpartner over the first, indicating that the secondbond

successfully supplanted the first bond. This time course also matches

what is known to occur in the wild; male voles will remain at their

pair-bond burrow for an average of 17 days after partner loss.36 These

results are critical as they indicate that, as in humans, loss adaptation

in voles takes time, and they provide a time course for examining the

associated neural changes that likely contribute to adaptation.

A number of studies have now examined the social behavioral

changes that occurmultipleweeks after partner separation,whenmale

voles are capable of forming a new pair bond. Results of partner pref-

erencemaintenance aremixed andpotentially dependonexperimental

variables such as length of pairing, reproductive status, age, and poten-

tial reminders of the absent vole. Males and females who were paired

for 2 or more weeks prior to separation retained their partner pref-

erence for at least 4 weeks of separation.49,120 For shorter pairing

periods, pair bondswere not always retained.54,121 In tests that enable

short, repeated rounds of partner or novel interaction after 4 weeks

of separation, female voles with long-term bonds exhibited dramati-

cally reduced partner-directed huddling. They also showed increased

direct investigation of both stimulus voles, but withmore investigation

of their partner.94 Together, these behavioral changes are consistent

with partial behavioral erosion of the pair bond without forgetting the

partner. This parallels the human condition and further supports the

use of this model to understand loss adaptation.

The partial erosion of bond-related behaviors and the ability to form

a new bond after 4 weeks of partner separation is accompanied by

erosion of bond-induced transcriptional and neuromodulatory pheno-

types (Figure 3). Bonded voles exhibit enhanced partner-associated

dopamine release, but this enhancement erodes following 4 weeks of

separation.94 As a result, following prolonged separation, dopamine

release no longer distinguishes the partner and novel voles, consis-

tent with the devaluation of the previous partner.94 These shifts in

dopamine dynamics may also contribute to changes in NAc transcrip-

tional signatures. Bonding results in persistent shifts in NAc gene

expression, and this transcriptional signature erodes after 4 weeks

of separation, potentially reflecting the shift in bond status.49 Bond-

ing also results in changes in oxytocin systems that revert upon

long-term separation.54,120 In bothmale and female voles, partner sep-

aration increases the number of oxytocin immunoreactive cells in the

periventricular nucleus to the level of sexually naïve same-sex sibling

pairs.120 This remodeling of social reward systems may ultimately be

key indicators of loss adaptation.

The model that has emerged from the above studies, along

with work in humans, suggests that reward remodeling underlies

 17496632, 0, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.15134 by U

niversity O
f C

olorado Librari, W
iley O

nline Library on [26/04/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



6 ANNALSOF THENEWYORKACADEMYOF SCIENCES

Bond homeostasis Loss adaptation

Bond-induced phenotypes
maintain bonds

Biological adaptation 
enables new bond formation

Pair bond transcriptional 
signature

Erosion of pair bond 
transcriptional signature

Paired Separated

Partner-enhanced
dopamine release

Erosion of partner-
enhanced dopamine

Partner Novel Partner Novel

Bonded

Loss adapted

Oxytocin+ cells in PVNOxytocin+ cells in PVN

F IGURE 3 Proposedmodel for social rewardmechanisms that
maintain bonds and their remodeling during loss adaptation. Pair
bonding results in changes in gene expression, dopamine release, and
oxytocin immunoreactivity, all of which likely contribute to the
homeostatic mechanisms that help tomaintain bonds. Loss adaptation
is accompanied by erosion of these bond-induced transcriptional and
neuromodulatory phenotypes.

successful loss adaptation. In short, pair bonding induces a myriad

of changes within limbic and social reward circuitry, and these are

eroded as a function of prolonged partner separation. Erosion of

gene expression profiles, neuromodulatory signals, hormone produc-

tion, and behavior contributes to a behavioral state that is permissive

for new bond formation. Conceptually, this may uncouple partner-

associated reward in a way that mirrors the human experience of

memories transitioning from painful to bittersweet. This is highly

adaptive, as it balances the need to maintain bonds over time while

maximizing reproductive opportunities. It reduces the likelihood of

mate rejection only after the vole has either reared an existing litter or

is beyond the timewhen theywould give birth (e.g., 3 weeks gestation).

The above framework also suggests a path forward for using prairie

voles to gain insight into PGD. As PGD is conceptualized as a stalling of

normal adaptive processes, manipulations that impair reward remod-

eling are a reasonable model for studying aspects of PGD. This could

be achieved viamanipulation of transcription—for instance, to stall the

erosion of the pair bond transcriptional signature—ormanipulations of

neural activity designed with the same goal in mind. Alternatively, we

may be able to harness individual variability of loss in voles by studying

the individuals who exhibit behavioral extremes as amodel for delayed

or stalled loss adaptation. This latter approach has the advantage of

studying natural differences that contribute to normal and slowed

adaptative processes rather than imposing an a priori framework for

how stalled reward remodeling contributes to adaptation.

THE EMERGING FIELD OF PRECLINICAL GRIEF
RESEARCH

While the unusual biology of prairie voles, married with their exper-

imental tractability, makes them an excellent emerging animal model

for studying loss, other pair-bonding animal models are also starting

to be examined.122 Monogamous species such as titi monkeys (Plec-

turocebus cupreus) and California mice (Peromyscus californicus) are also

providing insights into how the brain is restructured during pair bond-

ing and following loss. Pair bonding in titi monkeys is associated with

higher glucose uptake across the brain, yet this uptake is gradually less-

ened the longer the pairs are separated, suggesting an erosion of the

pair-bonded state.123 However, in contrast to prairie voles, long-term

separation in titi monkeys results in a reversal of the heightened cor-

tisol levels seen after acute separation and increased plasma oxytocin

concentration.124 In California mice, males separated from their part-

ner for 20 days show anxiety-like behaviors in the forced swim test,

mirroring what is seen in prairie voles.125 A phenotype that Califor-

niamice are uniquely suited for investigating (i.e., rapidwound healing)

is impaired after partner separation, revealing a distinctive response

that mirrors reduced immune function in humans following loss.126,127

Developing parallel models is important, as it provides an opportunity

to identify universal features of loss and increases the likelihood that

potential therapeutic opportunities will translate to humans.

There is an ongoing need for dialogue between preclinical

researchers who study loss in humans and animal researchers.

Research in humans has demonstrated a level of nuance that we have

not yet achieved in animals. Each loss is different, and the context

of the loss—whether expected or unexpected, occurring at different

life stages, and the intersectional identity of the bereaved—can all

influence the loss experience and may contribute to the likelihood of

developing PGD. These facets of loss remain underexplored in animals,

where there are opportunities to better understand how these differ-

ences manifest at a mechanistic level. In addition, animal research can

be used to help refine human research. For instance, extensivework on

oxytocin and bonding has inspired recent studies examining the role

of intranasal oxytocin on approach/avoidance behaviors in grieving

individuals.128 In addition, there are as yet untapped opportunities to

examine how social support or even the formation of a new pair bond

contributes to loss adaptation.

