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Chronic stress is implicated as a risk factor for Alzheimer's disease (AD) and other neurodegen-
erative disorders. Although the specific mechanisms linking stress exposure and AD vulnerability
have yet to be fully determined, our laboratory and others have shown that acute and repeated
restraint stress in rodents leads to an increase in hippocampal tau phosphorylation (tau-P) and
tau insolubility, a critical component of tau pathology in AD. Although tau phosphorylation
induced by acute psychological stress is dependent on intact signaling through the type 1
corticotropin-releasing factor receptor, how sex steroids or other modulators contribute to this
effect is unknown. A naturally occurring attenuation of the stress response is observed in
female rats at the end of pregnancy and throughout lactation. To test the hypothesis that
decreased sensitivity to stress during lactation modulates stress-induced tau-P, cohorts of virgin,
lactating and weaned female rats were subjected to 30 min of restraint stress or no stress
(control) and were killed 20 min or 24 h after the episode. Exposure to restraint stress induced
a significant decrease in tau-P in the hippocampus of lactating rats killed 20 min after stress
compared to lactating controls and virgins subjected to stress treatment. Lactating rats killed
24hr after restraint stress exposure showed significant elevation in tau-P compared to lactating
cohorts killed 20 min after stress. Levels of tau-P in these latter cohorts did not differ
signficantly from control animals. Furthermore, glycogen synthase kinase (GSK)3-ou levels were
significantly decreased in stressed lactating animals at both timepoints. This suggests a steep,
yet transient stress-induced dephosphorylation of tau, influenced by GSK3, in the hippocampus
of lactating rats.

Key words: Alzheimer's disease, stress, lactation, corticotropin-releasing, tau, hippocampus,
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Stress is implicated as a risk factor for the development of Alzhei-
mer's disease (AD), a neurodegenerative disorder defined pathologi-
cally by the accumulation of extracellular beta-amyloid (AB)
plaques and intracellular neurofibrillary tangles comprised of hyper-
phosphorylated tau (tau-P) aggregates. The role of maternal and
ovarian hormones in the development or prevention of neurode-
generative diseases such as AD has become a subject of intense
study because certain hormones appear to demonstrate neuropro-
tective and neurogenic qualities. For example, during lactation,
remarkable adaptations occur in the female brain, including attenu-
ation of the hypothalamic-pituitary-adrenal (HPA) axis to stress and
changes in hippocampal plasticity (1-3). The observed increase in
plasticity can be influenced by hormonal fluctuations that occur

during lactation in conjunction with suckling stimulation from the
litter (4).

Studies have found that over-activation of the HPA axis results
in decreased hippocampal neurogenesis, increased neurodegenera-
tion and increased cognitive impairment (5-7). Stress-inducing
environmental factors can play a role in AD development and, more
specifically, can induce tau-P (7-14). Studies show increased tau-P
in rodents subjected to cold water stress, as well as cognitive defi-
cits as a result of excess glucocorticoid (stress hormone) exposure
(9,11). Moreover, exposure to a single episode of an emotional
stressor, restraint, rapidly induces tau-P in the hippocampus.
Furthermore, with repeated restraint exposure or overexpression
of corticotropin-releasing factor (CRF), cumulative increases in
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insoluble tau-P is observed (13-15). These studies implicate the CRF
pathway as being mechanistically involved in stress-induced tau-P,
as this phenomenon was not observed in the presence of pharma-
cological blockade or genetic knockout of CRF receptor 1 (7,13,14).

The physiological changes that occur during pregnancy and
lactation may confer neuroprotection against excitotoxins, such as
kainic acid, and lead to a decreased sensitivity to stress (16,17). The
morphological and functional changes in the maternal brain occur
not only in areas that support lactation, but also in areas of learn-
ing and memory, such as the CA1 region of the hippocampus (2,3),
as well as areas related to neurogenesis, such as the subventricular
zone and the dentate gyrus (18,19). Reproduction also facilitates
learning and memory and decreases the prevalence of neuronal
markers of ageing (20). The number of studies aiming to determine
the relationship between maternal hormones (i.e. prolactin, proges-
terone and oestrogen), neurodegeneration and AD pathology is
rapidly growing, potentially as a results of fluctuations in these
hormone levels during pregnancy and lactation, and increasing evi-
dence of their effect on the hippocampus, learning and memory.
For example, in rodents, prolactin has been shown to decrease anxi-
ety, prevent stress-induced decreases in neurogenesis (21, 22) and
to diminish excitotoxic cell damage in the hippocampus (23). In the
hippocampus of AD mice, progesterone significantly reduces tau-P
and oestrogen prevents AB accumulation (24). The mechanisms by
which these hormones regulate tau and AP are not fully under-
stood; however, these studies suggest that maternal hormones
work to attenuate the stress response and could potentially play a
role in preventing AD pathology.

