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Proaño SB, Meitzen J. Estradiol decreases medium spiny neuron
excitability in female rat nucleus accumbens core. J Neurophysiol
123: 2465–2475, 2020. First published May 20, 2020; doi:10.1152/
jn.00210.2020.—The menstrual cycle in humans and its analogous
cycle in rodents, the estrous cycle, modulate brain function and
behavior. Both cycles are characterized by the cyclical fluctuation of
ovarian hormones including estrogens such as estradiol. Estradiol
induces cycle- and sex-dependent differences in the phenotype and
incidence of many behaviors, including those related to reward and
motivation. The nucleus accumbens core (AcbC), a limbic and premotor system nexus region, directly regulates these behaviors. We
previously showed that the estrous cycle modulates intrinsic excitability and excitatory synapse properties of medium spiny neurons
(MSNs) in the AcbC. The identity of the underlying hormone mechanism is unknown, with estradiol being a prime candidate. The present
study tests the hypothesis that estradiol induces estrous cycle-relevant
differences in MSN electrophysiology. To accomplish this goal, a
time- and dose-dependent estradiol replacement paradigm designed to
simulate the rise of circulating estradiol levels across the estrous cycle
was employed in ovariectomized adult female rats as well as a vehicle
control group. Estradiol replacement decreased MSN excitability by
modulating properties such as resting membrane potential, input
resistance in both the linear and rectified ranges, and rheobase compared with vehicle-treated females. These differences in MSN excitability mimic those previously described regarding estrous cycle
effects on MSN electrophysiology. Excitatory synapse properties
were not modulated in response to this estradiol replacement paradigm. These data are the first to demonstrate that an estrous cyclerelevant estradiol exposure modulates MSN electrophysiology, providing evidence of the fundamental neuroendocrine mechanisms regulating the AcbC.
NEW & NOTEWORTHY The present study shows, for the first
time, that an estrous cycle-relevant estradiol exposure modulates
nucleus accumbens neuron excitability. This evidence provides insight into the neuroendocrine mechanisms by which estradiol cyclically alters neuron properties during the estrous cycle. Overall, these
data emphasize the significant influence of hormone action in the
brain and especially individual neuron physiology.
estradiol; estrous cycle; excitability; nucleus accumbens; sex
differences

Correspondence: J. Meitzen (jemeitze@ncsu.edu).
www.jn.org

INTRODUCTION

Female humans and rodents of reproductive age exhibit
cyclical fluctuations of ovarian sex steroid hormones including
progesterone and estrogens. In humans, cyclical changes in the
production of ovarian hormones such as progesterone and
estradiol occur over the ~28-day menstrual cycle, in which
circulating levels of estradiol peak during the follicular phase
(Sherman and Korenman 1975). In rodents, including rats,
fluctuations in ovarian hormones occur over the ~4- to 5-day
estrous cycle. In rats, circulating levels of estradiol gradually
rise during the diestrus phase, reach peak levels during the
proestrus phase, and then quickly decrease, with select persisting effects (Erskine 1989; Hubscher et al. 2005; Westwood
2008). Progesterone levels similarly peak during the proestrus
phase. This combination of estrogen and progesterone action is
necessary for the expression of full mating behaviors. In this
study, we focus on the role of estrogens such as estradiol.
Accumulating evidence suggests that, in both humans and
rodents, fluctuations in ovarian estrogen production influence
behaviors related to motivation, reward, and reinforcement and
related disorders such as anxiety, depression, and addiction
(Becker et al. 2001; Becker and Hu 2008; Evans and Foltin
2006; Lebron-Milad and Milad 2012; Milad et al. 2009; Tonn
Eisinger et al. 2018a; Yoest et al. 2018). The underlying neural
substrates mediating these behaviors are likewise susceptible to
ovarian estrogen fluctuations. Indeed, neural physiology in the
striatal regions implicated in these behaviors and disorders,
including the caudate-putamen and nucleus accumbens core
(AcbC), differs across the estrous cycle (Alonso-Caraballo and
Ferrario 2019; Proaño et al. 2018; Willett et al. 2019b).
Previously, we showed that the estrous cycle robustly modulates the intrinsic excitability and excitatory synapse properties
of female rat medium spiny neurons (MSNs) in the AcbC
(Proaño et al. 2018), a critical nexus region between the limbic
and premotor systems that mediates the cognitive processing of
reward and reinforcement, among other functions (Floresco
2015; Francis and Lobo 2017). These changes in MSN electrophysiological properties varied with both circulating estradiol and progesterone levels (Proaño et al. 2020). These physiological findings support the differential expression of AcbCmediated behaviors and disorders across the estrous cycle in
rodents and the menstrual cycle in humans.
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Accumulating evidence has firmly established estradiol as a
potent modulator of AcbC function (Meitzen et al. 2018; Yoest
et al. 2018). The output neurons of the AcbC, medium spiny
neurons (MSNs), in adulthood express membrane-associated
estrogen receptors ␣, ␤, and G protein-coupled estrogen receptor 1 (GPER-1) (Almey et al. 2015; Lorsch et al. 2018). MSNs
integrate a host of inputs, including dopamine from the ventral
tegmental area and glutamatergic and GABAergic projections
from cortex, amygdala, thalamus, and hippocampus (Deroche
et al. 2020; Kalivas and Nakamura 1999; Salgado and Kaplitt
2015). These neurotransmitters are sensitive to estradiol in a
sex-, temporal- and developmental stage-dependent manner
(Becker 1999; Becker et al. 2012; Calipari et al. 2017; Cao et
al. 2016, 2018a; Forlano and Woolley 2010; Krentzel et al.
2019, 2020; Meisel and Mullins 2006; Mermelstein et al. 1996;
Perry et al. 2013; Tonn Eisinger et al. 2018a). Estradiol also
modifies MSN transcription factor phosphorylation and dendritic spine structure by activating metabotropic glutamate
receptor 5 (mGluR5) signaling (Grove-Strawser et al. 2010;
Mermelstein et al. 1996; Peterson et al. 2015; Staffend et al.
2011). However, estradiol’s actions on the electrophysiological
properties of MSNs, especially within the context of a natural
variable such as the estrous cycle, are not well defined. This is
a critical knowledge gap given the aforementioned differential
expression of MSN electrophysiological properties across the
estrous cycle (Proaño et al. 2018), which along with changes in
neurotransmitter systems could potentially underlie the reported sex and estrous cycle differences in AcbC-mediated
behaviors and disorders. In the present study, we address this
gap by testing the hypothesis that estradiol injections designed
to simulate circulating estradiol levels during the estrous cycle
modulate AcbC MSN electrophysiological properties. To accomplish this, we administered sequential doses of estradiol or
vehicle to ovariectomized (OVX) female rats and then performed whole cell patch-clamp recordings of AcbC MSNs to
assess both intrinsic and excitatory synapse properties.
METHODS

