
learning and memory. Under experimental conditions, it is 
possible to dissociate some of these subroutines from one 
another. For example, lateral hypothalamic lesions eliminate 
placentophagia in female rats giving birth for the first time, 
just as they disrupt other oral behaviors involved in maternal 
behavior; but for rats with parturitional experience (i.e., mul­
tiparae), such lesions do not eliminate placentophagia at 
parturition, but do interfere with feeding (Kristal 1973). 
A further dissociation of components of maternal behavior, 
suggesting multiple mechanisms, was observed after lesions 
of the periventricular MPOA in rats (Noonan and Kristal 
1979). Such lesions, produced just before parturition, pro­
duced either (1) a delay in the onset of placentophagia, pup 
retrieval, and nest building; or (2) an impairment of the 
latency and quality of nest building. None of the rats with 
lesions showed any disruption of pup licking. 

Because so many subsystems are involved in the con­
stellation of behaviors casually referred to as maternal be­
havior, it is difficult to make sense of the myriad brain 
manipulations that all affect the onset, quality, or mainte­
nance of maternal behavior. Despite a wealth of studies 
involving the manipulation of neural structures and neuro­
chemistry, a comprehensive understanding of the neural 
structures and mechanisms involved in the "maternal neural 
substrate" (see Numan 1994 for review), or even just the 
hypothalamic mechanisms involved (see Numan 2006 for 
review), has not been forthcoming. Because of behavioral 
subtleties and complexity, maternal behavior has eluded, 
and may not even be amenable to, a neuroethological analy­
sis, which elaborates a linear series of excitations and inhi­
bitions associated with specific neural components involved 
in the overall pattern of behavior (e.g., as has been accom­
plished with feeding behavior in mollusks; Elliott and Suss­
wein 2002). 

At a time when physiological psychology research fo­
cused primarily on the cortex, the cortex was found to be 
important, but not critical, for maternal behavior (Beach 
1937,1938), largely because of the cognitive association and 
integration functions necessary for performing such a com­
plex nonreflexive behavior. More recently, studies have 
shown that the prefrontal cortex is involved in analyzing the 
olfactory cues that aid in recognition of individual young­
not a key factor in mother-pup interactions in rats, but criti­
cal in ungulates such as sheep (e.g., Broad et al. 2002). 

When the limbic system was a focus of study because of 
its perceived control of emotion, investigators found that 
limbic structures were important but not essential for mater­
nal behavior (Lamb 1975; Slotnick 1967; Steele et al. 1979). 
Now that research has produced a clearer picture of the func­
tions of various limbic structures and of the limbic system's 
interface function between motivation and motor output 
(Mogenson et al. 1980), more recent studies have elucidated 
the role of individual limbic structures in maternal behavior. 
For instance, the amygdala adds emotional valence to incom­
ing olfactory and pheromonal stimuli (for review, see Numan 
2006), the hippocampus participates in the recruitment of 
previous experience and the consolidation of new experi-
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ences (e.g., Pawluski et al. 2006), and the lateral habenula 
translates estrogen signals from the MPOA into dopamine 
activity in the mesolimbic dopamine system (Matthews­
Felton et al. 1995). 

The mesolimbic dopamine system, which includes the 
ventral tegmental area, the striatum, and the nucleus accum­
bens, is of major importance to maternal behavior, largely 
because of its role in motivation, reward, and the hedonic 
value of stimuli and behaviors (Bozarth 1983, 1987). Inves­
tigators have found that lesions of these structures, direct 
chemical modification of dopamine, and chemical modula­
tion of opioids (Hansen 1991; Thompson and Kristal 1996), 
which likely indirectly results in changes in dopamine, are 
all important to the onset or maintenance (or both) of mater­
nal behavior (Li and Fleming 2003; Stolzenberg et al. 2007). 
The fact that maternal rats will work (or overcome adversity) 
to obtain access to pups (Nissen 1930; Wansaw et al. 2008) 
is considered prima facie evidence that such access is re­
warding. It is not surprising then that the mesolimbic do­
pamine system, critical for motivation and reward, is involved 
in various aspects of maternal behavior (e.g., Keer and Stern 
1999; Stern and Keer 1999). 

Individual differences in levels of maternal activity have 
even been associated with different levels of dopamine in the 
nucleus accumbens (Champagne et al. 2004) and of other 
neurotransmitters in different portions of the circuitry involved 
in maternal behavior (Olazabal et al. 2004). However, it is 
not yet clear whether these differences in dopamine and 
serotonin are a cause or a result of different levels of inten­
sity of maternal behavior. 

