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Hypothalamic Neural Circuits Regulating
Maternal Responsiveness Toward Infants

Michael Numan
Boston College

A theoretical neural model is developed, along with supportive
evidence, to explain how the medial preoptic area (MPOA) of
the hypothalamus can regulate maternal responsiveness toward
infant-related stimuli. It is proposed that efferents from a
hormone-primed MPOA (a) depress a central aversion system
(composed of neural circuits between the amygdala, medial
hypothalamus, and midbrain) so that novel infant stimuli do
not activale defensive or avoidance behavior and (b) excite the
mesolimbic dopamine system so that active, voluntary maternal
responses are promoted. The effects of oxytocin and maternal
experience are included in the model, and the specificity of
MPOA effects are discussed. The model may be relevant to the
mechanisms through which other hypothalamic nuclei regulate
other basic motivational states. In addition, aspects of the model
may define a core neural circuitry for maternal behavior in
mammals.

Key Words: maternal behavior, hypothalamus, mesolim-
bic dopamine system

It is generally accepted that the hypothalamus is involved
in three major functions: autonomic regulation, pituitary
gland regulation, and the regulation of behaviors that are
essential for either personal survival or for reproductive
success (Swanson, 1987). The focus of this review is
on the hypothalamus’s role in the latter process, which is
usually referred to as its regulation of the primary moti-
vational states. Although the emphasis will be on the
mechanisms through which the hypothalamus regulates
maternal responsiveness in mammals, the overall scheme
that is developed is likely to be relevant to other basic
behaviors controlled by the hypothalamus.

How should one define motivation? My view is that if
I could present a sensible but simple (spare) definition,
then the process would be amenable to a mechanistic
anatomical and functional analysis. The following would
be such a definition: Motivation refers to an internal
process that modifies an organism’s responsiveness to a
certain class of external stimuli (Hinde, 1970). For
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example, a hungry animal shows increased responsiveness
to food-related stimuli, whereas a maternally motivated
organism shows increased responsiveness to infant-
related stimuli. When such internal motivational states
are not active, the associated external stimuli have much
less impact on the organism’s behavior: Food is not
approached or eaten; infants are ignored. Note that
this objective definition of motivation simply relates to
the expression of behavior in response to external stim-
ulation. Therefore, with this definition, one would state
that the lordosis response (a measure of sexual recep-
tivity) in the female rat is under motivational control
because it occurs after estradiol priming in response to
somatic sensory stimuli but does not occur in response
to such stimuli in the absence of estradiol priming
(Pfaff, 1980).

With respect to such motivational processes, one
might conceive of the hypothalamus as operating in the
following manner. Distinct nuclei in the hypothalamus
respond to certain aspects of the internal environment
(e.g., hormone levels, blood glucose levels, or electrolyte
concentration [hypertonicity]) and to certain types
of external stimuli. When a particular hypothalamic
nucleus is effectively activated by specific events, its effer-
ents ultimately interact with other brain mechanisms that
actually regulate sensory-motor responsiveness. In a cer-
tain sense, hypothalamic output might be viewed as
opening a gate in a sensory-motor integration apparatus,
allowing a particular set of external stimuli to be effec-
tively processed so that appropriate responsiveness
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Figure 1: Conceptual Neural Model Relating Motivational Systems
to Maternal Behavior.

NOTE: Neural regions controlling maternal responsiveness are
shown as activating a nonspecific or general motivational system that
acts to increase responsiveness to stimuli, which, in this case, are pup
stimuli. Motivational systems specifically related to maternal behavior
are also shown as inhibiting competing motivational systems that reg-
ulate responsiveness to stimuli that activate antagonistic behaviors.
Lines ending in an arrow signify excitation, and those ending in a bar
indicate inhibition.

occurs. This perspective suggests that the hypothalamus
serves as a type of switch rather than as an integrator or
organizer of the motor responses involved in a particular
motivated behavior. In the case of maternal behavior in
rodents, I present evidence that a “maternally relevant”
hypothalamic nucleus is primed by pregnancy hor-
mones, which then allow it to respond to certain pup
stimuli. This activated hypothalamic nucleus then influ-
ences the operation of other brain regions that control
sensory-motor integration, enabling infantrelated stim-
uli to be processed by these latter structures so that appro-
priate maternal responses occur.

In further elaboration, I distinguish between specific
and nonspecific motivational systems. With respect to
the primary motivational states, we propose that separate
and distinct hypothalamic nuclei regulate each state
such that when the specific hypothalamic motivational
system is active, it in turn increases responsiveness to a
particular group of external stimuli. A hunger system
would increase responsiveness to food-related stimuli,
whereas a maternal system would increase responsiveness
to infants. Nonspecific or general motivational systems
(which in our model are not hypothalamic systems), per-
mit the specific systems to perform their defined func-
tions. That is, nonspecific motivational systems form an
interface with, and can be stimulated by, each specific sys-
tem. It is proposed that the nonspecific systems are capa-
ble of increasing responsiveness to a broad range of
external stimuli. Importantly, however, behavioral reactiv-
ity at any one point in time would be determined by an
interaction between the specific and nonspecific systems.

That is, just which stimulus an organism responds to is
the result of stimulation of the nonspecific system by a
particular specific system.

Finally, it is also proposed that specific motivational
systems, in addition to interfacing with general motiva-
tional systems, should act to inhibit competing specific
motivational systems that would give rise to antagonistic
behaviors.

Figure 1 shows a diagram outlining the mechanisms
of motivational control that I have just described. This
review presents evidence that will permit one to fill in
this model with actual neural circuits that regulate
maternal responsiveness. Whether other primary moti-
vational states actually work in this manner remains to
be determined, but the evidence for the maternal sys-
tem operating in this manner is good, although not
complete.

APPROACH V. AVOIDANCE TENDENCIES
INFLUENCE THE OCCURRENCE OF
MATERNAL BEHAVIOR IN RATS

Much of the research on the neural basis of maternal
behavior in mammals has been done on rats (Numan &
Insel, 2003), and this is the research that will be empha-
sized. The four major components of maternal behavior
in postpartum rats are retrieval behavior (pup transport
behavior), pup grooming, nursing behavior, and nest
building. Maternal rats do not discriminate their own
young from another female’s young in the sense that
they will care for all offspring to which they are exposed.

The primiparous puerperal female shows immediate
maternal responsiveness at the time of parturition, and
such behavior should be contrasted with the response of
the nulliparous (virgin) female to pups. When naive vir-
gin females are presented with test pups they usually
ignore them, although they sometimes attack the pups.
If one is persistent, however, and cohabitates the virgin
female with freshly nourished pups on a daily basis, then
after a period of 5 to 7 days of continuous association,
the virgin female begins to show all the essential compo-
nents of maternal behavior (retrieval and pup grooming,
nursing behavior, and nest building), even though she
cannot lactate (Rosenblatt, 1967). This pup-induced
maternal behavior has been called sensitized maternal
behavior, and its occurrence indicates that the difference
between the postpartum female and the nulliparous
female is not that the latter cannot show maternal behav-
ior but that the latency to onset of maternal behavior fol-
lowing initial pup presentation is much longer in the
virgin female. Importantly, sensitized maternal behavior
occurs in ovariectomized or hypophysectomized nulli-
parae, suggesting that the initiation of the behavior is not
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controlled by changes in hormone secretion that might
be produced by prolonged pup stimulation (Rosenblatt,
1967).

In a detailed analysis of the sensitization process,
Fleming and Luebke (1981) first noted that most virgin
females slept or rested in the same area of their home
cages each day, and they called this site the preferred
quadrant. However, if pups were placed in this preferred
area, the female would switch her sleeping/resting area,
suggesting that she was actively avoiding the pups. When
pups were presented in this manner over a series of days,
the switching behavior persisted for 3 to 4 days. The
female then began to show tolerance toward the pups for
1 to 2 days: She did not switch quadrants, but she also did
not show maternal behavior. After this period of toler-
ance, the female began to show maternal behavior. This
analysis of the sensitization process has led to approach-
avoidance models of the onset of maternal behavior
(Rosenblatt & Mayer, 1995): When a virgin female is first
exposed to pups, both avoidance and approach tenden-
cies are activated, but avoidance is the dominant behav-
ior. As a result of continuous pup stimulation, neophobic
avoidance responses habituate so that approach tenden-
cies become dominant. Subsequently, proximal pup
stimulation promotes further maternal responsiveness,
allowing complete maternal behavior to occur. In other
words, maternal behavior occurs when the tendency to
approach and interact with pups is greater than the ten-
dency to avoid pups.

The primiparous puerperal female, unlike the virgin,
shows immediate maternal responsiveness upon her
first exposure to pups because her brain has been influ-
enced by the hormonal events of late pregnancy and
pregnancy termination (Numan, 1994; Numan & Insel,
2003). These hormonal events include rising estradiol
and lactogen (prolactin and placental lactogens) titers
superimposed on a sharp drop in plasma progesterone
levels. Significantly, one can administer a hormone reg-
imen that simulates these endocrine changes to virgin
females with the effect of stimulating a rapid onset of
maternal behavior in these virgins.

Within an approach-avoidance motivational context,
Figure 2 depicts several models to explain how hor-
mones might act to stimulate maternal behavior in first-
time mothers. Each model proposes that maternal
behavior occurs when approach tendencies toward pups
are greater than avoidance tendencies, but they differ in
how this motivational change occurs. Model A proposes
that hormones primarily decrease fear-related behaviors
and avoidance of pups, Model B proposes that hor-
mones act primarily to increase approach and attraction
toward pups, and Model C argues that hormones both
decrease avoidance of pup-related stimuli and increase
attraction toward pups. Although the evidence is far
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from complete, it conforms best with Model C. Anosmia
or deafferentation of the main or accessory olfactory
bulbs facilitates maternal behavior in virgin female rats
who have not been hormonally primed: Sensitization
latencies fall from 7 to 8 days to 1 to 2 days (Fleming &
Rosenblatt, 1974; Fleming, Vaccarino, Tambosso, &
Chee, 1979). One interpretation of these results is that
novel olfactory input from pups stimulates avoidance
behavior in naive virgins, and when such stimuli are
eliminated, the onset of maternal behavior, although
not immediate, occurs relatively quickly. On the basis of
these findings, one might predict that pregnancy hor-
mones render the puerperal female anosmic, but this is
not the case: Toward the end of pregnancy (Day 22),
pup odors become highly attractive to the primigravid
female rat (Kinsley & Bridges, 1990), and treatment
of naive virgin females with a hormone regimen that
is capable of stimulating maternal behavior increases
the female’s attraction toward pup odors (Fleming,
Cheung, Myhal, & Kessler, 1989). Therefore, there
appears to be a major switch in the valence of pup stim-
uli when one compares the virgin to the late pregnant
female. In particular, olfactory pup stimuli switch from
negative to positive. This switch is primarily involved in
preventing avoidance and defensive behavior from
occurring because anosmic females are perfectly capa-
ble of showing a normal onset of maternal behavior at
parturition (Numan & Insel, 2003). Other pup stimuli
must therefore serve as necessary and essential activa-
tors of maternal attraction toward pups, and such stim-
uli appear to be pup-related tactile inputs to the
female’s perioral and ventral regions (Numan & Insel,
2003; Stern, 1996). Olfactory input from pups, however,
is still likely to serve an important subsidiary role in the
maternal female’s attraction toward her pups.

Please note how Model C in Figure 2 maps on to the
motivational control system outlined in Figure 1: When
a maternal motivational system is active, it should
inhibit competing avoidance/defensive responses
toward novel pup stimuli while also increasing maternal
responsiveness toward such stimuli.

THE CORTICOMEDIAL AMYGDALA
AND OLFACTORY INHIBITION
AND MATERNAL BEHAVIOR

Figure 3A shows neural connections that would allow
olfactory input to reach the cortical and medial nucleus
of the amygdala. Note that input from both the main
olfactory bulb and accessory olfactory bulb can con-
verge on the medial nucleus (MeA). Because the amyg-
dala is involved in the regulation of fearrelated
behaviors (LeDoux, 2000), this pathway may be the
route through which novel olfactory input from pups
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Figure 2: Three Alternative Approach-Avoidance Models of the
Onset of Maternal Behavior at Parturition.

SOURCE: Adapted from Numan, M., & Sheehan, T. P. (1997).
Neuroanatomical circuitry for mammalian maternal behavior. Annals
of the New York Academy of Sciences, 807, 101-125. Copyright 1997 by the
New York Academy of Sciences.

