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The CNE has particular expertise in understanding the processes

of reproduction, body weight/metabolism and stress

Neural regulation of reproduction

Fertility

Parturition and lactation

Maternal brain 

Neural regulation of body weight & metabolism

Blood glucose levels

Body weight

Developmental origins of obesity

Neuroendocrinology of stress

Neural circuits regulating stress responses

Adrenal gland stress response

Interactions between stress and reproduction



Outline of talk

● Introduction to the “maternal brain”

● Prolactin actions in the brain

➜A hypothesis about the “Evolution of motherhood”

● Examples of adaptive responses to pregnancy

➜Appetite regulation and glucose homeostasis

➜Neurogenesis and mood

➜Maternal-infant bonding and nursing behaviour

● Is this animal research important for health?



http://musingssahm.com





http://www.sheknows.com





Katherine Ellison

● Perception

● Resilience

● Motivation

● Emotional Intelligence

● Efficiency

➜“multi tasking”



Improved brain function during pregnancy



Cognitive changes – tip of the iceberg



Cardiovascular changes

Respiratory changes

Increased fluid retention

Increased blood volume

Altered immune system

Coping with fetal growth

Providing support to the fetus

Uterine growth

Development of the placenta

Altered glucose metabolism

Development of the mammary 

gland

Lactation

Maternal adaptation to pregnancy and lactation 

Bone turnover and change in 

calcium homeostasis



Maternal behaviour

Reduced anxiety

Neurogenesis
Cognitive changes

Pattern of firing of oxytocin 

neurons
Loss of prolactin feedback: 

hyperprolactinemiaCardiovascular changes

Respiratory changes

Increased fluid retention

Increased blood volume

Suppressed stress responses

Reduced febrile response

Altered immune system

Altered hormones for lactation

Coping with fetal growth

Providing support to the fetus

Uterine growth

Development of the placenta

Behavioural changes

Risk of mood disorders

Increased appetite and fat 

deposition

Altered glucose metabolism

Loss of reproductive cycle

Coping with metabolic demands

Development of the mammary 

gland

Lactation

Preventing fetal programming

Maternal adaptation to pregnancy and lactation 

Bone turnover and change in 

calcium homeostasis



How does the brain know that you are pregnant?

“Chemicals that control us!”
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➜A hypothesis about the “Evolution of motherhood”
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➜Neurogenesis and mood
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Maternal hormones:
Prolactin

Oxytocin Placental hormones:
Estrogen

Progesterone

Placental lactogen

Cortisol

How does the brain know that you are pregnant?



The anterior pituitary hormone prolactin

Prolactin is an anterior 

pituitary hormone that is 

required for lactation

Text-book



>300 actions reported!  

Why would one hormone have 

so many different actions?

Hypothesis: Adaptation to 

parenthood

Grattan, The Endocrinologist, 2015



● Progesterone

● Estrogen

● Prolactin

● Placental 

lactogen (hPL)

From: Johnson & Everitt, Essential Reproduction.

Hormonal changes associated with pregnancy and 

lactation

High in both 

pregnancy and 

lactation!



Tuberoinfundibular dopamine (TIDA) 

neurons in the hypothalamus

Prolactin

Dopamine 

secretion

Anterior 

pituitary gland

-

+

Prolactin regulates its own secretion by short-loop 

negative feedback

Grattan, Reproduction, 2002



Adaptations to enable elevated prolactin secretion 

during pregnancy and lactation

● Placental production of a prolactin-like hormone

➜Placental lactogen by-passes maternal negative feedback

➜Binds to prolactin receptor



● Progesterone

● Estrogen

● Prolactin

● Placental 

lactogen (hPL)

From: Johnson & Everitt, Essential Reproduction.

Hormonal changes associated with pregnancy and 

lactation

Both high at 

the same time!



Adaptations to enable elevated prolactin secretion 

during pregnancy and lactation

● Placental production of a prolactin-like hormone

➜Placental lactogen by-passes maternal negative feedback

➜Binds to prolactin receptor

● Suppression of short-loop negative feedback

➜Loss of dopamine production



Prolactin

-

+
Suppression 

of negative 

feedback 

Increased

prolactin 

secretion

Reduced 

dopamine 

secretion 

Grattan, Reproduction, 2002

Suckling provides a powerful stimulus for prolactin 

secretion

Suckling 

stimulus

-

+
PRF?