Lactation is a reproductive condition in which the circadian fluc-
tuation of corticosterone is abolished but basal levels are chroni-
cally elevated (1). Thus, a more in-depth understanding of the
mechanisms by which lactation reduced sensitivity to stress may
further clarify the specific circuitry and cellular mechanisms that
influence AD vulnerability. In the present study, we address the
impact of the reproductive condition on stress-induced tau-P and
major tau kinases [glycogen synthase kinase (GSK), extracellular
signal-requlated kinase (ERK) and c-Jun-N-terminal kinase (JNK)] in
female rats.

Materials and methods

Animals

Adult (250-300 g), virgin or pregnant female Wistar rats were housed
individually under a 12 : 12 h light/dark cycle (lights on 06:00 h) and con-
trolled temperature, with food and water available ad libidum. One day
after parturition, litter sizes were culled to eight to 10 pups. Mothers and
their litters were undisturbed until postpartum days 14-19 (lactating rats)
or 1 month after weaning at day 22 (weaned rats). Vaginal smears of
virgin and weaned female rats were followed for at least three oestrous
cycles, and they were stressed or handled in the diestrous phase of the
cycle (virgin rats). The Institutional Animal Care and Use Committee of the
Institute for Neurobiology at the Universidad Nacional Autonoma de
Mexico approved all experimental protocols. Animals were handled in
accordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

© 2015 British Society for Neuroendocrinology

Acute restraint stress

Rats were placed in acrylic restrainers with ventilation for 30 min, and were
killed either 20 min or 24 h after the restraint episode. Control rats were
similarly handed but not exposed to stress. Five rats were included in each
group.

Western blot analysis

One set of rats was killed by decapitation, and brains were immediately
removed and hippocampus was collected, immediately frozen on dry ice
and stored at —70 °C until assay. Tissues were homogenised in radio-
immunoprecipitation assay buffer as described previously (14,25). Fifteen
micrograms of protein was separated on 10% sodium dodecylsulphate-
polyacrylamide gel electrophoresis and transferred to nitrocellulose mem-
brane at 100 V for 50 min. Nonspecific binding was blocked by incubating
membranes in 5% milk-phosphate buffered saline containing Tween 20
(PBS-T) for 30 min. Membranes were incubated with primary antibodies
diluted in 5% milk-PBS-T overnight at 4 °C. The primary antibodies were
detected by anti-mouse or anti-rabbit horseradish peroxidase-linked sec-
ondary antibodies for 1 h (dilution 1 : 2500; EMD Biosciences, La Jolla, CA,
USA) and developed using an enhanced chemiluminescence Western blot
detection kit (Supersignal West Pico; Pierce Biotechnology, Rockford, IL,
USA). Quantitative band intensity readings were obtained using Image)
(NIH, Bethesda, MD, USA). All readings were normalised to internal stan-
dard band intensity readings.

Corticosterone and prolactin determination

Trunk blood was collected to determine serum corticosterone and prolactin
levels in groups of rats either from control or stress treatment at 20 min after
30 min of restraint (n = 5). Serum was separated by centrifugation (10 min at
9469 g) and stored at —20 °C until assay. Corticosterone was determined
using immunoassay kits (catalogue number ADI-900-097; Enzo Life Sciences,
Farmingdale, NY, USA) that employed a competitive immunoassay for quanti-
tative determinations. The optical density of the samples and controls from
the standard curve was read immediately was read at 450nm using a micro-
plate reader (Bio Rad, Hercules, CA, USA). For prolactin determination, microti-
tre plates were coated overnight with 10 ng of rat prolactin (NHPP-NIH,
Torrance, CA, USA). Serial dilutions of standard rat prolactin (rPRL) (0.06-
64 ng/ml) in TPBS were incubated for 16 h with 100 pl of primary anti-rPRL
polyclonal antiserum (dilution 1 : 40 000; NHPP-NIH) in TPBS containing 1%
(w/v) nonfat dry milk (Bio-Rad, Hercules, CA, USA). Samples and standards
(100 pl) were then added to the coated wells and incubated for 2 h at room
temperature. Secondary goat anti-rabbit immunoglobulin G peroxidase conju-
gate (Bio-Rad) was added (dilution 1 : 3000 in TPBS with 1% nonfat dry milk)
and incubated for 2 h at room temperature. Bound secondary antibodies were
detected by reaction with 2,20 azino-di-(3-ethylbenzothiazoline sulphonate)
substrate (Roche, Mannheim, Germany). Plates were read at 450nm using a
microplate reader (Bio Rad).