NOTE: Maternal behavior occurs when central neural approach sys-
tems are more active than central neural avoidance systems with respect
to infantrelated stimuli. The physiological events associated with late
pregnancy could stimulate maternal behavior by decreasing avoidance
(A), increasing approach (B), or causing both of these effects (C).

causes avoidance behavior, which then delays the onset
of maternal behavior in virgin rats. It has been shown
that MeA lesions, in a manner similar to the induction
of anosmia, facilitate the onset of pup-stimulated mater-
nal behavior in naive virgin rats that have not been
treated with “maternal” hormones (Fleming, Vaccarino,
& Luebke, 1980; Numan, Numan, & English, 1993). In
further support, Fleming et al. (1980) have shown that
virgins with corticomedial amygdaloid lesions do not go
through an avoidance phase when first exposed to pups;
they tolerate the pups’ proximity, and after about 2 to
3 days of exposure, they express maternal behavior. It is
as if the lesions disrupted fearfulness to novel pup stim-
uli but that a period of proximal pup stimulation was
still needed to activate maternal responsiveness.

The efferents of the MeA project to many brain
regions, one of which is the caudal part of the anterior
hypothalamic nucleus (AHN; Canteras, Simerly, &
Swanson, 1995). There is good reason to believe that
the medial hypothalamic region that includes AHN is
part of a central aversion system. Electrical or chemical
stimulation of this region promotes defensive aggres-
sion and escape/flight responses (Fuchs, Edinger, &
Siegel, 1985; Silveira & Graeff, 1992), and this medial
hypothalamic region also has strong projections to the
periaqueductal gray (PAG), a region that is also impor-
tantly involved in the regulation of fearrelated behav-
iors (Bandler & Shipley, 1994; Risold, Canteras, &

B
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Input l
avoidance and
withdrawal
responses

Figure 3: Diagram of the Neural Connections and Proposed Neural
Circuit.

SOURCE: Part A is reproduced with permission from Numan, M., &
Insel, T. R. (2003). The neurobiology of parental behavior. New York:
Springer (Figure 4.4, p. 74). Copyright 2003 by Springer-Verlag.

NOTE: (A) Diagram of the neural connections between the main
olfactory bulb (MOB), accessory olfactory bulb (AOB), and the corti-
comedial amygdala to show how olfactory input can converge on the
medial amygdaloid nucleus (MeA). CoAa = anterior part of the corti-
cal amygdaloid nucleus; CoApl = posterolateral part of the cortical
amygdaloid nucleus; CoApm = posteromedial part of the cortical
amygdaloid nucleus. (B) Proposed neural circuit through which
novel olfactory input might act to suppress maternal responsiveness
by activating avoidance behavior in naive virgin rats. AHN = anterior
hypothalamic nucleus; PAG = periaqueductal gray of midbrain.

Swanson, 1994). Using this knowledge, Figure 3B pro-
poses a more complete neural pathway through which
novel olfactory pup stimuli might activate defensive-
ness, which then delays the onset of maternal behavior
in naive virgins. In partial support of this view, it has
been shown that excitotoxic amino acid lesions of the
caudal part of AHN, where it borders on the rostral part
of the ventromedial hypothalamic nucleus, facilitate
the onset of maternal behavior in rats that would nor-
mally avoid pups (Bridges, Mann, & Coppeta, 1999;
Sheehan, Paul, Amaral, Numan, & Numan, 2001; also
see Sheehan, Cirrito, Numan, & Numan, 2000). Finally,
a recent report has shown that excitotoxic amino acid
lesions of the rostral part of the lateral PAG also exerts
a facilitatory effect on maternal behavior in rats
(Sukikara, Mota-Ortiz, Baldo, Felicio, & Canteras,
2006). Therefore, damage at each level of the pathway
from the olfactory bulbs to MeA to AHN and finally to
PAG facilitates maternal behavior.
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Figure 4: Frontal (A) and Sagittal (B) Sections of the Rat Brain at the
Level of the Medial Proptic Area.
SOURCE: Adapted from Swanson’s (1992) rat brain atlas.
Reproduced with permission from Numan, M., & Insel, T. R. (2003).
The neurobiology of parental behavior. New York: Springer (Figure 5.7,
p. 130). Copyright 2003 by Springer-Verlag.
NOTE: AC = anterior commissure; AH = anterior hypothalamic
nucleus; CC = corpus callosum; CG = central gray (periaqueductal
gray); CP = caudate-putamen; DB = nucleus of the diagonal band of
Broca; DM = dorsomedial hypothalamic nucleus; GP = globus pal-
lidus; H = hippocampus; LPOA = lateral preoptic area; LS = lateral
septum; LSi = intermediate nucleus of lateral septum; LSv = ventral
nucleus of lateral septum; M = mammillary bodies; MPOA = medial
preoptic area; NA = nucleus accumbens; OB = olfactory bulb; OC =
optic chiasm; PVN = paraventricular hypothalamic nucleus; SC =
superior colliculus; TH = thalamus; vBST = ventral bed nucleus of
stria terminalis; VM = ventromedial hypothalamic nucleus; VP = ven-
tral pallidum; VTA = ventral tegmental area.

Because the pathway described in Figure 3B appears
to antagonize maternal behavior, elements of this path-
way should be depressed in puerperal females to allow
for the immediate onset of maternal behavior at partu-
rition, and such inhibition might be orchestrated by
neural regions which are also involved in increasing
maternal responsiveness to pup stimuli.

THE MEDIAL PREOPTIC AREA AND VENTRAL
BED NUCLEUS OF THE STRIA TERMINALIS
(MPOA/BST) AND MATERNAL BEHAVIOR

The MPOA/vBST plays an essential role in the con-
trol of maternal behavior. We want to make the case that
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neurons within this region comprise a specific maternal
motivational system. Figure 4 shows coronal and sagittal
sections through the rat brain indicating the location of
the MPOA, which lies in the rostral hypothalamus, and
the adjoining vBST (which is a telencephalic structure).
MPOA /vBST neurons and their lateral connections with
other neural regions must be intact for normal maternal
behavior to occur in rats and other rodents (see Numan
& Insel, 2003). It is important to note that MPOA/vBST
lesions (electrical or excitotoxic) or lateral knife cuts
need to be bilateral to disrupt maternal behavior; unilat-
eral damage is not effective or results in transient
deficits. Furthermore, although damage to the MPOA
region usually also damages the adjoining vBST, studies
have shown that discrete bilateral lesions to either the
MPOA or vBST are capable of disrupting maternal
behavior (Numan, Corodimas, Numan, Factor, & Piers,
1988; Numan & Numan, 1996). Finally, it is also clear
that the deficits in maternal behavior resulting from
MPOA/vBST damage are the result of a direct neurobe-
havioral effect and are not caused indirectly by a lesion-
induced hormonal imbalance (Numan, 1994).

Concerning the nature of the maternal deficits that
results from damage to MPOA /vBST neurons, all studies
find that retrieval behavior (transporting displaced pups
back to the nest site) is abolished or severely disrupted.
Nursing behavior has been found to occur following
such lesions, although at lower than normal levels.
Several researchers have proposed that the MPOA/vBST
may be most important for mother-initiated active/vol-
untary maternal responses, such as retrieving, and may
be less involved in nursing behavior, which is more pas-
sive in nature and can be viewed as a somatic sensory
reflex induced by suckling and other ventral somatic sen-
sory stimulation from pups (Jacobson, Terkel, Gorski, &
Sawyer, 1980; Numan & Insel, 2003; Stern, 1991, 1996;
Terkel, Bridges, & Sawyer, 1979). In classic ethological
terms, one might view retrieving behavior as an appeti-
tive maternal response and nursing behavior as a con-
summatory maternal response (Hansen, Harthon,
Wallin, Lofberg, & Svennson, 1991b).

Importantly, the maternal deficits resulting from
MPOA/vBST damage are relatively specific; such
females show normal body weight and temperature reg-
ulation, activity levels, female sexual behavior, and
hoarding behavior (Numan, 1974; Numan & Callahan,
1980; Numan & Corodimas, 1985; Numan et al., 1988).
Therefore, the females are clearly not debilitated by the
MPOA lesions that disrupt maternal behavior. The
intact hoarding behavior shows that the requisite motor
responses that would be used to retrieve pups are
intact, indicating that the retrieval deficit after such
lesions cannot be explained on the basis of an MPOA
lesion-induced oral motor deficit.
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In an important study, Lee, Clancy, and Fleming
(2000) found that MPOA lesions not only disrupted
retrieval behavior in postpartum rats but also disrupted
an operant bar-press response if pups were used as a
rewarding stimulus but not if palatable food was the
reinforcing stimulus. These data suggest that although
food is still rewarding for females with MPOA lesions,
pup stimuli are not. In other words, for MPOA-lesioned
postpartum females, pups are no longer an attractive
goal object.

The MPOA /vBST is also one of the sites where hor-
mones act to stimulate the onset of maternal behavior
at parturition. MPOA/vBST neurons contain estrogen,
progesterone, and prolactin receptors (Bakowska &
Morrell, 1997; Numan et al., 1999; Shughrue, Lane, &
Merchenthaler, 1997), and estradiol and prolactin/
lactogens have been found to act locally at the level of
the MPOA/vBST to activate the onset of maternal
behavior in rats (Bridges et al., 1997; Bridges, Numan,
Ronsheim, Mann, & Lupini, 1990; Numan, Rosenblatt,
& Komisaruk, 1977). Therefore, while damage to MPOA
neurons decreases maternal responsiveness to infant
stimuli, hormonal stimulation of the MPOA increases
such responsiveness.

The final piece of evidence indicates that MPOA/
vBST neurons are activated during maternal behavior:
The number of neurons in these regions that express
Fos proteins increases during maternal behavior in rats
and other species (see Numan & Insel, 2003). Because
the promoter region of Fos genes (the genes that con-
trol the synthesis of Fos proteins) contains regulatory
elements that allow Fos protein synthesis to be activated
by a variety of extracellular signaling molecules (hor-
mones, neurotransmitters; L. M. Robertson et al., 1995;
Schuchard, Landers, Sandhu, & Spelsberg, 1993; Sheng &
Greenberg, 1990; Xia, Dudek, Miranti, & Greenberg,
1996), the increased Fos expression in the MPOA/
vBST during maternal behavior suggests that these
neurons are being activated by extracellular signals.
Research indicates that both the cFos and Fos B protein
show increased expression in the MPOA and vBST for
as long as females are with pups and engaging in mater-
nal behavior; when pups are removed so that maternal
behavior does not occur, the expression of these pro-
teins declines (Stack & Numan, 2000). Some of these
data are shown in Figure 5.

Because Fos proteins serve as transcription factors
that activate the synthesis of additional proteins (Morgan
& Curran, 1991), it can be proposed that the increased
expression of Fos proteins in MPOA/VBST neurons
during maternal behavior alters the phenotype of these
neurons (by promoting neurotransmitter and/or neuro-
transmitter receptor synthesis, for example) and that this
change in neuronal phenotype is essential for normal

MPOA /vBST function and for maternal behavior. Some
support for this view comes from the work of Brown, Ye,
Bronson, Dikkes, and Greenberg (1996), who found that
a transgenic mouse strain with a knockout mutation of
the Fos B gene showed severe deficits in maternal behav-
ior. Key goals for future research will be to determine
whether Fos protein activity within MPOA/vBST neu-
rons is indeed essential for maternal behavior, to deter-
mine the nature of the extracellular factors that activate
Fos expression in MPOA/vBST, and, finally, to uncover
the critical genes and gene products that are activated by
Fos transcription factors and how these products, in
turn, alter MPOA/vBST function to enable maternal
responsiveness. It is worth pointing out that in addition
to the activation of Fos protein expression in the
MPOA/vBST during maternal behavior, cFos synthesis
can also be activated in MPOA by treating female rats
with hormones that are capable of stimulating the onset
of maternal behavior, even if pups are not presented to
these females (Sheehan & Numan, 2002; see Figure 6).
Itis as if pregnancy hormones activate Fos expression to
change the phenotype of MPOA neurons and that this is
one of the factors that allow for the immediate onset of
maternal behavior at parturition. Subsequently, once
maternal behavior occurs, the continued synthesis of Fos
proteins during maternal behavior is proposed to main-
tain the functional integrity of MPOA/vBST neurons
involved in maternal behavior control. Interestingly, the
Fos expression response in the MPOA of females show-
ing maternal behavior toward pups is slightly larger than
the response induced by pregnancy hormones alone
(see Sheehan et al., 2000).

Stack, Balakrishnan, Numan, and Numan (2002)
have provided important evidence that Fos proteins may
be contained within MPOA/vBST neurons that regulate
maternal behavior. They took advantage of the fact the
unilateral knife cuts that sever that lateral connections
of the MPOA/vBST do not disrupt maternal behavior,
whereas bilateral cuts are disruptive. When postpartum
female rats received the unilateral cuts, they engaged in
normal maternal behavior. However, when the brains of
these females were subsequently immunocytochemically
processed to detect Fos proteins, it was found that the
number of cFos- and Fos B—expressing neurons was sig-
nificantly reduced in the MPOA and vBST on the side of
the brain ipsilateral to the knife cut, whereas normal
high levels of the Fos proteins were expressed in the
contralateral MPOA and vBST. Photomicrographs of
this effect are shown in Figure 7. These results offer sup-
port for the view that Fos may serve as a marker of those
MPOA and vBST neurons that contribute to circuits reg-
ulating maternal behavior.

