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Recent studies demonstrate significant neuroimmune changes in postpartum females,
a period that also carries an increased risk of stroke. Oxytocin, a major hormone
upregulated in the brains of nursing mothers, has been shown to both modulate
neuroinflammation and protect against stroke. In the present study we assessed
whether and how nursing modulates the neuroimmune response and injury after stroke.
We observed that postpartum nursing mice were markedly protected from 1 h of
transient middle cerebral artery occlusion (MCAO) relative to either non-pregnant/non-
postpartum or non-nursing (pups removed) postpartum females. Nursing mice also
expressed reduced levels of pro-inflammatory cytokines, had decreased migration of
blood leukocytes into the brain following MCAO, and displayed peripheral neuroimmune
changes characterized by increased spleen weight and increased fraction of spleen
monocytes. Intranasal oxytocin treatment in non-pregnant females in part recapitulated
the protective and anti-inflammatory effects associated with nursing. In summary, the
results of the present study demonstrate that nursing in the postpartum period provides
relative protection against transient ischemic stroke associated with decreased brain
leukocytes and increased splenic monocytes. These effects appear to be regulated, at
least in part, by oxytocin.

Keywords: MCAO, FACS, ischemia, innate, adaptive, focal ischemia, inflammation, cytokine

INTRODUCTION

Over the past decades significant progress has been achieved in understanding the complex cellular
and molecular mechanisms of stroke pathology. Various physiological conditions and interventions
that modulate stroke outcome have been identified and extensively investigated (Lo et al., 2003;
Lakhan et al., 2009; Moskowitz et al., 2010), but clinical translation has been elusive. While stroke is
uncommon in young women, the peripartum period is associated with a significantly increased risk
of stroke (Kittner et al., 1996; James et al., 2005). Notably, approximately 15% of pregnant women
who experience a stroke die as a result, making it the 8th leading cause of pregnancy-associated
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deaths in the United States (Kochanek et al., 2013), and
retrospective clinical studies demonstrate the risk of stroke
remains significantly elevated in the postpartum period (Jaigobin
and Silver, 2000; Kamel et al., 2014; Cheng et al., 2017). However,
to date, essentially no research has been conducted on stroke in
the postpartum period in rodent models.

Strong evidence supports the notion that modulation of
the neuroimmune response critically influences lesion volume
and overall outcome after ischemic stroke. While the healthy
brain maintains an anti-inflammatory local milieu limiting
destructive inflammation (Carson and Sutcliffe, 1999), stroke
initiates both acute and long-lasting inflammatory processes
characterized by release of pro-inflammatory molecules and
infiltration of inflammatory cells into the ischemic brain (Stoll
et al., 1998; Schwab et al., 2001; Iadecola and Anrather,
2011). Stroke-induced release of pro-inflammatory mediators
and cytokines leads to brain cell damage and apoptosis (Choe
et al., 2011; Vogelgesang et al., 2014), specifically tied to
increased levels of pro-inflammatory cytokines IL-6 and TNF-
α (Campbell et al., 1993; Rothwell and Relton, 1993; Meistrell
et al., 1997; Lavine et al., 1998). Induction of stroke results
not only in brain damage and local neuroinflammation, but
also has profound effects on peripheral immune responses,
promoting peripheral immune suppression, splenic atrophy
and changes in circulating leukocytes (Offner et al., 2006;
Lafargue et al., 2012).

Sex differences in outcome from stroke have long been
appreciated (Sohrabji et al., 2017), with female animals generally
being protected compared to male animals (Alkayed et al.,
1998; Murphy et al., 2004). A recent review summarizes
the current clinical evidence for sex differences in ischemic
stroke, and highlights immune/inflammatory pathways that
may contribute to these clinical differences (Chauhan et al.,
2017). While pregnancy, parturition and lactation are major
important physiological changes in females, these factors have
been little studied in the context of stroke. The postpartum
period induces significant changes in brain physiology and
plasticity including altered neurogenesis (Darnaudery et al., 2007;
Leuner et al., 2007), neuronal morphology and synaptic plasticity
(Tomizawa et al., 2003; Haim et al., 2014), and astrocytic and
oligodendrocytes function (Salmaso and Woodside, 2006; Maheu
et al., 2009). Only recently have studies reported changes in
maternal neuroimmune function during the postpartum period
(Haim et al., 2014; Sherer et al., 2017). In particular, the
postpartum period is associated with changes in pro- and anti-
inflammatory cytokine levels (Haim et al., 2017). Oxytocin, a
hormone produced in the paraventricular and supraoptic nuclei
of the hypothalamus, is best known for its role in lactation
and parturition. In addition, oxytocin signaling modulates social
behaviors, feeding, and pain perception. It has been demonstrated
that oxytocin administration provides neuroprotection after
cerebral ischemia in male mice, preventing the increased
injury seen with social isolation (Karelina et al., 2011).
In addition, oxytocin treatment inhibited pro-inflammatory
microglial activation both in vivo and in vitro (Yuan et al.,
2016), and mitigated neuroinflammatory responses associated
with maternal separation (Amini-Khoei et al., 2017).

In the present study we compared infarct volume and
neurological function following transient middle cerebral artery
occlusion (MCAO) in acute postpartum nursing female mice
with age-matched, postpartum non-nursing (pups removed)
mice and age-matched nulliparous female mice. We observed
marked protection in nursing mice accompanied by decreased
migration of leukocytes and reduced levels of brain pro-
inflammatory cytokines in the brain, and increased numbers of
leukocytes in the spleen. Because oxytocin is a major hormone
upregulated during nursing, we also performed comparative
studies between nursing, non-pregnant, and oxytocin-treated
non-pregnant female mice following MCAO.