Animals. All animal protocols were approved by the Institutional
Animal Care and Use Committee at North Carolina State University.
Female Sprague-Dawley CD IGS rats were born from 10 timedpregnant dams purchased from Charles River Laboratories. Rats were
housed with their littermates and dam until weaning at postnatal day
(P)21. After weaning, females were group housed until they were
bilaterally gonadectomized at P60 ⫾ 2 as previously described
(Krentzel et al. 2020). Littermates were randomly assigned to each
group. Upon gonadectomy, animals were individually housed to
facilitate vehicle or estradiol injection administration, which began at

P74 ⫾ 2: vehicle control (n ⫽ 11 females; n ⫽ 25 neurons; 2.3
neurons were recorded on average from each female) and estradiol
(n ⫽ 15 females; n ⫽ 26 neurons; 1.7 neurons were recorded on
average from each female). The injection paradigm is documented in
Fig. 1. Age at recording ranged from P73 to P85 and was matched
between the groups (mean ⫾ SE; vehicle control P78 ⫾ 1 and estradiol injected P79 ⫾ 1). All animals were housed in a temperature- and
light-controlled room (23°C, 40% humidity, 12:12-h light-dark cycle)
at the Biological Resource Facility of North Carolina State University.
All cages were polysulfone bisphenol A (BPA) free and were filled
with bedding manufactured from virgin hardwood chips (Beta Chip;
NEPCO, Warrensburg, NY) to avoid the presence of endocrine
disruptors in corncob bedding (Mani et al. 2005; Markaverich et al.
2002; Villalon Landeros et al. 2012). Soy protein-free rodent chow
(2020X; Teklad, Madison, WI) and glass bottle-provided water were
available ad libitum.
Estradiol injection protocol. One week after gonadectomy, female
rats were handled (picked up, cradled, and stroked) twice daily until
day of euthanasia. Two weeks after gonadectomy, animals experienced a 2-day injection acclimatization period via injections of 0.3 mL
of normal saline (Sigma) twice daily at 9:30 AM and 9:30 PM.
Estradiol or vehicle injections began after the 2-day injection acclimatization period. Estradiol injection protocols were from a previously published study (Scharfman et al. 2007) and mimic the changing
temporal circulating levels of estradiol during the diestrus and proestrus phases of the rat estrous cycle. Stock solutions of estradiol
benzoate (EB) and 17␤-estradiol (E2) (collectively referred to as
estradiol in this report) were made by diluting a concentrated stock
solution (1 mg of EB or E2 in 1 mL of DMSO) in corn oil (Sigma).
Stocks were stored in the dark at room temperature. Injection volume
(0.3 mL) was kept constant by using stock solutions that contained
differing concentrations of EB and E2 (3 g/mL for a 3 g/kg dose
and 4 g/mL for a 4 g/kg dose). Vehicle solutions were prepared in
the same manner with DMSO and corn oil. Injections were administered subcutaneously in the back with a 1-mL syringe and a 26-gauge
needle. Three micrograms per milliliter of EB or vehicle was injected
at 9:30 AM on day 1, 4 g/mL of EB or vehicle was injected at 9:30
PM on day 1, and 3 g/mL of E2 or vehicle was injected at 9:30 AM
on day 2. Two hours (11:30 AM) after the last injection, animals were
processed for acute brain slice preparation (Fig. 1).
Acute brain slice preparation. Brain slices containing the nucleus
accumbens core were prepared as previously described (Proaño et al.
2018). Animals were deeply anesthetized with isoflurane gas before
decapitation. The brain was rapidly extracted into ice-cold oxygenated
sucrose artificial cerebrospinal fluid containing (in mM) 75 sucrose,
1.25 NaH2PO4, 3 MgCl2, 0.5 CaCl2, 2.4 Na pyruvate, and 1.3 ascorbic
acid from Sigma-Aldrich (St. Louis, MO) and 75 NaCl, 25 NaHCO3,
15 dextrose, and 2 KCl from Fisher (Pittsburgh, PA). The osmolarity
of the sucrose ACSF was 295–305 mosM, and the pH was between
7.2 and 7.4. Coronal brain slices (300 m) were prepared with a
vibratome and then incubated in regular ACSF containing (in mM)
126 NaCl, 26 NaHCO3, 10 dextrose, 3 KCl, 1.25 NaH2PO4, 1 MgCl2,
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Fig. 1. Estradiol replacement protocol. Two weeks after gonadectomy, female rats received a series of subcutaneous injections of estradiol benzoate (EB) and
17␤-estradiol (E2) to simulate temporal changes in physiologically relevant circulating levels of estradiol during the estrous cycle. Animals were euthanized
during the replacement protocol equivalent of the proestrus phase. Protocol was originally developed and validated by Scharfman and colleagues (Scharfman et
al. 2007). P, postnatal day.
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and 2 CaCl2 (295–305 mosM, pH 7.2–7.4) for 30 min at 30 –35°C and
then for at least 30 min at room temperature (22–23°C). Slices were
stored submerged in room temperature oxygenated ACSF for up to 6
h after sectioning in a large-volume bath holder.
Electrophysiological recordings. Slices rested for at least 1 h after
sectioning. They were then placed in a Zeiss Axioscope equipped with
infrared-differential interference contrast (IR-DIC) optics, a Dage
IR-1000 video camera, and ⫻10 and ⫻40 lenses with optical zoom
and superfused with oxygenated ACSF heated to ~29.0°C. Whole cell
patch-clamp recordings were used to record the electrical properties of
MSNs in the nucleus accumbens core (Fig. 2). MSN density and
nucleus accumbens core volume do not differ by sex (Meitzen et al.
2011; Wong et al. 2016), and neurons were recorded from both
hemispheres. Glass electrodes contained (in mM) 115 K D-gluconate,
8 NaCl, 2 EGTA, 2 MgCl2, 2 MgATP, 0.3 NaGTP, and 10 phosphocreatine from Sigma-Aldrich and 10 HEPES from Fisher (285 mosM,
pH 7.2–7.4). Signals were amplified, filtered (2 kHz), and digitized
(10 kHz) with a MultiClamp 700B amplifier attached to a Digidata
1550 system and a personal computer using pCLAMP 10.7 software.
Membrane potentials were corrected for a calculated liquid junction
potential of 13.5 mV. As previously described (Dorris et al. 2015),
recordings were first made in current clamp to assess neuronal
electrophysiological properties. MSNs were identified by mediumsized somas, the presence of a slow-ramping subthreshold depolarization in response to low-magnitude positive current injections, a
hyperpolarized resting potential more negative than ⫺65 mV, inward