Adaptations to enable elevated prolactin secretion 

during pregnancy and lactation

● Placental production of a prolactin-like hormone

➜Placental lactogen

➜Binds to prolactin receptor

● Suppression of short-loop negative feedback

➜Loss of dopamine production

● Expression of maternal behaviour

➜Suckling-induced release of prolactin

Pregnancy and lactation are the only 

times an individual experiences 

prolonged elevations in prolactin



A: Prepubertal

B: Puberty

C: Early 

pregnancy

D: Late 

Pregnancy

E: Lactation

From: Lawrence, Breastfeeding

Development of  the mammary gland

Effect of 

prolactin in 

pregnancy 

and lactation



Prolactin receptor expression is widespread in the brain

Brown et al., J. Comp. Neurol. 2009



I. Kokay,  A. Wyatt, M. Aoki, U Boehm, D Grattan. Unpublished data

Transgenic mice in 

which PRLR-containing 

neurons are tagged



● "Nothing in Biology Makes Sense Except in the Light of Evolution”
Theodosius Dobzhansky, 1973

● Prolactin is expressed in all vertebrates

● Lactation evolved as a mechanism to facilitate reproduction, defining 

a new class of vertebrates

Megazostrodon

12 cm-long and about 15 to 20 grams

Approx 200 Million years ago

Egg-laying, but suckled young

Why so many prolactin-responsive neurons?

● Successful reproduction required not only milk production, but also 

associated development of maternal/parental care and other 

adaptive responses in physiology

“Evolution of Motherhood”



● It seems logical that the same hormonal changes that drive milk 

production can also promote lactation by inducing these adaptations 

in the brain and body

➜ Prolactin

● Function of prolactin may always have been involved in facilitating 

“parental” behaviour

➜ Examples in fish, birds

● Perhaps lactation was simply the latest “parental” mechanism added 

in the mammals!

Megazostrodon

12 cm-long and about 15 to 20 grams

Approx 200 Million years ago

Egg-laying, but suckled young

Why so many prolactin-responsive neurons?



Maternal behaviour

Reduced anxiety

Neurogenesis
Cognitive changes

Pattern of firing of oxytocin 

neurons
Loss of prolactin feedback: 

hyperprolactinemiaCardiovascular changes

Respiratory changes

Increased fluid retention

Increased blood volume

Suppressed stress responses

Reduced febrile response

Altered immune system

Altered hormones for lactation

Coping with fetal growth

Providing support to the fetus

Uterine growth

Development of the placenta

Behavioural changes

Risk of mood disorders

Increased appetite and fat 

deposition

Altered glucose metabolism

Loss of reproductive cycle

Coping with metabolic demands

Development of the mammary 

gland

Lactation

Preventing fetal programming

Maternal adaptation to pregnancy

✔

Bone turnover and change in 

calcium homeostasis

✔

✔

✔

✔

✔

✔
✔

✔

✔

✔

Hypothesis: that prolactin (and placental 

lactogen) provides a key afferent signal 

to coordinate the multiple adaptive 

responses in the maternal brain

Role of prolactin?
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Homeostatic regulation of food intake and 

body weight

Food 

intake
GI system

Energy 

absorbed

Adipose 

tissue

“Reward” “Hunger”

Leptin, Insulin

Energy 

Expended

Neural signals

Nutrients

Gut hormones

(e.g. CCK)

Ladyman et al., J. Neuroendocrinology, 2010



Weddell Seals:
Remarkable bodyweight changes during pregnancy and lactation

Gains over 100 kg 

during pregnancy

25 kg at birth

50 kg 10 days later

(milk = 60% fat!)



Weddell Seals:
Remarkable bodyweight changes during pregnancy and lactation

Weaned at 7 weeks, at approx 110kg

Mum does not eat and loses approx 150kg (1/3 BW) 

during lactation period

“Homeostasis”?



What about humans? Back to google…..

Hmmm…More than meeting 

demand! 

On average, women put on 

2.5 kg of fat during 

pregnancy



“Eating for two”

● During pregnancy, it is physiologically 

appropriate to gain weight

● Pregnancy is associated with increased appetite 

and increased deposition of fat, in preparation for 

the metabolic demands of lactation

● On average, women gain 2.5kg of fat during 

pregnancy

● Requires the body to override the normal 

“homeostatic” feedback systems that regulate 

appetite

➜Help us understand changes in obesity?



Increase in body weight during pregnancy

pregnancy

*
*

*
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Ladyman and Grattan 2004, Ladyman et al 2012
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Ladyman & Grattan, Endocrinology, 2004

Pregnant rats become resistant to the appetite-

suppressing effects of leptin



Prolactin infusions induce leptin resistance in 

pseudopregnant rats

24 hr pre-injection
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24 hr post-injection

Augustine et al., Endocrinology, 2008



Conditional deletion of prolactin 

receptors in the brain

R. Brown, et al., Journal of Neuroscience 2016



Tuberoinfundibular dopamine (TIDA) 