Finally, while we have focused here on reward systems and re-

bonding as a metric of loss adaptation, there is a need for deeper char-

acterization across broad modalities. What learning-related and/or

extinction mechanisms contribute to loss? Do reward systems act in

a hierarchical fashion to modulate stress and other effects of loss? Is

there a feasible way to model conscious or unconscious rumination
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following loss? Thus, there is substantial room for growth in preclini-

cal loss research, and prairie voles are optimally positioned to lead the

charge.

AUTHOR CONTRIBUTIONS

J.M.S. and Z.R.D. equally contributed to the conceptualization, writing,

and editing of themanuscript.

ACKNOWLEDGMENTS

We thank Mary-Frances O’Connor and M. Katherine Shear for their

enlightening discussions about how humans grieve. Additionally, we

thank the Neurobiology of Grief International Network (NOGIN) for

bringing together animal and human researchers to discuss how stud-

ies across species can help give us a better understanding of the

core processes of grief. NOGIN is funded by the National Institute

on Aging (R13 AG066368). Z.R.D. is funded by the following grants:

UF1NS122124,U01NS131406,DP2MH119427, R01MH125423, and

NSF IOS-2045348.

COMPETING INTERESTS

The authors declare no competing financial interests.

ORCID

JulieM. Sadino https://orcid.org/0000-0002-2330-6198

ZoeR.Donaldson https://orcid.org/0000-0001-6699-7905

PEER REVIEW

The peer review history for this article is available at: https://publons.

com/publon/10.1111/nyas.15134

REFERENCES

1. Keyes, K. M., Pratt, C., Galea, S., Mclaughlin, K. A., Koenen, K. C.,

& Shear, M. K. (2014). The burden of loss: Unexpected death of a

lovedoneandpsychiatric disorders across the life course in anational

study. American Journal of Psychiatry, 171, 864–871. https://doi.org/
10.1176/appi.ajp.2014.13081132

2. Eberle, D. J., & Maercker, A. (2023). Stress-associated symp-

toms and disorders: A transdiagnostic comparison. Clinical Psychol-
ogy & Psychotherapy, 30, 1047–1057. https://doi.org/10.1002/cpp.
2858

3. (2003). The Grief Index: The “hidden” annual costs of grief in Amer-
ica’s workplace. Sherman Oaks, LA: Grief Recovery Institute and

Educational Foundation.

4. Valtorta,N.K., Kanaan,M.,Gilbody, S., Ronzi, S., &Hanratty, B. (2016).

Loneliness and social isolation as risk factors for coronary heart

disease and stroke: Systematic review and meta-analysis of longitu-

dinal observational studies. Heart, 102, 1009–1016. https://doi.org/
10.1136/heartjnl-2015-308790

5. Charney, D. S., & Manji, H. K. (2004). Life stress, genes, and depres-

sion:Multiple pathways lead to increased risk and new opportunities

for intervention. Science’s STKE Signal Transduction Knowledge Environ-
ment, 2004, re5. https://doi.org/10.1126/stke.2252004re5

6. Ajdacic-Gross, V., Ring, M., Gadola, E., Lauber, C., Bopp, M.,

Gutzwiller, F., & Rössler, W. (2008). Suicide after bereavement: An

overlooked problem.PsychologicalMedicine,38, 673–676. https://doi.
org/10.1017/s0033291708002754

7. Buckley, T., Mckinley, S., Tofler, G., & Bartrop, R. (2010). Cardiovas-

cular risk in early bereavement: A literature review and proposed

mechanisms. International Journal of Nursing Studies, 47, 229–238.
https://doi.org/10.1016/j.ijnurstu.2009.06.010

8. Shear, M. K., & Skritskaya, N. A. (2012). Bereavement and anxi-

ety.Current Psychiatry Reports,14, 169–175. https://doi.org/10.1007/
s11920-012-0270-2

9. Stroebe, M., Schut, H., & Stroebe, W. (2007). Health outcomes

of bereavement. Lancet, 370, 1960–1973. https://doi.org/10.1016/
S0140-6736(07)61816-9

10. Verdery, A. M., Smith-Greenaway, E., Margolis, R., & Daw, J. (2020).

Tracking the reach of COVID-19 kin loss with a bereavement mul-

tiplier applied to the United States. Proceedings of the National
Academy of Sciences, 117, 17695–17701. https://doi.org/10.1073/
pnas.2007476117

11. Vespa, J. (2021). The U.S. joins other countries with large aging popula-
tions. U.S. Census Bureau.

12. Stelzer, E.-M., Knowles, L. M., Wilson, D. M. T., & O’Connor,

M.-F. (2019). Recruitment and retention in clinical and experi-

mental bereavement research: Lessons learned from creating a

research registry. Death Studies, 44, 771–777. https://doi.org/10.
1080/07481187.2019.1609138

13. Beery, A. K., Christensen, J. D., Lee, N. S., & Blandino, K. L. (2018).

Specificity in sociality: Mice and prairie voles exhibit different pat-

terns of peer affiliation. Frontiers in Behavioral Neuroscience, 12,
50.

14. Lee, N. S., & Beery, A. K. (2019). Neural circuits underlying rodent

sociality: A comparative approach. Current Topics in Behavioral Neuro-
sciences, 43, 211–238. https://doi.org/10.1007/7854_2018_77

15. Schweinfurth, M. K. (2020). The social life of Norway rats (Rattus
norvegicus). eLife, 9, e54020. https://doi.org/10.7554/eLife.54020

16. King, B. J. (2014).How animals grieve. University of Chicago Press.
17. Fisher, H. I. (1975). Mortality and survival in the Laysan Albatross,

Diomedea immutabilis.
18. Anderson, J. R., Biro,D., &Pettitt, P. (2018). Evolutionary thanatology.

Philosophical Transactions of the Royal Society B Biological Sciences,373,
20170262. https://doi.org/10.1098/rstb.2017.0262

19. Reggente, M. A. L. V., Papale, E., Mcginty, N., Eddy, L., De Lucia, G.

A., & Bertulli, C. G. (2018). Social relationships and death-related

behaviour in aquatic mammals: A systematic review. Philosophical
Transactions of the Royal Society B Biological Sciences, 373, 20170260.
https://doi.org/10.1098/rstb.2017.0260

20. Biro, D., Humle, T., Koops, K., Sousa, C., Hayashi, M., & Matsuzawa, T.

(2010). Chimpanzee mothers at Bossou, Guinea carry the mummi-

fied remains of their dead infants. Current Biology, 20, R351–R352.
https://doi.org/10.1016/j.cub.2010.02.031

21. Osterweis, M., Solomon, F., & Green, M. (1984). Bereavement: Reac-

tions, consequences, and care. InMonkeys’ responses to separation and
loss. National Academies Press (US).