In a recent study employing the conditioned place
preference procedure, Mattson and Morrell (2005) found
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Figure 5: Representative Frontal Sections Through the Level of the Medial Preoptic Area (MPOA) on Which Is Plotted the Location of cFos
(A) and Fos B Immunoreactive Cells (B) in Postpartum Primiparous Female Rats That Were Exposed to Pups and Showed Maternal
Behavior for Either 2, 4, or 23 hr and for Control Females That Were Not Exposed to Pups.

SOURCE: Reproduced with permission from Stack, E. C., & Numan, M. (2000). The temporal course of expression of c-Fos and Fos B within

the medial preoptic area and other brain regions of postpartum female rats during prolonged mother-young interactions. Behavioral Neuroscience,

114, 609-622. Copyright 2000 by the American Psychological Association, Inc.

NOTE: ac = anterior commissure; f = fornix; MPN = medial preoptic nucleus; oc = optic chiasm; vBST = ventral part of the bed nucleus of the

stria terminalis.

that the MPOA not only becomes active, as indicated by
Fos expression, during maternal behavior but also
becomes active when females are searching for pups but
the pups are actually not present. Postpartum females
were trained in a conditioned place-preference apparatus
in which one compartment contained pups and the other
did not. On the test day, those females that showed a pref-
erence for the compartment that was previously associ-
ated with pups also showed increased expression of cFos
in the MPOA. These important results indicate that stim-
uli that have been paired with pup stimuli can become
conditioned appetitive stimuli and activate approach
behavior in postpartum females and that these effects are
associated with increased cFos expression in the MPOA.
The MPOA appears to become activated when the post-
partum female shows active responses aimed at achieving
proximity to pups (for a related finding, see Fleming and
Korsmit, 1996). It would be interesting to determine what

effect MPOA lesions would have on the conditioned
place-preference behavior.

Although most of the work on the involvement of
the MPOA in parental behavior has been done on
rodents (rats, mice, hamsters; Numan & Insel, 2003),
other work has shown that this region controls parental
behavior in birds (Buntin, 1996) and sheep (Levy,
Ferreira, Keller, Meurisse, & Perrin, 2005). Levy et al.
(2005) showed that the temporary inactivation of the
MPOA with a local anesthetic disrupted maternal
responsiveness in postpartum ewes.

MPOA/vBST EFFERENTS
AND MATERNAL BEHAVIOR

In the context of Figure 1, I propose that neurons
within the MPOA /vBST region are specifically involved
in regulating maternal responsiveness to infant-related
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Figure 6: Mean Number of Fos-Immunoreactive (IR) Cells in the
Medial Preoptic Area of Female Rats That Were Adminis-
tered Various Treatments.

SOURCE: Data from Sheehan and Numan (2002).

NOTE: V-O = ovariectomized rats that received control subcuta-

neous (sc) injections of oil; V-E = ovariectomized rats injected sc with

20 ug/kg of estradiol benzoate (EB); PT-O = rats whose pregnancy was

terminated on Day 12 (of a 22-day pregnancy) and received sc oil injec-

tions. These females would be exposed to progesterone withdrawal
effects. PT-E = Rats whose pregnancy was terminated on Day 12 and
received sc EB (20 ug/kg) injections. These females would be exposed
to progesterone withdrawal effects superimposed on rising estradiol,
which mimics the endocrine events that occur at the end of pregnancy
when females would normally show maternal behavior. The females
were not exposed to pups. a = significantly different from V-O and
PT-O groups; b = significantly different from each of the other groups.

stimuli. My view is that the MPOA/vBST is primed by
hormones so that it is capable of responding to pup
stimuli (which are primarily tactile in nature, with a sec-
ondary contribution of olfactory input; see Numan &
Insel, 2003). As a result of this activation, MPOA /vBST
efferents should do two things according to the model
shown in Figure 1: (a) inhibit competing or antagonis-
tic behavioral systems and (b) interact with a nonspe-
cific motivational system so that the mother shows
increased responsiveness to pup-related stimuli. Most of
the remainder of this review concentrates on the latter
process because that is where most of the evidence has
accrued. However, I also briefly discuss the evidence for
the first process.

To understand how MPOA/vBST neurons influence
maternal behavior, one should first know where “mater-
nally relevant” MPOA/vBST neurons project. In a series
of two anatomical studies, my laboratory has investigated
this question. In the first experiment, Numan and
Numan (1996) iontophoretically injected the antero-
grade tracer PHAL into the region of the dorsal MPOA
and adjoining vBST, which typically shows a strong Fos
activation response during maternal behavior in rats.

Figure 7: Photomicrographs Showing the Effect of a Unilateral
Knife Cut Severing the Lateral Connections of the Medial
Preoptic Area (MPOA) and Adjoining Ventral Bed Nucleus
of the Stria Terminalis (vBST) on the Expression of cFos
Within Cells in the Ipsilateral and Contralateral MPOA and
vBST of Maternal Rats.
SOURCE: Reproduced with permission from Numan, M., & Insel, T.
R. (2003). The neurobiology of parental behavior. New York: Springer
(Figure 5.15, p. 158). Copyright 2003 by Springer-Verlag.
NOTE: (A) A low-power magnification showing both the ipsilateral
and contralateral regions. The knife cut is visible on the left side, the
anterior commissure is located dorsally, and the third ventricle is in
the middle of the photomicrograph. B and C show high-power mag-
nifications of the ipsilateral and contralateral regions, respectively.
The knife cut clearly decreases cFos expression on the ipsilateral side.
Modified from Stack, Balakrishnan, Numan, and Numan (2002).

MPOA/VBST efferents terminated in several regions,
which included the AHN, PAG, ventral tegmental area
(VTA), and retrorubral field (RRF). The PHAL, of
course, would most likely be taken up by a functionally
heterogeneous group of MPOA/vBST neurons. There-
fore, in a second study, Numan and Numan (1997)
employed a double-labeling neuroanatomical analysis to
gain insight into the neural regions to which MPOA and
vBST neurons that express Fos during maternal behavior
project. They found that MPOA/vBST neurons that are
active during maternal behavior, as indicated by Fos
expression, do indeed project to AHN, PAG, VTA, and
RRF. As shown in Figure 8, I propose that MPOA/vBST
projections to AHN and PAG are involved in inhibiting
fear and withdrawal responses to novel pup stimuli,
whereas MPOA/vBST projections to VIA and RRF are
involved in exciting increased maternal responsiveness
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Figure 8: Some of the Efferent Projections of the Medial Preoptic
Area (MPOA) and Ventral Bed Nucleus of the Stria Termi-
nalis (VBST) Neurons That Express Fos During Maternal
Behavior.

NOTE: Projections to the anterior hypothalamic nucleus (AHN) and
periaqueductal gray (PAG) are presumed to inhibit avoidance behav-
ior (axons end in a bar), whereas projections to the ventral tegmen-
tal area (VTA) and retrorubral field (RRF) are presumed to excite
neural systems that increase positive responses to pup stimuli (axons
end in an arrow).

to pup stimuli. That is, the former projections are
involved in depressing an antagonistic behavioral system,
whereas the latter are involved in promoting maternal
responsiveness to infantrelated stimuli.

Figure 3B shows the central aversion system, which
has been shown to depress maternal behavior in
non-hormone-primed female rats. Because the MPOA
projects to the AHN and the PAG, it makes sense to
argue that when MPOA neurons are primed with estra-
diol, lactogens, and other stimulatory factors, one func-
tion of its efferents is to depress this central aversion
system. Importantly, Lonstein and De Vries (2000) have
reported that a significant proportion of MPOA and
vBST neurons that express Fos during maternal behav-
ior also contain glutamate decarboxylase, an enzyme
necessary for gamma-aminobutyric acid (GABA) synthe-
sis. Therefore, some maternally relevant MPOA/vBST
neurons serve inhibitory functions.

Recall that virgin female rats initially find pup stimuli
aversive, whereas the late pregnant and postpartum
female finds such stimuli attractive. Also note that MeA
efferents (through the stria terminalis) project to many
regions in addition to AHN, which include major pro-
jections to MPOA and vBST (Canteras et al., 1995). In
an important Fos immunocytochemical study, Sheehan
et al. (2000) explored Fos expression in the brains of
maternal and nonmaternal females, with the former
group responding positively to pups and the latter group
avoiding pups. Fos expression was high in the
MPOA/vBST and low in the AHN of the maternal
females. The reverse occurred in the nonmaternal

Tactile inputs
+

Hormones
Olfactory l ot |
input from MPOANBST | aterna
pups l esponsiveness
OB/AOB MeA AHN PAG
Avoidance
and
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Behavior

Figure 9: Olfactory Inputs That Arise From the Accessory Olfactory
Bulb (AOB) and the Olfactory Bulb (OB) and Project to
the Medial Amygdala (MeA) Can Reach Both the Medial
Preoptic/Ventral Bed Nucleus of the Stria Terminalis
(MPOA/vBST) Region and the Anterior Hypothalamic
Nucleus (AHN).

NOTE: In a non-hormoned-primed female, inputs to AHN are domi-
nant, and AHN projections to periaqueductal gray (PAG) are pro-
posed to activate avoidance behavior. When MPOA/vBST is primed
by pregnancy hormones, however, it responds to pup stimuli, and its
efferents both promote maternal behavior and inhibit avoidance ten-
dencies. Lines ending in an arrow signify excitation, and those end-
ing in a bar indicate inhibition.

females, who showed low expression of Fos in
MPOA/vBST and high expression in AHN. Figure 9 out-
lines a possible neural system that might underlie this
switch in responding to olfactory and other pup-related
stimuli. The figure shows olfactory input reaching two
populations of MeA neurons, one projecting to AHN
with the potential of activating defensive behavior and
the other projecting to MPOA/vBST, with the potential
of stimulating maternal approach and attraction to pups
(cf. Choi et al., 2005). I propose that in a non-hormone-
primed female, the MPOA/vBST is less responsive to
such pup stimuli and, therefore, inputs to the aversion
system are dominant. However, the hormone-primed
MPOA/vBST does respond to such signals, and its out-
put performs two important functions: depression of the
response of the aversion system to pup stimuli and acti-
vation of maternal responsiveness. Recall that anosmic
postpartum rats show normal maternal behavior.
Therefore, although olfactory input to the hormone-
primed MPOA/vBST may promote maternal attraction
toward pups, it is not essential for such responsiveness. In
addition to olfactory inputs, the MPOA/VBST receives
ventral somatic sensory and perioral somatic sensory
inputs, which seem to be critical for maternal behavior in
the postpartum female (Lonstein, Simmons, Swann, &
Stern, 1998; Numan & Insel, 2003; Numan & Numan,
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1995). The significance of Figure 9 is that it proposes a
mechanism to explain why pup stimuli do not activate
avoidance and defensive responses when the primi-
parous hormone-primed puerperal female is initially
exposed to novel pup stimuli.

It is important to note that in some species, such as
mice, olfaction is essential for maternal behavior, and
for other species, such as sheep, olfactory input from
lambs becomes essential for the maternal behavior
after a period of maternal experience with a specific
lamb (Numan & Insel, 2003). Therefore, although in
rats olfactory input to MPOA/vBST may play a sec-
ondary role in maternal attraction to young, in other
species it may serve a primary role.

MPOA/vBST EFFERENTS TO VTA AND
RRF AND MATERNAL RESPONSIVENESS

Dopamine (DA) neurons in the VTA and RRF give
rise to the mesolimbic DA system, which ascends to the
telencephalon, with a major projection to the nucleus
accumbens (NA; Deutch, Goldstein, Baldino, & Roth,
1988; Pennartz, Groenewegen, & Lopes Da Silva, 1994;
Swanson, 1982). It is well established that the mesolim-
bic DA system serves as a nonspecific motivational sys-
tem involved in regulating behavioral responsiveness
for a variety of motivated behaviors, although its exact
role is still controversial. One group of researchers has
emphasized the importance of VIA/RRF dopaminer-
gic projections to NA in reinforcement processes (Wise,
2004), whereas another group has emphasized the role
of this projection in appetitive motivational processes
(processes that regulate attraction to particular stimuli;
Berridge & Robinson, 1998). It is certainly possible that
different neural circuits within NA, when affected by
DA input, regulate each of these functions (Kelley &
Berridge, 2002). I want to emphasize the role of
VTA/RRF dopaminergic inputs to NA in the control of
appetitive behavior. DA action on NA is proposed to
increase an organism’s responsiveness to those stimuli
that are involved in causing such DA release. When pup
stimuli, or stimuli that have been associated with pri-
mary pup stimuli, are involved in activating DA release
into NA, the organism should show increased approach
and attraction toward such pup-related stimuli, allow-
ing such stimuli to activate proactive voluntary mater-
nal responses. Finally, I present evidence that the acti-
vation of DA release into NA by pup-related stimuli may
be mediated by pup stimuli-induced excitation of
MPOA/vBST efferents to VIA/RRF. With respect to
the model in Figure 1, I suggest that MPOA/vBST
projections to VTA/RRF represent an interaction
between a specific maternal motivational system
(MPOA/vBST) and a nonspecific motivational system

(VTA/RRF). The latter has the potential of increasing
an organism’s responsiveness to a broad range of exter-
nal stimuli, but just which stimuli an organism actually
responds to depends on the particular specific motiva-
tional system that activates the mesolimbic DA system.

