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Nongenomic Actions of 17-� Estradiol Restore Respiratory
Neuroplasticity in Young Ovariectomized Female Rats
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Gonadal steroids modulate CNS plasticity, including phrenic long-term facilitation (pLTF), a form of spinal respiratory neuroplasticity
resulting in increased phrenic nerve motor output following exposure to acute intermittent hypoxia (aIH; three 5 min episodes, 10.5%
O2 ). Despite the importance of respiratory system neuroplasticity, and its dependence on estrogen in males, little is known about pLTF
expression or mechanisms of estrogen signaling in females. Here, we tested the hypotheses that (1) pLTF expression in young, gonadally
intact female rats would be expressed during estrous cycle stages in which 17�-estradiol (E2) is naturally high (e.g., proestrus vs estrus),
(2) pLTF would be absent in ovariectomized (OVX) rats and in physiological conditions in which serum progesterone, but not E2, is
elevated (e.g., lactating rats, 3–10 d postpartum), and (3) acute E2 administration would be sufficient to restore pLTF in OVX rats.
Recordings of phrenic nerve activity in female Sprague Dawley rats (3– 4 months) revealed a direct correlation between serum E2 levels
and pLTF expression in cycling female rats. pLTF was abolished with OVX, but was re-established by acute E2 replacement (3 h,
intraperitoneal). To identify underlying E2 signaling mechanisms, we intrathecally applied BSA-conjugated E2 over the spinal phrenic
motor nucleus and found that pLTF expression was restored within 15 min, suggesting nongenomic E2 effects at membrane estrogen
receptors. These data are the first to investigate the role of ovarian E2 in young cycling females, and to identify a role for nongenomic
estrogen signaling in any form of respiratory system neuroplasticity.
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Introduction
Cyclic fluctuations in circulating 17�-estradiol (E2) regulate
CNS plasticity in female rats (Bi et al., 2001). Indeed, gonadal
steroid signaling in neuroplasticity is well established in rodent
models of learning and memory (Smith et al., 2009; Baudry et al.,

2013; Arevalo et al., 2015; Fester and Rune, 2015; Frick, 2015).
Hippocampal long-term potentiation (LTP) is greater in slices
prepared from female rats in proestrus (characterized by high
circulating E2 levels) versus diestrus (low circulating E2; Bi et al.,
2001; Baudry et al., 2013), and exogenous E2 restores LTP in
ovariectomized (OVX) rats (Córdoba Montoya and Carrer,
1997), supporting a critical role for E2 in hippocampal neuro-
plasticity (Frick, 2015).

The spinal respiratory motor system also possesses the robust
capacity to exhibit neuroplasticity. Phrenic long-term facilitation
(pLTF; Hayashi et al., 1993; Bach and Mitchell, 1996), a form of
neuroplasticity induced by acute, intermittent hypoxia (aIH;
Bach and Mitchell, 1996; Baker and Mitchell, 2000), is character-
ized by a progressive and long-lasting increase in phrenic motor
neuron output. It has been extensively characterized, and now
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Significance Statement

Exposure to acute intermittent hypoxia induces phrenic long-term facilitation (pLTF), a form of spinal respiratory motor plastic-
ity that improves breathing in models of spinal cord injury. Although pathways leading to pLTF are well studied in males and
estradiol (E2) is known to be required, it has seldom been investigated in females, and underlying mechanisms of E2 signaling are
unknown in either sex. We found that while ovariectomy abolished pLTF, it could be restored by acute systemic E2, or by
intraspinal application of the membrane-impermeable E2 (BSA-conjugated E2; 15 min). The ability of nongenomic estrogen
signaling within the cervical spinal cord to recover respiratory neuroplasticity in disorders of respiratory insufficiency suggests
that membrane estrogen receptors may represent novel therapeutic targets to restore breathing in both sexes.
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guides preclinical trials in chronic spinal cord injury patients to
improve their motor function (Trumbower et al., 2012; Hayes et
al., 2014; Navarrete-Opazo et al., 2016, 2017; Lynch et al., 2017).
While pLTF in young castrated male rats requires the conversion
of testosterone to E2 (Zabka et al., 2006), reports conflict regard-
ing the existence of pLTF in young females in estrus and diestrus
(Zabka et al., 2001, 2006). We hypothesized that pLTF would be
expressed in young female rats during estrous cycle stages char-
acterized by high circulating E2 levels (i.e., proestrus vs estrus).
We predicted that pLTF would be abolished by OVX and physi-
ological conditions in which progesterone, but not E2, was ele-
vated (e.g., postpartum lactating rats; Grota and Eik-Nes, 1967).
Further, we predicted that E2 replacement would restore pLTF in
OVX rats. We also tested whether a membrane-active E2 (intraspi-
nal) could mimic systemic E2 effects. Our results demonstrate that
rapid estrogen signaling plays a critical role in pLTF. Thus, mem-
brane estrogen receptors (ERs) may be an important translational
consideration for promoting spinal neuroplasticity in clinical condi-
tions characterized by respiratory insufficiency (Dale et al., 2014;
Navarrete-Opazo and Mitchell, 2014; Gonzalez-Rothi et al., 2015;
Fuller and Mitchell, 2017).

Materials and Methods
Animals. Adult, female Sprague Dawley rats (3– 4 months old) were
housed in an Association for Assessment and Accreditation of Labora-
tory Animal Care-accredited animal facility with ad libitum access to
food and water and 12 h light/dark cycles. All experimental procedures
were approved by the Animal Care and Use Committee at the University
of Wisconsin–Madison and conformed to policies set out by the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

For the first set of experiments, 45 virgin or postpartum rats were
divided into the following six groups: (1) ovarian-intact females in estrus
(n � 8); (2) ovarian-intact females in proestrus (n � 8); (3) OVX females
(n � 8); (4) OVX females receiving estrogen supplementation (n � 8);
(5) lactating, postpartum females (n � 8); and (6) time controls consist-
ing of one rat from each of the previous five groups (n � 5). Rats that had
undergone a minimum of one full estrous cycle following arrival were
assigned to either the estrus or proestrus groups based on daily examina-
tion of vaginal cell characteristics in vaginal smears using light micros-
copy (Marcondes et al., 2002). The lactating females were within 3–10 d
postpartum, and had litters of �4 pups at the time of experimentation. In
subsequent experiments, 16 virgin OVX rats were divided into the fol-
lowing three groups: (1) intrathecal BSA-conjugated E2 (E2-BSA; n � 5);
(2) intrathecal BSA alone (n � 5); and (3) time controls consisting of
three rats from each of these groups (n � 6).