22. Watson, C. F. I., & Matsuzawa, T. (2018). Behaviour of nonhuman pri-

mate mothers toward their dead infants: Uncovering mechanisms.

Philosophical Transactions of the Royal Society B Biological Sciences,373,
20170261. https://doi.org/10.1098/rstb.2017.0261

23. Pokharel, S. S., Sharma, N., & Sukumar, R. (2022). Viewing the rare

through public lenses: Insights into dead calf carrying and other

thanatological responses in Asian elephants using YouTube videos.

Royal Society Open Science, 9, 211740. https://doi.org/10.1098/rsos.
211740

24. Kakarala, S. E., Roberts, K. E., Rogers, M., Coats, T., Falzarano, F.,

Gang, J., Chilov, M., Avery, J., Maciejewski, P. K., Lichtenthal, W. G.,

& Prigerson, H. G. (2020). The neurobiological reward system in pro-

longed grief disorder (PGD): A systematic review.Psychiatry Research:
Neuroimaging, 303, 111135. https://doi.org/10.1016/j.pscychresns.
2020.111135

25. Harbert, K. J., Pellegrini, M., Gordon, K.M., &Donaldson, Z. R. (2020).

How prior pair-bonding experience affects future bonding behavior

in monogamous prairie voles.Hormones and Behavior, 126, 104847.

 17496632, 0, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.15134 by U

niversity O
f C

olorado Librari, W
iley O

nline Library on [26/04/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://orcid.org/0000-0002-2330-6198
https://orcid.org/0000-0002-2330-6198
https://orcid.org/0000-0001-6699-7905
https://orcid.org/0000-0001-6699-7905
https://publons.com/publon/10.1111/nyas.15134
https://publons.com/publon/10.1111/nyas.15134
https://doi.org/10.1176/appi.ajp.2014.13081132
https://doi.org/10.1176/appi.ajp.2014.13081132
https://doi.org/10.1002/cpp.2858
https://doi.org/10.1002/cpp.2858
https://doi.org/10.1136/heartjnl-2015-308790
https://doi.org/10.1136/heartjnl-2015-308790
https://doi.org/10.1126/stke.2252004re5
https://doi.org/10.1017/s0033291708002754
https://doi.org/10.1017/s0033291708002754
https://doi.org/10.1016/j.ijnurstu.2009.06.010
https://doi.org/10.1007/s11920-012-0270-2
https://doi.org/10.1007/s11920-012-0270-2
https://doi.org/10.1016/S0140-6736(07)61816-9
https://doi.org/10.1016/S0140-6736(07)61816-9
https://doi.org/10.1073/pnas.2007476117
https://doi.org/10.1073/pnas.2007476117
https://doi.org/10.1080/07481187.2019.1609138
https://doi.org/10.1080/07481187.2019.1609138
https://doi.org/10.1007/7854_2018_77
https://doi.org/10.7554/eLife.54020
https://doi.org/10.1098/rstb.2017.0262
https://doi.org/10.1098/rstb.2017.0260
https://doi.org/10.1016/j.cub.2010.02.031
https://doi.org/10.1098/rstb.2017.0261
https://doi.org/10.1098/rsos.211740
https://doi.org/10.1098/rsos.211740
https://doi.org/10.1016/j.pscychresns.2020.111135
https://doi.org/10.1016/j.pscychresns.2020.111135


8 ANNALSOF THENEWYORKACADEMYOF SCIENCES

26. Carter, C. S., & Getz, L. L. (1993). Monogamy and the prairie vole.

Scientific American, 268, 100–106.
27. Getz, L. L., Carter, C. S., & Gavish, L. (1981). The mating system

of the prairie vole Microtus ochrogaster: Field and laboratory evi-

dence for pair bonding. Behavioral Ecology and Sociobiology, 8, 189–
194.

28. Williams, J. (1992). Development of partner preferences in female

prairie voles (Microtus ochrogaster): The role of social and sexual

experience.Hormones and Behavior, 26, 339–349.
29. Sue Carter, C., Courtney Devries, A., & Getz, L. L. (1995). Physio-

logical substrates of mammalian monogamy: The prairie vole model.

Neuroscience and Biobehavioral Reviews, 19, 303–314.
30. Insel, T. R., & Young, L. J. (2001). The neurobiology of attachment.

Nature Reviews Neuroscience, 2, 129–136.
31. Winslow, J. T., Hastings, N., Carter, C. S., Harbaugh, C. R., & Insel, T. R.

(1993). A role for central vasopressin in pair bonding inmonogamous

prairie voles.Nature, 365, 545–548.
32. Kleiman, D. G. (1977). Monogamy in mammals. Quarterly Review of

Biology, 52, 39–69.
33. Lukas, D., & Clutton-Brock, T. H. (2013). The evolution of social

monogamy in mammals. Science, 341, 526–530. https://doi.org/10.
1126/science.1238677

34. Blocker, T. D., & Ophir, A. G. (2016). A preference to bond? Male

prairie voles form pair bonds even in the presence of multiple recep-

tive females. Animal Behaviour, 122, 89–97. https://doi.org/10.1016/
j.anbehav.2016.10.007

35. Wolff, J., Mech, S., Dunlap, A., & Hodges, K. (2002). Multi-male

mating by paired and unpaired female prairie voles (Microtus
ochrogaster). Behaviour, 139, 1147–1160. https://doi.org/10.1163/
15685390260437308

36. Getz, L. L., McGuire, B., Hofmann, J., Pizzuto, T., & Frase, B. (1990).

Social organization and mating system of the prairie vole, Microtus
Ochrogaster. In R. H. Tamarin, R. S. Ostfeld, S. R. Pugh, & G. Bujal-

ska (Eds.), Social systems and population cycles in voles (pp. 69–80).

Birkhäuser. https://doi.org/10.1007/978-3-0348-6416-9_7

37. Solomon, N. G., Keane, B., Knoch, L. R., & Hogan, P. J. (2004). Multiple

paternity in sociallymonogamous prairie voles (Microtus ochrogaster).
Canadian Journal of Zoology,82, 1667–1671. https://doi.org/10.1139/
z04-142

38. Kenkel, W. M., Perkeybile, A. M., Yee, J. R., & Carter, C. S

(2019). Rewritable fidelity: How repeated pairings and age influ-

ence subsequent pair-bond formation inmale prairie voles.Hormones
and Behavior, 113, 47–54. https://doi.org/10.1016/j.yhbeh.2019.04.
015

39. Knudsen, E. I., &Konishi,M. (1979).Mechanismsof sound localization

in the barn owl (Tyto alba). Journal of Comparative Physiology A, 133,
13–21. https://doi.org/10.1007/BF00663106