The following additional findings are relevant to the
proposal that maternally relevant MPOA neurons project
to VIA/RRF: MPOA neurons that express Fos during
maternal behavior contain estrogen receptors (Lonstein,
Greco, De Vries, Stern, & Blaustein, 2000), and neurons
in the MPOA and vBST that bind estradiol project to the
VTA (Fahrbach, Morrell, & Pfaft, 1986). Interestingly,
there is an important glutamatergic pathway between the
vBST and the VTA that is capable of activating VTA DA
neurons (Georges & Aston-Jones, 2002), suggesting that
glutamate may be one of the neurotransmitters through
which maternally relevant MPOA /vBST neurons activate
the mesolimbic DA system.

There is a fairly large body of evidence that shows that
VTA dopaminergic projections to NA are important for
maternal responsiveness: (a) Fos expression increases in
the shell region of the nucleus accumbens (NAs) during
maternal behavior (Lonstein et al., 1998; Stack et al.,
2002), (b) DA is released into the NA during maternal
behavior (Champagne et al., 2004; Hansen, Bergvall, &
Nyiredi, 1993), (c) electrical or 6-hydroxydopamine
(6-HD) lesions of the VTA disrupt maternal behavior
(Gaffori & Le Moal, 1979; Hansen et al., 1991b; Numan
& Smith, 1984), and (d) 6-HD lesions of the nucleus
accumbens (Hansen, Harthon, Wallin, Lofberg, &
Svensson, 1991a) or injection of flupenthixol, a mixed
DA receptor antagonist that blocks both DI-like and
D2-like receptors, into NAs disrupts maternal behavior
(Keer & Stern, 1999). The following additional points
are worth noting. First, disruption of VTA DA input to
NA does not disrupt all aspects of maternal behavior
equally. Reflexive nursing behavior is less affected,
whereas proactive voluntary responses such as retrieval
behavior show a major disruption. Importantly, this
matches the effects of MPOA lesions on maternal behav-
ior, suggesting a functional connection. Second, other
studies have shown that disruption of the mesolimbic DA
system can impair aspects of male sexual behavior,
female sexual behavior, and eating behavior (Becker,
Rudnick, & Jenkins, 2001; Everitt, 1990; Pfaus & Phillips,
1991; Zhang, Balmadrid, & Kelley, 2003). These findings
are exactly what one should expect from interfering with
a nonspecific motivational system that regulates respon-
siveness to a variety of biologically significant stimuli.

Given that 6-HD lesions of NA or microinjections of
a mixed D1/D2 antagonist into NAs disrupt maternal
behavior, in a recent study (Numan, Numan, Pliakou,
et al., 2005), I wanted to examine the relative impor-
tance of DA action on DI and D2 receptors in NA for
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the maternal behavior of postpartum rats. I found that
microinjection of relatively low doses (1, 2, and
3 ug) of a standard D1 antagonist (SCH 23390) into NA
disrupted the retrieval response in postpartum rats
while leaving nursing behavior intact. The injection
sites were located in the shell (medial) region of NA
(NAs). Injection of similar doses of eticlopride, a stan-
dard D2 antagonist, into NAs did not significantly
depress any aspect of maternal behavior. However, the
3-ug dose of eticlopride did depress retrieval behavior
in a few females, suggesting that higher doses of the D2
antagonist might have produced significant effects.

With respect to the severe retrieval deficit observed in
the SCH 23390-injected females, it should be noted that
all these females approached and sniffed their pups
when they were placed outside the nest area at the
beginning of each retrieval test, and they even retrieved
some of the pups back to the nest. The primary deficit
was an inability to completely retrieve the entire litter to
the nest. Such females would retrieve one or two pups
and begin nursing without returning for the others or
would return after a delay. It took these females 1 to 2
hours to complete retrieval of their entire litter. In con-
clusion, although D2 receptors may also be involved,
our results suggest the primary importance of DA action
on D1 receptors in NAs for the control of the proactive
voluntary maternal responses involved in retrieval
behavior. This conclusion is important because Fos is
expressed in NA during maternal behavior (Stack et al.,
2002), and DA action of D1 receptors in NA is capable
of activating Fos expression (Hunt & McGregor, 2002;
Keefe & Gerfen, 1995; Moratalla, Xu, Tonegawa, &
Graybiel, 1996).

In this study, I also established anatomical specificity
for the inhibitory effects of SCH 23390 on the maternal
retrieval response. Injection of 1 or 3 ug of SCH 23390
into the ventral pallidum (VP) or 1 or 2 ug of the drug
into MPOA did not disrupt maternal behavior. This find-
ing is important because NA, VP, and MPOA are anatom-
ically located close to one another and the VP and
MPOA also receive substantial DA input, that to the VP
arising from the VTA (Klitenick, Deutch, Churchill, &
Kalivas, 1992) and that to the MPOA arising for the
incerto-hypothalamic DA system (Simerly, Gorski, &
Swanson, 1986; Wagner, Eaton, Moore, & Lookingland,
1995). Therefore, the inhibitory effects of D1 receptor
blockade in NA on retrieving cannot be explained on
the basis of spread of the drug to VP or MPOA.

What are the mechanisms through which DA action
on NA potentiates responsiveness to biologically signifi-
cant stimuli? This issue is controversial, and research has
suggested conflicting mechanisms. Important anatomi-
cal considerations include the following: The NA
receives excitatory glutamate input from the prefrontal
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cortex (PFC), amygdala, and hippocampus (Pennartz
et al,, 1994). The major output neurons of NA are
the GABAergic medium spiny neurons (MSNs), and
although these neurons have diverse connections
(Pennartz et al., 1994; Usuda, Tanaka, & Chiba, 1998),
we will emphasize the MSN GABAergic projection to VP
to simplify the following discussion and because the VP
is involved in motivational processes (Gong, Neill, &
Justice, 1997) and, as will be seen, maternal behavior
(Numan, Numan, Schwarz, et al., 2005). Two contrast-
ing views of the role of DA in NA function are shown in
Figure 10. Early studies suggested that the primary action
of DA on MSN output was inhibitory. On the basis of
many important experiments, Mogenson (1987) pro-
posed that DA acts to inhibit excitatory transmission in
NA and that this effect releases VP from inhibition by NA
efferents. According to Mogenson, increased output
from VP then promotes behavioral reactivity. A contrast-
ing view is described in an important review by Nicola,
Surmeier, and Malenka (2000). This article presents evi-
dence that NA output is essential for selective behavioral
reactivity. It is proposed that DA functions in NA to
inhibit weak excitatory inputs from the prefrontal cortex
and limbic system while potentiating the effects of strong
excitatory inputs. This effect would allow only strong sen-
sory inputs to NA to drive its output, and then this
GABAergic output to VP and other sites would allow
behavioral responsiveness to selectively occur to strong
stimulus inputs. A major difference between the two
views is that Mogenson (1987) suggests that the NA is
inhibitory and the VP is excitatory for behavioral reactiv-
ity, whereas the Nicola et al. (2000) view suggests that
the reverse is true. Although most current views of
striatal-pallidal function (which are primarily based on
research findings on caudate/putamen-globus pallidus
interactions) align themselves with the Nicola et al.
(2000) perspective (see Grillner, Hellgren, Menard,
Saitoh, & Wilkstrom, 2005), there has been a recent
series of studies that suggests that inhibition of NA out-
put plays a positive role in species-typic and goal-directed
appetitive behaviors and reward-related process (Cheer,
Heien, Garris, Carelli, & Wrightman, 2005; Reynolds &
Berridge, 2002; Stratford & Kelley, 1997; Stratford,
Kelley, & Simansky, 1999; Taha & Fields, 2006).

With respect to maternal behavior, our laboratory
has recently produced data that are more consistent
with Mogenson’s (1987) view (Numan, Numan, Schwarz,
et al.,, 2005). Lesions of NAs, which is the region where
D1 antagonists exert inhibitory effects on maternal
behavior, did not disrupt the maternal behavior of post-
partum rats. These data fit with the view that NAs out-
put is not essential for maternal behavior and that DA
action on D1 receptors may normally function to
inhibit NA, in this way releasing VP from inhibition and

Downloaded from bcn.sagepub.com by jocelyn stoller on September 12, 2010


http://bcn.sagepub.com/

174  BEHAVIORAL AND COGNITIVE NEUROSCIENCE REVIEWS

Mogenson (1987) Nicola et al. (2000)
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Figure 10: Two Contrasting Views of Mesolimbic Dopamine (DA)
Function.
NOTE: Mogenson’s (1987) perspective is that DA input from the ven-
tral tegmental area (VTA) to the nucleus accumbens (NA) serves to
inhibit NA output to the ventral pallidum, in this way disinhibiting VP,
which then promotes behavioral reactivity. Nicola et al. (2000) pro-
posed that DA input to NA excites NA output, which then inhibits VP,
and that this inhibitory effect promotes behavioral reactivity. Lines
ending in a bar are inhibitory, and those ending in an arrow signify
excitatory projections.

allowing for the expression of proactive voluntary
maternal responses. To provide additional support, we
microinjected the drug muscimol into either NA or VP
of postpartum rats and observed the effects on mater-
nal behavior. Muscimol is a GABA-A receptor agonist,
and it causes a reversible neural inhibition. Note that
muscimol injections into VP would simulate the effects
of an active NA because NA outputs to VP are
GABAergic. Figure 11 shows the location of the NA and
VP injection sites, and Figure 12 shows the effects of the
injections on retrieving and nursing behavior. In sup-
port of the lesion data, muscimol injections into NA did
not affect maternal behavior. In contrast, all doses of
muscimol injected into VP depressed retrieval behavior,
and the highest doses also depressed nursing behavior.
Importantly, by 5 hr postinjection, this inhibitory effect
wore off, supporting the contention that muscimol
caused a reversible depression of neural activity.

To summarize, my evidence suggests that the output
of the VP, but not that of NA, is important for maternal
behavior. Because the mesolimbic DA system with an
action of D1 NA receptors is also essential, the best con-
clusion is that DA functions to depress NA activity,
which releases the VP from NA inhibition.

Up to this point, I have presented evidence that mater-
nally relevant MPOA /vBST neurons project to VTA/RRF
and that the mesolimbic DA system regulates maternal
responsiveness. What is the evidence that MPOA/vBST
actually interacts with the mesolimbic DA system to pro-
mote VP output in its control over maternal behavior?
First, Numan and Smith (1984) showed that bilateral
damage to a neural system that travels between the

MPOA and VTA disrupts maternal behavior in postpar-
tum rats (also see Numan & Numan, 1991). Using an
asymmetrical lesion design, they found that a unilateral
knife cut of the lateral MPOA connections paired with a
contralateral electrical lesion of the VTA disrupted mater-
nal behavior to a much larger extent than did a variety of
control lesions, which included a group that had the
knife cut and VTA lesion on the same side of the brain.
Significantly, retrieving and nest building were more
severely disrupted by the contralateral lesions of the
MPOA and VTA than was nursing behavior. Second,
based on the idea that MPOA activation of VITA/RRF
releases DA into NA, which in turn disinhibits VP, we
recently showed that an excitotoxic amino acid lesion of
the MPOA/vBST on one side of the brain and an excito-
toxic amino acid lesion of the VP on the contralateral side
also disrupted maternal behavior in postpartum rats
(Numan, Numan, Schwarz, et al., 2005). Control females
received either sham lesions or ipsilateral MPOA/vBST
and VP lesions. A contralateral lesion is shown in Figure
13. The contralateral lesions disrupted retrieval behavior
while having only a minor effect on nursing behavior.
The retrieval results are shown in Figure 14. Importantly,
the effective contralateral lesions were found to depress
retrieval behavior in a specific manner. The contralater-
ally lesioned females showed normal activity levels, and
they were also able to pick up candy (which approxi-
mated the size and weight of pups) in their mouths,
which they carried to other parts of the cage.