Preparation of E2-BSA. The E2-BSA (30 moles E2 per moles BSA)
solution was reconstituted in PBS, and free E2 was removed based on weight
as previously described (Stevis et al., 1999), using 3 kDa molecular weight
centrifugal filters (Amicon Ultra-15, Millipore). The larger molecular-
weight E2-BSA is trapped on the filter. Retained E2-BSA was reconstituted in
aCSF (0.5 mM stock; Nag and Mokha, 2014) and spectrophotometry was
used to confirm the molarity of both the BSA-conjugated and free E2 frac-
tions (�1% of free E2 contamination was found in the E2-BSA lots used in
these studies). BSA at equimolar concentrations to that injected in the con-
jugated E2-BSA was delivered to rats in the control group.

Ovariectomy. Ovariectomy was performed as previously described
(Zhou et al., 1996). Briefly, rats were initially anesthetized with isoflurane
in a closed chamber and then maintained via nose cone (2–3% in O2) for
the duration of surgery. Adequacy of anesthesia was confirmed by the
lack of response to toe-pinch and by eye-blink reflexes. Bilateral incisions
were made through the dorsolateral skin and muscle layers to expose the
ovarian fat pads. Following bilateral removal of ovaries, muscle layers
were approximated, and the skin incision was closed with wound clips
(Appose ULC 35W, Covidien); buprenorphine was administered for
pain control (0.05 g � kg �1, s.c.). Rats recovered in their home cages for
�1 week before phrenic neurophysiological experiments. The ovarian fat

pads were briefly exteriorized in rats receiving sham ovariectomy; they
underwent the same recovery procedures. Daily vaginal smears com-
menced on the sham rats 1 week after surgery, and rats were assigned to
the appropriate estrous cycle group based on vaginal cell characteristics,
as in the intact female groups. All smears were performed at the same
time of day, and all nerve recordings were performed immediately after
vaginal cell analysis.

Surgical preparation for electrophysiological measurements. Rats were
anesthetized initially with isoflurane in a closed chamber, then trans-
ferred to a nose cone for tracheotomy and initiation of pump ventilation
(Rodent Ventilator, model 683, Harvard Apparatus; tidal volume, 1.5–
2.5 ml; frequency, 75 breaths � min �1). Tracheal pressure was contin-
uously monitored using a pressure transducer (model MLT1199, AD
Instruments) attached to the inspired line of the ventilator. The lungs
were briefly hyperinflated by occluding the expiratory line of the venti-
lator once per hour to minimize atelectasis (collapse of lung alveoli re-
sulting in decreased blood oxygenation). Anesthesia was maintained
with isoflurane (3% in 50% O2, balance N2) for the duration of the
surgical procedures and adequacy of isoflurane anesthesia was confirmed
by the lack of response to toe-pinch and eye-blink reflexes.

Following surgery, rats were slowly converted to urethane anesthesia
(1.8 mg � kg �1) via right femoral vein catheter. Surgery was performed
on a temperature-controlled stainless-steel surgical table. Rectal temperature
was monitored continuously with a temperature sensor (Physitemp Instru-
ments), and maintained constant by adjusting the temperature of the surgi-
cal table. The concentration of inspired O2 was monitored throughout all
experiments using a fuel-cell O2 sensor (AII 3000A, Analytical Industries).
Rats were vagotomized and a catheter was inserted into the right femoral
artery to monitor blood pressure using a calibrated pressure transducer
(SP844, MEMScap). Blood samples drawn from the femoral artery were
analyzed for O2 (PaO2) and CO2 (PaCO2) partial pressures and pH with a
blood gas analyzer (ABL800 Flex, Radiometer); standard base excess (SBE),
calculated by the analyzer, was also used as an indicator of metabolic acid–
base disturbances. A slow, continuous infusion of veterinary lactated Ring-
er’s solution, hetastarch, and sodium bicarbonate via femoral vein catheter
was maintained following conversion to urethane anesthesia to maintain
blood pressure and acid–base balance throughout the experiment. The left
phrenic nerve was dissected, exposed via a dorsal approach, cut distally, and
then desheathed. The nerve was submerged in mineral oil and placed on a
bipolar silver recording electrode to record spontaneous neural activity. The
adequacy of anesthesia was tested before protocols commenced and imme-
diately after the protocol was complete. Adequacy of anesthetic depth was
assessed as the lack of pressor or respiratory neural response to a toe pinch.
We did not observe increased blood pressure or respiratory nerve activity in
any of the rats following toe pinch. Neuromuscular blockade with pancuro-
nium bromide (�1.2 ml, i.v., 1 mg � ml�1) was initiated following confir-
mation of adequate anesthesia to remove excessive movement artifacts
associated with respiratory muscle activity. End-tidal CO2 was monitored
using a flow-through capnograph (Novametrix) and maintained at �45
mmHg throughout the surgery to allow stabilization of the preparation and
initial nerve signals.

Rats receiving intraperitoneal E2 replacement following ovariectomy
were given a single dose of estradiol benzoate (40 �g � kg �1; i.p.) �3 h
before the start of hypoxic challenges with the goal of approximating
serum levels of estradiol measured during the proestrus phase in this rat
strain. Nerve activity was amplified (gain, 10,000�; A-M systems),
bandpass-filtered (300 Hz to 10 kHz), rectified, and integrated (time
constant, 100 ms). Resulting signals were digitized, recorded, and ana-
lyzed with PowerLab (AD Instruments; LabChart 7.0 software). For ex-
periments assessing nongenomic E2 signaling, an intrathecal catheter
was placed to enable localized injections of BSA or E2-BSA over the
region of the phrenic motor nucleus. In brief, after dorsal laminectomy at
C2, an incision was made in the dura and a small silicone catheter (2
French; Access Technologies) was inserted and advanced �3 mm cau-
dally, bringing the catheter tip to the rostral edge of cervical segments
containing the phrenic motor nucleus (�C3). The catheter was
primed with either E2-BSA [�-estradiol 6-(O-carboxy-methyl)
oxime:BSA, 50 nM; Sigma-Aldrich] or vehicle (containing equivalent
moles of BSA (1.5 nM) in aCSF; Jackson Immunoresearch) before
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catheter placement. Intrathecal solutions were prepared fresh for each
experiment and intrathecal drug dosing was established following
dose–response experiments.