rectification, and prominent spike afterhyperpolarization (Belleau and
Warren 2000, O’Donnell and Grace 1993). Only one MSN was
recorded from a single brain slice. In a subset of recordings, oxygenated ACSF containing both the GABAA receptor antagonist picrotoxin (PTX, 150 M; Fisher) and the voltage-gated sodium channel
blocker tetrodotoxin (TTX, 1 M; Abcam Biochemicals) was applied
to the bath to abolish inhibitory postsynaptic current events and action
potentials, respectively. Once depolarizing current injection no longer
generated an action potential, MSNs were voltage clamped at ⫺70
mV, and miniature excitatory postsynaptic currents (mEPSCs) were
recorded for at least 5 min. These settings enable recordings from
almost exclusively AMPA glutamate receptors (Nowak et al. 1984)
and were confirmed by our laboratory in a previous study (Proaño et
al. 2018). Input/series resistance was monitored per minute, and cells
were excluded if resistance changed ⬎25%.
Data recording and analysis. Intrinsic electrophysiological properties and action potential characteristics were analyzed with
pCLAMP 10.7. After break-in, the resting membrane potential was
first allowed to stabilize ~1–2 min, as previously described (Mu et al.
2010). After stabilization, resting membrane potential was assessed in
the absence of injected current. At least two series of depolarizing and
hyperpolarizing current injections were applied to elicit basic neurophysiological properties. All properties measured followed definitions
LV
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Fig. 2. Location of nucleus accumbens (Acb) core in whole cell patch-clamped
medium spiny neurons from estradiol- and vehicle-treated female rats. AC,
anterior commissure; LV, lateral ventricle.
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previously adopted by our laboratory (Cao et al. 2016; Dorris et al.
2015; Proaño et al. 2018; Willett et al. 2016, 2019b), which were
based on those of Perkel and colleagues (Farries et al. 2005; Farries
and Perkel 2000, 2002; Meitzen et al. 2009). For each neuron,
measurements were made of at least two action potentials generated
from minimal current injections. These measurements were then
averaged to generate the reported action potential measurement for
that neuron. For action potential measurements, only the first generated action potential was used unless more action potentials were
required to meet the standard three action potentials per neuron.
Action potential threshold was defined as the first point of sustained
positive acceleration of voltage (␦2V/␦t2) that was also 3 times the SD
of membrane noise before the detected threshold (Baufreton et al.
2005). The delay to first action potential is the average in milliseconds
of the time from the initial deflection generated by the current step
function to the action potential threshold of the first spike. Action
potential width at half peak is the width of the action potential halfway
between action potential peak and threshold in milliseconds. The
action potential amplitude is the change in millivolts between action
potential threshold and peak. Afterhyperpolarization peak amplitude
is the difference in millivolts between action potential threshold and
the most hyperpolarized voltage point after action potential peak.
Afterhyperpolarization time to peak amplitude is the time measured in
milliseconds between the action potential threshold voltage point on
the descending phase of the action potential and the afterhyperpolarization peak amplitude. Rheobase, measured in nanoamps, is the
lowest amplitude of injected positive current needed to produce an
initial action potential. The slope of the linear range of the evoked
action potential firing rate-to-positive injected current curve (FI slope)
was calculated from the first current stimulus that evoked an action
potential to the first current stimulus that generated an evoked firing
rate that persisted for at least two consecutive current stimuli. Input
resistance in the linear, nonrectified, range was calculated from the
steady-state membrane potential in response to 0.02-nA hyperpolarizing pulses. Rectified-range input resistance, inward rectification, and
percent inward rectification were calculated as described previously,
with rectified-range input resistance measured using the most hyperpolarizing current injected into the MSN (Belleau and Warren 2000).
Inward rectification is the input resistance of the 0.02-nA step minus
the rectified-range input resistance. Percent inward rectification is
defined as rectified-range input resistance/input resistance ⫻ 100. The
time constant of the membrane was calculated by fitting a single
exponential curve to the membrane potential change in response to
0.02-nA hyperpolarizing pulses. Possible differences in hyperpolarization-induced “sag” were assessed with the “sag index” (Farries et
al. 2005). Briefly, the sag index is defined as the difference between
the minimum voltage measured during the largest hyperpolarizing
current pulse and the steady-state voltage deflection of that pulse,
divided by the steady-state voltage deflection. A cell with no sag
would exhibit a sag index of 0, whereas a cell whose maximum
voltage deflection is twice that of the steady-state deflection would
exhibit a sag index of 1. Cells with considerable sag typically have an
index of 0.1. Frequency, amplitude, and decay of mEPSCs were
analyzed off-line with Mini Analysis (Synaptosoft, http://www.synaptosoft.com/MiniAnalysis). mEPSC threshold was set at a minimum
value of 5 pA, and accurate event detection was validated by visual
inspection. mEPSC frequency was defined as the number of detected
mEPSC events per second (Hz). mEPSC amplitude was calculated as
the difference between the averaged baseline 10 ms before initial
mEPSC rise and peak amplitude. mEPSC decay was calculated as the
time required for peak mEPSC amplitude to return to baseline.
Statistics. Data were analyzed as appropriate with two-tailed t tests
and Mann–Whitney U tests, as determined by a D’Agostino and
Pearson normality test, or with linear regressions and analyses of
covariance (ANCOVAs) (GraphPad Prism 8). P values ⬍ 0.05 were
considered a priori as significant and P values ⬍ 0.10 as a trend. Data
are presented as means ⫾ SE.
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RESULTS

