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Estrous Cycle Mediates Midbrain Neuron Excitability
Altering Social Behavior upon Stress
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The estrous cycle is a potent modulator of neuron physiology. In rodents, in vivo ventral tegmental area (VTA) dopamine
(DA) activity has been shown to fluctuate across the estrous cycle. Although the behavioral effect of fluctuating sex steroids
on the reward circuit is well studied in response to drugs of abuse, few studies have focused on the molecular adaptations in
the context of stress and motivated social behaviors. We hypothesized that estradiol fluctuations across the estrous cycle acts
on the dopaminergic activity of the VTA to alter excitability and stress response. We used whole-cell slice electrophysiology
of VTA DA neurons in naturally cycling, adult female C57BL/6] mice to characterize the effects of the estrous cycle and the
role of 17B-estradiol on neuronal activity. We show that the estrous phase alters the effect of 17-estradiol on excitability in
the VTA. Behaviorally, the estrous phase during a series of acute variable social stressors modulates subsequent reward-
related behaviors. Pharmacological inhibition of estrogen receptors in the VTA before stress during diestrus mimics the stress
susceptibility found during estrus, whereas increased potassium channel activity in the VTA before stress reverses stress sus-
ceptibility found during estrus as assessed by social interaction behavior. This study identifies one possible potassium channel
mechanism underlying the increased DA activity during estrus and reveals estrogen-dependent changes in neuronal function.
Our findings demonstrate that the estrous cycle and estrogen signaling changes the physiology of DA neurons resulting in be-
havioral differences when the reward circuit is challenged with stress.
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The activity of the ventral tegmental area encodes signals of stress and reward. Dopaminergic activity has been found to be
regulated by both local synaptic inputs as well as inputs from other brain regions. Here, we provide evidence that cycling sex
steroids also play a role in modulating stress sensitivity of dopaminergic reward behavior. Specifically, we reveal a correlation
of ionic activity with estrous phase, which influences the behavioral response to stress. These findings shed new light on how
estrous cycle may influence dopaminergic activity primarily during times of stress perturbation. j

Mood disorders like major depressive disorder (MDD) are
diagnosed twice as frequently in females starting in adoles-
cence (Kessler et al., 1994). Further, 3-8% of reproductive cy-
cling females meet the criteria for premenstrual dysphoric
disorder (PMDD), which is typified by the shared symptomology
of depression and irritability (Yonkers et al., 2008). Depression
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research has revealed biological neuronal adaptations in the mes-
olimbic circuit (Nestler et al., 2002; Russo et al., 2012; Russo and
Nestler, 2013). Despite the sex difference in the prevalence of
MDD and the occurrence of PMDD, rodent models of depres-
sive behaviors have historically used male subjects to determine
the neuronal substrates underlying stress susceptibility and
depression (Shansky and Woolley, 2016). These studies show
that alterations in the firing patterns of DA neurons in the ven-
tral tegmental area (VTA) occur after chronic stress through
changes in excitability and potassium (K*) channel activity


https://orcid.org/0000-0002-1710-6982
https://orcid.org/0000-0001-6755-9317
https://orcid.org/0000-0002-3650-8207
https://orcid.org/0000-0002-0458-6569
mailto:af1661@hunter.cuny.edu

Shanley etal. e Estrous Cycle Modulates Midbrain Excitability

(Krishnan et al., 2007; Cao et al., 2010; Chaudhury et al., 2013;
Friedman et al., 2014). These adaptations are crucial in regulat-
ing a healthy stress response and determining a behavioral
response to stress (Friedman et al., 2016). As the frequency dif-
ferences in MDD diagnosis and PMDD diagnosis emerge with
the onset of puberty and end after menopause (Salk et al.,
2017), circulating sex steroids, such as estrogens and progesto-
gens, are currently under investigation for their role in regulat-
ing the behavioral response to stress (Bangasser and Valentino,
2014; Newhouse and Albert, 2015).

Given the research on the interaction between sex steroids
and the reward system, understanding the functional and ionic
differences across the phases of estrous in naturally cycling
female rodents is translationally valuable. Sex steroids can be
potent modulators of neuronal excitability throughout the brain
and can have rapid and long-lasting effects on intrinsic and syn-
aptic mechanisms of neuronal activity (McEwen and Milner,
2017). Interestingly, many ion channels that are involved in the
stress adaptation response in the male VTA, such as HCN (hy-
perpolarization-activated cyclic nucleotide-gated channels) and
potassium channels, are well known to be targets of estrogen sig-
naling throughout the brain (Kow and Pfaff, 2016). Moreover,
a large population of VTA DA neurons also express estrogen
receptors (ERs; Kritzer, 1997; Milner et al., 2010; Vandegrift et
al., 2020), although the effects of estrogen signaling on the ionic
mechanisms underlying intrinsic excitability have yet to be char-
acterized in the VTA.