Experimental protocol for electrophysiological measurements. Stable
nerve activity was established while the rat was ventilated with a hyper-
oxic inspired gas mixture (FIO2, 0.5– 0.6; PaO2, �250 mmHg), with
sufficient levels of inspired CO2 to maintain constant arterial PaCO2,
preventing the rat from becoming apneic (typically between 40 and 45
mmHg). After the preparation was stabilized, the apneic threshold for
rhythmic phrenic activity was determined by progressively lowering the
inspired (and arterial) CO2 until rhythmic phrenic activity ceased. From
apnea, the end-tidal CO2 was progressively increased in 1 mmHg incre-
ments every 1–2 min until nerve activity resumed (i.e., the recruitment
threshold). Baseline nerve activity was established with end-tidal CO2 set
2–3 mmHg above the CO2 recruitment threshold. This procedure allows
a standardized level of respiratory drive during baseline conditions in
different rats. A baseline blood sample was taken and the rats were ex-
posed to acute aIH, consisting of 3 � 5 min hypoxic episodes (FIO2,
0.10 – 0.12; PaO2, 35– 45 mmHg) interspersed with 5 min intervals of
baseline conditions (i.e., FIO2, 0.5– 0.6). Additional time-control rats
were used to ensure stability of phrenic nerve recordings over time (i.e.,
ensuring that there was no time-dependent change in phrenic nerve
output). These rats did not receive hypoxia, and were included to assess
the effects on baseline nerve activity in OVX rats, in OVX rats pretreated
with estradiol benzoate (EB; OVX�E), and in OVX rats pretreated with
E2-BSA (OVX�E2-BSA) or BSA. For experiments assessing non-
genomic E2 signaling, rats received an intrathecal injection of E2-BSA or
BSA alone (12 �l over �3 min) 15 min before start of aIH. Nerve activity
was monitored for 60 min after the last hypoxic episode while maintain-
ing baseline levels of arterial blood gases. Blood samples (0.1– 0.2 ml in a
capillary tube) were drawn and analyzed before hypoxic challenge (base-
line), during hypoxic challenge, and at 15, 30, and 60 min after hypoxia.
At the conclusion of each experiment, rats were euthanized by urethane
overdose administered via the femoral vein, followed by discontinuation
of pump ventilation.

Quantification of circulating hormone levels. Although visualization of
vaginal cell characteristics provide well established correlates to circulat-
ing sex hormones (in particular, estradiol), additional quantification of
serum E2 and progesterone was performed using ELISAs (Zabka et al.,
2005, 2006; Doperalski et al., 2008; Skucas et al., 2013; Czyzyk et al.,
2014). Briefly, blood samples were collected before start of the aIH pro-
tocol and allowed to clot at room temperature for 15 min. Samples were
centrifuged at 3000 rpm � 10 min and serum was collected for storage at
�80°C. Progesterone and estradiol concentrations were determined us-
ing ELISAs (Calbiotech) according to the manufacturer’s instructions; all
serum samples were run in triplicate. The absorbance was read at 450 nm
and serum concentrations were interpolated from standard curves run in
each assay.

Statistical analysis. For all neurophysiological recordings, peak ampli-
tude and burst frequency of phrenic nerve activity were averaged in 1 min
bins at each recorded data point (baseline, during hypoxic exposure, and
15, 30 and 60 min after the final hypoxic episode). Baseline measures
were taken just before the start of the first hypoxic challenge. Changes in
nerve burst amplitudes were normalized as a percentage change above
baseline values; baseline phrenic burst amplitudes were similar across
experimental groups in all studies ( p � 0.698 for the first group of stud-
ies, and p � 0.399 for E2-BSA studies; one-way ANOVA). Burst fre-
quency was analyzed and reported in bursts � min �1. In the first group
of studies, we compared phrenic nerve responses among all experimental
groups, with the exception of the postpartum group (presented sepa-
rately). Sham ovariectomy surgery had no discernable impact on phrenic
nerve output compared with ovary-intact rats. Therefore, the estrus and
proestrus groups each contain a combination of sham ovariectomy (n �
4) and intact rats (n � 4). In addition, OVX rats receiving vehicle injec-
tions (intraperitoneal, oil) before phrenic nerve recordings (n � 3) were
identical to OVX rats alone (n � 5). Thus, these groups were combined
for analysis of phrenic nerve activity. Statistical comparisons in phrenic

burst amplitude and frequency were made for time (baseline and 15, 30,
and 60 min after hypoxia) and treatment effects using two-way repeated-
measures ANOVA. Statistically significant interactions between time and
treatment were observed ( p � 0.003) and Tukey’s post hoc tests were used
to identify statistically significant individual comparisons. Since post hoc
analyses of phrenic burst amplitude and frequency measures showed
statistical significance only at 60 min after hypoxia, we limited our figures
to this time point for ease of visual comparison. Physiological variables
were compared across groups in the same manner, and data are pre-
sented for measurements taken at baseline, during hypoxic challenge,
and 60 min after aIH (60 min). Separate analyses of the phrenic nerve
burst responses to hypoxia were made using a one-way ANOVA. Serum
estradiol and progesterone levels were not normally distributed follow-
ing ELISA, as anticipated. Therefore, statistical comparisons were made
using logarithmically transformed datasets in a one-way ANOVA fol-
lowed by Fisher’s least significant difference post hoc tests. For all com-
parisons, differences were considered significant at p � 0.05. All values
are expressed as the mean 	 SEM.