Antibodies

Two well-characterised antibodies were used to probe for specific phospho-
rylated residues on rat hippocampal tau: $202/T205 (AT8, dilution 1 : 500;
Pierce Biotechnology) and S396/404 (PHF-1, dilution 1 : 1000; gift from Dr
P. Davies, Aloert Einstein College of Medicine, Bronx, NY, USA). Kinase
expression and activity was assessed using antibodies specific to total GSK-
3B (dilution 1 : 1000; BD Biosciences, San Diego, CA, USA), inactive GSK-3
(pSg, dilution 1 : 1000; Cell Signaling Technology, Danvers, MA, USA), active
GSK-3 (pYzw, dilution 1 : 1000; BD Biosciences), mitogen-activated protein
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kinases (ERK1/2), dilution 1 :500; Cell Signaling Technology] and phos-
phorylated JNK (pJNK, dilution 1 : 1000; Cell Signaling Technology). Actin
(dilution 1 :2000; Sigma-Aldrich, St Louis, MO, USA) was used as a
protein-loading control.

Immunohistochemistry

A separate set of rats were anesthetised with a lethal dose of urethane
(1.5-2 g/kg bw, i.p.), perfused with 4% paraformaldehyde and processed for
immunohistochemistry as described previously (13). 30um-thick coronal sec-
tions were cut on a freezing-sliding microtome and stored at —20 °C in
antifreeze until use. PHF-1 (dilution 1 : 5000) was used to probe for tau-P
on free-floating sections of rat hippocampus. 0.3% hydrogen peroxide was
used to quench endogenous peroxidases and 0.1% sodium borohydride was
used to reduce reactive free aldehydes. The staining reaction was carried out
using a nickel-enhanced DAB Peroxidase Substrate kit (Vector Laboratories,
Inc., Burlingame, CA, USA).

Statistical analysis

Integrated intensity readings from western blots were analysed using either
a one- or two-way ANovA using R (The R Project for Statistical Computing,
Vienna, Austria) and prisv (GraphPad Software Inc,, San Diego, CA, USA)
software; pair comparison was estimated by a t-test. Resultant data were
plotted on bar graphs, with data expressed as the mean £ SEM percentage
of control values.

Results

Basal levels of tau-P and tau kinase expression in the
hippocampus of female rats at various reproductive stages

Western blot analysis was used to determine the effects of stress
on hippocampal tau-P and tau kinases in female rats at two well-
characterised phospho-epitopes, AT8 and PHF-1. Control animals
showed no significant baseline differences in tau-P at the AT8 and
PHF-1 phosphorylation sites throughout all reproductive stages
studied (Fig. 1). However, as shown in Fig. 2, nonstressed lactating
control animals express significantly lower levels of total GSK3-o
(F;06 = 42.4, P <0.001) compared to weaned (P =0.016) and
virgin (P = 0.008) nonstressed controls. There were no significant
differences in ERK or JNK levels across all controls (F;.g = 32.1,
P > 0.05) (Fig. 2).

Effects of stress on tau-P in the hippocampus of lactating
rats

Western blot analysis was used to determine the effects of stress
on hippocampal tau phosphorylation using AT8 and PHF-1. As
shown in Fig. 1, 20-min after restraint stress exposure, lactating
rats showed significantly lower levels of tau-P at both the AT8
(Fras = 424, P =00008) (P=0032) and PHF-1 (Fjs = 25,
P = 0.042) (P = 0.03) epitopes compared to lactating controls. This
significant change was also observed compared to stressed virgin
(P =0.008) and weaned (P = 0.008) rats (Fig. 1). 24 hours after
stress, tau-P levels in lactating rats at the PHF-1 site significantly
increased (P = 0.008) compared to the levels observed at 20 min,

Journal of Neuroendocrinology, 2015, 27, 827-834

Lactating Virgin Weaned
| ¥ 11 |
NS 20 24 NS 20 24 NS 20 24
504‘-
50 —
-—.--.l -.. e
37 =t

Z 600 600 600
2
g
£
— 400 400 400
H
z
P
2 200 200 200
2
5]
2

o
|»
'
o
o

3 & © & 3 &
~ > A = > AR = > A
400 400 400

g 300 300 300

£

m

Z 200 200 200

P

)