A caveat in interpreting the effects of brain manipula­
tions on the onset or maintenance of maternal behavior is the 
indirect but strongly interactive negative effect of stress on 
the systems that underlie maternal behavior (Blanchard et al. 
2001; Neumann 2003). It is impossible to overstate the per­
vasive effect of stress on neural (particularly hypothalamic) 
and neurochemical systems, and on the ability to sense and 
correctly analyze and interpret afferent information. Caged 
rodents under stress often show aberrant maternal behavior, 
resulting in pup death, or active pup killing, usually accom­
panied by cannibalism. Stress can cause such behavior 
through direct effects on the mother or indirect effects on 
fetal development resulting in weak or still-born neonates 
(e.g., Bale 2005; Malmkvist et al. 2007). Such stress is often 
attributable to changes in light cycle, caging, ambient noise 
level, olfactory stimuli, or ambient temperature, or to toxic 
agents in the environment, overcrowding, fear-inducing 
stimuli, difficult or painful delivery, or to a huge number of 
other negative or aversive stimuli. However, not all stimuli 
that human observers regard as "aversive" need be stressful. 
The determination of whether an agent is stressful depends 
on the effect of the stimulus on the subject, not on the nature 
of the stimulus (based on the expectations or opinions of the 
observer). Depending on the experiential and genetic back­
ground of individuals, factors that prove stressful to some 
will not necessarily be stressful to others (e.g., Champagne 
and Meaney 2006). 
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Conclusions 

In mammals, the expression of maternal caretaking behav­
iors results from the activation of certain neural circuits (the 
"maternal neural substrate"). This activation occurs through 
a number of partly intersecting, but largely redundant, mech­
anisms. The redundancy in this system probably attests to 
the adaptive significance of these caretaking behaviors. At 
delivery, sensory modalities and the central circuits for pro­
cessing and integrating birth- and neonate-related stimuli 
have been sensitized by the dynamic hormone changes of 
pregnancy and the precipitous hormone changes associated 
with the termination of pregnancy. In addition, mechanical 
stimulation associated with the growth, activity, and expul­
sion of the fetus produces neural and neurochemical signals 
that also sensitize and then activate the "maternal neural sub­
strate." Upon delivery, the combination of hormonal, neural, 
and neuroendocrine effects have sensitized the central neural 
substrate such that only minutes of sensory stimulation from 
the neonate are sufficient to provoke intense and fully elabo­
rated maternal caretaking behaviors in the new mother. 
Thereafter, neural and physiological process maintain these 
caretaking behaviors even under circumstances of dynamic 
hormone changes, periodic absences from the young, and 
changes in the demand characteristics of the young. Last, 
once the maternal behaviors have been initiated and main­
tained for some period, they can subsequently be reinitiated 
much more easily. 

But the "maternal neural substrate" that underlies this 
complex behavior process is probably not a coherent circuit 
or set of circuits dedicated to maternal caretaking behavior. 
It is more likely that the arrangement and coordination of 
subunits that perform specific behavioral components (e.g., 
avoid, approach, inhibit attack, retrieve, lick, inhibit biting, 
hover) are recruited and sequenced in a way that makes 
them appear to belong to a coherent, purposive, complex 
task. It is also likely that what appears to be a "motivation 
to perform maternal behavior" is an epiphenomenon re­
flecting a sequence of more immediate, and simpler, 
motivations. 

This conceptualization is similar to that used to under­
stand how genes or enzymes work to bring about complex 
phenomena. Each step in the biochemical-physiological 
process is accomplished by an enzyme that does only one 
thing. When strung together and coordinated in one way or 
in one context, the end result is Phenomenon A; when strung 
together and coordinated in another way or in a different 
context, the result is Phenomenon B. Observers do not seem 
to be able to resist the temptation to erroneously label a gene 
for the enzyme that participates in Phenomenon A "the gene 
for Phenomenon A." Likewise, stimulation of the MPOA in 
one context (determined by sensory input and chemical sig­
nals) results in the recruitment of certain other brain systems 
(e.g., leading to Phenomenon A), and in another context (a 
different complex of sensory inputs and chemical signals), 
the recruitment of a different set of brain systems (e.g., 
leading to Phenomenon B). The action of the MPOA is 

recruitment-it has no intent or design to accomplish either 
Phenomenon A or B. 

One can conceptualize the hypothalamus as the hub of a 
wheel-shaped complex (e.g., a "hub and spoke" communica­
tion system) for primary motivations, with the MPOA at the 
hub. The spokes are the various subunits that directly influence, 
or are influenced by, the hypothalamus: those involved in 
interpreting emotional valence, motivation, and the reward­
ing effect of engaging successfully in motivated behavior, 
cognitive analysis of and storage of experiential variables, 
and motor output for various active and passive or reflexive 
behaviors. A complete understanding of the "maternal neural 
substrate" will require much more detailed behavioral analy­
sis of the specific acts and inhibitions that make up what is 
generally referred to as maternal caretaking behavior than is 
currently available. 

Perhaps researchers should be more diligent about decon­
structing the constellation of behaviors called "maternal behav­
ior" into the various behavioral components and then analyzing 
the factors that produce those components and the neural sub­
strates that underlie the behaviors. Such an approach would be 
more logical than trying to understand the myriad neural steps 
involved in the overall category-maternal behavior-which 
is like trying to build a jigsaw puzzle out of the pieces of sev­
eral smaller jigsaw puzzles. Proper deconstruction of the "ma­
ternal behavior" pattern should produce a better tool with 
which to analyze how each subunit leads to the next subunit(s) 
in the sequence. Although some research has already focused 
on a few of the initiating factors of some of the subunits (e.g., 
pup licking, nursing, maternal aggression and defense), and 
although this approach was suggested more than 50 years ago 
(Birch 1956), there has been very little research on the physi­
ological and neural mechanisms by which these and other 
actions of the maternal female are made to occur in a particu­
lar sequence. Only an understanding of such mechanisms will 
reveal the full complexity and elegance of mammalian mater­
nal behavior. 