40. Price, A. H. (1992). Comparative behavior in lizards of the genus cne-

midophorus (Teiidae), with comments on the evolution of partheno-

genesis in reptiles. Copeia, 1992, 323–331. https://doi.org/10.2307/
1446193

41. Tan, Y., Martin, T. G., Harrison, B. C., & Leinwand, L. A. (2023). Utility

of the burmese Python as a model for studying plasticity of extreme

physiological systems. Journal of Muscle Research and Cell Motility, 44,
95–106. https://doi.org/10.1007/s10974-022-09632-2

42. Young, L. J., & Wang, Z. (2004). The neurobiology of pair bonding.

Nature Neuroscience, 7, 1048–1054. https://doi.org/10.1038/nn1327
43. Donaldson, Z. R., & Young, L. J. (2008). Oxytocin, vasopressin, and the

neurogenetics of sociality. Science, 322, 900–904. https://doi.org/10.
1126/science.1158668

44. Walum,H., &Young, L. J. (2018). The neuralmechanisms and circuitry

of thepair bond.NatureReviewsNeuroscience,19, 643. https://doi.org/
10.1038/s41583-018-0072-6

45. Sue Carter, C. (1998). Neuroendocrine perspectives on social attach-

ment and love. Psychoneuroendocrinology, 23, 779–818.

46. Goodson, J. L. (2005). The vertebrate social behavior network: Evo-

lutionary themes and variations. Hormones and Behavior, 48, 11–22.
https://doi.org/10.1016/j.yhbeh.2005.02.003

47. O’connell, L. A., & Hofmann, H. A. (2012). Evolution of a vertebrate

social decision-making network. Science, 336, 1154–1157. https://
doi.org/10.1126/science.1218889

48. O’connell, L. A., & Hofmann, H. A. (2011). The vertebrate mesolimbic

reward system and social behavior network: A comparative synthe-

sis. Journal of Comparative Neurology, 519, 3599–3639. https://doi.
org/10.1002/cne.22735

49. Sadino, J. M., Bradeen, X. G., Kelly, C. J., Brusman, L. E., Walker, D.

M., & Donaldson, Z. R. (2023). Prolonged partner separation erodes

nucleus accumbens transcriptional signatures of pair bonding inmale

prairie voles. eLife, 12, e80517. https://doi.org/10.7554/eLife.80517
50. Bosch, O. J., Nair, H. P., Ahern, T. H., Neumann, I. D., & Young, L. J.

(2009). The CRF system mediates increased passive stress-coping

behavior following the loss of a bonded partner in a monogamous

rodent. Neuropsychopharmacology, 34, 1406–1415. https://doi.org/
10.1038/npp.2008.154

51. Mcneal, N., Scotti, M.-A. L., Wardwell, J., Chandler, D. L., Bates, S.

L., Larocca, M., Trahanas, D. M., & Grippo, A. J. (2014). Disruption

of social bonds induces behavioral and physiological dysregulation

in male and female prairie voles. Autonomic Neuroscience, 180, 9–16.
https://doi.org/10.1016/j.autneu.2013.10.001

52. Bosch, O. J., Dabrowska, J., Modi, M. E., Johnson, Z. V., Keebaugh, A.

C., Barrett, C. E., Ahern, T. H., Guo, J., Grinevich, V., Rainnie, D. G.,

Neumann, I. D., & Young, L. J. (2016). Oxytocin in the nucleus accum-

bens shell reverses CRFR2-evoked passive stress-coping after part-

ner loss inmonogamousmale prairie voles.Psychoneuroendocrinology,
64, 66–78. https://doi.org/10.1016/j.psyneuen.2015.11.011

53. Osako, Y., Nobuhara, R., Arai, Y.-C. P., Tanaka, K., Young, L. J.,

Nishihara, M., Mitsui, S., & Yuri, K. (2018). Partner loss in monoga-

mous rodents: Modulation of pain and emotional behavior in male

prairie voles. Psychosomatic Medicine, 80, 62–68. https://doi.org/10.
1097/PSY.0000000000000524

54. Sun, P., Smith, A. S., Lei, K., Liu, Y., &Wang, Z. (2014). Breaking bonds in

male prairie vole: Long-termeffects onemotional and social behavior,

physiology, and neurochemistry. Behavioural Brain Research, 265, 22–
31. https://doi.org/10.1016/j.bbr.2014.02.016

55. Pohl, T. T., Jung,O., Di Benedetto, B., Young, L. J., & Bosch,O. J. (2021).

Microglia react to partner loss in a sex- andbrain site-specificmanner

in prairie voles. Brain, Behavior, and Immunity, 96, 168–186. https://
doi.org/10.1016/j.bbi.2021.05.026

56. Bosch, O. J., Pohl, T. T., Neumann, I. D., & Young, L. J. (2018). Aban-

doned prairie vole mothers show normal maternal care but altered

emotionality: Potential influence of the brain corticotropin-releasing

factor system. Behavioural Brain Research, 341, 114–121. https://doi.
org/10.1016/j.bbr.2017.12.034

57. Normann, M. C., Mcneal, N., Dagner, A., Ihm, E., Woodbury, M.,

& Grippo, A. J. (2018). The influence of environmental enrich-

ment on cardiovascular and behavioral responses to social stress.

Psychosomatic Medicine, 80, 271–277. https://doi.org/10.1097/PSY.
0000000000000558

58. Grippo, A. J., Wu, K. D., Hassan, I., & Carter, C. S. (2008). Social iso-

lation in prairie voles induces behaviors relevant to negative affect:

Toward the development of a rodent model focused on co-occurring

depression and anxiety.Depression and Anxiety, 25, E17–E26. https://
doi.org/10.1002/da.20375

59. Grippo, A. J., Cushing, B. S., & Carter, C. S. (2007). Depression-

like behavior and stressor-induced neuroendocrine activation

in female prairie voles exposed to chronic social isolation. Psy-
chosomatic Medicine, 69, 149–157. https://doi.org/10.1097/PSY.