Estradiol increases action potential rheobase and hyperpolarizes resting membrane potential. To test the hypothesis that
action potential generation properties are influenced by estradiol, we injected a series of positive-current injections into
MSNs from estradiol- and vehicle-treated animals and analyzed the initiation and number of evoked action potentials
(Fig. 3A). Complete statistical information as well as documentation of all assessed electrophysiological properties is in Table
1. Regarding action potential initiation, the minimum amount

of depolarizing current necessary to initiate an action potential
significantly differed between estradiol- and vehicle-treated
groups (Fig. 3B). Rheobase was increased in MSNs recorded
from estradiol-treated animals compared with vehicle-treated
animals (Fig. 3C). Changes in rheobase are usually complementary to changes in action potential threshold, resting membrane potential, and/or input resistance. There were no changes
in action potential threshold (Table 1). Resting membrane
potential was hyperpolarized in MSNs recorded from estradioltreated animals (Fig. 3D). This hyperpolarization is consistent
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Fig. 3. Action potential properties in medium
spiny neurons (MSNs) recorded from estradiol- and vehicle-treated female rats. A: voltage response of MSNs recorded from estradiol- and vehicle-treated animals to a series
of depolarizing current injections; // denotes
x-axis breaks. B: action potential firing rates
evoked by depolarizing current injections. C:
rheobase. D: resting membrane potential.
Horizontal line superimposed upon scatterplots in C and D indicates the mean. Complete statistics are described in Table 1. *P ⬍
0.05.

50

+0.15 nA

+0.11 nA

+0.16 nA

Vehicle
Estradiol

40

30

20

10

0
0.0

C

0.1

0.2
0.3
Injected Current (nA)

D

*

Resting Membrane Potential (mV)

0.4

Rheobase (pA)

0.3

0.2

0.1

0.4

0.5

*

-70

-80

-90

-100

0.0
Vehicle

Estradiol

Vehicle

J Neurophysiol • doi:10.1152/jn.00210.2020 • www.jn.org
Downloaded from journals.physiology.org/journal/jn at North Carolina State Univ (152.007.255.194) on December 10, 2021.