Results
pLTF expression varies by estrous cycle stage in young
female rats
To determine whether the magnitude of aIH-induced respiratory
motor plasticity differed depending on circulating estradiol lev-
els, we measured pLTF in estrous cycle stages in which E2 levels
were low (estrus) or at their peak (proestrus). Young proestrus
female rats displayed a progressive and persistent increase in
phrenic nerve burst amplitude over 60 min following aIH, indic-
ative of pLTF (Mitchell and Johnson, 2003; Figure 1A). Consis-
tent with prior reports (Zabka et al., 2001), young female rats in
estrus failed to express pLTF (Fig. 1B); phrenic amplitudes were
similar to baseline values 60 min following aIH (10 	 5%; p �
0.263; Fig. 1F) as well as to time-control rats (p � 0.945; Fig. 1F).
Phrenic nerve amplitudes of proestrus females were significantly
higher than those of baseline (39 	 2%; p � 0.001), estrus (p �
0.001), and time-control (p � 0.001) females at 60 min (Fig. 1F).
Thus, consistent with our hypothesis, the magnitude of aIH-
induced pLTF in young female rats fluctuated with estrous cycle
stage, in apparent relation to circulating E2 levels. Estrous cycle
stage had no effect on the amplitude of the hypoxic response, as
phrenic amplitudes increased to a similar extent in both proes-
trus rats (79 	 9%) and estrus rats (74 	 8%; Fig. 1G). Proestrus
rats displayed a small, but statistically significant facilitation in
phrenic burst frequency at 60 min after aIH (4 	 1%; p � 0.013)
compared with baseline; however, frequency in proestrus rats
was not different from that of estrus rats (p � 0.786; Fig. 1H),
and estrus rats exhibited no change in phrenic burst frequency 60
min following aIH relative to baseline (p � 0.408).

Ovariectomy abolishes pLTF expression
To determine whether ovarian-derived steroids were required for
aIH-induced pLTF, we examined the expression of pLTF in OVX
young female rats. As anticipated, ovariectomy eliminated the
progressive increase in phrenic burst amplitude following aIH
(Fig. 1C) that was observed in proestrus females (Fig. 1A). In-
deed, at 60 min after aIH, phrenic burst amplitudes in OVX rats
were not different from that of baseline (7 	 5%; p � 0.607),
estrus (p � 0.99; Fig. 1F), or time-control rats (p � 0.945; Fig.
1F). Though the OVX group appeared to have a moderately
blunted response to hypoxia (60 	 7%), this was not statistically
different from other experimental groups (p � 0.409; Fig. 1G). In
addition, ovariectomy did not have a significant impact on
phrenic burst frequency over time following aIH (p � 0.317),

6650 • J. Neurosci., July 12, 2017 • 37(28):6648 – 6660 Dougherty et al. • 17-� Estradiol Restores Spinal Neuroplasticity



and OVX rats had similar burst frequencies to estrus (p � 0.99;
Fig. 1H) and proestrus rats (p � 0.847; Fig. 1H) 60 min after aIH.
Combined, these data support the hypothesis that ovarian ste-
roids are necessary for pLTF expression in young female rats.

Acute estradiol replacement in OVX rats restores pLTF
Given the key role of estradiol in other forms of neuroplasticity,
we hypothesized that estradiol would be sufficient to restore spi-

nal pLTF in OVX females. To test this hypothesis, intraperitoneal
EB was administered to OVX rats 3 h before assessment of pLTF.
In preliminary experiments, EB administered 16 –24 h before
pLTF was insufficient to significantly restore pLTF (18 	 10%;
n � 5). OVX rats pretreated with EB (OVX�E) for 3 h before
pLTF, however, displayed a progressive and persistent increase in
phrenic burst amplitude in response to aIH (Fig. 1D). Indeed,
60 min following aIH, phrenic burst amplitudes in the

Figure 1. aIH induces pLTF in young proestrus, but not estrus rats, and systemic E2 restores pLTF to OVX rats. Representative traces of integrated phrenic neurograms over 90 min during and
following aIH in young female rats. Baseline is indicated by the dashed line. All traces are identically scaled. A, Following exposure to aIH, females in proestrus (PRO; n � 8) exhibit a progressive
increase in phrenic nerve burst amplitude above baseline (dashed line). B, Rats in estrus (EST; n � 8) do not express pLTF. C, OVX rats (n � 8) failed to express pLTF. D, E2 replacement
(intraperitoneal) in OVX females (OVX�E; n � 8) rescued pLTF. E, In the absence of aIH, time-control (TC) rats (n � 5) displayed no time-dependent changes in phrenic nerve burst amplitudes over
the same 90 min period. F, Quantification of pLTF magnitude in all treatment groups at 60 min following aIH, graphed as a percentage change from baseline. G, Phrenic nerve burst amplitudes in
response to hypoxia, graphed as a percentage change from baseline. H, Phrenic nerve burst frequency in bursts per minutes (BPM) 60 min after aIH. †††p � 0.001, and †p � 0.05 versus baseline;
***p � 0.001 versus TC; ‡‡‡p � 0.001 versus PRO; ###p � 0.001 versus OVX�E.
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OVX�E rats were significantly higher than those of baseline
(41 	 7%; p � 0.001), estrus ( p � 0.001), OVX ( p � 0.001),
and time-control rats ( p � 0.001; Fig. 1F ). Hypoxic responses
were similar to all other treatment groups (Fig. 1G). Rats
treated with EB showed a modest increase in phrenic burst
frequency over time following aIH relative to baseline (4 	
2%; p � 0.052; Fig. 1H ), but at 60 min after aIH, phrenic burst
frequency in the OVX�E group was statistically similar to that
of all other treatment groups (Fig. 1H ).

Serum estradiol levels positively correlate with
pLTF expression
Estrous cycle stage and the efficacy of E2 replacement was con-
firmed by measuring serum E2 and progesterone levels with an
ELISA. Serum E2 levels in proestrus rats (33 	 4 pg/ml) were
significantly higher than in estrus (7 	 2 pg/ml) and OVX rats
(3 	 0.5 pg/ml; p � 0.001 for both comparisons; Fig. 2A). Aver-
age serum E2 levels in the OVX�E group (82 	 23 pg/ml) were
not statistically different from E2 levels in proestrus rats (p �
0.21; Fig. 2A), but were significantly higher than in estrus and
OVX rats (p � 0.001 for both comparisons; Fig. 2A). There was a
significant positive correlation between serum E2 levels and the
magnitude of pLTF (r � 0.475; p � 0.007; Fig. 2B). Serum pro-
gesterone levels were similar between females in proestrus (24 	
3 ng/ml) and estrus (27 	 4 ng/ml; p � 0.83; Fig. 2C). Progester-
one levels dropped following ovariectomy (17 	 2 ng/ml) and
were not affected by E2 replacement (15 	 2 ng/ml, p � 0.46; Fig.
2C). However, while progesterone levels in the OVX�E group
were significantly reduced compared with those in proestrus and
estrus rats (p � 0.03 and p � 0.02, respectively for each; Fig. 2C),
progesterone levels in the proestrus and estrus groups were not
different from those in rats with ovariectomy alone (p � 0.12 vs
proestrus; p � 0.08 to estrus). This unexpected result was likely
influenced by a single rat in the estrus group with extremely low
circulating progesterone; when this rat was removed from the
analysis, progesterone levels in the OVX group were significantly
lower than those of estrus rats (p � 0.004), and showed a reduc-
tion in serum progesterone levels compared with levels in the
proestrus group (p � 0.06). Nevertheless, we retained this rat in
the overall analysis as an example of normal biological variability
among subjects (Lee et al., 2011), and to show the significant
fluctuations in circulating ovarian hormones that occur over very
short time domains of the normal rat estrous cycle. Unlike serum
E2 levels, there was no apparent linear relationship between se-
rum progesterone and pLTF expression, as evidenced by a flat-
tened, negative regression (r � �0.047, p � 0.802; Fig. 2D).