§ 100 100 100

5 *

S - i

E) 0 o
o & S 3 o S o & ©
= S A ~ S A A5 ) A

Fig. 1. Acute stress-induced hippocampal tau dephosphorylation in lactat-
ing rats. Female rats that were virgin, lactating (14-19 postpartum) or
weaned (21 days postpartum) (N = 5, each) were sacrificed after either no
stress (NS), 20 min (20) or 24 h (24) after a single restraint episode. Lactat-
ing rats had significantly reduced levels of stress-induced tau phosphoryla-
tion (tau-P) at both PHF-1 and AT8 epitopes compared to virgin
(* P =0.008) and weaned rats (P = 0.008); however, tau-P returned to con-
trolf/basal levels after 24 h. Data are presented as mean + SEM percentage
change.

returning to near-control levels. No significant changes in tau-P
levels were observed in virgin or weaned rats in response to stress.

To clarify the possible mechanisms of this stress-induced
dephosphorylation of tau, changes in several known tau kinases,
such as GSK3, were investigated using western blot analysis. As
in Fig. 3, overall levels of total GSK3-a significantly
decreased in lactating rats compared to lactating controls
(F;.6 = 42.4, P < 0.001) (P = 0.008) 20 min after stress, and these
levels remained low 24 h after stress exposure (P = 0.008). Inter-
estingly, active GSK3-B significantly increased (F;,5 = 17.61,
P < 0.0001) in lactating rats 24 h after stress exposure compared
to lactating controls (P = 0.016), whereas there were no significant
changes in active GSK3-o or inactive GSK3(a or B) in stress-
exposed lactating animals compared to lactating controls. This
significant drop in GSK3 20 min after stress could play a key role
in the stress-induced dephosphorylation of hippocampal tau
observed in restraint-stressed lactating rats.

Analysis of corticosterone levels in response to restraint by
enzyme-linked immunosorbent assay showed that basal level of
corticosterone was higher (F,,, = 5.43, P = 0.01) in lactating than
in virgin (P <0.0001) (Fig. 4) and weaned rats (P = 0.0377).
Because of the variation of data, increases in the concentration of
corticosterone caused by stress were not detected in virgin and
weaned rats (three- and two-fold of corresponding control, respec-
tively). However, a tendency to increase after stress was detected in
virgin rats (P = 0.0787 versus control). Corticosterone concentration
in lactating rats was equally high independently of the treatment,
control or stress. For prolactin, a higher concentration was detected

shown

© 2015 British Society for Neuroendocrinology
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Fig. 2. Western blot analysis of baseline kinase levels in unstressed female rats. We assessed differences in major tau kinases in female rat hippocampus
under basal conditions (not stressed) in virgin (V), lactating (L) or weaned (W) (N = 5, each), Western blot analysis was performed using antibodies specific to
glycogen synthase kinase (GSK3), extracellular signal-regulated kinase (ERK) and c-Jun-N-terminal kinase (JNK). We found that no stress (NS) lactating rats
have significantly less hippocampal GSK3-o. compared to both nonstressed virgin and weaned rats (¥, P = 0.016). There were no significant differences in ERK
or JNK. Data are presented as the mean £ SEM percentage change from the V condition.
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Fig. 3. Glycogen synthase kinase (GSK3) levels in control and stressed lactating rats. Lactating rats were sacrificed after no stress (NS), or 20 min (20) or
24 h (24) (N = 5, each) after acute restraint stress. Twenty minutes after stress, lactating rats had significantly lower levels of total hippocampal GSK3-o, com-
pared to their controls (P = 0.008) and these low levels were sustained 24 h later (*, P = 0.008). However, 24 h after stress, active GSK3-f3 levels increased
compared to control (P = 0.016), although active GSK3-a. levels stayed relatively the same. There were no significant changes in inactive GSK3 (both o and )
levels. Data are presented as mean £ SEM percentage change from NS condition + SEM.
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Fig. 4. Corticosterone and prolactin plasma concentration in control and stressed rats. Basal corticosterone and prolactin levels were increased in lactating
rats compared to virgin and weaned cohorts (N = 5, each) and were unchanged in response to restraint stress. Restraint-virgin rats showed a slight increase
in corticosterone, although this was not significantly different from control. Values represent the mean + SEM; Corticosterone: ***P < 0.0001, *P = 0.0377
versus lactating control; ++P = 0.0092 versus virgin stress. Prolactin: **P < 0.001 versus virgin and weaned controls. Data are presented as the mean £+ SEM

percentage change.

in lactating animals, and no change was induced by stress
(F124 = 1.57, P = 0.22) (Fig. 4).