Estradiol

ESTRADIOL DECREASES EXCITABILITY

2469

Table 1. Nucleus accumbens core medium spiny neuron electrophysiological properties
Property

Vehicle

Estradiol

Statistics (U/t, P)

mEPSC frequency, Hz
mEPSC amplitude, pA
mEPSC decay, ms
Resting membrane potential, mV
Input resistance, M⍀
Rectified-range input resistance, M⍀
Inward rectification, M⍀
% Inward rectification
Sag index (unitless)
Time constant of membrane, ms
Capacitance, pF
Rheobase, pA
Delay to first AP, ms
AP threshold, mV
AP amplitude, mV
AP width at half-peak amplitude, ms
AHP peak amplitude, mV
AHP time to peak, ms
FI slope, Hz/nA

0.7 ⫾ 0.1 (16)
16.7 ⫾ 0.4 (16)
3.1 ⫾ 0.2 (16)
ⴚ87.7 ⴞ 0.8 (25)
176.1 ⴞ 8.5 (25)
167.0 ⴞ 8.8 (25)
9.1 ⫾ 2.7 (25)
94.7 ⫾ 1.4 (25)
⫺0.006 ⫾ 0.002 (25)
9.2 ⫾ 0.9 (25)
55.5 ⫾ 6.9 (25)
0.17 ⴞ 0.01 (25)
450.7 ⫾ 18.0 (22)
⫺42.0 ⫾ 1.5 (25)
35.1 ⫾ 1.5 (25)
2.5 ⫾ 0.1 (25)
⫺7.3 ⫾ 0.4 (25)
29.7 ⫾ 1.7 (25)
298.1 ⫾ 15.0 (25)

0.5 ⫾ 0.2 (10)
16.0 ⫾ 0.4 (10)
3.1 ⫾ 0.3 (10)
ⴚ89.6 ⴞ 0.5 (26)
144.8 ⴞ 7.1 (26)
138.1 ⴞ 7.1 (26)
6.8 ⫾ 1.1 (26)
95.1 ⫾ 0.8 (26)
⫺0.000 ⫾ 0.003 (26)
8.2 ⫾ 0.5 (26)
59.5 ⫾ 4.1 (26)
0.20 ⴞ 0.01 (26)
489.5 ⫾ 12.8 (23)
⫺39.3 ⫾ 1.9 (26)
36.7 ⫾ 2.0 (26)
2.4 ⫾ 0.1 (26)
⫺6.5 ⫾ 0.4 (26)
29.2 ⫾ 2.0 (26)
304.5 ⫾ 11.9 (26)

55.500, 0.205
1.107, 0.279
0.101, 0.920
216, 0.040
185, 0.008
2.574, 0.013
0.819, 0.417
294, 0.569
1.412, 0.164
292, 0.544
250, 0.162
220.5, 0.049
1.770, 0.084
276, 0.364
323, 0.978
0.653, 0.517
1.419, 0.162
0.172, 0.864
283, 0.435

Values are mean ⫾ SE excitatory synapse and intrinsic excitability properties recorded from nucleus accumbens core medium spiny neurons from adult female
rats treated with either vehicle or estradiol. Numbers in parentheses indicate the number of neurons in each group (experimental n). Bold font indicates statistical
significance; italic font indicates a statistical trend. AHP, afterhyperpolarization; AP, action potential; FI, evoked firing rate-to-positive current curve; mEPSC,
miniature excitatory postsynaptic current.

with an increased rheobase value. This finding suggests that
more excitatory current is required for action potential initiation in MSNs from estradiol-treated females. Overall, these
results indicate that estradiol decreases excitability in adult
female AcbC MSNs.
Estradiol decreases input resistance in both the linear and
rectified ranges. The increase in rheobase in MSNs recorded
from estradiol-treated animals may also be driven by a decrease in input resistance. To investigate input resistance in the
linear and rectified ranges, we injected a series of hyperpolarizing current injections in MSNs from estradiol- and vehicletreated animals (Fig. 4A). The steady-state voltage deflection
evoked by injected hyperpolarizing current curve (IV curve)
(Fig. 4B) showed that MSNs recorded from estradiol-treated
females displayed a decreased voltage deflection in response to
higher-magnitude hyperpolarizing current injections compared
with MSNs recorded from vehicle-treated females. A linear
regression analysis revealed that the slopes of the steady-state
voltage deflections evoked by injected hyperpolarizing current
curves between estradiol- and vehicle-treated animals are significantly different (P ⬍ 0.0001). We further evaluated this
difference by quantifying input resistance in both the linear and
rectified ranges. Input resistance in the linear range was decreased in MSNs from estradiol-treated animals compared with
MSNs from vehicle-treated animals (Fig. 4C). Input resistance
in the rectified range was also decreased in MSNs from
estradiol-treated animals (Fig. 4D). We also assessed whether
this difference in the rectified range was due to an estradiol
action on MSN inward rectification itself. No differences were
detected in inward rectification or percent inward rectification
(Table 1), indicating that the difference in rectified-range input
resistance is not due to changes in rectification per se. The
estradiol-induced decrease in input resistance in both the linear
and rectified ranges is consistent with the estradiol-induced
increase in rheobase, indicating decreased excitability in MSNs
recorded from estradiol-treated females.