Since previous studies indicated a correlation between serum
progesterone/estradiol (P/E) ratios and respiratory motor plasticity
(Zabka et al., 2003), we calculated the P/E ratios in our study, and
performed regression analyses across treatment groups. Due to ele-
vated estradiol levels in proestrus and OVX�E rats, there was a
statistically significant reduction in the P/E ratio in proestrus and
OVX�E groups compared with estrus and OVX groups (p � 0.001
for each; Fig. 2E); OVX�E rats had a lower P/E ratio compared with
proestrus rats (p � 0.04; Fig. 2E). Accordingly, we observed a signif-
icant negative correlation between the P/E ratio and pLTF (r �
�0.404; p � 0.024; Fig. 2F).

pLTF is not expressed in postpartum, lactating female rats
To further investigate the relationship between the P/E ratio and
the magnitude of pLTF expression, we tested the hypothesis that
pLTF would be absent during periods in which normal levels of
circulating progesterone, but not estrogen, are elevated. To this

end, we studied a separate cohort of ovary-intact, postpartum,
lactating female rats within the first 10 d postpartum. We found
that postpartum rats lacked the progressive increase in phrenic
nerve burst amplitude following aIH (Fig. 3A); compared with
baseline, postpartum phrenic burst amplitudes were similar 60
min following aIH (�4 	 11%; Fig. 3B). Notably, however, post-
partum rats exhibited robust hypoxic responses (227 	 87%; Fig.
3C) followed by periods of apnea in phrenic nerve activity (Fig.
3A); this was not observed in any other treatment group investi-
gated. No appreciable effects on phrenic nerve burst frequency
were observed over time following aIH (data not shown). Serum
estradiol levels were predictably low (5 	 0.8 pg/ml; Fig. 3D) and
serum progesterone levels were elevated (32 	 4 ng/ml; Fig. 3E).
Progesterone levels were comparable to those in proestrus and
estrus rats.

Estradiol-induced restoration of pLTF in OVX females
involves nongenomic, spinal mechanisms
The relatively short time frame during which intraperitoneal E2
restored pLTF expression in OVX rats (3 h), and the observation
that pLTF was not restored in OVX rats with longer times of E2
treatment (i.e., 16 –24 h) led us to consider the possibility that E2
may be acting via rapid, nongenomic cellular mechanisms di-
rectly at the level of the spinal cord to restore pLTF as occurs in
other areas of the CNS (McEwen and Alves, 1999; Balthazart and
Ball, 2006; Srivastava et al., 2011; Bean et al., 2014; Frick, 2015).
To test this, a membrane-impermeable E2-BSA (Wu et al., 2011)
was delivered intrathecally over the region of the phrenic motor
nucleus in OVX rats 15 min before aIH. E2-BSA activates mem-
brane E2 receptors that induce rapid effects on multiple cellular
signaling pathways that can affect protein translation (Pietras and
Szego, 1977; Pappas et al., 1995; Milner et al., 2001, 2005). This
contrasts with the slower-developing effects on gene transcrip-
tion that result from nuclear E2 receptor activation (McEwen and
Alves, 1999; Balthazart and Ball, 2006; Srivastava et al., 2011;
Bean et al., 2014; Frick, 2015). aIH induced a robust increase in
phrenic nerve amplitude in the spinal E2-BSA-treated OVX rats
relative to baseline (54 	 10%; p � 0.001), BSA-treated control
rats (BSA; p � 0.012), and time-control rats (p � 0.001; Fig. 4A).
Modest increases in phrenic burst amplitude were observed in
both BSA control rats (18 	 3%; p � 0.053) and time-control rats
(10 	 2%; p � 0.607) over the 60 min after aIH interval relative to
baseline. However, these groups remained statistically similar to
each other 60 min after aIH (p � 0.744; Fig. 4A). E2-BSA also had
a significant impact on phrenic burst amplitude during hypoxic
challenge. Rats treated with E2-BSA showed a robust increase in
phrenic nerve burst amplitude (173 	 18%) relative to baseline;
nearly double that observed in BSA-treated control rats (86 	
25%; p � 0.022; Fig. 4B). Neither E2-BSA nor BSA alone had a
significant impact on phrenic nerve burst frequency (Fig. 4C).

Physiological variables
Physiological variables quantified during neurophysiological ex-
periments are shown in Table 1. The following blood-gas criteria
were maintained in all rats during pLTF experiments: (1) body
temperature of 38°C 	 1°C; (2) PaCO2 within 1.5 mmHg of
baseline during hypoxic challenge and throughout the post-aIH
recovery period; (3) PaO2 during the hyperoxic baseline and re-
covery periods �250 mmHg and PaO2 between 35 and 45 mmHg
during hypoxic episodes (Dale-Nagle et al., 2010; Devinney et al.,
2013; Dougherty et al., 2015); and (4) SBE 	3.0 mEq/L, ensuring
appropriate acid– base regulation.
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In the first set of phrenic recording experiments, body tem-
peratures in OVX rats were higher than those of proestrus (p �
0.010) and estrus (p � 0.008) rats during hypoxic challenge, and
OVX�E rats had higher temperatures at 60 min compared with
hypoxia (p � 0.011). However, temperatures remained within
our set criteria throughout, and average temperatures differed by

�1°C. Blood pH was unchanged across all treatment groups in all
conditions. PaCO2 was regulated within 1.5 mmHg of baseline
measurements in all groups and all conditions as per standard
criteria; however, there was a statistically significant reduction in
PaCO2 in time-control rats over time (p � 0.009). As anticipated,
all experimental groups showed a significant decrease in PaO2