0b013e31802f054b

60. Grippo, A. J., Gerena, D., Huang, J., Kumar, N., Shah, M., Ughreja,

R., & Sue Carter, C. (2007). Social isolation induces behavioral and

 17496632, 0, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.15134 by U

niversity O
f C

olorado Librari, W
iley O

nline Library on [26/04/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://doi.org/10.1126/science.1238677
https://doi.org/10.1126/science.1238677
https://doi.org/10.1016/j.anbehav.2016.10.007
https://doi.org/10.1016/j.anbehav.2016.10.007
https://doi.org/10.1163/15685390260437308
https://doi.org/10.1163/15685390260437308
https://doi.org/10.1007/978-3-0348-6416-9_7
https://doi.org/10.1139/z04-142
https://doi.org/10.1139/z04-142
https://doi.org/10.1016/j.yhbeh.2019.04.015
https://doi.org/10.1016/j.yhbeh.2019.04.015
https://doi.org/10.1007/BF00663106
https://doi.org/10.2307/1446193
https://doi.org/10.2307/1446193
https://doi.org/10.1007/s10974-022-09632-2
https://doi.org/10.1038/nn1327
https://doi.org/10.1126/science.1158668
https://doi.org/10.1126/science.1158668
https://doi.org/10.1038/s41583-018-0072-6
https://doi.org/10.1038/s41583-018-0072-6
https://doi.org/10.1016/j.yhbeh.2005.02.003
https://doi.org/10.1126/science.1218889
https://doi.org/10.1126/science.1218889
https://doi.org/10.1002/cne.22735
https://doi.org/10.1002/cne.22735
https://doi.org/10.7554/eLife.80517
https://doi.org/10.1038/npp.2008.154
https://doi.org/10.1038/npp.2008.154
https://doi.org/10.1016/j.autneu.2013.10.001
https://doi.org/10.1016/j.psyneuen.2015.11.011
https://doi.org/10.1097/PSY.0000000000000524
https://doi.org/10.1097/PSY.0000000000000524
https://doi.org/10.1016/j.bbr.2014.02.016
https://doi.org/10.1016/j.bbi.2021.05.026
https://doi.org/10.1016/j.bbi.2021.05.026
https://doi.org/10.1016/j.bbr.2017.12.034
https://doi.org/10.1016/j.bbr.2017.12.034
https://doi.org/10.1097/PSY.0000000000000558
https://doi.org/10.1097/PSY.0000000000000558
https://doi.org/10.1002/da.20375
https://doi.org/10.1002/da.20375
https://doi.org/10.1097/PSY.0b013e31802f054b
https://doi.org/10.1097/PSY.0b013e31802f054b


ANNALSOF THENEWYORKACADEMYOF SCIENCES 9

neuroendocrine disturbances relevant to depression in female and

male prairie voles. Psychoneuroendocrinology, 32, 966–980. https://
doi.org/10.1016/j.psyneuen.2007.07.004

61. Lee, N. S., Goodwin, N. L., Freitas, K. E., & Beery, A. K. (2019). Affilia-

tion, aggression, and selectivity of peer relationships in meadow and

prairie voles. Frontiers in Behavioral Neuroscience, 13, 52. https://doi.
org/10.3389/fnbeh.2019.00052

62. Vitale, E. M., Kirckof, A., & Smith, A. S. (2023). Partner-seeking and

limbic dopamine system are enhanced following social loss in male

prairie voles (Microtus ochrogaster). Genes, Brain, and Behavior, 22,
e12861. https://doi.org/10.1111/gbb.12861

63. Pohl, T. T., Young, L. J., & Bosch, O. J. (2019). Lost connections: Oxy-

tocin and the neural, physiological, and behavioral consequences of

disrupted relationships. International Journal of Psychophysiology,136,
54–63. https://doi.org/10.1016/j.ijpsycho.2017.12.011

64. Vitale, E. M., & Smith, A. S. (2022). Neurobiology of loneliness, isola-

tion, and loss: Integrating human and animal perspectives. Frontiers in
Behavioral Neuroscience, 16, 846315.

65. Buckley, T., Sunari, D., Marshall, A., Bartrop, R., Mckinley, S., & Tofler,

G. (2012). Physiological correlates of bereavement and the impact

of bereavement interventions. Dialogues in Clinical Neuroscience, 14,
129–139.

66. Buckley, T., Morel-Kopp, M. C., Ward, C., Bartrop, R., Mckinley, S.,

Mihailidou, A. S., Spinaze, M., Chen, W., & Tofler, G. (2012). Inflam-

matory and thrombotic changes in early bereavement: A prospective

evaluation. European Journal of Preventive Cardiology, 19, 1145–1152.
https://doi.org/10.1177/1741826711421686

67. Hopf, D., Eckstein, M., Aguilar-Raab, C., Warth, M., & Ditzen, B.

(2020). Neuroendocrine mechanisms of grief and bereavement: A

systematic review and implications for future interventions. Jour-
nal of Neuroendocrinology, 32, e12887. https://doi.org/10.1111/jne.
12887

68. Mughal, S., Azhar, Y., Mahon, M. M., & Siddiqui, W. J. (2023). Grief

reaction and prolonged grief disorder. In StatPearls. Treasure Island,

FL: StatPearls Publishing.

69. Berendzen, K. M., Bales, K. L., & Manoli, D. S. (2023). Attachment

across the lifespan: Examining the intersection of pair bonding neu-

robiology and healthy aging. Neuroscience and Biobehavioral Reviews,
153, 105339. https://doi.org/10.1016/j.neubiorev.2023.105339

70. Zisook, S., & Shear, K. (2009). Grief and bereavement: What psychia-

trists need to know.World Psychiatry, 8, 67–74.
71. Shear, K., & Shair, H. (2005). Attachment, loss, and complicated grief.

Developmental Psychobiology, 47, 253–267. https://doi.org/10.1002/
dev.20091

72. Willner, P. (2016). The chronic mild stress (CMS) model of depres-

sion: History, evaluation and usage. Neurobiology of Stress, 6, 78–93.
https://doi.org/10.1016/j.ynstr.2016.08.002

73. Sequeira-Cordero, A., Salas-Bastos, A., Fornaguera, J., & Brenes, J. C.

(2019). Behavioural characterisation of chronic unpredictable stress

based on ethologically relevant paradigms in rats. Scientific Reports, 9,
17403. https://doi.org/10.1038/s41598-019-53624-1

74. Borghans, B. (2015). Animal models for posttraumatic stress dis-

order: An overview of what is used in research. World Journal of
Psychiatry, 5, 387–396. https://doi.org/10.5498/wjp.v5.i4.387

75. Verbitsky, A., Dopfel, D., & Zhang, N. (2020). Rodent models of

post-traumatic stress disorder: Behavioral assessment. Translational
Psychiatry, 10, 1–28. https://doi.org/10.1038/s41398-020-0806-

x

76. Kim, E. J., &Kim, J. J. (2023). Neurocognitive effects of stress: Ameta-

paradigm perspective. Molecular Psychiatry, 28, 2750–2763. https://
doi.org/10.1038/s41380-023-01986-4

77. Lucassen, P. J., Pruessner, J., Sousa, N., Almeida, O. F. X., Van Dam, A.

M., Rajkowska, G., Swaab, D. F., & Czéh, B. (2014). Neuropathology

of stress. Acta Neurologica, 127, 109–135. https://doi.org/10.1007/
s00401-013-1223-5

78. Robinaugh, D. J., Mauro, C., Bui, E., Stone, L., Shah, R., Wang, Y.,

Skritskaya, N. A., Reynolds, C. F., Zisook, S., O’Connor, M. F., Shear,

K., & Simon, N. M. (2016). Yearning and its measurement in compli-

cated grief. Journal of Loss and Trauma, 21, 410–420. https://doi.org/
10.1080/15325024.2015.1110447

79. O’Connor, M. F., & Sussman, T. J. (2014). Developing the yearning

in situations of loss scale: Convergent and discriminant validity for

bereavement, romantic breakup, and homesickness. Death Studies,
38, 450–458. https://doi.org/10.1080/07481187.2013.782928

80. Lee, C. R., Chen, A., & Tye, K. M. (2021). The neural circuitry of social

homeostasis: Consequences of acute versus chronic social isolation.