Individual action potential properties do not differ between
estradiol- and vehicle-treated groups. We also tested whether
individual action potential properties differed between estradiol- and vehicle-treated groups. MSNs from estradiol-treated
females trended toward a longer delay to first action potential
in comparison to MSNs from vehicle-treated animals (Table 1;
P ⫽ 0.084). This delay is a canonical aspect of MSNs and
reflects the underlying slow-inactivating A current (Nisenbaum
et al. 1994). No differences were detected in action potential
threshold, action potential width at half-peak amplitude, action
potential amplitude, action potential afterhyperpolarization
time to peak amplitude, or action potential afterhyperpolarization peak amplitude (Table 1). These findings indicate that
individual action potential properties do not robustly differ
between MSNs recorded from estradiol- and vehicle-treated
animals.
mEPSC properties do not differ between estradiol- and
vehicle-treated groups. mEPSC properties differ between estrous cycle phases in adult female rat AcbC (Proaño et al.
2018). To test whether this estradiol replacement paradigm
influenced mEPSC properties, we voltage clamped MSNs from
estradiol- and vehicle-treated animals to ⫺70 mV and recorded
mEPSCs while exposing MSNs to 1 M TTX and 150 M
PTX to block sodium-dependent action potentials and GABAA
receptors, respectively (Fig. 5A). We assessed mEPSC frequency, amplitude, and decay. There were no differences in
mEPSC frequency (Fig. 5B), mEPSC amplitude (Fig. 5C), or
mEPSC decay (Fig. 5D). These findings indicate that mEPSC
properties do not differ between MSNs recorded from estradiol- and vehicle-treated animals.
DISCUSSION

The findings presented here demonstrate that AcbC MSN
membrane excitability is decreased by estrous cycle-relevant
doses of estradiol in female rats. Specifically, estradiol induced
an increase in rheobase while concomitantly hyperpolarizing
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series of hyperpolarizing current injections.
B: the injected current-to-steady-stage voltage deflection curve (IV curve). C: input
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superimposed upon scatterplots in C and D
indicates the mean. Complete statistics are
described in Table 1. *P ⬍ 0.05, **P ⬍ 0.01.
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resting membrane potential and decreasing input resistance in
both the linear and rectified ranges. The collective impact of
these changes is to profoundly decrease overall MSN excitability. These findings recapitulated the changes observed in
MSN excitability during the appropriate phases of the estrous
cycle that likewise feature high estradiol levels or impact:
proestrus and estrus, respectively (Proaño et al. 2018). Together, these findings are the first to demonstrate a causal role
for estrous cycle-relevant doses of estradiol in regulating AcbC
MSN excitability.
This newly demonstrated causal link between estradiol and
MSN electrophysiology builds on a line of research dating
back to at least the early 1980s, if discussion is focused
specifically on MSN electrophysiological properties. In vivo
spontaneous firing rates and dopamine sensitivity of caudate-

Estradiol

Vehicle

Estradiol

putamen MSNs changed when ovariectomized (OVX) female
rats were administered estradiol or when ovary-intact females
were in the high-estradiol-impact phases of the estrous cycle
(Arnauld et al. 1981; Tansey et al. 1983). Later, Mermelstein
and colleagues (Mermelstein et al. 1996) demonstrated that
estradiol rapidly decreased L-type calcium currents in dissociated female but not male rat caudate-putamen MSNs. This
specific finding directly foreshadows the present work, although decreases in L-type calcium channel currents are more
typically associated with intracellular signaling rather than
resting membrane potential hyperpolarization. The first indication of a sex difference in nucleus accumbens MSN electrophysiological properties came from Wissman and colleagues
(Wissman et al. 2011), who showed that mEPSC frequency
was increased in gonad-intact female compared with male rats.
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Fig. 5. Miniature excitatory postsynaptic current (mEPSC) properties of medium spiny neurons recorded from estradiol- and vehicle-treated female rats. A:
representative examples of mEPSCs. B: mEPSC frequency. C: mEPSC amplitude. D: mEPSC decay. Horizontal line superimposed upon scatterplots in B–D
indicates the mean. Complete statistics are described in Table 1.