Acknowledgments 

My work is currently funded by NSF Grant IOB-0445679, 
"eNS Opioids and Maternal Behavior." I thank Ron 
Barfield, Jean DiPirro, Ben Sachs, and Alexis Thompson 
for their valuable editorial comments on earlier drafts. 

References 

Adels LE, Leon M. 1986. Thermal control of mother-young contact in 
Norway rats: Factors mediating the chronic elevation of maternal 
temperature. Physio1 Behav 36: 183-196. 

Bale TL. 2005. Is mom too sensitive? Impact of maternal stress during 
gestation. Neuroendocrinology 26:41-49. 

Baum MJ, Bressler SC, Daum MC, Veiga CA, McNamee CS. 1996. 
Ferret mothers provide more anogenital licking to male offspring: 
Possible contribution to psychosexual differentiation. Physiol Behav 
60:353-359. 

ILAR Journal 60 



Beach FA. 1937. The neural basis of innate behavior. I. Effects of cortical 
lesions upon the maternal behavior pattern in the rat. J Comp Psychol 
24:393-438. 

Beach FA. 1938. The neural basis of innate behavior. II. Relative effects 
of partial decortications in adulthood and infancy upon the maternal 
behavior of the primiparous rat. J Genet Psychol 53: 109-148. 

Bicknell RJ. 1985. Endogenous opioid peptides and hypothalamic neuroen­
docrine neurones. J Endocrinol 107:437-446. 

Birch HG. 1956. Sources of order in the maternal behavior of animals. Am 
J Orthopsychiat 26:279-284. 

Blanchard RJ, McKittrick CR, Blanchard DC. 2001. Animal models of 
social stress: Effects on behavior and brain neurochemical systems. 
Physiol Behav 73:261-271. 

Bozarth MA. 1983. Opiate reward mechanisms mapped by intracranial 
self-administration. In: Smith JE, Lane JD, eds. The Neurobiology of 
Opiate Reward Processes. Amsterdam: Elsevier. p 331-359. 

Bozarth MA. 1987. Neuroanatomical boundaries of the reward-relevant 
opiate-receptor field in the ventral tegmental area as mapped by the 
conditioned place preference method in rats. Brain Res 414:77-84. 

Broad KD, Hinton MR, Keverne EB, Kendrick KM. 2002. Involvement 
of the medial prefrontal cortex in mediating behavioral responses to 
odor cues rather than olfactory recognition memory. Neuroscience 
114:715-729. 

Bridges RS. 1984. A quantitative analysis of the roles of dosage, sequence, 
and duration of estradiol and progesterone exposure in the regulation of 
maternal behavior in the rat. Endocrinology 114:930-940. 

Bridges RS. 1990. Endocrine regulation of parental behavior in rodents. 
In: Krasnegor N, Bridges RS, eds. Mammalian Parenting. New York: 
Oxford University Press. 

Brunelli SA, Shair HN, Hofer MA. 1994. Hypothermic vocalizations of rat 
pups (Rattus norvegicus) elicit and direct maternal search behavior. J 
Comp Psycho] 108:298-303. 

Catheline G, Touquet B, Besson JM, Lombard MC. 2006. Parturition in the 
rat: A physiological pain model. Anesthesiology 104: 1257-1265. 

Champagne FA, Chretien P, Stevenson CW, Zhang TY, Gratton A, Meaney 
MJ. 2004. Variations in nucleus accumbens dopamine associated 
with individual differences in maternal behavior in the rat. J Neurosci 
24:4113-4123. 

Champagne FA, Curley JP, Keverne EB, Bateson PPG. 2007. Natural varia­
tions in postpartum maternal care in inbred and outbred mice. Physiol 
Behav 91:325-334. 

Champagne FA, Meaney MJ. 2006. Stress during gestation alters postpar­
tum maternal care and the development of the offspring in a rodent 
model. BioI Psychiatry 59: 1227-1235. 

Chen C, Gilbert CL, Yang G. Guo Y, Segonds-Pichon A, Ma J, Evans G, 
Brenig B, Sargent C, Affara N, Huang L. 2008. Maternal infanticide in 
sows: Incidence and behavioral comparisons between savaging and 
non-savaging sows at parturition. Appl Anim Behav Sci 109:238-248. 

Cruz Y, Martinez-Gomez M, Manzo J, Hudson R, Pacheco P. 1996. Changes 
in pain threshold during the reproductive cycle of the female rat. Physiol 
Behav 59:543-547. 

Dawson-Basoa ME, Gintzler AR. 1996. Estrogen and progesterone activate 
spinal kappa-opiate receptor analgesic mechanisms. Pain 64:607-615. 