Cell, 184, 1500–1516. https://doi.org/10.1016/j.cell.2021.02.028
81. Goodwin, N. L., Lopez, S. A., Lee, N. S., & Beery, A. K. (2019). Compara-

tive role of reward in long-term peer and mate relationships in voles.

Hormones and Behavior, 111, 70–77. https://doi.org/10.1016/j.yhbeh.
2018.10.012

82. Aragona, B. J., & Wang, Z. (2004). The prairie vole (Microtus ochro-
gaster): An animal model for behavioral neuroendocrine research on

pair bonding. Ilar Journal, 45, 35–45. https://doi.org/10.1093/ilar.45.
1.35

83. Aragona, B. J., Liu, Y., Curtis, J. T., Stephan, F. K., & Wang, Z.

(2003). A critical role for nucleus accumbens dopamine in partner-

preference formation in male prairie voles. Journal of Neuroscience,
23, 3483–3490.

84. Wang, Z., Yu, G., Cascio, C., Liu, Y., Gingrich, B., & Insel, T. R. (1999).

Dopamine D2 receptor-mediated regulation of partner preferences

in female prairie voles (Microtus ochrogaster): A mechanism for pair

bonding? Behavioral Neuroscience, 113, 602–611. https://doi.org/10.
1037/0735-7044.113.3.602

85. Aragona, B. J., Liu, Y., Yu, Y. J., Curtis, J. T., Detwiler, J. M., Insel, T.

R., & Wang, Z. (2006). Nucleus accumbens dopamine differentially

mediates the formationandmaintenanceofmonogamouspair bonds.

Nature Neuroscience, 9, 133–139. https://doi.org/10.1038/nn1613
86. Cho, M. M., Devries, A. C., Williams, J. R., & Carter, C. S. (1999).

The effects of oxytocin and vasopressin on partner preferences

in male and female prairie voles (Microtus ochrogaster). Behavioral
Neuroscience, 113, 1071–1079.

87. Johnson, Z. V., Walum, H., Jamal, Y. A., Xiao, Y., Keebaugh, A. C.,

Inoue, K., & Young, L. J. (2016). Central oxytocin receptors mediate

mating-induced partner preferences and enhance correlated acti-

vation across forebrain nuclei in male prairie voles. Hormones and
Behavior, 79, 8–17.

88. Liu, Y., & Wang, Z. X. (2003). Nucleus accumbens oxytocin and

dopamine interact to regulate pair bond formation in female prairie

voles.Neuroscience, 121, 537–544.
89. Young, L. J., Lim, M. M., Gingrich, B., & Insel, T. R. (2001). Cellular

mechanisms of social attachment.Hormones and Behavior, 40, 133.
90. Keebaugh, A. C., Barrett, C. E., Laprairie, J. L., Jenkins, J. J., & Young,

L. J. (2015). RNAi knockdown of oxytocin receptor in the nucleus

accumbens inhibits social attachment and parental care in monog-

amous female prairie voles. Society for Neuroscience, 10, 561–570.
https://doi.org/10.1080/17470919.2015.1040893

91. Kreuder, A. K., Scheele, D., Wassermann, L., Wollseifer, M., Stoffel-

Wagner, B., Lee, M. R., Hennig, J., Maier, W., & Hurlemann, R. (2017).

How the brain codes intimacy: The neurobiological substrates of

romantic touch. Human Brain Mapping, 38, 4525–4534. https://doi.
org/10.1002/hbm.23679

92. Duclot, F., Sailer, L., Koutakis, P., Wang, Z., & Kabbaj, M. (2020). Tran-

scriptomic regulations underlying pair-bond formation and mainte-

nance in the socially monogamous male and female prairie vole. Bio-
logical Psychiatry, 91, 141–151. https://doi.org/10.1016/j.biopsych.
2020.11.022

93. Borie, A. M., Agezo, S., Lunsford, P., Boender, A. J., Guo, J.-D., Zhu, H.,

Berman, G. J., Young, L. J., & Liu, R. C. (2022). Social experience alters

oxytocinergic modulation in the nucleus accumbens of female prairie

 17496632, 0, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.15134 by U

niversity O
f C

olorado Librari, W
iley O

nline Library on [26/04/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://doi.org/10.1016/j.psyneuen.2007.07.004
https://doi.org/10.1016/j.psyneuen.2007.07.004
https://doi.org/10.3389/fnbeh.2019.00052
https://doi.org/10.3389/fnbeh.2019.00052
https://doi.org/10.1111/gbb.12861
https://doi.org/10.1016/j.ijpsycho.2017.12.011
https://doi.org/10.1177/1741826711421686
https://doi.org/10.1111/jne.12887
https://doi.org/10.1111/jne.12887
https://doi.org/10.1016/j.neubiorev.2023.105339
https://doi.org/10.1002/dev.20091
https://doi.org/10.1002/dev.20091
https://doi.org/10.1016/j.ynstr.2016.08.002
https://doi.org/10.1038/s41598-019-53624-1
https://doi.org/10.5498/wjp.v5.i4.387
https://doi.org/10.1038/s41398-020-0806-x
https://doi.org/10.1038/s41398-020-0806-x
https://doi.org/10.1038/s41380-023-01986-4
https://doi.org/10.1038/s41380-023-01986-4
https://doi.org/10.1007/s00401-013-1223-5
https://doi.org/10.1007/s00401-013-1223-5
https://doi.org/10.1080/15325024.2015.1110447
https://doi.org/10.1080/15325024.2015.1110447
https://doi.org/10.1080/07481187.2013.782928
https://doi.org/10.1016/j.cell.2021.02.028
https://doi.org/10.1016/j.yhbeh.2018.10.012
https://doi.org/10.1016/j.yhbeh.2018.10.012
https://doi.org/10.1093/ilar.45.1.35
https://doi.org/10.1093/ilar.45.1.35
https://doi.org/10.1037/0735-7044.113.3.602
https://doi.org/10.1037/0735-7044.113.3.602
https://doi.org/10.1038/nn1613
https://doi.org/10.1080/17470919.2015.1040893
https://doi.org/10.1002/hbm.23679
https://doi.org/10.1002/hbm.23679
https://doi.org/10.1016/j.biopsych.2020.11.022
https://doi.org/10.1016/j.biopsych.2020.11.022


10 ANNALSOF THENEWYORKACADEMYOF SCIENCES

voles. Current Biology, 32, 1026–1037.e4. https://doi.org/10.1016/j.
cub.2022.01.014

94. Pierce, A. F., Protter, D. S. W., Chapel, G. D., Cameron, R. T., &

Donaldson, Z. R. (2022). Nucleus accumbens dopamine release

reflects the selective nature of pair bonds. Current Biology, 34,
519–530. https://doi.org/10.1101/2022.11.10.516053