A final piece of evidence suggests an important inter-
action between the MPOA /vBST and the mesolimbic DA
system during maternal behavior but also presents some
complicating issues. Stack et al. (2002) asked whether
unilateral excitotoxic amino acid lesions of the MPOA/
VvBST (recall that such unilateral lesions do not disrupt
maternal behavior) would affect the Fos activation that
occurs in the NAs during maternal behavior. They found
that female rats with such lesions did in fact engage in
normal maternal behavior. When the brains of these
females were immunocytochemically processed, it was
found that Fos activation was normal in the NAs that was
contralateral to the MPOA /vBST lesion but that Fos acti-
vation in the ipsilateral NAs was reduced to baseline lev-
els. Figure 15 shows this effect. These results clearly show
that MPOA /vBST activity during maternal behavior influ-
ences NAs function. Equally important is the fact that DA
action on D1 receptors can activate Fos expression in NA,
suggesting that the MPOA effect may be mediated
through D1 receptors, which we have shown to be critical
for maternal behavior. A complicating factor, however, is
that Fos activation is usually taken as a measure of an
increase in neural activity, but I have suggested that NAs
output activity should decrease during maternal behavior,
in this way releasing VP from inhibition. One resolution
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Figure 11: Reconstructions, Based on the Microscopic Analysis of Cresyl Violet-Stained Sections, of the Location of the Muscimol Injection
Sites (Shown as Black Dots) Into Either the Medial Nucleus Accumbens (NA) or Ventral Pallidum (VP), Which Were Drawn on to

Plates From the Paxinos and Watson (1997) Atlas.

SOURCE: Reproduced with permission from Numan, M., Numan, M. J., Schwarz, J. M., Neuner, C. M., Flood, T. F., & Smith, C. D. (2005). Medial
preoptic area interactions with the nucleus accumbens-ventral pallidum circuit and maternal behavior in rats. Behavioural Brain Research, 158,

53-68. Copyright 2005 by Elsevier.

NOTE: The numbers to the left of each plate indicate the distance in millimeters anterior to the interaural plane.

of this conflict is that the Fos activation in NAs during
maternal behavior may be expressed in inhibitory
interneurons, which exert strong depressing effects of
MSN output (Koos & Tepper, 1999; Trevitt, Morrow, &
Marshall, 2005). Another interesting prospect is that Fos
may actually be expressed in MSN NA projection neurons
during maternal behavior, but such Fos expression may
be a marker of an active inhibitory process wherein the
MSNs become less responsive to glutamatergic inputs
(Harvey & Lacey, 1997).

DA ACTION ON NAs D1 RECEPTORS
FACILITATES MATERNAL BEHAVIOR

My proposal is that MPOA/vBST activation of the
mesolimbic DA system increases maternal responsive-
ness to infantrelated stimuli. For the MPOA/vBST, 1
have shown that lesions to this area disrupt whereas hor-
monal stimulation of this area facilitates maternal
behavior. Most of the work on the mesolimbic DA sys-
tem, however, has shown only that interference with this
system disrupts proactive voluntary maternal responses.

My graduate student, Danielle Stolzenberg, has
recently begun a research program to investigate
whether stimulation of the mesolimbic DA system can

facilitate maternal behavior (Stolzenberg & Numan,
2006). In the first experiment, which is now complete,
naive female rats (those who were never exposed to
pups) were primed with a suboptimal hormone regi-
men and then exposed to pups over a 5-day test period.
On the first 3 days of pup presentation (Days 0, 1, and
2 of testing), females received either bilateral injections
of 0.5 pug of a DI agonist (SKF 38393) into NAs or con-
trol vehicle injections. The cumulative percentage of
females showing maternal behavior throughout the test
period is shown in Figure 16 (females were presented
with freshly nourished test pups on each day, and the
pups remained with the females for 24 hours). Most of
the females that received D1 agonist injections into NAs
showed complete maternal behavior on either Day 0 or
Day 1 of testing (82% were fully maternal by Day 1),
whereas only 23% of the vehicle-injected females were
maternal by the end of Day 1. These results show that
when partially hormone-primed females are intracere-
brally injected with a drug that stimulates D1 DA recep-
tors in NAs, maternal behavior is facilitated. This work
is the first step in a series of experiments that will pro-
vide important information on the operation of various
parts of the mesolimbic DA system during maternal
behavior.
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Figure 12: Median Retrieval Scores (A) and Mean Nursing Duration
Scores (B) for Postpartum Rats That Received Various
Doses of Muscimol Into Either the Medial Nucleus
Accumbens (M-NA) or Ventral Pallidum (M-VP).
SOURCE: Reproduced with permission from Numan, M., Numan, M.
J., Schwarz, J. M., Neuner, C. M., Flood, T. F.,, & Smith, C. D. (2005).
Medial preoptic area interactions with the nucleus accumbens-ventral
pallidum circuit and maternal behavior in rats. Behavioural Brain
Research, 158, 53-68. Copyright 2005 by Elsevier.
*Significantly different from corresponding M-NA group.

A NEURAL MODEL OF MPOA/vBST
INTERACTION WITH THE MESOLIMBIC DA
SYSTEM DURING MATERNAL BEHAVIOR

Based on the research and ideas presented in the pre-
vious two sections, I propose in Figure 17 a neural model

MPOA vBST

VP

Figure 13: Frontal Sections Through the Preoptic Region
Immunohistochemically Processed With Neu N Primary
Antibody.
SOURCE: Reproduced with permission from Numan, M., Numan, M.
J., Schwarz, J. M., Neuner, C. M., Flood, T. F.,, & Smith, C. D. (2005).
Medial preoptic area interactions with the nucleus accumbens-ventral
pallidum circuit and maternal behavior in rats. Behavioural Brain
Research, 158, 53-68. Copyright 2005 by Elsevier.
NOTE: (Top) Normal morphology of the medial preoptic area
(MPOA), ventral bed nucleus of the stria terminalis (vBST), and ven-
tral pallidum (VP). (Bottom left) A unilateral N-methyl-D-aspartate
(NMDA) lesion aimed at the VP. (Bottom right) A unilateral NMDA
lesion aimed at the MPOA/vBST region. The Neu N antibody recog-
nizes a neuronal-specific protein. If neurons are destroyed, the tissue
appears white. AC = anterior commissure; OC = optic chiasm.

showing how MPOA/VBST interactions with the
mesolimbic DA system may increase a female’s respon-
siveness to pup stimuli and pup-associated stimuli so that
proactive voluntary maternal responses occur. When
fully primed by maternal hormones, MPOA/vBST neu-
rons respond to pup-related stimuli and send out effer-
ent projections to VIA/RREF, which stimulate DA release
into NA. It is proposed that DA action on DI receptors
has the primary effect of inhibiting MSN output to VP, in
this way releasing VP from inhibitory control. Note also
that external stimuli, including pup stimuli, are shown as
activating both NA and VP, which is a critical aspect of
the model. If the MPOA/vBST were not active, as would
be presumed to be the case in nonmaternal females,
these stimulatory (glutamatergic) inputs to NA and VP
would oppose each other, and VP would not show a
strong response to pup stimuli. However, in maternal
females, the MPOA /vBST is active, and it would inhibit
NA responsiveness to pup stimuli through stimulation of
DA release into NA, which would enhance VP respon-
siveness to pup stimuli. The resultant VP activation is
viewed as a first step in the occurrence of appetitive
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Figure 14: Retrieval Results.

SOURCE: Reproduced with permission from Numan, M., Numan,
M. J., Schwarz, J. M., Neuner, C. M., Flood, T. F., & Smith, C. D.
(2005). Medial preoptic area interactions with the nucleus accum-
bens-ventral pallidum circuit and maternal behavior in rats.
Behavioural Brain Research, 158, 53-68. Copyright 2005 by Elsevier.
NOTE: (A) Percentage of females retrieving all their pups to a single
nest site within 30 min of pup presentation pre- and postoperatively,
during the postpartum period. Retrieval tests were not administered
on day 7 postpartum. Females received one of the following: unilat-
eral excitotoxic amino acid lesions of the medial preoptic area
(MPOA) and ventral pallidum (VP) that were either contralateral or
ipsilateral to one another or sham lesions. The lesions were per-
formed on Day 3 postpartum (op). *Significantly different from
Sham group. **Significantly different from sham and ipsi groups. (B)
For the same groups, median retrieval scores averaged over Days 1 to
2 preoperatively and 4 to 6 and 8 to 10 postoperatively. Within each
time interval, groups that do not share a common letter differ signif-
icantly from one another.

maternal responses. It is as if NA inhibition opens a gate
that allows the VP to pass on pup-related stimuli to other
brain regions, which then respond to such stimuli in an
appropriate and adaptive manner.

An important question with respect to this model is
what determines the particular stimuli that gain access
to NA and VP at any one point in time. I tentatively
propose that attentional mechanisms determine stimu-
lus input to NA and VP. However, such stimuli are

Photomicrographs Showing the Expression of cFos Within
Cells of the Nucleus Accumbens Shell Region (NAs).
SOURCE: Reproduced with permission from Numan, M., Fleming, A.
S., & Levy, F. (2006). Maternal behaviors. In E. Knobil & J. D. Neill
(Eds.), The physiology of reproduction (3rd ed.). San Diego, CA:
Academic Press. Copyright 2006 by Elsevier.

NOTE: Postpartum female rats received a unilateral lesion of the
medial preoptic area and adjoining ventral bed nucleus of the stria
terminalis and continued to show maternal behavior (bilateral lesions
are needed to disrupt the behavior). The lesion decreased cFos
expression in the ipsilateral (IPSI) NAs but not in the contralateral
(CONTRA) NAs. Data from Stack et al. (2002).

Figure 15:

processed further by neural centers downstream from
VP only if DA acts to inhibit NA. Future research, of
course, should be aimed at determining the critical
regions downstream from VP that are essential for
maternal behavior and the essential neural pathways
through which pup stimuli gain access to VP (and NA).

Additional support for this model can be outlined as
follows: (a) The NA and VP receive excitatory gluta-
matergic afferents from the prefrontal cortex and amyg-
dala (Brog, Salyapongse, Deutch, & Zahm, 1993; Fuller,
Russchen, & Price, 1987; Maslowski-Cobuzzi & Napier,
1994; Petrovich, Risold, & Swanson, 1996; Sesack,
Deutch, Roth, & Bunney, 1989; Wright & Groenewegen,
1995; Zaborszky, Gaykema, Swanson, & Cullinan, 1997).
It is aspects of these inputs that presumably carry pup
stimuli-induced neural activity to NA and VP. (b) DA
action on D1 receptors in NA has been found to inhibit
excitatory inputs carried by the prefrontal cortex and
amygdala (Charara & Grace, 2003; Maeda et al., 2004;
Pennartz, Dolleman-Van Der Weel, Kitai, Lopes Da
Silva, 1992). (c) DI receptors are located on NAs neu-
rons that project to VP (Lu, Ghasemzadeh, & Kalivas,
1998; G. S. Robertson & Jian, 1995).

A recent study from Nicola’s group has actually pre-
sented evidence consistent with the model shown in
Figure 17 (Yun, Nicola, & Fields, 2004). They trained
rats on a variable interval (VI) operant bar-press
response for a food reward. The operant chamber
contained an active lever and an inactive lever, and
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Figure 16: Cumulative Percentage of Females Showing Maternal
Behavior Over a 5-Day Period of Pup Exposure.

NOTE: All females were primed with a suboptimal hormone regimen
that would shorten sensitization latencies but that would not stimulate
immediate maternal behavior. One group received microinjections of
0.5 ug of a D1 DA receptor agonist into the medial nucleus accumbens
on Days 0, 1, and 2 of testing (solid line), whereas the control group
received injections of the vehicle solution (dashed line). Arrows on
the abscissa indicate days on which intracerebral injections took place.
*A significantly higher proportion of females in the DA agonist group
showed complete maternal behavior by Day 1 of testing (Fisher exact
probability test, P=.02; Stolzenberg & Numan, 2006).

pressing the former would result in food reward
under certain conditions, whereas pressing the latter
was always ineffective. The availability of reward was
signaled by a 20-s discriminative stimulus (DS; a tone),
and the first response on the active lever during the
DS terminated the DS and resulted in delivery of a
food pellet. A light above the inactive lever was also
illuminated on an independent VI schedule, but
responses on the inactive lever were never rewarded.
Based on the Nicola et al. (2000) model presented in
Figure 10, they hypothesized two things: that DA input
to NA would be necessary for selective active lever
responding to DS and that NA output would be essen-
tial for responding appropriately to DS. Their results,
some of which are shown in Figure 18, supported the
first hypothesis but not the second. When they
injected saline into NA, the animals pressed at a high
level on the active lever and at a low level on the inac-
tive lever. Injection of a D1 antagonist (SCH 23390)
into NA (at a dose level that also inhibits maternal
retrieving) significantly depressed responses on the
active lever in response to DS. Surprisingly, injection
of glutamatergic antagonists (or a sodium channel
blocker) into NA did not depress responses on the
active lever in response to DS but instead increased
the number of responses performed on the inactive
lever. Although these authors present their own model

Pup
stimuli
/\ Increased responsiveness
NA VP to_ blol_og_]lcal!y significant
stimuli, in this case, pup
O GABA stimuli
DA VTA
Hormones
+ —>| MPOA 41
Pup stimuli

Figure 17: Neural Model Showing How the Medial Preoptic Area
(MPOA), Ventral Tegmental Area (VTA), Nucleus Accum-
bens (NA), and Ventral Pallidum (VP) Might Interact to
Regulate Maternal Responsiveness.