MATERIALS AND METHODS

Animals
The study was conducted in accordance with National Institutes
of Health guidelines for the use of experimental animals, and the
protocols were approved by the Stanford Animal Care and Use
Committee. Female 10 week old Swiss Webster mice (Charles
River Laboratory, Wilmington, MA, United States) were used.
All animals were housed in air-conditioned rooms in a controlled
environment at 21± 2◦C with seasonal lighting conditions (12 h
of light and 12 h of darkness), with unrestricted food and water.
Pregnant mice were allowed to deliver and nurse the newborn
pups for 3 days before use in stroke studies. Control postpartum
mice were deprived of all their pups after delivery and did not
nurse for 3 days prior to use in studies. MCAO was performed in
each experimental group immediately after the 3 day treatment
period. Control non-pregnant female mice were also studied,
with and without 3 days of oxytocin treatment. The total number
of female mice used was 147 (MCAO 83, non-stroke 64).

Intranasal Oxytocin Treatment
Oxytocin was administered intranasally for 3 days with a dose
previously demonstrated to significantly increase brain oxytocin
levels in male mice (Neumann et al., 2013). Briefly, synthetic
oxytocin (Tocris Bristol, United Kingdom), 12 µl of a 1 µg/µl in
saline solution, or control saline vehicle alone, was administered,
the solution was applied alternately into each nares, using a
pipette. The solution was allowed to diffuse into the squamous
epithelium of both the left and right tunica mucosa nasi.

Transient Focal Cerebral Ischemia
Focal cerebral ischemia was induced, and neuroscore and
edema corrected infarct volume (percent of hemisphere) were
assessed as described previously (Xu et al., 2015). In brief,
mice were randomized to treatment groups. Under 1.5–
2.0% isoflurane anesthesia, the common carotid artery was
exposed and the external carotid artery ligated and cauterized.
Unilateral MCAO occlusion was performed by inserting a 6-0
nylon monofilament surgical suture from Doccol Corporation
(Sharon, MA, United States). The suture was secured, and
the animal allowed to awaken. After 60 min, the animal was
briefly re-anesthetized and reperfusion was initiated by filament
withdrawal. Sham-operated mice were treated identically with
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the exception that no filament was inserted. Intraoperative
rectal temperature was controlled in all animals between
36.5 and 37.5◦C.

Neurological deficit score (Yang et al., 1994) was determined
after 24 h reperfusion. Scores were (0) no deficit, (1) forelimb
weakness, failure to extend forepaw; (2) torso turning to the
ipsilateral side when held by tail, circling to affected side,
(3) inability to bear weight on affected side, falling (4) no
spontaneous locomotor activity. Any animal without a visible
deficit, score of 0, was excluded from the study. The number
of animals excluded from the study was four for control, three
for oxytocin and three for the nursing group. Ischemic injury
resulted in five deaths in the control group, and three deaths in
each of the oxytocin and nursing groups.

Brain Oxytocin and Cytokine
Measurements
For ex vivo measurements of oxytocin and proinflammatory
cytokines, mice were killed and perfused with 0.9% saline.
The brains were removed and the peri-infarct areas and
corresponding brain areas in sham control animals were isolated
and immediately homogenized in cold phosphate buffered saline
using a ratio of 1 g of tissue to 10 ml of reagent plus protease
inhibitor mixture (G-Biosciences, St. Louis, MO, United States).
The samples were centrifuged at 10,000 × g for 20 min at 4◦C
and the supernatants were used for measurements. Oxytocin
levels in brain tissue were assayed by ELISA kit according to
manufacturer’s instructions (DLdevelop Wuxi, China 214031).
Levels of proinflammatory cytokines were determined by TNF-
α and IL-6 ELISA kits (Invitrogen). Protein concentrations were
measured by BCA protein assay (Pierce).

Brain and Spleen FACS Studies
For FACS studies of brain immune cells, mice were euthanized
and perfused with 20 mL of 0.9% saline. The brains were
removed, chopped with dissecting scissors and digested with
400 mU/mL Collagenase-D (Roche, Germany) and 50 µg/mL
DNase I (Roche) for 1 h in a 37◦C incubator. 10 µM EDTA
(Life Technologies, Grand Island, NY, United States) was added
for the last 5 min. The samples were centrifuged at 450 × g
for 10 min, resuspended in 4 mL of 67.5% Percoll (Sigma, St.
Louis, MO, United States) and carefully overlaid with 4 mL of
30% Percoll. The Percoll gradient mix was centrifuged at 800× g
for 20 min at room temperature. The cells were collected at
the Percoll interface (lymphocytes and monocytes) and bottom
pellet (granulocytes).

Spleen cell suspensions were obtained by mechanical
disruption and enzymatic digestion with 400 mU/ml Collagenase
D and 50 µg/ml DNase I for 30 min at 37◦C, and 10 µM EDTA
was added for the last 5 min. Cell suspensions were lysed with
ACK lysis buffer (Lonza, Walkersville, MD, United States) and
filtered through a 70 µm filter. Total leukocyte count (CD45+)
from spleen and brain were obtained using Countbright Beads
(Thermo Fisher Scientific, Eugene, OR, United States) following
manufacturer’s instructions. Cell suspensions were incubated
15 min at 4◦C with CD16/CD32 (produced in house from

2.4G2 hybridoma, ATCC) to prevent binding of antibodies
through Fc-receptor. Cell suspensions were then stained using
the following antibodies obtained from eBiosciences, BD or
Biolegend: F4/80 PerCPCy5.5 (BM8 clone), CD115 PE (clone
AFS98), CD11c PE-Cy7 (clone N418), CD19 APC-A780 and
APC-A700 (clone eBio1D3), CD3e APC-A780 (clone145-
2C11), Ly6C efluor450 (clone HK1.4), MHCII A700 (clone
M5/114.15.2), CD4 BUV395 GK1.5, Ly6G BUV395 (clone 1A8),
CD8 BV510 (clone 53-6.7) and CD11b BV785 (clone M1/70).
For lymphocyte quantification, cells were stained with the
surface cocktail: CD49b FITC (clone DX5), CD25 PerCPCy5.5
(clone PC61), CD19 APC-A700 (clone 1D3), CD62L APC-A780
(clone MLE14), CD44 BV785 (clone IM7), CD4 BUV396 (clone
GK1.5), TCRbeta eFluor450 (H57-597), and CD8 BV510 (clone
53-6.7). All surface stainings were performed at 4◦C for 20 min.
After surface staining, cell were fixed using FoxP3 transcription
factor detection kit (eBiosciences) for at least 2 h. Cells were
permebealized and stained with FoxP3 APC (clone FJK-16s) for
30 min at 4◦C. Stained cells were acquired in a Fortessa X-20 and
fcs files were analyzed using FlowJo.