95. Bretherton, I. (1992). The origins of attachment theory: John Bowlby

andMaryAinsworth.Developmental Psychology,28, 759–775. https://
doi.org/10.1037/0012-1649.28.5.759

96. Bowlby, J. (1980). Attachment. Basic.
97. Leroy, A. S., Knee, C. R., Derrick, J. L., & Fagundes, C. P. (2019).

Implications for reward processing in differential responses to

loss: Impacts on attachment hierarchy reorganization. Personality
and Social Psychology Review, 23, 391–405. https://doi.org/10.1177/
1088868319853895

98. Sbarra, D. A., & Hazan, C. (2008). Coregulation, dysregulation, self-

regulation: An integrative analysis and empirical agenda for under-

standing adult attachment, separation, loss, and recovery. Personality
& Social Psychology Review, 12, 141–167. https://doi.org/10.1177/
1088868308315702

99. Mikulincer, M., & Shaver, P. R. (2008). An attachment perspective on

bereavement. InM. S. Stroebe, R. O. Hansson, H. Schut, &W. Stroebe

(Eds.), Handbook of bereavement research and practice: Advances
in theory and intervention (pp. 87–112). Washington, DC: Amer-

ican Psychological Association. https://doi.org/10.1037/14498-

005

100. Beery, A. K., Lopez, S. A., Blandino, K. L., Lee, N. S., & Bourdon, N.

S. (2021). Social selectivity and social motivation in voles. eLife, 10,
e72684. https://doi.org/10.7554/eLife.72684

101. Vahaba, D. M., Halstead, E. R., Donaldson, Z. R., Ahern, T. H., & Beery,

A. K. (2022). Sex differences in the reward value of familiar mates in

prairie voles. Genes, Brain, and Behavior, 21, e12790. https://doi.org/
10.1111/gbb.12790

102. Brusman, L. E., Protter, D. S.W., Fultz, A. C., Paulson,M. U., Chapel, G.

D., Elges, I. O., Cameron, R. T., Beery, A. K., & Donaldson, Z. R. (2022).

Emergent intra-pair sex differences and organized behavior in pair

bonded prairie voles (Microtus ochrogaster).Genes, Brain, and Behavior,
21, e12786. https://doi.org/10.1111/gbb.12786

103. Salamone, J. D., & Correa, M. (2012). The mysterious motivational

functions of mesolimbic dopamine. Neuron, 76, 470–485. https://doi.
org/10.1016/j.neuron.2012.10.021

104. Schultz, W. (2016). Dopamine reward prediction-error signalling: A

two-component response.Nature ReviewsNeuroscience,17, 183–195.
https://doi.org/10.1038/nrn.2015.26

105. Xie, Y., Huang, L., Corona, A., Pagliaro, A. H., & Shea, S. D. (2023).

A dopaminergic reward prediction error signal shapes maternal

behavior in mice.Neuron, 111, 557–570.e7. https://doi.org/10.1016/
j.neuron.2022.11.019

106. Solié, C., Girard, B., Righetti, B., Tapparel,M., &Bellone,C. (2022). VTA

dopamine neuron activity encodes social interaction and promotes

reinforcement learning through social prediction error. Nature Neu-
roscience, 25, 86–97. https://doi.org/10.1038/s41593-021-00972-
9

107. Maciejewski, P. K., Zhang, B., Block, S. D., & Prigerson,H.G. (2007). An

empirical examination of the stage theory of grief. JAMA, 297, 716–
723.

108. Boelen, P. A., Eisma,M. C., Smid, G. E., & Lenferink, L. I.M. (2020). Pro-

longed grief disorder in section II of DSM-5: A commentary. European
Journal of Psychotraumatology,11, 1771008. https://doi.org/10.1080/
20008198.2020.1771008

109. Szuhany, K. L., Malgaroli, M., Miron, C. D., & Simon, N.M. (2021). Pro-

longed grief disorder: Course, diagnosis, assessment, and treatment.

Focus, 19, 161–172. https://doi.org/10.1176/appi.focus.20200052
110. ICD-11 for Mortality and Morbidity Statistics. (2018). https://icd.

who.int/dev11/l-m/en#/

111. Killikelly, C., Zhou, N., Merzhvynska, M., Stelzer, E. M., Dotschung,

T., Rohner, S., Sun, L. H., & Maercker, A. (2020). Development of the

international prolonged grief disorder scale for the ICD-11: Mea-

surement of core symptoms and culture items adapted for chinese

and german-speaking samples. Journal of Affective Disorders, 277,
568–576. https://doi.org/10.1016/j.jad.2020.08.057

112. O’Connor, M. F., Wellisch, D. K., Stanton, A. L., Eisenberger, N. I.,

Irwin, M. R., & Lieberman, M. D. (2008). Craving love? Enduring grief

activates brain’s reward center.Neuroimage, 42, 969–972.
113. Shear, M. K. (2015). Complicated grief. New England Journal of

Medicine, 372, 153–160. https://doi.org/10.1056/NEJMcp13156

18

114. Stroebe, W., Abakoumkin, G., & Stroebe, M. (2010). Beyond depres-

sion: Yearning for the loss of a loved one. Omega Westport, 61,
85–101.

115. Shear, M. K., Reynolds, C. F., Simon, N. M., Zisook, S., Wang, Y.,

Mauro, C., Duan, N., Lebowitz, B., & Skritskaya, N. (2016). Optimizing

treatment of complicated grief: A randomized clinical trial. JAMAPsy-
chiatry, 73, 685–694. https://doi.org/10.1001/jamapsychiatry.2016.

0892

116. Simon,N.M. (2013). Treating complicated grief. JAMA,310, 416–423.
https://doi.org/10.1001/jama.2013.8614

117. Wetherell, J. L. (2012). Complicated grief therapy as a new treatment

approach.Dialogues in Clinical Neuroscience, 14, 159–166.
118. Iglewicz, A., Shear, M. K., Reynolds, C. F., Simon, N., Lebowitz, B.,

& Zisook, S. (2020). Complicated grief therapy for clinicians: An

evidence-based protocol for mental health practice. Depression and
Anxiety, 37, 90–98. https://doi.org/10.1002/da.22965

119. Schneck, N., Tu, T., Haufe, S., Bonanno, G. A., Galfaivy, H., Ochsner, K.

N., Mann, J. J., & Sajda, P. (2019). Ongoing monitoring of mindwan-

dering in avoidant grief through cortico–basal−ganglia interactions.