Dawson-Basoa ME, Gintzler AR. 1997. Involvement of spinal cord opiate 
receptors in the antinociception of gestation and its hormonal simula­
tion. Brain Res 757:37-42. 

Denenberg VH, Taylor RE, Zarrow MX. 1969. Maternal behavior in the rat: 
An investigation and quantification of nest building. Behavior 34: 1-16 

DiPirro JM, Kristal MB. 2004. Placenta ingestion by rats enhances K- and 
o-opioid antinociception, but suppresses Il-opioid antinociception. Brain 
Res 1014:22-33 

Doi N, Brown CH, Cohen HD, Leng G, Russell JA. 2001. Effects of the 
endogenous opioid peptide, endomorphin I, on supraoptic nucleus oxy­
tocin and vasopressin neurones in vivo and in vitro. Br J Pharmacol 
132:1136-1144. 

Dollinger MJ, Holloway WR, Denenberg VH. 1980. Parturition in the rat 
(Rattus norvegicus): Normative aspects and the temporal patterning of 
behaviors. Behav Proc 5:21-37. 

Volume 50, Number 1 2009 

Dondi 0, Maggi R, Panerai AE, Piva F, Limonta P. 1991. Hypothalamic 
opiatergic tone during pregnancy, parturition and lactation in the rat. 
Neuroendocrinology 53:460-466. 

Douglas AJ, Bicknell RJ, Russell JA. 1995. Pathways to parturition. Adv 
Exp Med BioI 395:381-394. 

Douglas AJ, Russell JA. 2001. Endogenous opioid regulation of oxytocin 
and ACTH secretion during pregnancy and parturition. Prog Brain Res 
133:67-82. 

Dunbar I, Ramson EM, Buehler M. 1981. Pup retrieval and maternal 
attraction to canine amniotic fluids. Behav Proc 6:249-260. 

Elliott CJH, Susswein AJ. 2002. Comparative neuroethology of feeding 
control in mollusks. J Exp BioI 205:877-896. 

Elwood RW. ed. 1983. Parental Behavior of Rodents. New York: John Wiley 
& Sons. 

Erskine MS, Barfield RJ, Goldman BD. 1980. Postpartum aggression in 
rats. II. Dependence upon maternal sensitivity to young and effects of 
experience with pregnancy and parturition. J Comp Physiol Psychol 
94:495-505. 

Facchinetti F, Centini G, Parrini 0, Petraglia F, 0' Antonia N, Cosmi EV, 
Genazzani AR. 1982. Opioid plasma levels during labor. Gynecol 
Obstet Invest 13: 155-163. 

Fleming AS, Rosenblatt JS. 1974a. Olfactory regulation of maternal 
behavior in rats. I. Effects of olfactory bulb removal in experienced and 
inexperienced lactating and cycling females. J Comp Physiol Psychol 
86:221-232. 

Fleming AS, Rosenblatt JS. 1974b. Olfactory regulation of maternal 
behavior in rats. II. Effects of peripherally induced anosmia and lesions 
of the lateral olfactory tract in pup-induced virgins. J Comp Physiol 
PsychoI 86:233-246. 

Fleming AS. Vaccarino F, Tambosso L, Chee P. 1979. Vomeronasal and 
olfactory system modulation of maternal behavior in the rat. Science 
203:372-374. 

Friedman MI, Bruno JP, Alberts JR. 1981. Physiological and behavioral 
consequences in rats of water recycling during lactation. J Comp 
Physiol Psychol 95:26-35. 

Ge	 Y, Lundeberg T, Yu LC. 2002. Blockade effect of mu and kappa 
opioid antagonists on the anti-nociception induced by intra­
periaqueductal grey injection of oxytocin in rats. Brain Res 927: 
204-207. 

Gintzler AR. 1980. Endorphin-mediated increases in pain threshold during 
pregnancy. Science 210: 193-195. 

Gonzalez-Mariscal G, Poindron P. 2002. Parental care in mammals: 
Immediate internal and sensory factors of control. In: Pfaff D, Arnold A, 
Etgen A, Farbach S, Rubin R, eds. Hormones, Brain and Behavior. New 
York: Academic Press. p 215-298. 

Graber GC, Kristal MB. 1977. Uterine distention facilitates the onset of 
maternal behavior in pseudopregnant but not in cycling rats. Physiol 
Behav 19:133-137. 

Gubernick OJ. Klopfer PH, eds. 1981. Parental Care in Mammals. New 
York: Plenum Press. 

Hafez ESE, ed. 1969. The Behavior of Domestic Animals. Baltimore: 
Williams and Wilkins. 

Hammer RP, Bridges RS. 1987. Preoptic area opioids and opiate receptors 
increase during pregnancy and decrease during lactation. Brain Res 
420:48-56. 

Hammer RP, Mateo AR, Bridges RS. 1992. Hormonal regulation of medial 
preoptic J.l-opioid receptor density before and after parturition. Neu­
roendocrinology 56:38-45. 