Figure 2. pLTF positively correlates with serum E2 levels, and inversely correlates with the P/E ratio. A, Serum E2 levels were significantly elevated in proestrus (PRO) and OVX�E rats relative to
estrus (EST) and OVX rats. B, Regression analyses of serum E2 levels, which positively correlated with the magnitude of pLTF 60 min after aIH. C, Serum progesterone levels were reduced in OVX and
OVX�E rats. D, Serum progesterone levels did not correlate with pLTF. E, The P/E ratios in the PRO and OVX�E groups were significantly lower than P/E ratios in the EST and OVX groups. F, The P/E
ratio negatively correlated with pLTF. ***p � 0.001 and *p � 0.05 versus PRO; †††p � 0.001 versus OVX�E; ‡p � 0.05 versus EST. Overlaid box plots indicate the 25th and 75th percentile, and
the median of each dataset; group means are denoted by bold lines.
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during hypoxia (p � 0.001) that recovered by 60 min after aIH.
PaO2 was similar between groups during baseline and at 60 min
after aIH. Also, despite a reduction in PaO2 over time in proestrus
rats relative to baseline (p � 0.002), PaO2 levels remained well
within established ranges (�250 mmHg). SBE remained well
within set criteria (�3.0 to �3.0 mEq/L) in all groups, across
all conditions, and likely had little impact on pLTF expression
despite fluctuating in time-control groups (p � 0.009).

As expected, hypoxic challenge resulted in a significant reduc-
tion in mean arterial pressure (MAP) in all experimental groups

compared with baseline; OVX�E rats displayed the greatest de-
cline. In addition, a persistent reduction in MAP relative to
baseline values was observed in most experimental groups at
the 60 min time point after aIH, consistent with previous pLTF
studies. In prior studies, rats were eliminated from statistical
analyses if the reduction in MAP at 60 min after aIH was �30
mmHg from baseline (Dougherty et al., 2015); in this study,
reductions of this magnitude were not observed in any group
at 60 min after aIH. Further, all groups had similar MAP at the
60 min time point.

Figure 3. pLTF is absent in postpartum, lactating female rats despite elevated progesterone levels. A, Representative trace of an integrated phrenic neurogram over 90 min during and following
aIH in postpartum, lactating rats. Baseline is indicated by the dashed line. B, Quantification of phrenic nerve burst amplitudes 60 min after aIH, graphed as percentage change from baseline; pLTF
was not observed (n � 8). C, Phrenic nerve burst amplitudes in response to hypoxia, graphed as a percentage change from baseline, showed a robust response to hypoxia. D, E, Serum E2 levels were
low (D) and serum progesterone levels approximated those in proestrus and estrus rats (E). Overlaid box plots indicate the 25th and 75th percentiles, and the median of each dataset; group means
are denoted by bold lines.
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During intrathecal experiments, modest but statistically sig-
nificant reductions in body temperature were observed for both
experimental groups during hypoxic challenge. However, as with
the first set of studies, temperatures remained within our estab-
lished criteria and did not vary by �1°C. PaCO2 and pH were
similar across all groups in all conditions. In experimental
groups, hypoxic challenge caused a significant reduction in PaO2

(p � 0.001), which returned to normal by 60 min. Experimental
groups received similar levels of hypoxia that fell within targeted
ranges (i.e., 35– 45 mmHg). SBE also remained steady across all
groups in all conditions. Consistent with our first set of neuro-
physiological recordings, MAP was significantly reduced during
hypoxic challenge in both experimental groups (p � 0.001) but
returned to baseline levels by 60 min after aIH. It is notable that
MAP in these studies was generally lower in all conditions than in
studies without intrathecal injections, but these reductions were
consistently observed across all groups.

Discussion
These original data suggest that ovarian hormones (and E2 spe-
cifically) are necessary for normal pLTF expression in young fe-

male rats. Importantly, E2 can restore pLTF to OVX rats, within
15 min, through mechanisms involving activation of spinal
membrane ERs. This is the first report to directly test the role of
ER signaling in respiratory neuroplasticity in either sex, and to
demonstrate a role for rapid, membrane effects of E2 in restoring
this form of spinal neuroplasticity. Few respiratory plasticity
studies have been conducted in females and fewer still, in young,
cycling females (Zabka et al., 2001; Behan et al., 2003). Thus,
most of what is known about this form of respiratory plasticity is
based on studies performed in males. Although testosterone con-
version to estradiol is necessary for pLTF in castrated males
(Zabka et al., 2006), ovarian function or the effects of estrogen
administration on pLTF in either sex have not been explored.

Here, we studied young females during the proestrus and es-
trus phases of the estrous cycle, when estradiol levels are high and
low, respectively (Smith et al., 1975; Woolley, 2007). pLTF was
only present in proestrus, not estrus, suggesting that high estro-
gen levels may be necessary for pLTF. To further test this idea, we
ovariectomized rats and replaced them with estrogen 3 h before
aIH exposure. We found that while ovariectomy eliminated

Figure 4. Activation of spinal membrane ERs with intrathecal E2-BSA restores pLTF in OVX rats. A, B, Representative traces of integrated phrenic neurograms over 90 min during and following
aIH in OVX female rats receiving intrathecal (A) E2-BSA (n � 5) to activate membrane E2 receptors or (B) control BSA alone (n � 5). Baseline is indicated by the dashed line. E2-BSA given 15 min
before aIH resulted in a progressive increase in phrenic nerve burst amplitude above baseline (dashed line). Rats receiving BSA alone did not express pLTF. C, In the absence of aIH, time-control (TC)
rats (n � 6) receiving intrathecal injections displayed no time-dependent changes in phrenic nerve burst amplitudes over the same 90 min period. D, Quantification of pLTF magnitude following
pretreatment with intrathecal E2-BSA or BSA alone reflect an E2-BSA-induced enhancement of phrenic burst amplitude 60 min following aIH relative to baseline, BSA-treated control rats, and time
controls. The 50 nM E2-BSA dose was derived from dose–response studies (inset). E, F, Intrathecal E2-BSA led to enhanced phrenic amplitude in response to hypoxia (E), but had minimal impact on
phrenic burst frequency (F ).
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pLTF, E2 could reinstate this form of neuroplasticity, suggesting
that estrogen may be the primary ovarian hormone required for
pLTF. The idea that ovarian estrogen may be important for spinal
respiratory neuroplasticity is consistent with the significant liter-
ature implicating a critical role for ovarian-derived E2 in the
expression of other forms of CNS plasticity (McEwen et al., 1991;
Romeo et al., 2004; Cooke and Woolley, 2005; Frick, 2015), in-
cluding hippocampal LTP (Córdoba Montoya and Carrer, 1997;
Foy et al., 1999; Smith and McMahon, 2005, 2006; Spencer et al.,
2008; Smith et al., 2009; Fester and Rune, 2015).