Our laboratory then built upon these findings by showing that
rat MSNs in both the AcbC and caudate-putamen exhibit
development- and estrous cycle-dependent sex differences in
intrinsic excitability and excitatory synapse properties (Cao et
al. 2016, 2018b; Dorris et al. 2015; Proaño et al. 2018; Willett
et al. 2019b). Mice MSNs in general exhibit less robust sex
differences than rat MSNs in both the AcbC and caudateputamen (Cao et al. 2018a; Willett et al. 2019a). Regarding the
rat AcbC, during the prepubertal period female rat MSNs
exhibit increased mEPSC frequency but no differences in
intrinsic excitability compared with male MSNs (Cao et al.
2016). This increased mEPSC frequency in female prepubertal
MSNs is abolished by masculinizing/feminizing doses of estradiol or testosterone during the perinatal critical period. In
adult gonad-intact female rats, AcbC MSNs show changes in
both membrane excitability and excitatory synapse properties
across estrous cycle phases, which generates sex differences
compared with male MSNs. Regarding membrane excitability,
MSNs recorded in early proestrus (proestrus AM) and estrus
showed hyperpolarized resting membrane potentials accompanied by decreases in input resistance and increases in rheobase
(Proaño et al. 2018). These electrophysiological differences are
abolished when females are ovariectomized. The present study
employed estradiol doses that mimicked circulating estradiol
levels experienced during the estrous cycle and featured MSNs
recorded during the equivalent of proestrus. This manipulation
induced differences in membrane excitability that match what
was previously observed in MSNs recorded from females in
proestrus and estrus phases. As in proestrus, the MSNs recorded from estradiol-exposed females from the present study
exhibited hyperpolarized resting membrane potential, decreased input resistance in both the linear and rectified ranges,
and increased rheobase, indicating an overall decrease in membrane excitability.
Surprisingly, estrous cycle-relevant doses of estradiol did
not induce differences in mEPSC excitatory synapse properties. This finding does not mimic the previous study of estrous
cycling females, given that excitatory synapse properties such
as mEPSC frequency, amplitude, and decay robustly differed
across the estrous cycle. Specifically, mEPSC frequency is
significantly increased during proestrus AM and estrus compared with diestrus and males (Proaño et al. 2018), consistent
with previous work in proestrus-phase females and males
(Wissman et al. 2011). Relevant to this finding, sex differences

in excitatory synapse number and associated markers have
been identified between proestrus-phase females and males
(Forlano and Woolley 2010; Wissman et al. 2011, 2012). The
lack of an effect on excitatory synapse properties in the present
study is of especial interest given estradiol’s rapid regulation of
excitatory synapse mEPSC frequency and amplitude in female
but not male AcbC (Krentzel et al. 2019). Also relevant are
anatomical experiments that have demonstrated estradiol-induced decreases in dendritic spine density in AcbC MSNs in
female rats and hamsters (Peterson et al. 2015; Staffend et al.
2011). Several not necessarily mutually exclusive possibilities
may explain why no differences in mEPSC properties were
detected in response to the estradiol doses employed in this
study. First, we note that no exogenous estradiol replacement
paradigm in an ovariectomized female perfectly matches the
natural in vivo conditions; however, great care was taken in the
development of this paradigm to mimic the temporally cycling
circulating estradiol concentrations across the estrous cycle
(Scharfman et al. 2007). Second, estradiol action on MSN
excitatory synapse properties could be solely regulated by a
rapid action of estradiol, which would be consistent with the
results of Krentzel, Mermelstein, Becker, and others (Hu et al.
2006; Krentzel et al. 2019; Song et al. 2019). A rapid action of
estradiol may not be detected by the present study, given that
animals were euthanized 2 h after the last estradiol injection.
This time of euthanasia was chosen to more accurately mimic
proestrus-phase estradiol levels and to match the previously
validated protocol (Scharfman et al. 2007). A third possibility
is that there are temporal differences in the impact of estradiol
on electrophysiological properties, especially between the
rapid (seconds to minutes) and nonrapid (hours to days) timescales, and in response to repeated doses of estradiol, as has
been demonstrated in other systems (Zakon 1998). This conjecture is consistent with previous work showing that AcbCmediated behaviors are sensitive to estrogen priming (Becker
and Rudick 1999; Krentzel et al. 2020). Fourth, it is always
possible that a secondary factor may be present. One example
could be stress and anxiety. Stress may sex-specifically influence glutamatergic synapse and estrogen receptor action in the
nucleus accumbens core, as has been demonstrated in the
nucleus accumbens shell (Brancato et al. 2017; Hodes et al.
2015; Lorsch et al. 2018). Although we have attempted to
mitigate the impact of stress by performing extensive handling
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and saline injection habituation before experimentation, formally this possibility cannot be ruled out.
Fifth, other hormones also cycle, most prominently progesterone, and progesterone alone and in combination with estradiol likely regulates glutamatergic synapse properties or other
electrophysiological properties. We favor this possibility as a
highly likely scenario. Indeed, circulating progesterone but not
estradiol levels correlate with AcbC MSN mEPSC frequency
and amplitude (Proaño et al. 2020). Circulating levels of
estradiol and progesterone together correlate with AcbC MSN
mEPSC amplitude, resting membrane potential, and input
resistance. There is evidence for progesterone receptors in
rodent AcbC (Dluzen and Ramirez 1989; Ke and Ramirez
1990; Piechota et al. 2017), and progesterone is known to
modulate AcbC-relevant behaviors and disorders (Becker
1999). A salient future experiment will be to perform exogenous progesterone supplementation and test whether this manipulation modulates MSN electrophysiology. Please see
Proaño et al. (2020) for further discussion of the potential role
of progesterone in modulating AcbC function.
Other potential factors of note include differences in estrogen sensitivity and/or sex differences between MSN subtypes
(Cao et al. 2018a), although the robust nature of MSN estrogen
sensitivity and sex differences may argue against this particular
limitation. Nevertheless, an important future experiment will
be to determine which MSN subtypes are estrogen sensitive,
using techniques other than the transgenic mice that show
minimal or no sexual differentiation in MSNs, at least during
the prepubertal period (Cao et al. 2018a; Willett et al. 2019a).
These future experiments are all the more relevant given that
MSN subtypes can differentially express dopamine receptors,
including but not limited to the D1 and D2 dopamine receptors.
AcbC MSN D1 and D2 dopamine receptors have been documented to underlie rewarding versus aversive behaviors,
among many other functions (Calipari et al. 2016). This is
relevant to estrogen action, as the expression of D1 and D2
dopamine receptors can be influenced by estradiol exposure
(Chavez et al. 2010; Le Saux et al. 2006; Morissette et al.
2008). Estradiol administration has been documented to reverse an ovariectomy-induced decrease in D2 receptor expression (Le Saux et al. 2006). Female rats have been reported to
exhibit greater expression of the D1-D2 heterodimer complex,
a protein receptor complex known to induce depression-like
and anxiety-like behaviors that could ultimately play a role in
modulating MSN electrophysiological properties (Hasbi et al.
2020; Shen et al. 2015). Thus, there are likely complex interactions between estradiol, dopamine, glutamate, and MSN
electrophysiological properties.
Although this discussion has focused upon ovarian-sourced
estradiol action in the AcbC, de novo synthesis of this hormone
by the enzyme aromatase may also be implicated in mediating
electrophysiological properties in this brain region. There is
some evidence that aromatase is active in the nucleus accumbens, although this area of research is relatively understudied
(Krentzel and Meitzen 2018; Yoest et al. 2018). Aromatase
presence in the nucleus accumbens was detected in mice
pretreated with vorozole, an aromatase inhibitor known to
increase the intensity of aromatase immunoreactivity in quail
brains, as well as in mice enhanced with green fluorescent
protein (EGFP) that activated upon transcription of the
Cyp19A1 aromatase-encoding gene (Foidart et al. 1995; Stanić