Hammer RP, Zhou L, Cheung S. 1994. Gonadal steroid hormones and 
hypothalamic opioid circuitry. Horm Behav 28:431-437. 

Hansen S. 1991. Maternal behavior of female rats with 6-0HDA lesions in 
the ventral striatum: Characterization of the pup retrieval deficit. Physiol 
Behav 55 :612-620. 

Hotfman 01, Abboud TR, Haase HR,Hung TT, Goebelsmann V. 1984. 
Plasma b-endorphin concentrations prior to and during pregnancy, in 
labor, and after delivery. Am J Obstet Gynecol 150:492-496. 

Insel TR, Gingrich BS, Young LJ. 2001. Oxytocin: Who needs it? Prog 
Brain Res 133:59-66. 

61 



10shi D, Billiar RB, Miller MM. 1993. Modulation of hypothalamic 
mu-opioid receptor density by estrogen: A quantitative autoradiographic 
study of the female C57BL/61 mouse. Brain Res Bull 30:629-634. 

Keer SE. Stern 1M. 1999. Dopamine receptor blockade in the nucleus 
accumbens inhibits maternal retrieval and licking. but enhances nursing 
behavior in lactating rats. Physiol Behav 67:659-669. 

Kendrick KM. 2000. Oxytocin, motherhood and bonding. Exp Physiol 
85:IIIS-124S. 

Kendrick KM, Keverne EB, Baldwin BA. 1987. Intracerebroventricular 
oxytocin stimulates maternal behavior in the sheep. Neuroendocrinology 
46:56-61. 

Keverne EB, Levy F, Poindron P, Lindsay DR. 1983. Vaginal stimulation: 
An important determinant in maternal bonding in sheep. Science 
219:81-83. 

Keverne EB, Kendrick KM. 1991. Morphine and corticotrophin-releasing 
factor potentiate maternal acceptance in multiparous ewes after vagi­
nocervical stimulation. Brain Res 540:55-62. 

Kinsley CH, Lambert KG. 2006. The maternal brain. Sci Am 294:72-79. 
Komisaruk BR, Adler NT, Hutchison 1. 1972. Genital sensory field: Enlarge­

ment by estrogen treatment in female rats. Science 178: 1295-1298. 
Korda P, Komorowska 1. 1987. Environmental temperature and maternal 

behavior in Rattus norvegicus. Acta Neurobiol Exp 47:71-82. 
Krasnegor NA, Bridges RS, eds. 1990. Mammalian Parenting: Biochemi­

cal, Neurobiological, and Behavioral Determinants. New York: Oxford 
University Press. 

Kristal MB. 1973. Effects of lateral hypothalamic lesions on placentophagia 
in virgin. primiparous, and multiparous rats. 1 Comp Physiol Psychol 
84:53-62. 

Kristal MB. 1980. Placentophagia: A biobehavioral enigma (or De gustibus 
non disputandum est). Neurosci Biobehav Rev 4: 141-150. 

Kristal MB. 1991. Enhancement of opioid-mediated analgesia: A solution 
to the enigma of placentophagia. Neurosci Biobehav Rev 15:425-435. 

Kristal MB. 1998. Participation of placental opioid-enhancing factor in 
opioid-modulated events at parturition. Online Proceedings of the 5th 
Internet World Congress on Biomedical Sciences '98 at McMaster 
University, Ontario, Canada. Available online (http://www.mcmaster.ca/ 
inabis98/komisaruk/kristaI0542/index.html), accessed August 7, 2008. 

Kristal MB, Graber Ge. 1976. Placentophagia in nonpregnant rats: Influ­
ence of estrous cycle stage and birthplace. Physiol Behav 17:599-605. 

Kristal MB, Nishita lK. 1981. Observing birth and placentophagia affects 
placentophagia but not maternal behavior of virgin rats. Anim Learn 
Behav 9:545-550. 

Kristal MB, Noonan M. 1979. Perinatal maternal behavior and neonatal 
behavior in the captive reticulated giraffe. S Afr 1 ZooI 14:103-107. 

Kristal MB, Peters LC, Franz lR, Whitney IF, Nishita lK, Steuer MA. 1981. 
Effect of pregnancy and stress on onset of placentophagia in Long­
Evans rats. Physiol Behav 27:591-595. 

Kristal MB, Whitney IF, Peters Le. 1981. Placenta on pups' skin acceler­
ates onset of maternal behavior in nonpregnant rats. Anim Behav 
29:81-85. 

Kutlu S, Yilmaz B, Canpolat S, Sandal S, Ozcan M, Kumru S, Kelestimur 
H. 2004. Mu opioid modulation of oxytocin secretion in late pregnant 
and parturient rats: Involvement of noradrenergic neurotransmission. 
Neuroendocrinology 79: 197-203. 

Lamb ME. 1975. Physiological mechanisms in the control of maternal 
behavior in rats: A review. Psych Bull 82: I 04-109. 

Lehrman DS. 1961. Hormonal regulation of parental behavior in birds and 
infrahuman mammals. In: Young We. ed. Sex and Internal Secretions. 
Baltimore: Williams and Wilkins. p 1268-1382. 