More broadly, the impact of estrogen signaling on neuronal
excitability is diverse and region specific, even having opposing
effects on different cell types within the hypothalamus (Kelly and
Ronnekleiv, 2015; Kow and Pfaff, 2016). Previous research has
shown that the magnitude of DA release in the striatum and pre-
frontal cortex is influenced by estrous cycle and estrogen treat-
ment (McDermott et al., 1994; Dazzi et al., 2007; Almey et al.,
2015; Calipari et al., 2017). This suggests that the estrous cycle,
and estrogen signaling specifically, are important modulators of
DA neuron activity and the reward system as a whole. Using a
1 d acute variable stress model, which consists of five mild stres-
sors, we explored estrous cycle differences in the stress response.
We propose that the ionic differences recorded in the naturally
cycling females are associated with the differences in the stress
response. In this article, we demonstrate changes in DA neuron
activity across the estrous cycle, establish the role of estrogen sig-
naling in modulating the ionic mechanisms of excitability, and
behaviorally assess the interaction between stress acquisition and
estrogen signaling in the VTA.

Materials and Methods

Animals

Female C57BL6/] mice were purchased from The Jackson Laboratory at
7 weeks of age and acclimated for at 1 week in the animal facility before
use in behavioral experiments or surgeries. Mice were kept in a 12 h
light/dark cycle (lights on at 08:00) in corncob bedding and fed regular
mouse chow ad libitum. Animals used for electrophysiology experiments
were housed in groups of 2-4 individuals to reduce the effect of single
house stress. Animals used for stress were weighed and singly housed
the day before the beginning of stress. Animals were killed for electro-
physiology experiments between 09:00 and 10:00. Stress acquisition and
behavior experiments began between 09:00 and 10:00, and continued
until completion at around 13:00. All females were monitored for estrous
cycle on testing day after all behavior was completed and on the follow-
ing 2 d, or on the morning (9:00-10:00 A.M.) of slice electrophysiology.
Ten to 20 microliters of PBS was gently washed into the opening of the
vagina and collected using a P200 pipettor. Samples were immediately
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visualized under 10x to 40x magnification, and photographs were cap-
tured using an iPhone camera for future reference (Pantier et al., 2019).
Estrous stage was determined based on presence, absence and relative
quantities of cornified epithelial cells, nucleated epithelial cells and leu-
cocytes, and estrous stage on prior day or days (Fig. 1). Briefly, diestrus
is characterized by the abundance of leucocytes (more than 80%), proes-
trus is characterized by an abundance of nucleated epithelial cells (more
than 80%), metestrus is characterized by ~50% cornified epithelial cells and
50% leukocytes, and estrus is characterized by having primarily cornified
epithelial cells, with no visible nucleus (more than 80%). Pseudopregnancy
induced by repeated stimulation of the vagina and cervix from repeated vag-
inal lavage, defined by extended presence of leucocytes, was not detected.
Cell cytology was the primary method of determining estrous cycle stage
and is based on the proportion of the cell types. For terminal slice electro-
physiology experiments, estrous cycle stage was also determined by estrogen
and progesterone levels determined by enzyme-linked immunoassay
(ELISA) and uterine weight. Uterine weight and estrogen and proges-
terone levels are used to confirm estrous phase determined from cell
cytology. If uterine weight and/or hormone levels did not align with
vaginal smears and published data on hormone levels, these additional
measurements were used to exclude animals from electrophysiology
analysis (n = 3 mice excluded from analysis; Nelson et al., 1981;
Nilsson et al., 2015). All animal studies were approved by the Hunter
College Institutional Animal Care and Use Committee and were con-
ducted in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Slice electrophysiology

For slice preparation, coronal brain slices of VTA were prepared
according to previously published protocols between 09:00 and 10:00
(Cao et al,, 2010; Chaudhury et al., 2013; Friedman et al.,, 2016; Papouin
and Haydon, 2018). Briefly, animals were anesthetized with isoflurane and
transcardially perfused with ice-cold, oxygenated artificial Cerebrospinal
fluid (aCSF) containing the following (in mwm): 128 NaCl, 10 p-glucose,
1.25 sodium phosphate monobasic, 25 sodium bicarbonate, 2 MgCl,
3 KCl, and 2 CaCl,. The brain was extracted and placed in ice-cold
oxygenated sucrose aCSF containing the following (in mm): 227 sucrose,
10 p-glucose, 1.25 sodium phosphate monobasic, 24 sodium bicarbonate,
2 MgCl, 3 KCl, and 2 CaCl, for 1 min. Brain tissue was blocked for the
region of interest using a sharp razor blade, then sliced using a DSK
microslicer (Ted Pella) in ice-cold sucrose aCSF solution under con-
stant oxygenation. Two-hundred-fifty micron slices containing the
region of interest were collected and allowed to recover for 1 h at 37°C
in aCSF with constant oxygenation. The slice recovery chamber was
removed from the water bath after 1 h and set aside at room tempera-
ture until collection for recording. Brain slices were transferred into
the recording chamber with a constant flow rate of 3 ml per minute of
oxygenated (95% O, and 5% CO,) aCSF at 35°C.