Statistical Analyses
Numbers of animals/group are indicated in figure legends. Data
reported are means+ SEM. Statistical difference was determined
using T-test for comparison of two groups or ANOVA followed
by Tukey correction for experiments with >2 groups using
SigmaPlot (Systat Software, San Jose, CA, United States). P < 0.05
was considered significant.

RESULTS

Infarction volume was assessed by TTC staining 24 h after MCAO
in non-pregnant/non-postpartum females, nursing postpartum
females and postpartum females from which the pups had
been removed after delivery (experimental overview illustrated
in Figure 1A). We observed marked (>70%) reduction in
nursing postpartum mice relative to either non-pregnant/non-
postpartum mice or when nursing was inhibited by removing
the pups in the postpartum period (Figures 1B,C). In parallel we
evaluated changes in neurological score associated with nursing.
Figure 1D demonstrates that nursing was associated with
significantly improved neurological performance relative to non-
pregnant/non-postpartum or non-nursing postpartum females.
Because both stroke injury and neurobehavioral outcomes
after MCAO were comparable between non-pregnant/non-
postpartum mice and non-nursing postpartum mice, non-
pregnant/non-postpartum mice were used as the “control” group
in the remainder of studies.

We next determined the effects of intranasally delivered
oxytocin on stroke outcome (experimental overview illustrated
in Figure 2A). We observed (Figure 2B) that 3d of intranasal
oxytocin resulted in elevated brain oxytocin levels (5.2-fold)
in control female mice relative to intranasal saline treatment,
were comparable to levels observed in nursing females (4.1-
fold). Administration of oxytocin resulted in a significant∼(32%)
decrease in the post-MCAO infarction volume (Figures 2C,D),
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FIGURE 1 | Nursing mice demonstrate marked protection from middle cerebral artery occlusion (MCAO). (A) Experimental overview. (B) representative TTC stained
brain sections, (C) quantification of infarction volume as % of hemisphere, and (D) post-ischemic neurological deficit. Control are non-pregnant, age-matched
females. (N = 8–10/group, ∗∗∗p < 0.001 and ∗p < 0.05 compared to control).

FIGURE 2 | Oxytocin treatment improves post-MCAO outcome in female mice. (A) Experimental overview. (B) Intranasal oxytocin (Oxt) treatment for 3 days resulted
in significantly higher brain levels of oxytocin than seen in non-nursing females and comparable to levels in nursing mice, N = 8–12. Oxytocin treated female mice
demonstrated reduced infarction volume compared to control (Ctrl). (C) representative TTC stained brain sections, (D) quantification of percent of hemisphere infarct
volume (N = 9–12), and (E) post-ischemic neurological deficit (N = 11–13) ∗∗∗p < 0.001 and ∗p < 0.05 compared to control (Ctrl) non-nursing.
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significantly improved neurological scores (Figure 2E) compared
to intranasal saline treated female controls.

Since it has been reported that both lactation and oxytocin
treatment are associated with significant neuroimmunological
changes (Yuan et al., 2016; Haim et al., 2017; Sherer et al.,
2017), we measured brain levels of two major cytokines
involved in post-ischemic brain injury, IL-6 and TNF-α, in
non-pregnant/non-postpartum mice with and without intranasal
oxytocin treatment and in nursing postpartum mice after
MCAO (experimental overview illustrated in Figure 3A). We
observed that brain TNF-α levels were significantly (4.2-fold)
increased after MCAO in saline-treated control females, and this
increase was significantly attenuated in both nursing postpartum
and oxytocin-treated control females (Figure 3B). Similarly,
brain IL-6 levels were significantly (3.3-fold) increased after
MCAO in saline-treated control females, and this increase
was also significantly attenuated in both nursing postpartum,
and oxytocin-treated control females (Figure 3C). We did not
observe any significant differences in brain TNF-α or IL-6
levels between the three groups in the absence of ischemic
injury (sham surgery).

It has been shown that MCAO induces major changes in the
peripheral immune system, including significant spleen atrophy
in male mice (Offner et al., 2006). Therefore we assessed spleen
weight and immune cell composition in non-pregnant/non-
postpartum mice with and without intranasal oxytocin treatment
and in nursing postpartum mice after MCAO (experimental
overview illustrated in Figure 3A). Figure 4A demonstrates that

oxytocin induced a moderate 1.4-fold increase in spleen weight
in females, while nursing resulted in a stronger 2.2-fold increase
in spleen weight compared to control sham. MCAO caused
small but significant decreases in spleen weights in all groups
(17% decrease in control, 26% in oxytocin treated, and 14%
in nursing mice). We then studied male Swiss Webster mice
and found modest decreases in spleen weight following MCAO,
with no significant effect of oxytocin treatment on spleen weight
(Supplementary Material).

Analyses of spleen cell suspensions by flow cytometry
indicate that nursing was associated with a significant 1.7-fold
increase in total spleen leukocytes, while oxytocin treatment
resulted in only a non-significant increase in non-ischemic
animals. Ischemia caused a significant 37% decrease in total
spleen leukocyte numbers in control animals. Significant
MCAO-associated decreases in total spleen leukocytes were
also observed in oxytocin-treated and nursing mice (45 and
36%, respectively, Figure 4B). We observed nursing-associated
changes in spleen myeloid cells, monocytes and granulocytes.
Figures 4C,D demonstrate sequential gating strategies used
to analyze myeloid cells in the spleen and in the brain,
respectively. Analysis of monocyte frequency and total counts
showed a markedly increased frequency in nursing post-MCAO
animals, compared to all other groups (Figure 5A). This
translated to significantly higher spleen monocyte counts in
the nursing mice, without significant differences between non-
ischemic and post-MCAO animals, due to the differences in
overall leukocyte count (Figure 5B). Granulocyte frequency