SOURCE: Reproduced with permission from Numan, M., Numan, M.
J., Pliakou, N., Stolzenberg, D. S., Mullins, O. J., Murphy, J. M., et al.
(2005). The effects of D1 or D2 receptor antagonism in the medial
preoptic area, ventral pallidum, or nucleus accumbens on the mater-
nal retrieval response and other aspects of maternal behavior in rats.
Behavioral Neuroscience, 119, 1588-1604. Copyright 2005 by the
American Psychological Association, Inc.
NOTE: Connections ending in a bar are inhibitory, and those ending
in an arrow are excitatory. In a nonmaternal female, pup stimuli,
arriving over pathways from the amygdala and prefrontal cortex, acti-
vate both NA and VP, resulting in low VP activity. In a maternal female
with a hormone-primed MPOA, pup stimuli also activate MPOA,
which in turn stimulates VTA dopamine (DA) projections to NA. DA
acting on NA DI receptors is hypothesized to depress NA output,
which results in increased VP activity, promoting proactive voluntary
maternal responses.

to explain these results, please note how our model
presented in Figure 17 could also explain these
results. The only change that would have to be made
would be that hungerrelated hypothalamic nuclei
(rather than MPOA/vBST maternal circuits) would
have to interact with the mesolimbic DA system (see
Harris, Wimmer, & Aston-Jones, 2005). By inactivating
NA with glutamatergic antagonists or sodium channel
blockers, the VP would be tonically released from NA
inhibition, and therefore, VP would respond to rele-
vant and irrelevant stimuli.

There is one finding in the maternal literature that is
somewhat similar to these results. Recall that it was found
that NAs lesions or muscimol injections into NAs did
not disrupt postpartum retrieving (Numan, Numan,
Schwarz, et al., 2005). However, when we injected SCH
23390 into NAs, retrieving was disrupted for 1 to 2 hours
(Numan, Numan, Pliakou, et al., 2005). Interestingly,
Li and Fleming (2003b) reported that NAs lesions
caused a mild disruption of retrieval behavior in post-
partum rats. Whereas control females retrieved all their
pups to the nest in about 2 min, the NAslesioned
females took about 10 min. Their NAs-lesioned females
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Figure 18: Rats Were Trained to Perform an Operant Bar-Press
Response.
SOURCE: Data adapted from Yun, Nicola, and Fields (2004).
*Significantly different from the remaining groups.
NOTE: Pressing on an active lever during the occurrence of a dis-
criminative stimulus (DS; tone) resulted in a food reward. An inactive
lever was also present in the operant chamber, but responses on this
lever were not rewarded. (A) The DS ratio is the number of active
lever responses divided by the number of DS presentations. Control
saline injections into nucleus accumbens (NA) were associated with
a high DS ratio. The DS ratio was significantly depressed by the injec-
tion of SCH 23390 (a D1 antagonist) into NA but was not affected the
injection of glutamate antagonists (Glut. Anat.) into NA, which would
depress NA output. (B) The injection of Glut. Anat. into NA signifi-
cantly increases operant responses on the inactive lever.

were slightly delayed because they appeared to be dis-
tracted by extraneous stimuli. Such females would
retrieve some pups and then would engage in sniffing,
rearing, and feeding before completing the retrieval of
the remaining pups. It is as if by lesioning NAs, relevant
and less relevant stimuli were capable of gaining access
to VP response regulatory mechanisms.

Pup stimuli
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VP to biologically significant
stimuli, in this case, pup
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Figure 19: Overall Hypothetical Neural Model of the Regulation of
Maternal Behavior.

NOTE: A hormonally primed medial preoptic area (MPOA) /ventral
bed nucleus of the stria terminalis (vVBST) is proposed to have two
main effects. The first effect is to suppress the avoidance circuit
defined in Figure 9. The second effect is to activate the mesolimbic
dopamine (DA) system as outlined in Figure 17. See previous figure
captions for definitions of all terms.

AN OVERALL VIEW

Figure 1 proposed a neural model whereby specific
motivational systems should do two things: inhibit antag-
onist behavioral systems while increasing the organism’s
responsiveness to external stimuli relevant to the spe-
cific motivational state. Up to this point, I have tried to
develop two strands of research findings that have
fleshed out the model depicted in Figure 1. The full
model of how hypothalamic maternal motivational sys-
tems perform these two important functions is shown in
Figure 19. Future research, of course, is needed to fur-
ther support and verify aspects of this model.

Within this model, I have referred to the mesolimbic
DA system as a nonspecific motivational system. All that
is meant by this is that the system is involved in regulat-
ing behavioral responsiveness to a wide variety of bio-
logically significant stimuli. I do not rule out the
possibility, however, that subcircuits within the NA-VP
system may be involved in controlling particular
sensory-motor linkages that are potentiated by DA; this
would simply be the result of certain limbic and/or PFC
inputs synapsing on particular NA and VP neurons,
which in turn have different outputs (see Grillner et al.,
2005; Pennartz et al., 1994).

OXYTOCIN AND MATERNAL BEHAVIOR

Oxytocin is a neuropeptide that is importantly
involved in social behaviors, including maternal behavior.
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With respect to maternal behavior, this section describes
the evidence that shows that oxytocin may exert facilita-
tory effects by acting at critical nodes in the neural cir-
cuitry (Figure 19) that I have just outlined.

Oxytocin, as a hormone, is released from the neural
lobe of the pituitary into the general blood supply, and
its physiological actions include stimulation of uterine
contractions near the time of parturition and stimula-
tion of the contractile elements in the mammary
glands, which causes milk ejection in response to infant
suckling during the postpartum period (Challis & Lye,
1994; Wakerley, Clarke, & Summerlee, 1994). In addi-
tion, oxytocin serves as a neurotransmitter/neuromod-
ulator, being released at synapses in a variety of neural
circuits within the brain; the main source, but not the
only source, of oxytocinergic neural pathways arises
from the paraventricular nucleus of the hypothalamus
(PVN; Numan & Insel, 2003). Because oxytocin’s
peripheral functions are related to parturition and milk
ejection, it is not surprising that its central functions
included a role in parental responsiveness.

Electrical lesions of the PVN, when performed dur-
ing pregnancy, disrupt the onset of maternal behavior at
parturition, but when similar lesions are performed dur-
ing the postpartum period, after maternal behavior has
become established, they do not have a disruptive effect
(Insel & Harbaugh, 1989; Numan & Corodimas, 1985).
Therefore, PVN oxytocinergic neural circuits may be
essential for the onset of maternal behavior but not its
maintenance. In further support, intracerebroventricu-
lar (ICV) injection of oxytocin facilitates the onset of
maternal behavior in rats that have been primed with
estradiol (Fahrbach, Morrell, & Pfaff, 1984; Pedersen,
Ascher, Monroe, & Prange, 1982), whereas ICV injec-
tion of oxytocin antagonists disrupts the onset of mater-
nal behavior (but not the maintenance of established
maternal behavior) in hormone-primed female rats and
naturally parturient females (Fahrbach, Morrell, &
Pfaff, 1985; Pedersen, Caldwell, Fort, & Prange, 1985;
van Leengoed, Kerker, & Swanson, 1987). In addition to
rats, it is also well established that central oxytocin is
essential for the onset of maternal behavior in sheep at
parturition (see Numan & Insel, 2003, for a review).

The current consensus is that one of the mechanisms
through which the hormonal changes that occur at the
end of pregnancy (declining progesterone levels and
rising estradiol levels) stimulate the onset of maternal
behavior is through the activation of oxytocinergic
neural systems: These steroidal changes have been
shown to stimulate oxytocin synthesis in the PVN and the
synthesis of oxytocin receptors in diverse brain regions
(Numan & Insel, 2003). Indeed, oxytocin receptors have
been located in many brain regions that are involved in
maternal behavior control, including MPOA, vBST, VTA,

and NA (Champagne, Diorio, Sharma, & Meaney, 2001;
Kremarik, Freund-Mercier, & Stoeckel, 1995; Pedersen,
Caldwell, Walker, Ayers, & Mason, 1994; Veinante &
Freund-Mercier, 1997). Importantly, Pedersen et al.
(1994) have provided evidence that oxytocin binding
sites in MPOA and VTA are necessary for the normal
onset of maternal behavior at parturition in rats:
Microinjection of an oxytocin antagonist into either
region disrupted the onset of maternal behavior. Finally,
in prairie voles, preliminary evidence suggests the
involvement of NA oxytocin receptors in the maternal
behavior of this species (Olazabal & Young, 2005). A
likely possibility is that the hormonal events of late preg-
nancy set up a functional central oxytocinergic system
near the time of parturition and that subsequent oxy-
tocin release at diverse neural sites promotes the onset of
maternal behavior by actions on these critical neural
areas so that approach and attraction toward infant-
related stimuli are enhanced while avoidance tendencies
and defensive behavior are reduced. Because oxytocin
appears most important for the onset of maternal behav-
ior in rats, it can be suggested that once maternal behav-
ior becomes established, these effects of oxytocin are no
longer absolutely necessary.

An action of oxytocin on the MPOA/vBST, VTA, and
NA in the stimulation of the onset of maternal behavior
fits nicely with the work I have reviewed with respect
to the interaction between the MPOA/vBST and the
mesolimbic DA system in the regulation of attraction to
pups and proactive voluntary maternal responses. It
should be noted, however, that additional work suggests
that oxytocin may modulate the processing of olfactory
input by the olfactory bulb (Osako, Otsuka, Taniguchi,
Oka, & Kaba, 2001; Yu, Kaba, Okutani, Takahashi, &
Higuchi, 1996a, 1996b) in its regulation of the onset of
maternal behavior in rats, and other work suggests that
oxytocinergic neural pathways may influence the func-
tion of the amygdala to depress fearrelated behaviors
(Bale, Davis, Auger, Dorsa, & McCarthy, 2001). There-
fore, in addition to an action on MPOA, NA, and VTA,
oxytocin might directly influence olfactory processing
and fearfulness, in this way promoting the onset of
maternal behavior not only by increasing appetitive
responses but also by decreasing avoidance responses
to novel pup stimuli. In other words, oxytocin may not
only decrease avoidance responses by promoting the
MPOA output that has been hypothesized to depress a
central aversion system but also by directly affecting ele-
ments within the central aversion system itself.

Some caveats are in order with respect to the state-
ment that oxytocin neural pathways are important for
the onset, but not the maintenance of, maternal behav-
ior. This statement is based on the evidence that PVN
lesions disrupt the onset, but not the maintenance of,
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maternal behavior and that the same results are observed
if one administers an oxytocin antagonist ICV (Fahrbach
et al., 1985; Pedersen, 1997). However, more recent
evidence suggests that the administration of such antag-
onists during the postpartum period, although not pre-
venting maternal behavior, can have subtle modulatory
influences on the behavior, affecting the quantity and
quality of nursing behavior and maternal grooming of
pups (Champagne et al,, 2001; Pedersen & Boccia,
2003). For example, ICV administration of an oxytocin
antagonist decreases the incidence of the crouch-type
nursing posture (an arched back and quiescent/
immobile posture during which the dam is relatively
unresponsive to external stimuli) in postpartum rats
(Pedersen & Boccia, 2003), and this is significant
because this particular nursing posture is induced by
suckling stimulation (Stern & Johnson, 1990), which
would also be expected to release oxytocin into a variety
of brain regions. Furthermore, the effects of ICV admin-
istration of oxytocin antagonists on established maternal
behavior have been examined only after acute intracere-
bral injections, and it is possible that the chronic admin-
istration of oxytocin antagonists during the postpartum
period might have more profound effects on maternal
responsiveness toward pups. Finally, although the PVN is
the main source of oxytocinergic neural pathways, other
nuclear groups also contain oxytocin neurons, and these
may also be important for maternal behavior. Indeed, in
a preliminary anatomical study, Shahrokh, Cameron,
and Meaney (2005) have identified an oxytocinergic
pathway between the MPOA and VTA of postpartum
rats. One possibility is that this pathway is critical for the
onset of maternal behavior (and might be activated by
PVN oxytocinergic input to MPOA) and then plays a sub-
sidiary role during the postpartum maintenance phase.
Perhaps a glutamatergic MPOA/vBST projection to VTA
is essential for both the onset and maintenance of mater-
nal behavior in rats. It would be interesting to determine
whether glutamate is colocalized with oxytocin in some
MPOA-to-VTA circuits.