All recordings were conducted blind to the estrous stage. The tim-
ing and sequence of recordings were consistent throughout recording,
with all recordings occurring between 9:00 and 10:00 A.M. to ensure
consistency of the estrous phase. Putative DA neurons were identified
by their location, infrared differential interference contrast microscopy,
electrophysiological criteria including waveform, and the presence of
hyperpolarization-activated current (I,), and regular spontaneous fir-
ing as previously described (Ungless et al., 2003; Cao et al, 2010;
Iniguez et al., 2010). Recordings were primarily done in the lateral
VTA, where the highest population of tyrosine hydroxylase positive
neurons are located (Lammel et al., 2011; Yamaguchi et al., 2011). The
presence of an I, above 80 pA and triphasic action potential, with a
long duration (>2.0 ms) was required for inclusion. Further, neurons
were selected for an action potential width from start to negative
trough >1.1 and firing rate below 10 Hz. Neurons that did not fit this
criteria were not included in the analysis, thus eliminating GABA neu-
rons and restricting the data to a subset of dopaminergic neurons.
Previous research has indicated that although a majority of dopamine
neurons express an Iy, there is a subpopulation that does not, and they
are not included in this study (Margolis et al., 2008). Additionally, a
small percentage of neurons has been identified to express I, but not
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The estrous cycle modulates electrophysiological properties of VTA DA neurons. A three-pronged approach to determining estrous cycle stage was used in terminal experiments. a,

A representation of the estrous cycle and relative estrogen and progesterone levels at each stage of estrous. b, Measured serum concentrations of estrogen (E2), progesterone (P4), and uterine
weights at each estrous cycle stage determined by vaginal cell cytology. ¢, Uterine weight was significantly higher in animals during proestrus (F3 35 = 23.52, p << 0.0001, n = 7-12 mice per
group). Scale bar, 1.cm. d, Vaginal cytology showing leucocytes, nucleated epithelial cells, and cornified epithelial cells at each stage of the estrous cycle. Scale bars: 100 zem. Proestrus is typi-
fied by the presence of small, round, nucleated epithelial cells, which are often observed in clusters. Estrus was typified by the presence of anucleated keratinized epithelial cells and the ab-
sence of neutrophils. Metestrus is typified by the presence of anucleated keratinized epithelial cells and neutrophils. Diestrus is typified by the presence of primarily neutrophils. Arrows indicate
time points used for electrophysiology studies. e, Spontaneous firing rate does not change across the estrous cycle (1-way ANOVA, F3 125 = 1.88, p = 0.14, n = 28-39 cells per estrous stage,
7-12 mice per group; nested ANOVA, f(333) = 1.23, p = 0.32, 2-7 cells per mouse, 7-12 mice per group). f, Excitability is increased during estrus compared with proestrus and metestrus (2-
way ANOVA, current injection x estrous cycle stage interaction, p << 0.05, F12360) = 3.28, p = 0.0002, n = 10-33 = cells per group, 7-12 mice per group; nested ANOVA, +100 pA, F;3 3
= 444, p = 0.006; +75pA, Fz3y = 437, p = 0.01, 2-7 cells per mouse, 7-12 mice per group). g, I, across the estrous cycle does not change (2-way ANOVA, voltage step x cycle
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DA, allowing for the possibility that some portion of neurons identified
as dopaminergic is not correct. To overcome this, we have ensured
having a large enough sample size.

Whole-cell recordings

A gigaohm seal was obtained using a 3-6 M() pipette filled with stand-
ard internal solution containing the following (in mwm): 115 potassium
gluconate, 20 potassium chloride, 1.5 magnesium chloride, 10 phospho-
creatine-tris, 2 ATP-Mg, 0.5 GTP-Na, and 10 HEPES, pH 7.21, 825
mOsm. The membrane was ruptured using pulses of fast negative suc-
tion. Membrane potential and baseline firing rate were recorded imme-
diately after breaking through the membrane in I = 0 current-clamp
configuration. Cell health and seal quality were regularly monitored
using the membrane test feature of Clampex. Spontaneous action poten-
tials (APs) were extracted from >3 min traces using the template search
feature of Clampfit 9.2 software. I, was recorded in whole-cell voltage
clamp with a series of 800 ms pulses with 10 mV command voltage steps
from -120 to -60 mV with a holding potential of -60 mV at the start of
each recording. Once a stable baseline is achieved for 8 min, excitability
was measured. Excitability measurements were recorded with a series of
2 s pulses with 25 pA command current steps from —25 to 100 pA, or
10 pA command current steps from —20 to 70 pA. Responses to intracel-
lular current injection were averaged and used to determine the mean
number of action potentials elicited per current step. I-V curves were
generated from 50 ms pulses with command voltage steps from —50 to
+50mV from a holding potential of —60 mV. To isolate K* currents,
recordings were performed in a solution containing the following: 1x
aCSF solution, 1 um TTX, 200 um CdCl,, 1 mum kynurenic acid, and 100 um
picrotoxin perfused onto the slice for 5min before recording. Potassium
currents were recorded in whole-cell voltage clamp using a series of 4 s
long depolarizing steps from —60mV holding potential from 10mV to
+110mV. Stock solutions of 17 B-estradiol (E2; catalog #2842, Tocris
Bioscience) were first dissolved in DMSO, then diluted to a final concentra-
tion of 1 um (in 0.1% DMSO) in oxygenated aCSF. DMSO was added to
control aCSF solutions at the same concentration. These solutions were
used for slice recovery and were continuously perfused through the slice
chamber during recordings.