FIGURE 3 | Increases in brain TNF- and IL-6 levels induced by MCAO are moderated by nursing or oxytocin treatment. (A) Experimental overview. Brain cytokine
levels were assessed in sham operated or MCAO mice either nursing or treated with vehicle or oxytocin. TNF-α (B) and IL-6 (C) levels were significantly increased in
mouse brain 24 h after MCAO compared to sham operated animals. This increase was significantly attenuated in both nursing and oxytocin (Oxt) treated mice N = 6
for MCAO animals, N = 4 for sham, ∗∗∗p < 0.001 ∗∗p < 0.01, and ∗p < 0.05 for comparisons indicated by the horizontal bars.
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FIGURE 4 | Changes in spleen 24 h past ischemia in nursing and oxytocin treated mice evaluated by spleen weight and FACS studies of leukocytes. Oxytocin (Oxt)
treated and nursing animals demonstrated significantly bigger spleen weights (A). Changes in total leukocyte numbers promoted by nursing and oxytocin treatment
(B). Sequential gating strategy to analyze myeloid cells in the spleen (C) and the brain (D). Number represent frequency of parent. N = 11 for A, N = 4 for B,
∗∗∗p < 0.001, ∗∗p < 0.01, and ∗p < 0.05, for comparisons indicated by horizontal bars.

was significantly increased in non-ischemic nursing mice,
compared to non-ischemic sham control (Figure 5C). The
total spleen granulocyte numbers were significantly increased
in both ischemic and post-MCAO nursing mice, compared to
corresponding sham controls (Figure 5D). However oxytocin
supplementation did not recapitulate the effects observed with
nursing (Figures 5A–D).

Lymphocyte populations in the spleen were also analyzed.
We observed a significant 2.1-fold increase in total regulatory
T cells (Treg) numbers in spleens of post-MCAO nursing
animals compared to control ischemic animals, while only a non-
significant 1.4-fold increase was observed in oxytocin-treated
mice. Results of FACS studies for different leukocyte types,
frequency and total counts, are included in Supplementary
Material. Because leukocyte migration into the brain develops
over time and peaks around 3 days post-stroke (Jin et al.,
2010), we performed FACS studies of brain immune cells at
this time point. MCAO induced a strong 3.3-fold increase
in total leukocyte numbers in the stroke affected (ipsilateral)
brain hemisphere compared to the contralateral hemisphere in

control mice (33583 vs. 15077 total leukocytes in ipsilateral
vs. contralateral hemispheres). This MCAO-associated increase
was significantly attenuated in nursing mice (13052 total
leukocytes per hemisphere) only reaching levels comparable to
the non-ischemic hemispheres of controls. This was paralleled
by significant increases in frequencies (Figure 6A) and total
cell numbers of monocytes (Figure 6B) and granulocytes
(Figures 6C,D) in the ipsilateral hemispheres of MCAO animals.
Together our observations demonstrate that nursing significantly
attenuated the MCAO-induced increase of immune cell types
that are considered central to the development of ischemic injury
(Shi and Pamer, 2011).

DISCUSSION

Oxytocin is essential for lactation and postpartum maternal
behavior (Gimpl and Fahrenholz, 2001). Recent studies report
significant neuroimmunological changes in postpartum animals
(Haim et al., 2017; Sherer et al., 2017), and immune responses
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FIGURE 5 | Nursing- and oxytocin (Oxt)-associated changes in spleen myeloid cells. Monocyte frequency (A) and total counts (B) demonstrated significant increase
in nursing animals. Granulocyte frequencies (C) and total counts (D) were also increased in nursing animals. N = 4, ∗∗∗p < 0.001, ∗∗p < 0.01, and ∗p < 0.05 for
comparisons indicated by horizontal bars.

FIGURE 6 | MCAO-induced brain migration of monocytes and granulocytes is reduced in nursing mice. In non-nursing mice MCAO promoted strong migration of
monocytes (A,B) and granulocytes (C,D) into the ipsilateral ischemic hemispheres (Ipsi) compared to the non-ischemic contralateral hemispheres (Contra). This
migration was significantly attenuated in nursing mice. N = 4, ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 for comparisons indicated by horizontal bars.
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are crucial to stroke outcome (Stoll et al., 1998; Schwab
et al., 2001; Iadecola and Anrather, 2011). Our results show
for the first time that nursing animals have markedly smaller
infarct volumes and improved neurological outcome following
MCAO injury. To compare the protective effects of nursing and
oxytocin treatment we administered oxytocin intranasally and
achieved brain oxytocin levels comparable to those in nursing
animals. We observed reduced infarct volume and improved
neurological outcome in oxytocin-treated female mice. These
results support related observations in male mice whereby
oxytocin treatment improved stroke outcome after cerebral
ischemia when caged alone, but provided no protection to
group-housed male mice that had higher brain oxytocin levels
(Karelina et al., 2011).

Oxytocin inhibited LPS-induced inflammation in microglial
cells and attenuated microglial activation associated with LPS
treatment and maternal separation in vivo (Yuan et al.,
2016; Amini-Khoei et al., 2017). Stroke induces significant
inflammation in the brain (Choe et al., 2011; Vogelgesang
et al., 2014); however, to the best of our knowledge, the
effects of oxytocin on post-stroke inflammation have not been
studied. Our studies indicate that the levels of two major pro-
inflammatory cytokines associated with stroke injury, TNF-
α and IL-6 (Campbell et al., 1993; Rothwell and Relton,
1993; Meistrell et al., 1997; Lavine et al., 1998), were elevated
following MCAO injury. Independently, both oxytocin treatment
and nursing significantly attenuated this pro-inflammatory
cytokine release. The decrease in pro-inflammatory cytokine
levels in nursing mice was accompanied by reduced brain
migration of blood leukocytes, particularly monocytes and
granulocytes. These cell types have been shown to be central
to the development of post-ischemic brain inflammation
and damage, especially due to pro-inflammatory cytokine
generation (Shi and Pamer, 2011). Thus one major mechanism
of protection is likely reduced migration of monocytes and
granulocytes to the brain.