Distribution of tau-P in the female rat hippocampus

Immunohistochemical staining of the hippocampi of virgin and lac-
tating rats was used to assess qualitative differences in tau-P (PHF-
1 epitope) intensity and localisation in nonstressed controls (not
shown) and in animals 20 min after stress. Figure 5 shows repre-
sentative micrographs of the CA3 region of the hippocampus
demonstrating a decrease in somatic tau-P (possibly a shift from
soma to dendrites/axons) in lactating rats exposed to restraint

Fig. 5. Localisation of tau phosphorylation (tau-P) in the CA3 region of
stressed virgin or lactating rat hippocampus. Thirty micrometer thick sec-
tions of the hippocampus were stained with PHF-1 to visualise the localisa-
tion of tau-P in stressed virgin and lactating rats 20 min after stress
(N = 5, each). This x 20 magnification of CA3 pyramidal neurons demon-
strates a lack of increase in somatic staining in stressed lactating animals
(right) compared to stressed virgin animals (left). Unstressed controls (not
shown) had no appreciable tau-P signal. Stressed lactating animals did not
significantly differ in tau-P levels compared to unstressed controls
(P> 0.05). Scale bar = 100 um.

Journal of Neuroendocrinology, 2015, 27, 827-834

stress compared to virgin cohorts. The overall decrease in tau-P in
stressed lactating rats supports our biochemical data.

Discussion

Stress-induced dephosphorylation of tau in the
hippocampus of lactating rats

Although previous studies demonstrate significant increases in hip-
pocampal tau-P after both acute and chronic restraint stress in male
mice (13,14), the present study reveals a stress-induced dephosphory-
lation of tau in the hippocampus of lactating rats, a change that is
not observed in virgin or one-month old weaned rats. A number of
studies have indicated that females respond differently to stress
compared to males, that the hormones involved in lactation help to
confer a higher tolerance to stress regulated by the HPA axis, and
that these hormones grant neuroprotection that extends to many
regions of the brain including the hippocampus (4,17). Our current
tau kinase data suggest that a significant decrease in both the o and
B isoforms of total GSK3 may play a role in the stress-induced
decrease in tau-P observed in lactating rats exposed to restraint
stress. Because maternal hormones are known to play a role in stress
response during pregnancy and lactation, it may be possible that one
or more of these hormones are responsible for the alteration in total
GSK3 levels.

Maternal hormones involved in lactation and stress

During lactation, the maternal brain shows a significantly reduced
response to stress, a phenomenon that is possibly a result of
chronically elevated corticosterone levels (1). Basal plasma levels of

© 2015 British Society for Neuroendocrinology
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corticosterone were higher in lactating cohorts than in virgin and
weaned rats. No significant increase was detected in response to
stress, although virgin rats exhibited a trend toward increase. This
lack of statistical change may be related to the timing of plasma
sampling, which was performed at sacrifice (50 min post-stress). A
number of other hormones, such as prolactin, oxytocin and ovarian
hormones, show increased expression during either pregnancy or
lactation, and may play crucial roles in the attenuated stress
response that is observed.

Prolactin is involved in milk production and is primarily produced
in the anterior pituitary during lactation, although prolactin recep-
tors have been previously documented in the brain (26). Prolactin is
involved in maternal behaviour, the sleep-wake cycle, grooming,
sexual behaviour and stress coping (26). Animals treated with pro-
lactin demonstrate an attenuated HPA-axis response to stress,
although the mechanism by which prolactin is involved in the over-
all anxiolytic effect is not fully understood (27). In the present
study, we found a stress-induced dephosphorylation of tau in con-
junction with a decrease in both the o and B isoforms of total
GSK3 activity. Furthermore, previous studies have documented rela-
tionships between a hyperprolactinaemic stage and this tau kinase.
One study suggests that GSK3 can work as a prolactin receptor
kinase that tags the receptor for degradation, whereas another
describes a pathway that involves prolactin acting to increase Akt
activity, which in turn inhibits GSK3 activity (28, 29). It may be that
increased prolactin levels during lactation result in decreased GSK3
activity (via an Akt pathway) to preserve prolactin receptors during
lactation (a critical time period) and could perhaps be one explana-
tion for the decreased baseline levels of GSK3 in lactating rats.
However, additional studies are required to determine how stress-
induced prolactin activity could cause a sufficiently large decrease
in GSK3 activity to cause a significant dephosphorylation of hip-
pocampal tau.