Acute variable social stress

Experimental mice were exposed to each of the following stressors for
20 min each, with a 10 min break between each stressor. The following
stressors specifically disturb the natural drive for female mice to safely
nest and have social stability. For predator odor stress, the cotton tip of a
sterile swab applicator was removed, and 2 pl of 2,5-dihydro-2,4,5-trime-
thylthiazoline (catalog #W332518, Sigma-Aldrich) was added to the tip.
Tips were placed in the home cage of the mouse for 20 min. Control ani-
mals were kept in an adjacent room to avoid exposure to the odor
(Janitzky et al., 2014). In restraint and witness to restraint stress, animals
were split into two groups (group A and group B). Group A was

«—

interaction, Fip4719) = 0.368, p = 0.99, n = 15-33 cells, 7-12 mice per group). h, Action
potential width across the estrous cycle (2-way ANOVA, estrous stage vs AP width, F(3 o4 =
5.044, p = 0.002, n = 28-39 cells per estrous stage, 7—12 mice per group; nested ANOVA,
Fa33= 6.17, p = 0.0006, 27 cells per mouse, 7-12 mice per group). i, -V curves
obtained from neurons across the estrous cycle (2-way ANOVA, +50 pA current injection x
estrous cycle stage interaction, 316 = 1.427, p = 0.271, n = 5-12 = cells per group, 3
mice per group; nested ANOVA, +50 pA, F3 g = 1.29, p = 0.34, n = 2—4 cells per mouse, 3
mice per group). j, Peak potassium current across the estrous cycle is increased in diestrus
(2-way ANOVA, voltage step x cycle interaction, Fi33504) = 4.835, p << 0.0001; multiple
comparisons, *p << 0.05 **p < 0.01 between estrus and diestrus; +p << 0.05 between
proestrus and diestrus; nested two-way ANOVA, significant voltage x cycle interaction,
Fia3,420) = 4.88, p < 0.001, 2-3 cells per mouse, 7-12 mice per group). Sustained potas-
sium current is increased during metestrus (2-way ANOVA significant voltage x cycle inter-
action, Fz3,550) = 2.913, p << 0.0001; multiple comparisons, #p << 0.01 between estrus and
metestrus, n = 822 cells per phase, 7—12 mice per group; nested 2-way ANOVA, significant
voltage x cycle interaction, Fi33 49 = 3.35, p << 0.001, 2-3 cells per mouse, 7-12 mice
per group). Error bars indicate mean = SEM.
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restrained in a 50 ml conical tube with air holes drilled into the side
and caps. Group A animals were placed into the home cage of group B
for 20min. On the next set of witness/restraint stress, group B was
restrained and placed into the home cage of group A (Koehl et al,,
2006; Sial et al., 2016). For overcrowding stress, all mice were tail
marked with unique identifiers using a colored permanent marker for
later identification and returned to their established home cage. Eight
to ten animals were placed in a standard size cage for 20 min (Reber et
al., 2006; Lin et al., 2015). In home cage instability stress, cages were
placed on a 5° incline, and 800 ml of room-temperature tap water was
added to the bedding (Saavedra-Rodriguez and Feig, 2013). Animals
were closely monitored for signs of hypothermia. If signs of hypother-
mia were observed, animals were removed and placed on a heating pad
to recover. After 20 min, animals were placed in a new cage with fresh
bedding. Control animals were transported and handled but were
placed in an adjacent room for the duration of the stressors to avoid ex-
posure to stress pheromones and vocalizations from the stress group.
Stressed animals recovered for at least 30 min before returning to the
animal facility.

Social interaction test

As a measure of the rewarding nature of a social interaction, the time
spent interacting with a novel social target was assessed with a social
interaction test. Animals were acclimated to the testing room for 1 h in
the dark before the beginning of testing. Testing was performed in the
dark with a red light (<15lux). Animals were allowed to explore a
square arena for 2.5min in the presence of a small cylindrical empty
cage. Animals were removed, the arena and empty cage were cleaned,
and a sex- and age-matched novel mouse was placed in the empty cage.
Animals were allowed to interact with the novel mouse for 2.5min.
Velocity and location were tracked using Noldus EthoVision software.

Splash test

As a measure of self-care and motivation (Isingrini et al., 2010), the du-
ration of time spent grooming following a spray of sucrose solution on
the dorsal coat was assessed with a splash test. Animals were acclimated
in red light for 1 h before testing. A 10% sucrose solution was sprayed
on the dorsal coat of the mouse, and the time spent grooming and the la-
tency to groom were recorded using Noldus EthoVision. The duration
of grooming behaviors, including manual, oral, and scratching were
assessed.