Peripheral immune responses are activated by stroke and
interact with the development of brain damage. The spleen
is a key lymphatic organ and a major reservoir of blood
cells that come into the circulation and brain following brain
injury (Mebius and Kraal, 2005). Therefore, splenic responses
after stroke have gained attention (Seifert and Offner, 2018).
It is well established that the spleen shrinks in animal stroke
models (Offner et al., 2006; Ajmo et al., 2009). Spleen shrinkage
is associated with early release of splenocytes and splenocyte
apoptosis (Liu et al., 2015). Our studies demonstrate that
nursing is associated with a marked increase in spleen size,
and reduced MCAO-associated spleen atrophy. Spleen responses
have been shown to correlate inversely with infarct volume
(Vendrame et al., 2006), and, in turn, influence the development
of ischemic brain injury (Liu et al., 2015). Prior studies
have shown that splenectomy, preceding or immediately after
stroke, or spleen irradiation is protective (Dotson et al., 2014;
Chauhan et al., 2018). To the best of our knowledge this
study describes the first observations of nursing-associated
reduced spleen atrophy in post-MCAO animals, with associated
improvements in stroke outcomes. In the present study we

also observed that nursing independently promoted significant
increases in spleen weight and total leukocyte numbers prior
to injury. Importantly, nursing resulted in higher numbers
of spleen monocytes and granulocytes, and this increase was
retained after stroke induction. Both monocytes and granulocytes
have been shown to contribute to post-ischemic brain damage
and inflammation, and their increased numbers in the spleen
apparently inversely correlate with the observed decrease in
those cell types in post-ischemic brain (Shi and Pamer, 2011).
Notably, in the present study we observed that oxytocin
treatment alone failed to significantly reduce the MCAO-
associated spleen atrophy.

It has been demonstrated that pro-inflammatory cytokine
production induced by LPS stimulation is attenuated during
pregnancy and in the postpartum period (Sherer et al., 2017).
Whether lactation or oxytocin treatment leads to reduced
peripheral immunosuppression remains to be determined. Post-
and peripartum changes in baseline microglial density, and brain
levels of interleukins 6 and 10, have been previously described
in rat brains (Haim et al., 2017). Notably, the brain immune
response to stress (forced swim test) is also altered in pregnant
versus non-pregnant females. Most relevant to the present study,
Ritzel et al. (2017) recently described reduced baseline microglial
activity in multiparous female rats compared with nulliparous
rats. This translated to reduced inflammatory activation after
experimental stroke, reduced injury and faster recovery. Because
infection is a major factor in post-stroke mortality this will be an
important future direction to pursue.

Recent studies also suggest that Treg cells, a subset of T
lymphocytes, are beneficial for stroke outcome (Liesz et al., 2009;
Li et al., 2013). While significant Treg brain migration is generally
observed at later time points than studied here, it has been
shown that Treg depletion promotes increased levels of pro-
inflammatory cytokines in the blood of post-ischemic animals
within hours after MCAO (Liesz et al., 2009). In the present
study we observed that nursing was associated with increased
total spleen Treg cells, suggesting that this mechanism may also
contribute to the observed protection, though future studies at
later time points will be required.

SUMMARY

This study is the first to assess the effects of nursing and
exogenous oxytocin treatment in stroke outcomes in female
mice. Our study demonstrates for the first time strong
nursing-associated neuroprotection against experimental stroke,
along with observed oxytocin-associated anti-inflammatory
mechanisms. Spleen and brain monocyte numbers were also
increased with nursing, whereas in nursing mouse brains
monocyte number and fraction were both decreased following
MCAO. These studies suggest that: (1) intranasal oxytocin may
be a novel neuroimmunological approach to reduce injury from
stroke in females; and, (2) that nursing confers protection against
neuroinflammatory changes and resultant stroke injury. One
limitation of the present study is that the effect of oxytocin
replacement therapy on stroke outcomes and neuroimmune

Frontiers in Neuroscience | www.frontiersin.org 8 July 2019 | Volume 13 | Article 609

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00609 July 11, 2019 Time: 18:34 # 9

Stary et al. Nursing Protects Postpartum Mice From Stroke

modulation was not assessed in non-nursing postpartum females.
As these studies did not include a non-nursing group for
all comparisons, changes in postpartum females following
MCAO cannot necessarily be attributed to nursing per se,
as other features associated with pup presence/absence could
also underlie our observations. Litter size may also have an
effect on postpartum stroke outcomes, as nulliparity versus
multiparity have bene shown to determine stroke outcomes
(Ritzel et al., 2017), however this was not controlled for in this
study. A final limitation is that we did not identify the cell-
type specific source of brain cytokine modulation associated
with oxytocin treatment. Further studies incorporating cell-
type specific mechanistic studies will be required to develop a
more comprehensive understanding of the regulatory pathways
responsible for lactation-associated neuroprotection, to advance
therapeutic applications for this specific, at-risk population.

DATA AVAILABILITY

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of the National Institutes of Health guidelines

for the use of experimental animals. The protocol was approved
by the Stanford Animal Care and Use Committee.

AUTHOR CONTRIBUTIONS

CS contributed to study design, data analysis, and manuscript
preparation. LX performed the animal surgeries. LV performed
the ELISA experiments. MA-H performed the FACS experiments.
OA performed the blinded treatments, tissue collection, and
histological analyses. JI contributed to study design and data
analysis. RG contributed to study design, data analysis, and
manuscript preparation.

FUNDING

This work was supported by American Heart Association
grant FTF-19970029 to CS, Finnish Cultural Foundation
grant 00171200 to OA, and NIH grants R01NS084396 and
R01NS080177 to RG.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2019.00609/full#supplementary-material

REFERENCES
Ajmo, C. T. Jr., Collier, L. A., Leonardo, C. C., Hall, A. A., Green, S. M.,

Womble, T. A., et al. (2009). Blockade of adrenoreceptors inhibits the splenic
response to stroke. Exp. Neurol. 218, 47–55. doi: 10.1016/j.expneurol.2009.
03.044

Alkayed, N. J., Harukuni, I., Kimes, A. S., London, E. D., Traystman, R. J., and
Hurn, P. D. (1998). Gender-linked brain injury in experimental stroke. Stroke
29, 159–165; discussion 166.