The P/E ratio had been previously suggested to inversely cor-
relate with pLTF in young estrus and diestrus females (Zabka et
al., 2003). Thus, another goal of this study was to capitalize on the
unique period of high P/E ratio in young, early postpartum,
ovary-intact rats. We found that lactating, postpartum rats did
not exhibit pLTF in response to aIH, suggesting that progester-
one at physiologic postpartum levels are insufficient to restore
pLTF in the context of low estradiol. To our knowledge, this is the
first study of respiratory motor plasticity in lactating, postpartum
female rats. At the onset of parturition, rats experience a complex
and profound change in endocrine function that may alter their
capacity for neuroplasticity (Lévy et al., 2011; Galea et al., 2014).
For example, the progressive increase in progesterone during
early pregnancy, which peaks around gestational day 16 (Mor-
ishige et al., 1973), is followed by a precipitous drop at parturition
to nearly undetectable plasma levels (Pepe and Rothchild, 1974;
Rosenblatt et al., 1988). However, within hours postpartum, se-
rum progesterone levels robustly increase again (coinciding with
initiation of lactation), and they remain elevated until at least the
eighth postpartum day (Grota and Eik-Nes, 1967). Also of im-

portance, while progesterone levels are high during the early
postpartum period, serum E2 levels are reduced within the first
14 d (Darnaudéry et al., 2007), resulting in an increased P/E ratio
(Knobil and Neill, 1994). However, progesterone and estrogen
are not the only hormones that are altered postpartum. Fluctua-
tions in other circulating hormones, such as oxytocin, prolactin,
and glucocorticoids, are known to affect hippocampal plasticity
(Galea et al., 2014), and may also affect respiratory plasticity,
although this has yet to be tested in detail. In addition, other
physiologic variables in this postpartum experimental group may
affect respiratory function and pLTF expression, including par-
ity, litter size, physical changes in the abdominal area, and behav-
ioral changes associated with lactation (e.g., suckling, cleaning
behaviors). These variables notwithstanding, postpartum rats
produced phrenic responses to hypoxia that were more robust
relative to other treatment groups, and they displayed periods of
prolonged apnea following each hypoxic challenge. An elevated
P/E ratio may be sufficient to explain the exaggerated response to
respiratory challenge as progesterone is a potent respiratory stim-
ulant (Dempsey et al., 1986; Tatsumi et al., 1997) that has been
used in clinical settings to treat respiratory insufficiency (Demp-
sey et al., 1986; Kimura et al., 1986, 1988; Tatsumi et al., 1997).
However, sufficient circulating E2 may be needed for the respi-
ratory stimulating effects of progesterone (Bayliss and Millhorn,
1992). The factors contributing to the post-hypoxia apneas are
not yet clear and require further investigation.

E2 initiates both genomic (Murdoch et al., 1990; Tsai and
O’Malley, 1994; Metzger et al., 1995; Lee and Gorski, 1996;
McEwen and Alves, 1999) and nongenomic (McEwen and Alves,

Table 1. Physiological variables during phrenic nerve recordings

Condition Treatment Body temperature (°C) pH PaCO2 (mmHg) PaO2 (mmHg) SBE (mEq*L �1) MAP (mmHg)

Physiological variables for cycling and OVX females
Baseline Time control 37.8 	 0.1 7.350 	 0.012 49 	 1 320 	 7 1.06 	 0.87 108 	 7

Proestrus 37.3 	 0.1 7.341 	 0.015 47 	 2 335 	 6 �0.55 	 0.52 125 	 3
Estrus 37.2 	 0.1 7.309 	 0.008 51 	 1 339 	 8 �0.60 	 0.34 117 	 7
OVX 38.0 	 0.3 7.338 	 0.010 49 	 2 319 	 2 0.11 	 0.63 118 	 4
OVX�E 37.9 	 0.1 7.353 	 0.008 49 	 1 316 	 10 1.46 	 0.45 115 	 5

Hypoxia Time control (no hypoxia) 37.8 	 0.1 7.346 	 0.014 49 	 1 322 	 6* 1.16 	 0.92 109 	 8
Proestrus 37.2 	 0.1f 7.329 	 0.015 47 	 2 41 	 2 # �1.36 	 0.48 91 	 10c

Estrus 37.2 	 0.1f 7.304 	 0.011 51 	 2 39 	 1 # �1.00 	 0.38 95 	 6b

OVX 38.2 	 0.4 6.825 	 0.494 50 	 2 40 	 1 # �0.33 	 0.38 85 	 9 #

OVX�E 37.8 	 0.1 7.343 	 0.011 49 	 2 42 	 1 # 0.66 	 0.56 64 	 9 #

60 min Time control 37.8 	 0.3 7.347 	 0.011 48 	 1e 320 	 5 0.36 	 0.92e 107 	 5
Proestrus 37.5 	 0.2 7.333 	 0.010 47 	 2 308 	 11b �1.13 	 0.35 105 	 7a

Estrus 37.3 	 0.1 7.318 	 0.008 51 	 2 325 	 6 0.03 	 0.30 111 	 5d

OVX 37.9 	 0.3 7.353 	 0.013 49 	 2 320 	 6 1.19 	 0.54 103 	 5a

OVX�E 38.1 	 0.2d 7.344 	 0.009 49 	 1 320 	 9 0.66 	 0.24 96 	 5c

Physiological variables for OVX and E2-BSA females
Baseline Time control 37.6 	 0.1 7.332 	 0.016 48 	 1 306 	 4 �0.57 	 1.03 73 	 4

BSA 37.6 	 0.2 7.327 	 0.007 50 	 2 287 	 19 �0.08 	 0.94 68 	 4
E2-BSA 37.8 	 0.1 7.341 	 0.010 49 	 2 290 	 10 0.78 	 0.83 76 	 6