Stereotaxic surgeries and cannula infusions

Animals were anesthetized using a cocktail of ketamine/xylazine (2/
0.2 mg/kg). Animals were head fixed in a stereotaxic apparatus (Kopf).
Bilateral cannulas 4 mm long were implanted into the VTA (AP, —3.3
mm; DV, —4.4 mm; LM, *1.05 mm from bregma), targeting the area
slightly dorsal to the VTA (scaled to bregma-lambda distance; Moore
and Boehm, 2009). Cannula were fixed to the scull using MetaBond den-
tal cement (Parkell). Animals recovered for 1 week before drug infusion
and were monitored for their recovery postsurgery. Pharmacological
agents were first dissolved in stock solutions of DMSO, then further
diluted into sterile 1x PBS solution for a final DMSO concentration of
0.1%. Vehicle solutions were 1x PBS with 0.1% DMSO. ICI 182,780 or
retigabine [D-23129; N-(2-amino-4-(4-fluorobenzylamino)-phenyl) car-
bamic acid ethyl ester] was infused bilaterally over 5min using a pro-
grammable syringe pump (Harvard Apparatus) at 0.1 wl/min. The
following concentrations were based on previous studies: ICI 182,780, a
nonspecific ER antagonist (10 ug/ul; catalog #1047, Tocris Bioscience;
Fernandez et al., 2008) and retigabine, a positive allosteric modulator of
noninactivating neuronal Kv7.2/Kv7.3 M-currents (5pg/pl; Alomone
Labs; Main et al., 2000; Wickenden et al., 2000). The drugs were allowed
to diffuse for 3 additional minutes after infusion before the infusion can-
nula was removed.

Enzyme-linked immunoassay

Trunk blood was collected from eight control and twenty stressed ani-
mals [four animals per stressor, 10 min after each acute variable social
stress (AVSS) stressor]. Approximately 500 ul of whole-blood samples
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were collected transcardially from anesthetized mice and allowed to
coagulate on ice for 30 min. Samples were centrifuged at 2500 rpm for
5 min to isolate the serum. Serum samples were stored at —20°C until use
in the ELISA kit (catalog #ADI-900-097, Enzo Life Sciences). The ELISA
was performed following the instructions of the manufacturer for a small
volume. Further, molecular measurements of estrogen (E2; Estradiol
ELISA Kit, catalog #3582251, Cayman Chemical) and progesterone
(Progesterone Mouse/Rat ELISA Kit, catalog #IB79183, IBL) levels were
performed with commercially available low-volume ELISA kits from se-
rum samples. Given the detection limitation of commercially available
ELISA kits, we also used uterine weight, which can be precisely quanti-
fied and is directly affected by estrogen and progesterone produced by
the ovaries. We assessed vaginal epithelial cells by cytological analysis
over 3 consecutive days including the morning of recording and the
blood serum levels and uterine weight on the day of recording. For
whole-cell electrophysiology terminal experiments, we collected blood
serum and the uterine weight at the time of slicing. Brain slices and
trunk blood were collected in the morning.

Experimental design and statistical analyses

Analysis was performed blind to the experimental conditions, and
all mice with off-target cannula implantation were removed from
the study. All behaviors were scored using automated and unbiased
EthoVision software. Electrophysiology data were analyzed in Clampfit
10.7 software (Molecular Devices). GraphPad Prism 9 was used for sta-
tistical analysis. Comparisons of electrophysiological characteristics
between estrous cycle groups were analyzed using a Student’s f test, or
one- or two-way ANOVA or mixed model analysis where appropriate.
Results are presented as mean *+ SEM.

Results

The estrous cycle modulates VT A dopamine neuron
physiology

To examine the physiology of VT'A neurons across the estrous
cycle we performed in vitro brain slice recordings from 36 gona-
dally intact, naturally cycling C57BL/6 female mice (Fig. 1a). We
used vaginal cell cytology, uterine weight, and serum steroid hor-
mone levels in a three-pronged approach to confirm estrous
cycle stage (Proestrus, n = 12; Estrus, n = 8; Metestrus, n = 9;
Diestrus, n = 7; Fig. 1b-d). In each animal, we performed whole-
cell recordings in acute brain slices containing the VTA, selecting
for neurons that exhibited an I, as a marker for a subgroup of
DA neurons. We found that estrous cycle phase had no signifi-
cant effect on the average in vitro spontaneous firing rate (Fig.
le). Despite the similar firing activity across all stages of the
estrous cycle during an unperturbed state, we found a signifi-
cantly higher number of action potentials are elicited from the
same size current injection during estrus (Fig. 1f). Our finding of
increased excitability during estrus is consistent with previous
findings of increased DA bursting activity during this phase and
indicates differential underlying ion channel activity across the
estrous cycle (Zhang et al., 2008; Calipari et al., 2017). As excit-
ability is dynamically governed by a combination of intrinsic ion
function, synaptic efficacy, and changing behavioral states intro-
ducing a lot of variability, we next measured individual ion
currents.