Amini-Khoei, H., Mohammadi-Asl, A., Amiri, S., Hosseini, M. J., Momeny, M.,
Hassanipour, M., et al. (2017). Oxytocin mitigated the depressive-like behaviors
of maternal separation stress through modulating mitochondrial function and
neuroinflammation. Prog. Neuropsychopharmacol. Biol. Psychiatry 76, 169–178.
doi: 10.1016/j.pnpbp.2017.02.022

Campbell, I. L., Abraham, C. R., Masliah, E., Kemper, P., Inglis, J. D., Oldstone,
M. B., et al. (1993). Neurologic disease induced in transgenic mice by cerebral
overexpression of interleukin 6. Proc. Natl. Acad. Sci. U.S.A. 90, 10061–10065.
doi: 10.1073/pnas.90.21.10061

Carson, M. J., and Sutcliffe, J. G. (1999). Balancing function vs. Self defense: the
cns as an active regulator of immune responses. J. Neurosci. Res. 55, 1–8.
doi: 10.1002/(sici)1097-4547(19990101)55:1<1::aid-jnr1>3.0.co;2-9

Chauhan, A., Al Mamun, A., Spiegel, G., Harris, N., Zhu, L., and McCullough, L. D.
(2018). Splenectomy protects aged mice from injury after experimental stroke.
Neurobiol. Aging 61, 102–111. doi: 10.1016/j.neurobiolaging.2017.09.022

Chauhan, A., Moser, H., and McCullough, L. D. (2017). Sex differences in ischaemic
stroke: potential cellular mechanisms. Clin. Sci. 131, 533–552. doi: 10.1042/
CS20160841

Cheng, C. A., Lee, J. T., Lin, H. C., Lin, H. C., Chung, C. H., Lin, F. H., et al. (2017).
Pregnancy increases stroke risk up to 1 year postpartum and reduces long-term
risk. QJM 110, 355–360. doi: 10.1093/qjmed/hcw222

Choe, C. U., Lardong, K., Gelderblom, M., Ludewig, P., Leypoldt, F., Koch-Nolte,
F., et al. (2011). Cd38 exacerbates focal cytokine production, postischemic

inflammation and brain injury after focal cerebral ischemia. PLoS One 6:e19046.
doi: 10.1371/journal.pone.0019046

Darnaudery, M., Perez-Martin, M., Del Favero, F., Gomez-Roldan, C., Garcia-
Segura, L. M., and Maccari, S. (2007). Early motherhood in rats is associated
with a modification of hippocampal function. Psychoneuroendocrinology 32,
803–812. doi: 10.1016/j.psyneuen.2007.05.012

Dotson, A. L., Zhu, W., Libal, N., Alkayed, N. J., and Offner, H. (2014). Different
immunological mechanisms govern protection from experimental stroke in
young and older mice with recombinant tcr ligand therapy. Front. Cell Neurosci.
8:284.

Gimpl, G., and Fahrenholz, F. (2001). The oxytocin receptor system: structure,
function, and regulation. Physiol. Rev. 81, 629–683. doi: 10.1152/physrev.2001.
81.2.629

Haim, A., Julian, D., Albin-Brooks, C., Brothers, H. M., Lenz, K. M., and Leuner, B.
(2017). A survey of neuroimmune changes in pregnant and postpartum female
rats. Brain Behav. Immun. 59, 67–78. doi: 10.1016/j.bbi.2016.09.026

Haim, A., Sherer, M., and Leuner, B. (2014). Gestational stress induces persistent
depressive-like behavior and structural modifications within the postpartum
nucleus accumbens. Eur. J. Neurosci. 40, 3766–3773. doi: 10.1111/ejn.12752

Iadecola, C., and Anrather, J. (2011). The immunology of stroke: from mechanisms
to translation. Nat. Med. 17, 796–808. doi: 10.1038/nm.2399

Jaigobin, C., and Silver, F. L. (2000). Stroke and pregnancy. Stroke 31, 2948–2951.
doi: 10.1161/01.str.31.12.2948

James, A. H., Bushnell, C. D., Jamison, M. G., and Myers, E. R. (2005). Incidence
and risk factors for stroke in pregnancy and the puerperium. Obstet. Gynecol.
106, 509–516. doi: 10.1097/01.aog.0000172428.78411.b0

Jin, R., Yang, G., and Li, G. (2010). Inflammatory mechanisms in ischemic stroke:
role of inflammatory cells. J. Leukoc. Biol. 87, 779–789. doi: 10.1189/jlb.1109766

Kamel, H., Navi, B. B., Sriram, N., Hovsepian, D. A., Devereux, R. B.,
and Elkind, M. S. (2014). Risk of a thrombotic event after the 6-week
postpartum period. N. Engl. J. Med. 370, 1307–1315. doi: 10.1056/NEJMoa13
11485

Frontiers in Neuroscience | www.frontiersin.org 9 July 2019 | Volume 13 | Article 609

https://www.frontiersin.org/articles/10.3389/fnins.2019.00609/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2019.00609/full#supplementary-material
https://doi.org/10.1016/j.expneurol.2009.03.044
https://doi.org/10.1016/j.expneurol.2009.03.044
https://doi.org/10.1016/j.pnpbp.2017.02.022
https://doi.org/10.1073/pnas.90.21.10061
https://doi.org/10.1002/(sici)1097-4547(19990101)55:1<1::aid-jnr1>3.0.co;2-9
https://doi.org/10.1016/j.neurobiolaging.2017.09.022
https://doi.org/10.1042/CS20160841
https://doi.org/10.1042/CS20160841
https://doi.org/10.1093/qjmed/hcw222
https://doi.org/10.1371/journal.pone.0019046
https://doi.org/10.1016/j.psyneuen.2007.05.012
https://doi.org/10.1152/physrev.2001.81.2.629
https://doi.org/10.1152/physrev.2001.81.2.629
https://doi.org/10.1016/j.bbi.2016.09.026
https://doi.org/10.1111/ejn.12752
https://doi.org/10.1038/nm.2399
https://doi.org/10.1161/01.str.31.12.2948
https://doi.org/10.1097/01.aog.0000172428.78411.b0
https://doi.org/10.1189/jlb.1109766
https://doi.org/10.1056/NEJMoa1311485
https://doi.org/10.1056/NEJMoa1311485
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00609 July 11, 2019 Time: 18:34 # 10

Stary et al. Nursing Protects Postpartum Mice From Stroke

Karelina, K., Stuller, K. A., Jarrett, B., Zhang, N., Wells, J., Norman, G. J.,
et al. (2011). Oxytocin mediates social neuroprotection after cerebral ischemia.
Stroke 42, 3606–3611. doi: 10.1161/STROKEAHA.111.628008

Kittner, S. J., Stern, B. J., Feeser, B. R., Hebel, R., Nagey, D. A., Buchholz, D. W.,
et al. (1996). Pregnancy and the risk of stroke. N. Engl. J. Med. 335, 768–774.