Social Cognitive and Affective Neuroscience, 14, 163–172. https://doi.
org/10.1093/scan/nsy114

120. Fricker, B. A., Roshko, V. C., Jiang, J., & Kelly, A. M. (2023). Part-

ner separation rescues pair bond-induced decreases in hypothalamic

oxytocin neural densities. Scientific Reports, 13, 4835. https://doi.org/
10.1038/s41598-023-32076-8

121. Devries, A. C., & Carter, C. S. (1999). Sex differences in temporal

parameters of partner preference in prairie voles (Microtus ochro-
gaster). Canadian Journal of Zoology, 77, 885–889. https://doi.org/10.
1139/z99-054

122. López-Gutiérrez, M. F., Mejía-Chávez, S., Alcauter, S., & Portillo,

W. (2022). The neural circuits of monogamous behavior. Frontiers
in Neural Circuits, 16, 978344. https://doi.org/10.3389/fncir.2022.
978344

123. Hinde, K., Muth, C., Maninger, N., Ragen, B. J., Larke, R. H., Jarcho,

M. R., Mendoza, S. P., Mason, W. A., Ferrer, E., Cherry, S. R., Fisher-

Phelps,M. L., &Bales, K. L. (2016). Challenges to thepair bond:Neural

and hormonal effects of separation and reunion in a monogamous

primate. Frontiers in Behavioral Neuroscience, 10, 221.
124. Cavanaugh, J., Mustoe, A., & French, J. A. (2018). Oxytocin regulates

reunion affiliationwith a pairmate following social separation inmar-

mosets. American Journal of Primatology, 80, e22750. https://doi.org/
10.1002/ajp.22750

125. Hyer, M. M., & Glasper, E. R. (2017). Separation increases passive

stress-coping behaviors during forced swim and alters hippocampal

dendritic morphology in California mice. PLoS ONE, 12, e0175713.
https://doi.org/10.1371/journal.pone.0175713

126. Martin, L. B., Glasper, E. R., Nelson, R. J., & Devries, A. C. (2006).

Prolonged separation delays wound healing in monogamous Califor-

nia mice, Peromyscus californicus, but not in polygynous white-footed

mice, P. leucopus. Physiology & Behavior, 87, 837–841. https://doi.org/
10.1016/j.physbeh.2006.01.035

127. Fagundes, C. P., Brown, R. L., Chen, M. A., Murdock, K. W., Saucedo,

L., Leroy, A., Wu, E. L., Garcini, L. M., Shahane, A. D., Baameur, F.,

 17496632, 0, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.15134 by U

niversity O
f C

olorado Librari, W
iley O

nline Library on [26/04/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://doi.org/10.1016/j.cub.2022.01.014
https://doi.org/10.1016/j.cub.2022.01.014
https://doi.org/10.1016/j.cub.2023.12.041
https://doi.org/10.1037/0012-1649.28.5.759
https://doi.org/10.1037/0012-1649.28.5.759
https://doi.org/10.1177/1088868319853895
https://doi.org/10.1177/1088868319853895
https://doi.org/10.1177/1088868308315702
https://doi.org/10.1177/1088868308315702
https://doi.org/10.1037/14498-005
https://doi.org/10.1037/14498-005
https://doi.org/10.7554/eLife.72684
https://doi.org/10.1111/gbb.12790
https://doi.org/10.1111/gbb.12790
https://doi.org/10.1111/gbb.12786
https://doi.org/10.1016/j.neuron.2012.10.021
https://doi.org/10.1016/j.neuron.2012.10.021
https://doi.org/10.1038/nrn.2015.26
https://doi.org/10.1016/j.neuron.2022.11.019
https://doi.org/10.1016/j.neuron.2022.11.019
https://doi.org/10.1038/s41593-021-00972-9
https://doi.org/10.1038/s41593-021-00972-9
https://doi.org/10.1080/20008198.2020.1771008
https://doi.org/10.1080/20008198.2020.1771008
https://doi.org/10.1176/appi.focus.20200052
https://icd.who.int/dev11/l-m/en#/
https://icd.who.int/dev11/l-m/en#/
https://doi.org/10.1016/j.jad.2020.08.057
https://doi.org/10.1056/NEJMcp1315618
https://doi.org/10.1056/NEJMcp1315618
https://doi.org/10.1001/jamapsychiatry.2016.0892
https://doi.org/10.1001/jamapsychiatry.2016.0892
https://doi.org/10.1001/jama.2013.8614
https://doi.org/10.1002/da.22965
https://doi.org/10.1093/scan/nsy114
https://doi.org/10.1093/scan/nsy114
https://doi.org/10.1038/s41598-023-32076-8
https://doi.org/10.1038/s41598-023-32076-8
https://doi.org/10.1139/z99-054
https://doi.org/10.1139/z99-054
https://doi.org/10.3389/fncir.2022.978344
https://doi.org/10.3389/fncir.2022.978344
https://doi.org/10.1002/ajp.22750
https://doi.org/10.1002/ajp.22750
https://doi.org/10.1371/journal.pone.0175713
https://doi.org/10.1016/j.physbeh.2006.01.035
https://doi.org/10.1016/j.physbeh.2006.01.035


ANNALSOF THENEWYORKACADEMYOF SCIENCES 11

& Heijnen, C. (2019). Grief, depressive symptoms, and inflammation

in the spousally bereaved. Psychoneuroendocrinology, 100, 190–197.
https://doi.org/10.1016/j.psyneuen.2018.10.006

128. Arizmendi, B. J., Seeley, S. H., Allen, J. J. B., Killgore,W.D. S., Andrews-

Hanna, J., Weihs, K., & O’Connor, M. F. (2023). A pull to be close:

The differentiating effects of oxytocin and grief stimulus type on

approach behavior in complicated grief. European Journal of Trauma
& Dissociation, 7, 100339. https://doi.org/10.1016/j.ejtd.2023.1003
39

How to cite this article: Sadino, J. M., & Donaldson, Z. R.

(2024). Prairie voles as amodel for adaptive reward

remodeling following loss of a bonded partner. Ann NY Acad

Sci., 1–11. https://doi.org/10.1111/nyas.15134

 17496632, 0, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.15134 by U

niversity O
f C

olorado Librari, W
iley O

nline Library on [26/04/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://doi.org/10.1016/j.psyneuen.2018.10.006
https://doi.org/10.1016/j.ejtd.2023.100339
https://doi.org/10.1016/j.ejtd.2023.100339
https://doi.org/10.1111/nyas.15134

	Prairie voles as a model for adaptive reward remodeling following loss of a bonded partner
	Abstract
	INTRODUCTION
	PRAIRIE VOLES AS AN EMERGING MODEL FOR STUDYING LOSS
	YEARNING AS A CORE FEATURE OF GRIEF
	ENGAGEMENT OF REWARD SYSTEMS DURING BONDING AND LOSS
	PROLONGED GRIEF DISORDER AND STALLED LOSS ADAPTATION
	MODELING LOSS ADAPTATION IN VOLES
	THE EMERGING FIELD OF PRECLINICAL GRIEF RESEARCH
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	COMPETING INTERESTS
	ORCID
	PEER REVIEW

	REFERENCES