FUNCTIONAL MAGNETIC RESONANCE
IMAGING (FMRI) RECORDINGS OF MPOA
ACTIVITY DURING NURSING BEHAVIOR
IN RATS: ACTIVATION BY OXYTOCIN

A recent report on fMRI recordings of brain activity
during suckling stimulation in postpartum rats is rele-
vant to the issues discussed in the previous section
(Febo, Numan, & Ferris, 2005). Between Days 4 and 8
postpartum, awake rats were placed in a magnet and
through the use of blood oxygen level-dependent
(BOLD) magnetic resonance imaging, the effects of
the following stimuli on functional brain activity were
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measured: suckling stimulation, ICV oxytocin adminis-
tration, and suckling stimulation in conjunction with
ICV injection of an oxytocin receptor antagonist
(OTA). In the MPOA, a positive BOLD response was
induced by suckling stimulation. This positive response
was abolished by concurrent ICV OTA administration,
and ICV oxytocin administration in the absence of
suckling also caused a positive BOLD response. These
results make it highly likely that suckling stimulation-
induced oxytocin release into the brain affects the
MPOA so that the activity of this region is modified dur-
ing maintenance phase of maternal behavior (ie, after
the full establishment of maternal behavior).

An important issue is what is being measured by the
BOLD signal. A positive BOLD signal is a direct mea-
sure of increased cerebral blood flow into a neural
region (an increase in oxygenated hemoglobin), but
the controversial issue is the question of the neural cor-
relate of this increased blood flow (Attwell & Iadecola,
2002; Mukamel et al., 2005; Nair, 2005). A positive
BOLD response could be due to increases in neural
input to a brain nucleus, increases in the neural output
of a nucleus, or increased neural processing within a
nucleus that occurs without a concurrent increase in
the output of the area. The latter possibility has clearly
been shown from animal work on the cerebellum
(Caesar, Gold, & Lauritzen, 2003; Caesar, Thomsen, &
Lauritzen, 2003; Yang, Huard, Beitz, Ross, & Iadecola,
2000). In particular, increased activity in inhibitory
interneurons, which suppress the output of a region of
interest, could result in a positive BOLD response.

With these points in mind, it is difficult to interpret
the MPOA BOLD response observed in the rat during
suckling and oxytocin administration. The increased
BOLD response in the MPOA may indicate that chronic
suckling-induced intracerebral oxytocin release is
directly or indirectly promoting functional changes in
the MPOA, which are important for maintaining the
mother-infant bond (see Febo et al., 2005). Another
possibility is related to the fact that the interaction
between the MPOA and the mesolimbic DA system is
most important for proactive, voluntary maternal
responses and is less involved in nursing behavior.
Perhaps suckling-induced oxytocin release within the
brain during the postpartum period is actually affecting
inhibitory interneurons within MPOA so that its output
is relatively suppressed and that such suppression would
allow for the expression of the suckling-induced quies-
cent crouch nursing posture. Yet a third possibility
is that the increased BOLD response in MPOA in
response to suckling and oxytocin administration is not
related to neuronal systems influencing maternal behav-
ior but instead reflects activation of a neuroendocrine
response, the milk ejection reflex, by a particular subset
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of MPOA neurons. However, the fact that oxytocin
action on MPOA is known to influence maternal behav-
ior suggests that this fMRI data may indeed be relevant
to behavioral systems.

An interesting fMRI study on human mothers, which
did not investigate the involvement of oxytocin, mea-
sured the BOLD response to the sound of an infant cry-
ing (Lorberbaum et al., 2002) and an increased BOLD
signal in response to this stimulus was observed in the
BST, hypothalamus, VTA, and NA-VP region (the stria-
tum and pallidum were not spatially differentiated).
Importantly, postscan emotional ratings indicated that
the mothers felt an urge to help upon hearing the infant
cry. These data might be interpreted as measuring brain
correlates of active maternal states, and the increased
BOLD response may be measuring increased hypothal-
amic (MPOA), vBST, and VP output and increased activ-
ity in NA inhibitory interneurons.

THE SPECIFICITY OF MPOA CIRCUITS
REGULATING MATERNAL MOTIVATION

The hypothalamus is involved in the regulation of a
variety of motivational states, which include hunger,
thirst, aggression, male and female sexual motivation,
and maternal motivation (Swanson, 1987). I have
argued that there are neural circuits from the MPOA
that are specific to (i.e., dedicated to) regulating mater-
nal behavior. These neurons are proposed to be respon-
sive to pup stimuli and to hormones, and through their
projections to the mesolimbic DA systems and to the
AHN/PAG, they are hypothesized to increase proactive
voluntary maternal responses while decreasing defen-
sive behavior and avoidance. This section examines in
more detail the proposition that the MPOA contains
neurons that are dedicated to maternal motivation.

An attractive hypothesis, derived from Stellar’s (1954)
early theoretical model of the physiology of motivation,
is that there are separate hypothalamic nuclei that regu-
late each motivational state. Based on the theoretical
model (see Figure 17), it could be argued that that sepa-
rate and specific hypothalamic nuclei respond to the
cues relevant to the motivational state that they regulate,
and then, through interactions with the mesolimbic
DA system, these nuclei control appetitive voluntary
responses appropriate to the specific motivational state
(through the gating of the relevant stimuli through the
NA-VP circuit). For example, specific neurons in the
MPOA, dedicated to maternal behavior, may respond to
estradiol, prolactin, oxytocin, and pup stimuli, and
through projections to the mesolimbic DA system, this
network would control appetitive responses toward pup-
related stimuli. I have already described, in detail, the
evidence for this proposal. With respect to hunger and

appetitive behavior related to the acquisition of food, a
separate and distinct set of hypothalamic nuclei (e.g.,
neurons in the lateral hypothalamus [LH] and the arcu-
ate nucleus [ARC]) would respond to food-related stim-
uli and the internal environment (leptin levels, glucose
levels), and then, through projections to the mesolimbic
DA system, these nuclei would control the occurrence of
proactive voluntary responses relevant to the acquisition
of food. These examples describe what I have referred to
as an interaction between specific and nonspecific moti-
vational systems.

There is evidence that distinct neural circuits may reg-
ulate different basic motivational states, and importantly,
in some cases, these separate neural circuits may reside
within a larger general nucleus. For example, separate
subnuclei within the MeA may project to separate subnu-
clei within the ventromedial hypothalamic nucleus (and
other hypothalamic nuclei) to regulate responses to dis-
tinct pheromonal cues that are relevant to either defen-
sive aggression or reproduction (Choi et al., 2005). This
finding is extremely important because it suggests that
separate microcircuits could exist within a hypothalamic
nucleus, which in turn regulate separate behavioral states.
In addition, there is recent evidence that LH and ARC
neurons may project to parts of the mesolimbic DA sys-
tem to regulate appetitive food-seeking behaviors (Harris
et al.,, 2005; Kelley, Baldo, & Pratt, 2005).

In apparent opposition to the view that there are dis-
tinct hypothalamic circuits that regulate different moti-
vational states is the perspective of Newman (1999), who
emphasized the large amount of overlap in the neural
circuits that regulate a diverse set of social behaviors
(male and female sexual behavior, offensive aggression,
parental behavior) in mammals. In partial support of
this view, she noted that Fos expression is activated in
the MPOA and other hypothalamic nuclei during each
of these social behaviors. She proposed that there may
be a common central network that regulates a variety of
social behaviors, and just which behavior occurs may be
determined by the stimuli that have access to this circuit.

The best evidence for the statement that the MPOA
may contain general social behavior neurons that influ-
ence the motivational aspects of more than one social
behavior comes from a comparison of the neural regu-
lation of maternal behavior and male sexual behavior in
rodents. It has long been known that there is a striking
similarity in the neural control of male sexual behavior
and maternal behavior in rodents (Numan, 1974, 1985):
Lesions of the MPOA and knife cuts severing the lateral
connections of the MPOA disrupt, and estradiol action
on the MPOA facilitates, both behaviors. More recent
studies have reported that the microinjection of
L-NAME into the MPOA of postpartum female rats
or male rats disrupts the maternal retrieval response
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(Popeski & Woodside, 2004; Service & Woodside, 2005)
and male sexual behavior (Dominguez & Hull, 2005),
respectively. L-NAME is a nitric oxide synthase inhibitor
and therefore would interfere with nitric oxide (NO)
production. These results suggest that NO may serve as
an important neuromodulator controlling the function
of MPOA neurons that influence both male sexual
behavior and maternal behavior. Finally, the injection of
DA antagonists into MPOA, which would disrupt
incerto-hypothalamic DA input to MPOA neurons, has
been found to disrupt both male sexual behavior
(Dominguez & Hull, 2005) and maternal behavior
(Miller & Lonstein, 2005) in rats. It is possible that NO
interaction with DA within MPOA regulates both behav-
iors (see Domiguez & Hull, 2005, for evidence on this
interaction with respect to male sexual behavior).

I have presented evidence that the MPOA interacts
with the mesolimbic DA system in the control of appeti-
tive maternal responses. Similar evidence is not available
for male sexual behavior (or other social behaviors).
However, the following points are worth considering:
(a) The mesolimbic DA system is involved in the appet-
itive aspects of male sexual behavior (Damsma, Pfaus,
Wenkstern, Phillips, & Fibiger, 1992; Everitt, 1990; Pfaus
& Phillips, 1991) and other social behaviors (see Numan
& Insel, 2003), which is what one would expect from a
nonspecific motivational system, and (b) MPOA effer-
ents project to VIA (Numan & Numan, 1996; Simerly &
Swanson, 1988). Therefore, it makes sense to argue that
MPOA projections to the mesolimbic DA system influ-
ence the motivational aspects of male sexual behavior.

If MPOA projections to the VTA are involved in both
male sexual behavior and maternal behavior (and
other social behaviors), an important question is
whether the same MPOA neurons are involved in dif-
ferent social behaviors. Gray and Brooks (1984) exam-
ined this issue. They found that lesions of the rostral or
middle MPOA, but not the caudal MPOA, disrupted
maternal behavior in rats, whereas lesions of the rostral,
middle, or caudal MPOA disrupted male sexual behav-
ior. From these data, they suggested that different
neural circuits in the MPOA regulate the two behaviors.
However, an alternative interpretation is possible, which
is based on the distinction between appetitive and con-
summatory aspects of behavior.

The appetitive component of a goal directed behavior
is composed of those behaviors which bring an organism
in contact with a desired stimulus, whereas the consum-
matory component is made up of those behaviors that
are performed once contact with the attractive stimulus
is attained (Ikemoto & Panksepp, 1999). The MPOA is
involved in the appetitive aspects of maternal behavior.
The major effect of MPOA lesions is a disruption of
retrieval behavior, which can be considered an appetitive
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maternal response: it allows females to return pups to a
nest site where the consummatory response of nursing
can take place. In addition, Fos expression is activated in
the MPOA when a female is searching for her pups
(Mattson & Morrell, 2005). Finally, MPOA lesions dis-
rupt the ability of postpartum females to perform an
operant bar press response when pups, but not food, are
used as a reward (Lee et al., 2000). An interesting study
on MPOA involvement in the male sexual behavior of
quails was performed by Balthazart, Absil, Gerard,
Appeltants, and Ball (1998). They examined the con-
summatory phase by examining copulatory activity. The
appetitive aspect was examined through the use of a
learned social proximity procedure that measured the
time spent by a male in front of a window with a view of
the female prior to the female’s release into the male’s
cage. They found that lesions to the rostral MPOA dis-
rupted both the appetitive and consummatory aspects
of male sexual behavior, whereas lesions to the caudal
MPOA disrupted only consummatory responses.

One conclusion from all these data is that there may
be a pool of neurons in the rostral-to-middle MPOA
that regulates the appetitive aspects of both male sexual
behavior and maternal behavior. The important ques-
tion, which future research will need to tackle, is
whether such appetitive maternal neurons and appeti-
tive male sexual behavior neurons are the same or dif-
ferent. Following Choi et al. (2005), I suggest that separate
microcircuits within the rostral-to-middle MPOA may
regulate the two behaviors. However, if Newman'’s (1999)
view is correct, and the same neural elements in MPOA
control the appetitive aspects of maternal behavior,
male sexual behavior, and other social behaviors, then
I'will have to determine how I arrive at behavioral speci-
ficity. One possibility is that hormonal, genetic, and
other factors may prepare a general appetitive MPOA
neural pool to be activated by certain types of stimuli
and not others at a particular point in time (Newman,
1999; Numan & Insel, 2003).