Kochanek, K. D., Murphy, S. L., Xu, J., and Arias, E. (2013). Mortality in the united
states. NCHS Data Brief. 2014, 1–8.

Lafargue, M., Xu, L., Carles, M., Serve, E., Anjum, N., Iles, K. E., et al.
(2012). Stroke-induced activation of the alpha7 nicotinic receptor increases
pseudomonas aeruginosa lung injury. FASEB J. 26, 2919–2929. doi: 10.1096/fj.
11-197384

Lakhan, S. E., Kirchgessner, A., and Hofer, M. (2009). Inflammatory mechanisms
in ischemic stroke: therapeutic approaches. J. Transl. Med. 7:97. doi: 10.1186/
1479-5876-7-97

Lavine, S. D., Hofman, F. M., and Zlokovic, B. V. (1998). Circulating antibody
against tumor necrosis factor-alpha protects rat brain from reperfusion injury.
J. Cereb. Blood Flow Metab. 18, 52–58. doi: 10.1097/00004647-199801000-
00005

Leuner, B., Mirescu, C., Noiman, L., and Gould, E. (2007). Maternal experience
inhibits the production of immature neurons in the hippocampus during the
postpartum period through elevations in adrenal steroids. Hippocampus 17,
434–442. doi: 10.1002/hipo.20278

Li, P., Gan, Y., Sun, B. L., Zhang, F., Lu, B., Gao, Y., et al. (2013). Adoptive
regulatory t-cell therapy protects against cerebral ischemia. Ann. Neurol. 74,
458–471. doi: 10.1002/ana.23815

Liesz, A., Suri-Payer, E., Veltkamp, C., Doerr, H., Sommer, C., Rivest, S., et al.
(2009). Regulatory t cells are key cerebroprotective immunomodulators in acute
experimental stroke. Nat. Med. 15, 192–199. doi: 10.1038/nm.1927

Liu, Z. J., Chen, C., Li, F. W., Shen, J. M., Yang, Y. Y., Leak, R. K., et al. (2015).
Splenic responses in ischemic stroke: new insights into stroke pathology. CNS
Neurosci. Ther. 21, 320–326. doi: 10.1111/cns.12361

Lo, E. H., Dalkara, T., and Moskowitz, M. A. (2003). Mechanisms, challenges and
opportunities in stroke. Nat. Rev. Neurosci. 4, 399–415.

Maheu, M. E., Akbari, E. M., and Fleming, A. S. (2009). Callosal oligodendrocyte
number in postpartum sprague-dawley rats. Brain Res. 1267, 18–24. doi: 10.
1016/j.brainres.2009.02.029

Mebius, R. E., and Kraal, G. (2005). Structure and function of the spleen. Nat. Rev.
Immunol. 5, 606–616. doi: 10.1038/nri1669

Meistrell, M. E. III, Botchkina, G. I., Wang, H., Di Santo, E., Cockroft, K. M.,
Bloom, O., et al. (1997). Tumor necrosis factor is a brain damaging cytokine
in cerebral ischemia. Shock 8, 341–348.

Moskowitz, M. A., Lo, E. H., and Iadecola, C. (2010). The science of stroke:
mechanisms in search of treatments. Neuron 67, 181–198. doi: 10.1016/j.
neuron.2010.07.002

Murphy, S. J., McCullough, L. D., and Smith, J. M. (2004). Stroke in the female: role
of biological sex and estrogen. ILAR J. 45, 147–159. doi: 10.1093/ilar.45.2.147

Neumann, I. D., Maloumby, R., Beiderbeck, D. I., Lukas, M., and Landgraf,
R. (2013). Increased brain and plasma oxytocin after nasal and peripheral
administration in rats and mice. Psychoneuroendocrinology 38, 1985–1993. doi:
10.1016/j.psyneuen.2013.03.003

Offner, H., Subramanian, S., Parker, S. M., Wang, C., Afentoulis, M. E., Lewis,
A., et al. (2006). Splenic atrophy in experimental stroke is accompanied by
increased regulatory t cells and circulating macrophages. J. Immunol. 176,
6523–6531. doi: 10.4049/jimmunol.176.11.6523

Ritzel, R. M., Patel, A. R., Spychala, M., Verma, R., Crapser, J., Koellhoffer, E. C.,
et al. (2017). Multiparity improves outcomes after cerebral ischemia in female
mice despite features of increased metabovascular risk. Proc. Natl. Acad. Sci.
U.S.A. 114, E5673–E5682. doi: 10.1073/pnas.1607002114

Rothwell, N. J., and Relton, J. K. (1993). Involvement of cytokines in acute
neurodegeneration in the cns. Neurosci. Biobehav. Rev. 17, 217–227. doi: 10.
1016/s0149-7634(05)80152-6

Salmaso, N., and Woodside, B. (2006). Upregulation of astrocytic basic fibroblast
growth factor in the cingulate cortex of lactating rats: time course and role of
suckling stimulation. Horm. Behav. 50, 448–453. doi: 10.1016/j.yhbeh.2006.
05.006

Schwab, J. M., Nguyen, T. D., Meyermann, R., and Schluesener, H. J. (2001).
Human focal cerebral infarctions induce differential lesional interleukin-16
(il-16) expression confined to infiltrating granulocytes, cd8+ t-lymphocytes
and activated microglia/macrophages. J. Neuroimmunol. 114, 232–241. doi:
10.1016/s0165-5728(00)00433-1