Lehrman DS. 1970. Semantic and conceptual issues in the nature-nurture 
problem. In: Aronson L, Tobach E, Lehrman DS, Rosenblatt lS, eds. 
Development and Evolution of Behavior. San Francisco: Freeman. 
p 17-52. 

Leon M. 1974. Maternal pheromone. Physiol Behav 13:441-453. 
Levy F, Keller M, Poindron P. 2004. Olfactory regulation of maternal 

behavior in mammals. Horm Behav 46:284-302. 
Levy F, Poindron P. 1984. Influence of amniotic fluids in the manifestation 

of maternal behavior in parturient ewes. Bioi Behav 9:271-278. 

Levy F, Poindron P. 1987. The importance of amniotic fluids for the 
establishment of maternal behavior in experienced and inexperienced 
ewes. Anim Behav 35: 1188-1192. 

Li M, Fleming AS. 2003. The nucleus accumbens shell is critical for normal 
expression of pup-retrieval in postpartum female rats. Behav Brain Res 
145:99-111. 

Lim MM, Young LJ. 2006. Neuropeptidergic regulation of affiliative 
behavior and social bonding in animals. Horm Behav 50:506-517. 

Lin SH, Kiyohara T, Sun B. 2003. Maternal behavior: Activation of the 
central oxytocin receptor system in parturient rats? Neuroreport 
14: 1439-1444. 

Lonstein lS, Gammie SC. 2002. Sensory, hormonal, and neural control of 
maternal aggression in laboratory rodents. Neurosci Biobehav Rev 
26:869-888. 

Lonstein lS, De Vries G1. 2000. Sex differences in the parental behavior of 
rodents. Neurosci Biobehav Rev 24:669-686. 

Malmkvist 1. Gade M, Damm BI. 2007. Parturient behavior in farmed mink 
(Mustela vison) in relation to early kit mortality. Appl Anim Behav Sci 
107:120-132. 

Mann PE, Bridges RS. 2001. Lactogenic hormone regulation of maternal 
behavior. Prog Brain Res 133:251-262. 

Mann PE, Pasternak GW, Bridges RS. 1990. MU 1 opioid receptor involve­
ment in maternal behavior. Physiol Behav 47:133-138. 

Matthews-Felton T, Corodimas KP, Rosenblatt lS, Morrell n. 1995. Lateral 
habenula neurons are necessary for the hormonal onset of maternal 
behavior and for the display of postpartum estrus in naturally parturient 
female rats. Behav Neurosci 109: 1172-1188. 

McCarthy MM. 1995. Estrogen modulation of oxytocin and its relation to 
behavior. Adv Exp Med Bioi 395:235-245. 

McCarthy MM. Bare 1£, vom Saal FS. 1986. Infanticide and parental 
behavior in wild female house mice: Effects of ovariectomy, adrenalec­
tomy, and administration of oxytocin and prostaglandin F2-alpha. 
Physiol Behav 36: 17-23. 

Mennella lA, Moltz H. 1988. Infanticide in rats: Male strategy and female 
counter-strategy. Physiol Behav 42: 19-28. 

Miranda-Paiva CM. Canteras NS, Sukikara MH, Nasello AG, Mackowiak 
II, Felicio LF. 2007. Periaqueductal gray cholecystokinin infusions 
block morphine-induced disruption of maternal behavior. Peptides 
28:657-662. 

Mogenson Gl. 10nes DL, Yim CY. 1980. From motivation to action: Func­
tional interface between the limbic system and the motor system. Prog 
Neurobiol 14:69-97. 

Moltz H, Leidahl Le. 1977. Bile, prolactin, and the maternal pheromone. 
Science 196:81-83. 

Moltz H, Lubin M, Leon M, Numan M. 1970. Hormonal induction of ma­
ternal behavior in the ovariectomized nulliparous rat. Physiol Behav 
5:1373-1377. 

Moltz H, Robbins D, Parks M. 1966. Caesarean delivery and maternal 
behavior of primiparous and mUltiparous rats. 1 Comp Physiol Psychol 
61 :455-460. 

Moore CL. 1984. Maternal contributions to the development of masculine 
sexual behavior in laboratory rats. Devel Psychobiol 17:347-356. 

Moore CL. 1985. Sex differences in urinary odors produced by young 
laboratory rats (Rattus norvegicus). 1 Comp Psychol 99:336-341. 

Nelson EE, Panksepp 1. 1998. Brain substrates of infant-mother attachment: 
Contributions of opioids, oxytocin, and norepinephrine. Neurosci 
Biobehav Rev 22:437-452. 

Neumann ID. 2003. Brain mechanisms underlying emotional alterations in 
the peripartum period in rats. Depress Anxiety 17: 111-121. 

Nishimori K, Young LJ, Guo Q, Wang Z, Insel TR, Matzuk MM. 1996. 
Oxytocin is required for nursing but is not essential for parturition or 
reproductive behavior. Proc Natl Acad Sci USA 93: 11699-11704. 

Nissen HW. 1930. A study of maternal behavior in the white rat by means 
of the obstruction method. 1 Genetic Psychol 37:377-393. 