MATERNAL MEMORY

Recall that in first-time mothers of many species,
the hormonal events of late pregnancy are critically
involved in stimulating the onset of maternal behavior
at parturition. Maternal memory, or the maternal expe-
rience effect, refers to the fact that adult maternal expe-
rience in rats and other species can render the onset of
future maternal behavior less dependent on hormonal
stimulation (Numan & Insel, 2003). The classic studies
were done by Bridges (1975, 1977, 1978), who allowed
primiparous mother rats to care for their young for the
first 1 or 2 days postpartum and then removed the
pups. An additional group of primiparous females had
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each of their pups removed as soon as they were born,
in this way denying the mothers any maternal experi-
ence. Twenty-five days later, all females were exposed to
foster test pups, and sensitization latencies to the onset
of maternal behavior were recorded. The onset laten-
cies of the experienced females averaged 1 to 2 days,
which were significantly shorter than the 5-day onset
latencies shown by the females who were not allowed
postpartum maternal experience. The latencies of
these latter females did not differ from those shown by
naive virgin females. These findings were confirmed by
Orpen and Fleming (1987), who also showed that full
interaction with pups was necessary for the develop-
ment of maternal memory: Females who were exposed
only to exteroceptive or distal stimuli from pups (they
could see, hear, and smell the pups but could not inter-
act with them) on the day of parturition did not show a
heightened maternal responsiveness to full pup pre-
sentation when tested 10 days later.

These results indicate that maternal experience in
primiparous females partly emancipates future mater-
nal behavior from the control of the hormonal events
associated with pregnancy termination. I use the term
partial emancipation because the maternally experienced
females still require a day or two of pup stimulation
before they show complete maternal behavior. The
maternal experience effect implies that some sort
of synaptic plasticity may underlie maternal memory.
There is a significant literature on this issue (see Numan
& Insel, 2003), and several neural changes that mediate
this effect may occur at many levels of the nervous sys-
tem. In reference to Figure 19, one or more of the fol-
lowing mechanisms may be involved. There may be (a)
a down-regulation of synaptic strength in the central
aversion system that connects olfactory input to MeA
and AHN/PAG (in fact, some sort of olfactory learning
may take place that permanently suppresses the aversive
characteristics of pup odors so that they no longer pro-
mote withdrawal or avoidance responses), (b) a synaptic
reorganization of the MPOA so that it can be effectively
activated by pup stimuli in the absence of hormonal
effects, and (3) a modification of different components
of the mesolimbic DA system so that it functions effec-
tively despite decreased activation by MPOA efferents.

I want to focus on the last possibility in reference to
some relatively recent work from Fleming’s lab (Lee,
Watchus, & Fleming, 1999; Li & Fleming, 2003a) and in
the context of the model presented in Figure 17. These
investigators found that electrical lesions of NAs, per-
formed during pregnancy, did not disrupt the onset of
maternal behavior at parturition but did disrupt mater-
nal memory mechanisms. NAs-lesioned females and
sham-lesioned females, with both groups showing nor-
mal maternal behavior, were allowed 12 to 24 hours of

maternal experience after parturition before their
pups were removed. Ten days later, they were given a
retention test to examine maternal memory. Whereas
the sham-lesioned females showed short sensitization
latencies, averaging 1 to 3 days, when testing was initi-
ated on Day 10, the NAs-lesioned females showed long
sensitization latencies (about 7 days), which was similar
to the level of responsiveness shown by naive virgin
females. Importantly, if females received NAs lesions
24 hr after the maternal experience (rather than
before the experience), maternal memory was intact,
and such females showed heightened maternal respon-
siveness on the retention sensitization test. These
results suggest that the nucleus accumbens is involved
in the consolidation of maternal memory but that the
synaptic modifications that underlie this memory
occur at a neural site outside NAs.

In considering the neural model shown in Figure 17,
how can I account for these results? First, I have
argued that the NAs needs to be inhibited, with a con-
comitant disinhibition of VP, for maternal behavior to
occur. The finding from Fleming’s group that NAs
lesions do not disrupt the onset of maternal behavior at
parturition clearly fits with this view and previous
work (Numan, Numan, Schwarz, et al., 2005). But why
should such lesions disrupt the formation of maternal
memory, and how could I describe the mechanism
wherein the NAs would not be necessary for maternal
behavior per se but would be involved in the formation
of maternal memory? At this point, I can only offer a
very preliminary hypothesis, which is based on the pos-
sibility that a low level of NAs activity during maternal
behavior is in some way involved in the strengthening
of synaptic connections within the VP. Before I describe
this hypothetical model, additional information on the
anatomy of the NA-VP circuit and on the maternal
experience effect is reviewed.

D1 and D2 receptors are located on separate groups
of GABAergic medium spiny neurons that project from
NAs to VP: D1 receptors are located on GABAergic neu-
rons that also contain substance P, and D2 receptors are
located on those GABAergic neurons that colocalize with
enkephalin (Lu et al., 1998; G. S. Robertson & Jian,
1995). In the context of this anatomy, the following
findings are relevant: Systemic treatment with a D2
dopamine receptor antagonist has been found to inter-
fere with the formation of maternal memory in rats
(Byrnes, Rigero, & Bridges, 2002), and ICV administra-
tion of a W opioid receptor antagonist, although not
interfering with the onset of maternal behavior at partu-
rition, has similarly been found to interfere with the for-
mation of maternal memory (Byrnes & Bridges, 2000).
Although these two studies did not localize the neural
sites of action of the injected drugs, it is intriguing to
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Figure 20: Hypothetical Neural Model to Explain How Nucleus
Accumbens Shell (NAs) D2 Dopamine Receptors and
NAs Enkephalinergic Efferents Might Be Necessary for
Maternal Memory Even Though NAs Lesions Do Not
Disrupt Maternal Behavior in Hormone-Primed Postpar-
tum Females.
NOTE: The basolateral amygdala (BLA) is shown as receiving input
from pup stimuli (which could arise for the cortex or thalamus) and
sending excitatory projections to both NAs and ventral pallidum
(VP). Inhibitory NAs outputs to VP are shown as arising from two
sources: gamma-aminobutyric acid (GABA) neurons that also contain
enkephalin (Enk) and D2 receptors and GABA neurons that also con-
tain substance P (SP) and D1 receptors. It is proposed that when a
hormone-primed medial preoptic/ventral bed nucleus region
(MPOA/vBST) activates ventral tegmental area (VTA) dopamine
(DA) input to NAs, the output of NA is depressed, and this facilitates
maternal responses because the VP is disinhibited. It is further
hypothesized that low levels of enkephalin release into VP may play a
role in strengthening BLA-to-VP synapses so that in the future, even
if the MPOA/VBST projection to VTA is less active because the
MPOA/vBST is no longer hormone primed, pup stimuli might still be
capable of eliciting maternal responsiveness (maternal memory). See
the text for additional details.

speculate that they are acting within NA-VP circuitry.
Because we have emphasized the importance for DA act-
ing on DI receptors in NAs for the display of maternal
behavior, these results suggest that separate circuits
within the NA-VP network may be involved in maternal
motivation and maternal memory. It is worth pointing
out that studies on prairie voles investigating the synap-
tic plasticity changes that underlie the formation of long-
lasting social attachments between mates has also
emphasized the positive involvement of DA action on D2
receptors in NAs (Gingrich, Liu, Cascio, Wang, & Insel,
2000; Liu & Wang, 2003).

Although separate neural circuits may be involved in
maternal motivation and maternal memory, one would
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expect that they should interact in some way because the
formation of maternal memory involves a heightened
maternal responsiveness at a later point in time. In other
words, as a result of maternal memory, females respond
quickly to pups without hormonal stimulation. A study by
Mitrovic and Napier (1998) may be relevant to such an
interaction in the context of the neural model shown in
Figure 17. First, they provide evidence that some neu-
rons in VP receive inputs from both substance P- and
enkephalin-containing NA neurons. Next, they recorded
the electrical activity of VP neurons that were excited by
electrical stimulation of a basolateral amygdala (BLA)
glutamatergic input to VP. Most important, they found
that iontophoretic injections of low doses of DAMGO, a
| opioid receptor agonist, into VP facilitated the excita-
tory effects produced by amygdaloid stimulation. In con-
trast, high doses of DAMGO inhibited VP neurons.
Before we present our speculative model, it should be
noted that work on the dorsal striatum (caudate puta-
men) shows that DA action on D2 receptors depresses
enkephalin synthesis (Gerfen, 1992). The maternal
memory model is shown in Figure 20. During the onset
of maternal behavior at parturition, the MPOA is primed
by hormones and responds to pup stimuli so that effer-
ents to the VTA are strongly activated. Increased DA
input to the NA acts to depress GABAergic input to VP
through an action of both D1 and D2 receptors,
although my work suggests the primary importance
of an action on DI receptors. This depression of
GABAergic input to VP allows the VP to respond to pup
stimuli inputs carried by the amygdala and prefrontal
cortex as already described. In addition, I argue that
DA action on D2 receptors decreases enkephalin synthe-
sis to low levels so that only a small amount of enkephalin
is released into VP. In the model, this low-level release
of enkephalin is shown to facilitate the excitatory effects
of glutamate from BLA synapses on to VP neurons.
Although I have drawn this as a presynaptic facilitatory
effect, the actual mechanism has not been clearly
defined (Mitrovic & Napier, 1998). This enkephalinergic
facilitation of BLA glutamatergic activation of VP might
contribute to the long-term strengthening of the BLA-to-
VP synapse, possibly by recruiting N-methyl-D-aspartate
receptor-activated synaptic strengthening mechanisms.
Similar mechanisms may occur at PFC-to-VP synapses. At
subsequent points in time, when the effects of hormonal
activation of MPOA have waned, these strengthened
synapses may be one of the elements involved in mater-
nal memory. According to this very speculative model,
the enkephalin-induced amygdala-to-VP strengthened
synapse would have to play a very important role in
maternal memory because NA lesions block this memory
formation despite the fact that such lesions would also
decrease GABAergic inhibition of VP.
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This model, along with the experimental results
discussed, also makes one realize that the MPOA must
be doing more than just depressing NA output to VP
and regulating enkephalin release into VP in its control
of maternal behavior. Two facts highlight this state-
ment: NA lesions do not appear to facilitate maternal
behavior in non-hormone-primed rats, even though
such lesions should decrease NA GABAergic inhibition
of VP (Li & Fleming, 2003a) and MPOA lesions disrupt
maternal behavior in primiparous and multiparous rats
(Franz, Leo, Steuer, & Kristal, 1986; Numan & Insel,
2003). Clearly, MPOA interactions with the mesolimbic
DA system may be just one element in a complicated
MPOA circuitry involved in maternal behavior control.
As already reviewed, MPOA suppression of avoidance
responses may be important during all phases of mater-
nal behavior. In addition, some MPOA efferents may
directly regulate the consummatory (as opposed to the
appetitive) aspects of maternal behavior through con-
nections with brainstem motor mechanisms (see Numan
& Insel, 2003, for a more comprehensive discussion of
these issues).

CONCLUSIONS

A theoretical neural model of the regulation of
maternal motivation in mammals has been presented.
Although a substantial body of evidence has been used
to create the model, it is clear that much more research
will be needed to validate it. In fact, because the pre-
sent model has evolved from earlier ones (Numan,
1985, 1988), it should be viewed as a work in progress
that will be updated as new findings accrue.

The importance of the model is that it integrates cur-
rent research on the neural basis of maternal behavior
into a coherent scheme that should stimulate and focus
future research. Significantly, the model is not only
relevant to maternal behavior but also has important
implications for a general understanding of hypothala-
mic involvement in motivation (see Risold, Thompson,
& Swanson, 1997, which influenced aspects of the cur-
rent model).

The model is also relevant to an understanding of the
operations of the NA-VP circuit and its control by DA in
the regulation of general appetitive processes. In this
regard, it should be noted that much more research is
available on the mechanistic operations of the dorsal
striatum (caudate-putamen) when compared to the ven-
tral striatum (nucleus accumbens), and it is not clear
whether the two systems share the same exact operating
principles. Although it might make sense to use
research on the dorsal striatal system as a template for
understanding NA function, my research suggests that
differences may exist in the way the two systems work.

Finally, research on the dorsal striatum has identified
direct and indirect output circuits that have opposing
influences on motor control (Gerfen, 1992). It is not
clear whether analogous output circuits emanate from
NA, but if such circuits are uncovered, they may provide
important insights into the way in which general appet-
itive processes are neurally regulated.

Finally, elements of the model may be defining a core
neural circuitry for maternal behavior in mammals.
Species may differ in the degree to which pregnancy
hormones stimulate maternal behavior and in the
degree to which inexperienced females exhibit avoid-
ance responses toward infants. However, the neural
circuits that regulate proactive voluntary maternal
responses, which are located, in part, in the phylogenet-
ically older parts of the brain, are likely to contribute to
maternal responsiveness in most mammals, including
primates. A disruption in the operation of these circuits
may contribute to pathological disorders associated with
maternity in humans (see Numan & Insel, 2003).
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