Hypoxia Time control (no hypoxia) 37.5 	 0.1 7.334 	 0.016 47 	 1 312 	 4* �0.57 	 0.90 74 	 3*
BSA 37.4 	 0.2a 7.313 	 0.011 51 	 2 42 	 1 # �0.44 	 0.56 21 	 8 #

E2-BSA 37.4 	 0.1 # 7.325 	 0.015 50 	 2 41 	 1 # �0.20 	 0.66 23 	 2 #

60 min Time control 37.5 	 0.1 7.335 	 0.017 49 	 2 315 	 10 �0.03 	 0.95 73 	 5
BSA 37.5 	 0.2 7.318 	 0.015 49 	 3 307 	 10 �0.86 	 0.66 61 	 4
E2-BSA 37.9 	 0.1 7.332 	 0.012 50 	 2 294 	 8 0.24 	 0.88 66 	 6

Values are means 	 SEM for body temperature, pH, PaCO2 , PaO2 , SBE, and MAP for each group during baseline, hypoxia, and 60 min post-aIH conditions. All variables remained within standard de novo criteria within each treatment group
and across each condition.
ap � 0.05; bp � 0.01; cp � 0.001 versus same treatment in baseline; dp � 0.05; ep � 0.01 versus same treatment in hypoxia condition; fp � 0.01 versus OVX in same condition; *p � 0.001 versus other treatments in hypoxia condition;
#p � 0.001 versus same treatment in both baseline and 60 min conditions.
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1999; Balthazart and Ball, 2006; Srivastava et al., 2011; Bean et al.,
2014; Frick, 2015) signaling. The “canonical” genomic or tran-
scriptional effects of E2 result from activation of the DNA-bound
nuclear E2 receptors ER� (Toft and Gorski, 1966; Jensen and
Jordan, 2003) and ER� (Kuiper et al., 1996). Hormone binding to
cytosolic and/or plasma membrane-localized nongenomic ERs
activates intracellular signaling pathways that tend to be more
rapid in their onset (i.e., within 1 h; Briz et al., 2015) relative to
canonical genomic pathways (many hours to days; Scharfman
and MacLusky, 2006). Indeed, non-nuclear ER� and ER� immu-
nostaining, as well as the G-protein-coupled ER GPR30 (or
GPER1; Revankar et al., 2005; Thomas et al., 2005), has been
identified in multiple CNS cell types (Milner et al., 2001, 2005;
Behan and Thomas, 2005; Olde and Leeb-Lundberg, 2009; Mit-
terling et al., 2010; Frick, 2015). In other forms of CNS plasticity,
membrane-associated ERs can affect a number of cellular path-
ways (Sellers et al., 2015), including protein translation (Sarkar et
al., 2010) and synaptic receptor function (McEwen and Woolley,
1994; Woolley, 2007).

Our data implicate a spinal role for rapid E2 actions in restor-
ing pLTF in OVX rats based on intrathecal application of E2-BSA
to the region of the phrenic motor nucleus. This method of lo-
calized drug application is well documented (Evrard and Baltha-
zart, 2004; Dougherty et al., 2015; Fields et al., 2015; Huxtable et
al., 2015; Nichols et al., 2015; Fields and Mitchell, 2017; Agosto-
Marlin et al., 2017), and E2-BSA is frequently used to tease out
membrane versus nuclear ER activation (Stevis et al., 1999; Fer-
nandez et al., 2008; Wu et al., 2011; Zhang et al., 2012; Sellers et
al., 2015). Given that E2-BSA could so rapidly recapitulate the
effects of systemically delivered E2 in OVX rats suggests that
nongenomic signaling from membrane ERs at the level of the
phrenic motor nucleus plays a role in restoration of aIH-induced
plasticity, although we do not yet know the specific cell type
targeted by estrogen, nor the identity of the ERs responsible.
BDNF and serotonin (5HT) neuromodulatory circuits are neces-
sary for pLTF expression (Fuller et al., 2001; Baker-Herman and
Mitchell, 2002; Behan et al., 2002, 2003; Baker-Herman et al.,
2004; MacFarlane and Mitchell, 2009), and estrogen has many
established transcriptional effects on these pathways, including
increasing BDNF (Sohrabji et al., 1995) and 5HT synthesis (Hiroi
et al., 2006), and/or 5HT receptor density (Biegon and McEwen,
1982; Sumner and Fink, 1998). However, the short time domains
of both systemic E2 and intrathecal E2-BSA effects on pLTF ex-
pression in our studies argue against these transcriptional mech-
anisms, and suggest a much faster cascade of effects, perhaps
involving altered glutamatergic receptor signaling necessary for
pLTF (McGuire et al., 2008). Membrane ER signaling can mod-
ulate existing postsynaptic NMDA receptors (Snyder et al., 2011;
Zhang et al., 2012) and/or recruit them to active postsynaptic
densities (Adams et al., 2004; Smith and McMahon, 2005; Snyder
et al., 2011; Potier et al., 2016; Smith et al., 2016). These actions
may explain the enhanced phrenic nerve burst response observed
during hypoxia with acute E2-BSA treatment, and the corre-
sponding return of pLTF (McGuire et al., 2008). Nongenomic
ERs can also enhance ERK/MAPK signaling (Fernandez et al.,
2008; Frick, 2009; Zadran et al., 2009; Fan et al., 2010; Wu et al.,
2011; Hasegawa et al., 2015; Smith et al., 2016), a pathway neces-
sary for normal pLTF expression in male rats (Hoffman et al.,
2012).

Our data unveil a novel and significant role for ovarian hor-
mones, and rapid ER signaling in particular, in the expression of
aIH-induced pLTF in young female rats. The present report sets

the stage for future mechanistic studies aimed at understanding
the effects of sex steroids on multiple levels of the respiratory
motor control system. Elucidation of how gonadal steroids mod-
ulate respiratory plasticity is fundamental to future translational
application of aIH-induced motor plasticity. We suggest that se-
lective modulation of ER-dependent signaling pathways may
represent novel targets that can be harnessed to enhance respira-
tory neuroplasticity in both sexes during periods of respiratory
insufficiency resulting from injury or neurodegenerative disease
(Mitchell, 2007; Dale et al., 2014; Navarrete-Opazo and Mitchell,
2014; Gonzalez-Rothi et al., 2015).
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