Oxytocin, another hormone present at elevated levels during
lactation, facilitates social behaviour, maternal bonding and milk
ejection, and is known to decrease the corticosterone stress
response, decrease glucocorticoid receptor expression, stimulate
hippocampal neurogenesis and modulate behavioural responses to
stress (30). In the hippocampus, oxytocin has been shown to influ-
ence a number of signaling molecules, to modulate synaptic trans-
mission, and to increase adult hippocampal neurogenesis, even
under stressful conditions (31-33). Because oxytocin has such a
large influence in the hippocampus during stress and lactation,
further work is needed to determine whether it plays a role in the
stress-induced decrease in hippocampal GSK3 and tau-P seen in
lactating rats.

The ovarian hormone progesterone regulates reproduction, the
release of neurotransmitters and neuronal development. Proges-
terone is present at constant plasma concentrations throughout
pregnancy and lactation (until levels drop on postpartum day 18)
and has been shown to have a neuroprotective effect in the ner-
vous system (34). Progesterone administration has been shown to
decrease tau-P and increase the dephosphorylated form of tau in
the hippocampus of ovarectomised rats but does not affect GSK3
phosphorylation (35). Another study found that chronic proges-

© 2015 British Society for Neuroendocrinology

terone treatment increased total hippocampal tau in ovariectomised
rats, although it did not address tau-P (36). Interestingly, proges-
terone increases tau-P at the PHF-1 epitope in rat cerebellum asso-
ciated with an increase in GSK3 activity, and decreases PP2A
activity in the hippocampus of ovariectomised rats (34,37). These
findings suggest a role for progesterone in regulating tau-P and
associated kinases; however, these apparently conflicting studies
demonstrate the need for further research on the specific mecha-
nisms by which progesterone regulates these proteins.

The lactation period in the mother has been well established as
neuroprotective (16), and previous studies have shown that GSK3
inhibition increases neuroprotection by inhibiting B-catenin and
tau-P, modulating apoptotic pathways, promoting neurogenesis and
improving cognitive deficits in models of neurodegenerative
diseases such as AD and Parkinson's disease (38,39). Our under-
standing of the role of GSK3 in the cell is continually expanding
and broadening, and it has been established that it not only
requlates glycogen synthase activity, but also plays a role in a large
number of other processes in the cell. It is possible that one of the
mechanisms by which lactation confers neuroprotection to the
mother is by inhibiting GSK3 activity (via regulation by some
maternal/ovarian hormone), thereby inhibiting stress-induced tau-P
and apoptosis, and promoting other neuroprotective mechanisms
such as neurogenesis.

Hormones play a complex role in the female brain throughout
adolescence, motherhood and senescence, including menopause.
Although hormones such as prolactin and oxytocin are important
for lactation, their actions in the brain and throughout the body
have a much larger impact than just milk production and ejection.
Maternal and ovarian hormones are known to have significant
anxiolytic effects in response to stress and, in some cases, to
increase adult neurogenesis. Furthermore, lactation is considered
to comprise an enriched environment as a result of exteroceptive
stimuli from the pups, such as olfactory, auditory, tactile and
visual signals, in addition to the neurogenic stimulation provided
by suckling. The neuroplasticity of the female brain also changes
as the female goes through different reproductive stages, and tau
is considered to play a role in the changes in brain circuitry that
occur as part of this plasticity. The dephosphorylation of tau seen
in stressed lactating rats may be a neuroprotective effect driven
by elevated hormone levels and signalling by pups. Functional
adaptations in the female brain during lactation include many
forms of stress-attenuation both behaviourally and molecularly,
although the extent to which these changes affect the future
development of neurological diseases such as AD remains unclear.
Some studies suggest that pregnancy is a risk factor for AD
because of decreased levels of oestrogen compared to nulliparous
women (40, 41). It may be that the neuroprotection conferred by
lactation only lasts as long as the lactation period itself, as sug-
gested by the data from our weaned animals. However, further
research including studies focused on chronic stress, multiple
maternities, and how these variables affect behaviour and
neuropathological markers, such as neurofibrillary tangles and Ap
plague formation, are needed to better our understanding of the
female brain, the stress response and how these specific circuitries

Journal of Neuroendocrinology, 2015, 27, 827-834
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play a role in the development of neurodegenerative diseases such
as AD.
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