To gain further insight into the ionic mechanisms underlying
excitability across the estrous cycle, we next performed whole-
cell recordings isolating I,,. I;, is an established excitatory driving
force in VTA DA neurons and drives changes in excitability in
response to exposure to stress and ethanol (Neuhoff et al., 2002;
Okamoto et al., 2006; Zhong et al., 2018). Despite significant dif-
ferences in excitability across the estrous cycle, we found no dif-
ference in the size of I, (Fig. 1g). The VTA appears more
excitable during estrus without an increase in I, We next
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examined the action potential width and found that there are sig-
nificant differences across the estrous cycle, with estrus exhibit-
ing a wider spike shape on average compared with diestrus and
metestrus (Fig. 1h). A further indication of changes in conduct-
ance across estrous was revealed with an analysis of the current-
voltage (I-V) relationship (Fig. 1i; n = 5-12 cells per group, 3 mice
per group).

An important modulator of DA neuron responsivity, spike
shape and excitability is K" current function, which has been
shown to be rapidly modulated by estrogen signaling throughout
the brain (Rennekleiv et al., 2015; Tarfa et al., 2017). Therefore,
using a series of specific channel blockers, TTX, CdCl,, kynur-
enic acid, and picrotoxin, we isolated and recorded potassium
currents. In diestrus, when circulating steroid hormones are rela-
tively low, the rapidly inactivating and sustained K™ currents are
higher compared with estrus, a time of rapidly dropping estrogen
and relatively low progesterone (Fig. 1j). The increased spike
width during estrus and the relatively lower K* channel function
during estrus provides one possible ion channel mechanism for
the increased excitability observed in vitro and the increased
bursting previously found in vivo. During proestrus the peak and
sustained K" currents are also relatively lower, with effects on
excitability likely counteracted by the changing hormonal state.
Because a subset of VTA neurons express ERs, and estrogen
signaling has been shown to modulate potassium conductance
in other brain regions, we next examined whether the changes
in excitability and K" channel currents may be due to changes
in estrogen signaling within the VTA.

Estrogen signaling contributes to estrous cycle changes in

the VTA

To determine the contribution of estrogen in modulating excit-
ability, we performed a series of in vitro within-animal record-
ings of excitability in the presence of E2, the most prevalent
naturally produced estrogen. Given that the relative ratio of fluc-
tuating hormones is known to regulate neuronal activity, we
used a within-animal experimental design to isolate the role of
estrogen across the estrous cycle. To do this, we bisected each
brain slice, so each half contains a hemisphere of VTA cells with
the same hormonal profile, then incubated one half in aCSF with
1 pum E2 in 0.01% DMSO, and half in aCSF with 0.01% DMSO
for 1 h (n = 6 mice per estrous phase). Consistent with our elec-
trophysiological findings across the estrous cycle, we found no
difference in spontaneous firing rate or I, at any stage of the
estrous cycle following estrogen incubation (Fig. 2; cells during
proestrus, n = 27-34; estrus, n = 13-19; metestrus, n = 13-15;
diestrus, n = 14-15; 6 mice per cycle phase). However, we
revealed that the effect of E2 incubation on VTA DA neuron
excitability was dependent on the phase of estrous, which is
known to regulate estrogen and progesterone receptor levels
(Quadros and Wagner, 2008; Mitterling et al., 2010; Liu and
Shi, 2015; Vastagh and Liposits, 2017). During estrus and early
proestrus, a time of relatively low progesterone and high ER activ-
ity, E2 incubation decreases excitability (Fig. 3a,b). Conversely,
during metestrus, a time of relatively low estrogen and rising pro-
gesterone that downregulates ER activity, E2 incubation increased
excitability (Fig. 3c). Further, during diestrus, a time of stable
estrogen and progesterone, E2 incubation has no effect on excit-
ability (Fig. 3d; cells during proestrus, n = 18-24; estrus, n = 10-
16; metestrus, n =13-15; diestrus, n = 18-25; 6 mice per cycle
phase). We identified an increase in excitability during estrus sug-
gesting that DA neurons are more sensitive to perturbation during
this phase, as well as a possible role of estrogen in mediating these
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differences. The variability in the modulation makes it clear that
the changes in excitability are not solely dependent on changes in
potassium channel activity and are likely counteracted by the
action of progesterone and its metabolites. Together, these changes
in electrophysiological responses across the phases of estrous indi-
cate that the VTA may respond differently to incoming signals
depending on the phase of estrous.