Noirot E.	 1972. The onset and development of maternal behavior in 
rats, hamsters and mice: A selective review. In: Lehrman DS, Hinde 
RA, Shaw E, eds. Advances in the Study of Behavior, Vol 4. New York: 
Academic Press. p 107-145. 

ILAR Journal 62 



Noonan M, Kristal MB. 1979. The effects of medial preoptic lesions on 
placentophagia and on the onset of maternal behavior in the rat. Physiol 
Behav 22:1197-1202. 

Numan M. 1994. Maternal behavior. In: Knobil E, Neill 1, eds. The Physiology 
of Reproduction, 2d ed. New York: Raven Press. p 221-302. 

Numan M. 2006. Hypothalamic neural circuits regulating maternal respon­
siveness toward infants. Behav Cog Neurosci Rev 5: 163-190. 

Olazabal DE, Abercrombie E, Rosenblatt lS, Morrell 11. 2004. The content 
of dopamine, serotonin, and their metabolites in the neural circuit that 
mediates maternal behavior in juvenile and adult rats. Brain Res Bull 
63:259-268. 

Olazabal DE, Young LJ. 2006. Oxytocin receptors in the nucleus accum­
bens facilitate "spontaneous" maternal behavior in adult female prairie 
voles. Neuroscience 141 :559-568. 

Panksepp 1, Nelson E, Siviy S. 1994. Brain opioids and mother-infant social 
motivation. Acta Prediatr Suppl 397:40-46. 

Pawluski lL, Walker SK, Galea LAM. 2006. Reproductive experience 
differentially affects spatial reference and working memory perfor­
mance in the mother. Horm Behav 49: 143-149. 

Pedersen CA, Prange Al lr. 1985. Oxytocin and mothering behavior in rats. 
Pharmacol Ther 28:287-302. 

Pedersen CA, Caldwell lD, Walker C, Ayers G, Mason GA. 1994. Oxytocin 
activates the postpartum onset of rat maternal behavior in the ventral 
tegmental and medial preoptic areas. Behav Neurosci 108: 1163-1171. 

Peters LC, Kristal MB. 1983. The suppression of infanticide in mother rats. 
1 Comp PsychoI97:167-177. 

Peters LC, Kristal MB, Komisaruk BR. 1987. Sensory innervation of 
the external and internal genitalia of the female rat. Brain Res 408: 
199-204. 

Petraglia F, Baraldi M. Giarre G, Facchinetti F, Santi M, Volpe A, 
Genazzani AR. 1985. Opioid peptides of the pituitary and hypothala­
mus: Changes in pregnant and lactating rats. 1 Endocr 105:239-245. 

Rosenblatt lS. 1967. Nonhormonal basis of maternal behavior in the rat. 
Science 156:1512-1514. 

Rosenblatt lS, Lehrman DS. 1963. Maternal behavior in the laboratory rat. 
In: Reingold HL, ed. Maternal Behavior in Mammals. New York: Wiley. 
p 8-57. 

Rosenblatt lS, Mayer AD. 1995. An analysis of approach/withdrawal pro­
cesses in the initiation of maternal behavior in the laboratory rat. In: 
Hood KE. Greenberg G, Tobach E, eds. Behavioral Development. New 
York: Garland Press. p 177-230. 

Rosenblatt lS, Siegel HI, Mayer AD. 1979. Progress in the study of mater­
nal behavior in the rat: Hormonal, nonhormonal, sensory, and develop­
ment aspects. In: Rosenblatt lS, Hinde RA, Beer C, Busnel M-C, eds. 
Advances in the Study of Behavior, Vol 10. New York: Academic Press. 
p 225-311. 

Roth LL, Rosenblatt lS. 1966. Mammary glands of pregnant rats: Develop­
ment stimulated by licking. Science 15: 1403-1404. 

Rubin BS, Bridges RS. 1984. Disruption of ongoing maternal responsive­
ness in rats by central administration of morphine sulfate. Brain Res 
307:91-97. 

Russell lA, Brunton Pl. 2006. Neuroactive steroids attenuate oxytocin 
stress responses in late pregnancy. Neuroscience 138:879-889. 

Satinoff E. 1964. Behavioral thermoregulation in response to local cooling 
of the rat brain. Am 1 Physiol 206: 1389-1394. 

Shoji H, Kato K. 2006. Maternal behavior of primiparous females of inbred 
strains of mice: A detailed descriptive analysis. Physiol Behav 89:320­
328. 

Shughrue Pl, Dellovade TL, Merchenthaler I. 2002. Estrogen modulates 
oxytocin gene expression in regions of the rat supraoptic and paraven­
tricular nuclei that contain estrogen receptor-beta. Prog Brain Res 
139:15-29. 

Siegel HI. 1986. Hormonal basis of maternal behavior in the rat. Ann NY 
Acad Sci 474:202-215. 

Slotnick BM. 1967. Disturbances of maternal behavior in the rat following 
lesions of the geniculate cortex. Behavior 29:204-235. 