neurons in the hypothalamus

Prolactin

Dopamine 

secretion

Anterior 

pituitary gland

-

+

Prolactin regulate its own secretion by short-loop 

negative feedback

Grattan, Reproduction, 2002



Conditional deletion of prolactin 

receptors in the brain

Wildtype CKC/Prlrflox

R. Brown, et al., Journal of Neuroscience 2016



Serum prolactin levels in CKC/Prlrflox mice

R. Brown, et al., Journal of Neuroscience 2016

….hyperprolactinemic, 

resulting in serial 

pseudopregnancies, but 

can get pregnant



Effect of  prolactin on metabolic regulation during 

pregnancy

1) Weights: food intake, water intake, body weight

2) Indirect calorimetry: Energy expenditure

3) Activity: beambreaks, voluntary activity   

Mate 

Hypothesis:  Mice lacking Prlr in the brain would show 

reduced food intake and weight gain during pregnancy



Day of pregnancy

WT: n=17    KO: n=14

*

Body weight gain during pregnancy in mice with 

a deletion of prolactin receptors in forebrain neurons

*significant effect of genotype S. Ladyman, et al., Unpublished



Day of pregnancy

WT: n=17    KO: n=14

Food intake during pregnancy in mice with 

a brain-specific deletion of prolactin receptors

S. Ladyman, et al., Unpublished



Running wheel activity during pregnancy

Distance

Distance as proportion of non-pregnant levels 

n = 9

*

* Significantly

different to 

non-pregnant 

S. Ladyman, et al., Unpublished



Running wheel activity during pregnancy in mice with 

forebrain Prl-R deletion

WT n=15, KO n=13 *=significant effect of genotype

*

S. Ladyman, et al., Unpublished



Does this provide any insight into obesity?
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Neurogenesis in the adult mouse brain

What is the significance of  

increased neurogenesis in the SVZ 

during pregnancy?



Suppression of prolactin during early pregnancy prevents 

the normal increase in neurogenesis in the maternal brain
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Larsen and Grattan, Endocrinology 2010



Suppression of prolactin during early pregnancy 

impairs maternal behavior

*
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Larsen and Grattan, Endocrinology 2010
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+ prolactin

Suppression of prolactin during early pregnancy 

causes postpartum anxiety

Low prolactin

*
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Role of prolactin in maternal behaviour

Maternal Behaviour:

● Parturition responses

➜Stimulation of new born

➜Placentophagia

● Young-directed responses

➜Nest building

➜Retrieval

➜Licking and grooming

● Young-related responses

➜Maternal aggression

➜Metabolic adaptation

➜Reduced anxiety

From Bridges, Frontiers in Neuroendocrinology, 2015



What regions in the brain are important for the 

expression of maternal behaviour?

Bridges. Frontiers in Neuroendocrinology (2015)



Mapping prolactin-sensitive projections

Cre-dependent 

expression of a 

reporter

Mice in which PRLR-

expressing cells are 

tagged “green”

Virus labels PRLR-

containing cells in a 

particular area red



What regions in the brain are important for the 

expression of maternal behaviour?

Bridges. Frontiers in Neuroendocrinology (2015)



What regions in the brain are important for the 

expression of maternal behaviour?

Bridges. Frontiers in Neuroendocrinology (2015)

Express Prlr

Prlr-expressing 

inputs from 

MPOA



AAV-Cre-mediated knockout of PRLR in the 

MPOA of adult Prlrflox mice



Medial preoptic area-specific loss of prolactin 

receptors in the adult mouse

R. Brown, et al., PNAS, 2017



Pregnancy outcomes in mice lacking prolactin 

receptors in the MPOA

Day 3 of lactation

R. Brown, et al., PNAS, 2017





Conclusions

● Pregnancy hormones induce a wide range of physiological and 

behavioural adaptations in the maternal brain

● Prolactin acts in a wide variety of hypothalamic and extra-

hypothalamic neurons

● Multiple adaptations occur to ensure high levels of lactogenic 

hormones present throughout pregnancy and lactation

● Prolactin seems to be involved in a variety of adaptive changes 

seen during pregnancy

➜ Appetite and energy expenditure

➜ Mood

➜ Maternal behaviour

● These data support the hypothesis that prolactin mediates 

adaptive plasticity in the maternal brain
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Potential for health impact?

Over 20% of first 

pregnancies affected

(= 4,800 pregnancies per 

year in NZ)

Lifelong consequences for mother and child

Postpartum 

Depression

15%

Fetal Growth 

Restriction

6%

Preeclampsia

5%

Spontaneous 

pre-term birth

8%

Gestational 

Diabetes 

6%

Increased by 

gestational 

obesity



Potential for health impact?

Lifelong consequences for mother and child

Postpartum 

Depression

20%

Fetal Growth 

Restriction

10%

Preeclampsia

8%

Spontaneous 

pre-term birth

10%

Gestational 

Diabetes 

6%

2x higher rate of perinatal 

mortality in Māori
Significant disparity in 

Maori and Polynesian 

populations

Increased 

prevalence 

of obesity

Over 30% of first 

pregnancies affected



Overall vision of our research

Understanding the basic biology

Discovery, new knowledge

Disease-focused biomedical science

Treatment 

strategies
Prevention

Translation into clinic • Healthy 

pregnancies

• Healthy babies

• Improved life-

long health

• Significant disease burden

• Health inequality

Linkages 

to clinical 

groups





“Grattan Lab” 2016
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