Interaction of stress and estrogen signaling on social
behavior

To determine whether steroid hormone signaling interacts with
stress acquisition to alter social behavior in an estrous cycle-de-
pendent manner, we examined reward-related behaviors follow-
ing an acute series of stressors at different hormonal states. Stress
has been previously found to alter the dopaminergic activity of
the VTA (Lowes and Harris, 2022). To probe the behavioral
effect of the differential ion channel function of the VTA at each
individual stage of estrous we developed a subthreshold one-day
stress paradigm consisting of five sex-independent stressors,
called acute variable social stress (AVSS; Fig. 4a). This 1 d series

of mild stressors results in significantly elevated levels of serum
corticosterone (Fig. 4b) but does not result in long-term changes
in social interaction behaviors. As a readout of the behavioral
effect of the stress at different hormone profiles, we measured
social interaction behaviors and self-grooming behavior during a
splash test. The social interaction test, in which the time spent
investigating an age- and sex-matched novel social target, has
been reliably used as a measure of the salience of a social reward.
Further social interaction behaviors have been closely linked
with VTA dopaminergic activity, as well as activity in other brain
regions (Krishnan et al., 2007; Chaudhury et al., 2013; Gunaydin
et al.,, 2014). We found that female mice that undergo the sub-
threshold AVSS paradigm show no difference in their average
social interaction time, but it does increase their time spent in
the corner compared with unstressed control female mice 24 h
later (Fig. 4¢,d; n = 34-38 mice per group). There are no signifi-
cant differences in velocity (Fig. 4e) or distance traveled (Fig. 4f).
Given the behavioral variability following AVSS and our finding
that DA neuron excitability is altered across the estrous cycle, we
examined whether cycle phase alters social interaction behaviors.
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Estrous cycle stage during AVSS influences time spent grooming in the the splash test. a, Timeline. b, AVSS does not significantly alter time spent grooming (¢4 = 1.9, p = 0.06,

n =21-22). ¢, AVSS increases the latency to groom (f(41) = 3.1, p = 0.003, n = 21-22). d, Estrous phase has no significant effect on time spent grooming during the splash test in nonstressed
mice (open circle) (F3 17 = 2.04, p = 0.15, n = 5-6 per cycle phase). AVSS during the estrus phase decreases the time spent grooming (black circles) (2-way ANOVA, cycle x stress interaction,
F335 =420, p = 0.01, n = 5-6 mice per cycle phase). e, There is no significant interaction between cycle and stress in latency to groom (2-way ANOVA, cycle x stress interaction, F(3 35 =
1.65, p = 0.20, n = 5-6 mice per cycle phase). (*p << 0.05, **p << 0.01) Error bars indicate mean = SEM.

We first analyzed whether the estrous cycle phase on the day of
social interaction altered the time interacting with a social target
and found no significant interaction (two-way ANOVA, F ¢0) =
0.9704, p = 0.4127; data not shown). We next examined whether
estrous cycle phase on the day of stress acquisition influences the
resulting social interaction behaviors 24 h later. We found that
females that undergo AVSS during estrus, a time of higher VTA
excitability, exhibit a reduction in social interaction time with a
novel social target (Fig. 4¢) and an increase in the time spent in
the corner (Fig. 4h) compared with estrus control (n = 7-12 mice
per cycle phase). This is consistent with our electrophysiological
findings in which the excitability is only increased during estrus,
whereas spontaneous firing activity across the estrous cycle on
average is unchanged. Further, we did not observe any significant
interaction between AVSS and estrous cycle in the average veloc-
ity (Fig. 4i). In a separate cohort of mice during a splash test,
mice were sprayed with a 10% sucrose solution, and time spent
grooming was recorded (Fig. 5a). We found no significant differ-
ence in time spent grooming between stressed and nonstressed
mice (Fig. 5b), but we did find an overall increase in the latency
to groom (Fig. 5¢; n = 21-22 mice per group). Although we
observed no significant differences in time spent grooming
across the estrous cycle in nonstressed mice, mice that under-
went AVSS during estrus spent significantly less time grooming
compared with the other phases of estrous (Fig. 5d; n = 5-6 mice
per cycle phase).

To test ER involvement in altering stress acquisition we used
ICI 182,780, a nonspecific ER antagonist, to mimic the rapid
decline of estrogen observed during estrus. We first bath
applied in vitro ICI 182,780 to VTA slices from mice in diestrus
and found an increase in excitability (Fig. 6a; n = 14 cells, 5
mice). Next, to test whether the behavioral change is because of
estrogen signaling in the VT'A, we implanted a chronic bilateral
cannula into the VTA to pharmacologically target ERs during
AVSS stress acquisition (Fig. 6b). Using females in diestrus
only, we infused ICI 182,780 before AVSS or control conditions
(n = 8-12 mice per group). The following day we performed a

social interaction test. We found no interaction between time
spent in the interaction zone with no target present (Fig. 6¢,d),
time spent in the corner zone (Fig. 6e) or velocity (Fig. 6f)
among AVSS, control, or ICI 182,780 or vehicle DMSO infu-
sion. With the social target present we found a significant
reduction in time spent in the social interaction zone in the
presence of a social target similar to what we found during
estrus phase (Fig. 6g,h). We also found mice that were infused
in ICI 182,780 and underwent AVSS spent significantly more
time in the corner zone (Fig. 6i) without any changes velocity
(Fig. 6f). These results indicate ERs are involved in maintaining
healthy social behaviors when faced with stress.