Sluckin W, Herbert M, eds. 1986. Parental Behavior. New York: Basil 
Blackwell Ltd. 

Volume 50, Number 1 2009 

Steele MK, Rowland D, Moltz H. 1979. Initiation of maternal behavior in 
the rat: Possible involvement of limbic norepinephrine. Pharmacol Bio­
chern Behav II: 123-130. 

Stern 1M. 1989. Maternal behavior: Sensory, hormonal, and neural determi­
nants. In: Levine S, Brush FR, eds. Psychoendocrinology. New York: 
Academic Press. p 105-226. 

Stern 1M, Azzara AY. 2002. Thermal control of mother-young contact 
revisited: Hyperthermic rats nurse normally. Physiol Behav 77: 11-18. 

Stern 1M, Keer SE. 1999. Maternal motivation of lactating rats is disrupted 
by low dosages of haloperidol. Behav Brain Res 99:231-239. 

Stern 1M, Keer SE. 2002. Acute hunger of rat pups elicits increased kyphotic 
nursing and shorter intervals between nursing bouts: Implications for 
changes in nursing with time postpartum. 1 Comp Psychol 116:83-92. 

Stern 1M, Lonstein lS. 2001. Neural mediation of nursing and related 
maternal behaviors. Prog Brain Res 133:263-278. 

Steuer MA, Thompson AC, Doerr lC, Youakim M, Kristal MB. 1987. 
Induction of maternal behavior in rats: Effects of pseudopregnancy 
termination and placenta-smeared pups. Behav Neurosci 101 :219-227. 

Stolzenberg DS, McKenna lB, Keough S, Hancock R. Numan Ml, Numan 
M. 2007. Dopamine D 1 receptor stimulation of the nucleus accumbens 
or the medial preoptic area promotes the onset of maternal behavior in 
pregnancy-terminated rats. Behav Neurosci 121 :907-919. 

Tarapacki lA, Piech M, Kristal MB. 1995. Ingestion of amniotic fluid by 
postpartum rats enhances morphine analgesia without liability to mater­
nal behavior. Physiol Behav 57:209-212. 

Terkel J. 1974. Maternal behavior upon experimental and normal 
termination of pseudopregnancy in the rat. Paper presented at the 14th 
International Ethological Conference, Parma, Italy. 

Terkel 1. Rosenblatt lS. 1971. Aspects of nonhormonal maternal behavior in 
the rat. Horm Behav 2: 161-171. 

Terkel 1, Rosenblatt lS. 1972. Humoral factors underlying maternal 
behavior at parturition: Cross transfusion between freely moving rats. 
1 Comp Physiol PsychoI 80:365-371. 

Thompson AC, Kristal MB. 1996. Opioid stimulation in the ventral tegmen­
tal area stimulates maternal behavior in rats. Brain Res 743: 184-20 I. 

van Firth WR, van Ernst MG, van Ree 1M. 1995. Opioids and sexual 
behavior of male rats: Involvement of the medial preoptic area. Behav 
Neurosci 109:123-134. 

Wansaw MP, Pereira M, Morrell 11. 2008. Characterization of maternal 
motivation in the lactating rat: Contrasts between early and late postpar­
tum responses. Horm Behav 54:294-30 I. 

Wardlaw SL, Frantz AG. 1983. Brain l3-endorphin during pregnancy, partu­
rition and the postpartum period. Endocrinology 113:1664-1668. 

Weiland NG, Wise PM. 1990. Estrogen and progesterone regulate opiate 
receptor densities in multiple brain regions. Endocrinology 126: 
804-808. 

White NR, Matochik JA, Nyby lG, Barfield Rl. 1998. The role of vocaliza­
tions in the behavioral regulation of reproductive behavior in rodents. 
Online Proceedings of the 5th Internet World Congress on Biomedical 
Sciences '98 at McMaster University, Ontario, Canada. Available online 
(http://www.mcmaster.ca/inabis98/brudzynski/white0360/index.html). 
accessed August 12, 2008. 

Wiesner BP, Sheard NM. 1933. Maternal Behavior in the Rat. London: 
Oliver and Boyd. 

Wigger A, Neumann ID. 2002. Endogenous opioid regulation of stress­
induced oxytocin release within the hypothalamic paraventricular 
nucleus is reversed in late pregnancy: A microdialysis study. Neurosci­
ence 112:121-129. 

Wynne-Edwards KE, Timonin ME. 2007. Paternal care in rodents: Weaken­
ing support for hormonal regulation of the transition to behavioral 
fatherhood in rodent animal models of biparental care. Horm Behav 
52:114-121. 

Young LJ, Insel TR. 2002. Hormones and parental behavior. In: Becker JB, 
Breedlove SM. Crews D, McCarthy MM, eds. Behavioral Endocrinol­
ogy. Cambridge MA: MIT Press. p 331-372. 

Yu	 GZ, Kaba H, Okutani F, Takahashi S, Higuchi T. 1996. The olfactory 
bulb: A critical site of action for oxytocin in the induction of maternal 
behavior in the rat. Neuroscience 72: 1083-1088. 

63 