et al. 2014). In addition, changes in nucleus accumbens gene
expression accompany sex-specific suppression of spontaneous
physical activity in aromatase-knockout mice (Shay et al.
2020). Functionally, in the caudate-putamen of male rats at
least one type of long-term potentiation in MSNs is mediated
by aromatase-induced synthesis of estradiol, although females
and the nucleus accumbens were not included in the study
(Tozzi et al. 2015). In female but not male nucleus accumbens
core, estradiol rapidly regulates mEPSC frequency (Krentzel et
al. 2019). Building upon this evidence, we speculate that
locally synthesized estradiol rapidly regulates the sexually
differentiated MSN glutamatergic synapse properties, in concert with progesterone (Proaño et al. 2020), whereas slower
ovarian-sourced estradiol action may modulate MSN membrane excitability. This speculation is similar to aspects of
estrogen action on CA1 hippocampal dendritic spine density
and synaptic plasticity function, which feature influences of
both ovarian-sourced and locally sourced estradiol action
(Grassi et al. 2011; Kretz et al. 2004; Prange-Kiel et al. 2008;
Woolley and McEwen 1993). Future studies can examine the
contribution of aromatase-induced estradiol synthesis in modulating AcbC excitatory synapse properties independently or in
concert with ovarian-sourced estradiol and progesterone across
the estrous cycle.
Given that we have established that estradiol induces profound differences in MSN electrophysiological properties, future research can also focus on elucidating the relevant receptor
mechanisms. The adult AcbC exclusively expresses membrane-associated estrogen receptors (mERs) ␣, ␤, and GPER-1
(Almey et al. 2015). Although GPER-1 is a G protein-coupled
receptor, membrane-associated ER␣ and ER␤ are not. Instead,
membrane-associated ER␣ and ER␤ are palmitoylated and
interact with caveolin proteins to couple with group I and
group II metabotropic glutamate receptors (mGluRs) in the
neuronal membrane to induce rapid hormone effects (GroveStrawser et al. 2010; Meitzen et al. 2013, 2019; Peterson et al.
2015, 2016; Tonn Eisinger et al. 2018b). In addition to rapid
hormone effects, ER␣ and ER␤ coupled with mGluRs can also
activate second messenger signaling and long-term changes to
neuron function (Meitzen and Mermelstein 2011). For example, the reported decrease in dendritic spine density in adult
OVX rat AcbC upon estradiol administration is mediated by
ER␣ and group I mGluR5 coupling as well as by mGluRmediated endocannabinoid release and activation of CB1 receptors (Peterson et al. 2015, 2016). In addition, AcbC-mediated behaviors and disorders such as anxiety and drug addiction have also shown estradiol sensitivity by mGluR5
activation (Martinez et al. 2014, 2016; Miller et al. 2020;
Pomierny-Chamiolo et al. 2014, 2017). Thus, the differences in
membrane excitability induced by estradiol could be mediated
by membrane-associated ER␣ and ER␤ (possibly via mGluR
activation) and/or GPER-1. Finally, although our working
model posits that estradiol acts on receptors in the AcbC itself
to induce changes in MSN excitability, it is also possible that
estradiol also acts on receptors in afferent brain regions, which
then transsynaptically signal to AcbC MSNs. To conclude, we
believe that the findings of this study provide a strong foundation upon which to pursue these future avenues of investigation.
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