Seifert, H. A., and Offner, H. (2018). The splenic response to stroke: from rodents
to stroke subjects. J. Neuroinflam. 15:195. doi: 10.1186/s12974-018-1239-9

Sherer, M. L., Posillico, C. K., and Schwarz, J. M. (2017). An examination
of changes in maternal neuroimmune function during pregnancy and the
postpartum period. Brain Behav. Immun. 66, 201–209. doi: 10.1016/j.bbi.2017.
06.016

Shi, C., and Pamer, E. G. (2011). Monocyte recruitment during infection and
inflammation. Nat. Rev. Immunol. 11, 762–774. doi: 10.1038/nri3070

Sohrabji, F., Park, M. J., and Mahnke, A. H. (2017). Sex differences in stroke
therapies. J. Neurosci. Res. 95, 681–691. doi: 10.1002/jnr.23855

Stoll, G., Jander, S., and Schroeter, M. (1998). Inflammation and glial responses
in ischemic brain lesions. Prog. Neurobiol. 56, 149–171. doi: 10.1016/s0301-
0082(98)00034-3

Tomizawa, K., Iga, N., Lu, Y. F., Moriwaki, A., Matsushita, M., Li, S. T., et al. (2003).
Oxytocin improves long-lasting spatial memory during motherhood through
map kinase cascade. Nat. Neurosci. 6, 384–390. doi: 10.1038/nn1023

Vendrame, M., Gemma, C., Pennypacker, K. R., Bickford, P. C., Davis Sanberg,
C., Sanberg, P. R., et al. (2006). Cord blood rescues stroke-induced changes in
splenocyte phenotype and function. Exp. Neurol. 199, 191–200. doi: 10.1016/j.
expneurol.2006.03.017

Vogelgesang, A., Becker, K. J., and Dressel, A. (2014). Immunological consequences
of ischemic stroke. Acta Neurol. Scand. 129, 1–12. doi: 10.1111/ane.12165

Xu, L. J., Ouyang, Y. B., Xiong, X., Stary, C. M., and Giffard, R. G. (2015). Post-
stroke treatment with mir-181 antagomir reduces injury and improves long-
term behavioral recovery in mice after focal cerebral ischemia. Exp. Neurol. 264,
1–7. doi: 10.1016/j.expneurol.2014.11.007

Yang, G., Chan, P. H., Chen, J., Carlson, E., Chen, S. F., Weinstein, P., et al.
(1994). Human copper-zinc superoxide dismutase transgenic mice are highly
resistant to reperfusion injury after focal cerebral ischemia. Stroke 25, 165–170.
doi: 10.1161/01.str.25.1.165

Yuan, L., Liu, S., Bai, X., Gao, Y., Liu, G., Wang, X., et al. (2016). Oxytocin inhibits
lipopolysaccharide-induced inflammation in microglial cells and attenuates
microglial activation in lipopolysaccharide-treated mice. J. Neuroinflamm.
13:77. doi: 10.1186/s12974-016-0541-7

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Stary, Xu, Voloboueva, Alcántara-Hernández, Arvola, Idoyaga
and Giffard. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 10 July 2019 | Volume 13 | Article 609

https://doi.org/10.1161/STROKEAHA.111.628008
https://doi.org/10.1096/fj.11-197384
https://doi.org/10.1096/fj.11-197384
https://doi.org/10.1186/1479-5876-7-97
https://doi.org/10.1186/1479-5876-7-97
https://doi.org/10.1097/00004647-199801000-00005
https://doi.org/10.1097/00004647-199801000-00005
https://doi.org/10.1002/hipo.20278
https://doi.org/10.1002/ana.23815
https://doi.org/10.1038/nm.1927
https://doi.org/10.1111/cns.12361
https://doi.org/10.1016/j.brainres.2009.02.029
https://doi.org/10.1016/j.brainres.2009.02.029
https://doi.org/10.1038/nri1669
https://doi.org/10.1016/j.neuron.2010.07.002
https://doi.org/10.1016/j.neuron.2010.07.002
https://doi.org/10.1093/ilar.45.2.147
https://doi.org/10.1016/j.psyneuen.2013.03.003
https://doi.org/10.1016/j.psyneuen.2013.03.003
https://doi.org/10.4049/jimmunol.176.11.6523
https://doi.org/10.1073/pnas.1607002114
https://doi.org/10.1016/s0149-7634(05)80152-6
https://doi.org/10.1016/s0149-7634(05)80152-6
https://doi.org/10.1016/j.yhbeh.2006.05.006
https://doi.org/10.1016/j.yhbeh.2006.05.006
https://doi.org/10.1016/s0165-5728(00)00433-1
https://doi.org/10.1016/s0165-5728(00)00433-1
https://doi.org/10.1186/s12974-018-1239-9
https://doi.org/10.1016/j.bbi.2017.06.016
https://doi.org/10.1016/j.bbi.2017.06.016
https://doi.org/10.1038/nri3070
https://doi.org/10.1002/jnr.23855
https://doi.org/10.1016/s0301-0082(98)00034-3
https://doi.org/10.1016/s0301-0082(98)00034-3
https://doi.org/10.1038/nn1023
https://doi.org/10.1016/j.expneurol.2006.03.017
https://doi.org/10.1016/j.expneurol.2006.03.017
https://doi.org/10.1111/ane.12165
https://doi.org/10.1016/j.expneurol.2014.11.007
https://doi.org/10.1161/01.str.25.1.165
https://doi.org/10.1186/s12974-016-0541-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Nursing Markedly Protects Postpartum Mice From Stroke: Associated Central and Peripheral Neuroimmune Changes and a Role for Oxytocin
	Introduction
	Materials and Methods
	Animals
	Intranasal Oxytocin Treatment
	Transient Focal Cerebral Ischemia
	Brain Oxytocin and Cytokine Measurements
	Brain and Spleen FACS Studies
	Statistical Analyses

	Results
	Discussion
	Summary
	Data Availability
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