To more closely link the changes in social behavior following
stress that occur during estrus to the observed changes in VTA
excitability, we increased potassium channel function in the
VTA before AVSS in mice during the estrus phase. To reduce
the increased excitability observed during estrus in the VTA and
test its involvement in modulating stress acquisition, we used
retigabine, a potassium channel opener. We first bath applied
retigabine in vitro to VTA slices from mice in estrus and found a
significant decrease in excitability (Fig. 7a; n = 12 cells, 6 mice).
To determine whether the increased susceptibility during estrus
is linked to the reduced VTA potassium currents, we implanted
a chronic bilateral cannula into the VTA to pharmacologically
enhance potassium currents immediately prior to stress acquisi-
tion (Fig. 7b). Using females in estrus only, we infused retigabine
or vehicle before AVSS (n = 8 mice per group). The following
day we performed a social interaction test. We found that the
mice in estrus that received retigabine infusion before stress
spent more time in the interaction zone with a novel social target
compared with mice in estrus that received a vehicle infusion
(Fig. 7d). We also found mice that were infused with retigabine
and underwent AVSS spent significantly less time in the corner
zone with the target present (Fig. 7e) without any changes in ve-
locity compared with vehicle (Fig. 7f). These results indicate that
the reduced potassium current in the VTA during estrus is
involved in increased susceptibility during estrus.
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Figure 6.  VTA infusion of ICl 182,780 before AVSS in female mice during diestrus increases behavioral stress susceptibility. a, In vitro 1Cl 182,780 bath perfusion increases excitability in VTA
brain slices of diestrus mice (2-way ANOVA, F7 104 = 2.30, p = 0.032, n = 14 cells, 5 mice). b, Timeline of behavioral assessment following infusion and AVSS in diestrus mice. ¢, Sample traces
of animal location and velocity in the absence of a social target. d, ICl 182,780 in vivo infusion and stress has no significant interaction on time spent in social interaction zone (2-way ANOVA,
F323) = 0.96, p=0.42, n = 812 mice per group). e, Time spent in corner zone (F (33 = 0.43, p = 0.73) . f, velocity with no target present (F3 ;) = 0.53, p = 0.67). g, Sample traces of ani-
mal location and velocity with novel female social target. h, ICl 182,780 infusion before AVSS significantly decreases time spent in the interaction zone in the presence of a social target (ICl x
stress interaction (F33) = 6.68, p = 0.002). i, ICl 182,780 infusion before AVSS significantly increases time spent in the corner zone in the presence of a social target (F33) = 12.2,
p <<0.0001). j, There is no significant effect of ICI or AVSS on average velocity F3 ,3) = 1.184, p = 0.34). (*p << 0.05, **p << 0.01, n.s. = not significant) Error bars indicate mean = SEM.

Discussion

A large body of research has been dedicated to revealing the
broad role of DA in encoding different behaviors. Beyond
reproduction, the complex role of sex steroid modulation has
the potential to modulate many of these different DA-regu-
lated behaviors. This interaction has previously been demon-
strated in the drug reward field, as well as in more natural
behaviors such as food reward (Fattore et al., 2008; Anker and
Carroll, 2011; Richard et al., 2017). In particular, increased
bursting behavior of VTA DA neurons, as well as an increase
in striatal release of DA, is consistently observed during estrus
(Becker, 1990). During estrus, DA neurons in the VTA also
show increased sensitivity to ethanol and DA (Vandegrift et
al., 2017). Further, differences in electrophysiological proper-
ties of medium spiny neurons in the nucleus accumbens
(NAc) emerge across the estrous cycle from both direct action
of estradiol ER activation (Almey et al,, 2022) and possible
changes in DA signaling (Proafio et al., 2018, 2020). Here,
using whole-cell electrophysiological recordings in freely cy-
cling female mice, we demonstrate ionic differences in DA
neuron activity associated with increased sensitivity to a stim-
ulating current input. Our pharmacological manipulation of
estrogen signaling during a behaviorally salient event indicates

the complex interaction between sex steroids and stress in the
reward system.

We demonstrate that the average spontaneous in vitro firing
activity of VTA DA neurons is not significantly different across
the estrous cycle. This is highly consistent with the range of
female mice behavior that does not show significant differences
across the estrous cycle (Meziane et al., 2007). However, our
study demonstrates that the excitability, which determines the
functional response of the VTA, is fundamentally modulated
across the estrous cycle, with excitability significantly higher dur-
ing estrus. We further found that I}, a primary driver of excitabil-
ity that has previously been found to be modulated by stress, is
not sensitive to fluctuating sex steroids, indicating that other
mechanisms are involved. This upregulation of excitability dur-
ing estrus is likely in part driven by the concomitant downregula-
tion of K" channel function, a known regulator of DA neuron
activity. We found that estrogen incubation significantly changes
the excitability response in a cycle-dependent pattern, indicating
that estrogen signaling is partially involved in modulating excit-
ability across the cycle. Estrogen incubation decreases excitabil-
ity in both proestrus and estrus phases and conversely increases
excitability during metestrus. These phase dependent responses
to estrogen highlight the functional changes in the VTA across
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Figure 7.

Retigabine infusion to the VTA decreases behavioral susceptibility to AVSS in mice during estrus. a, In vitro retigabine bath perfusion decreases excitability in VTA brain slices of

estrus mice (paired t test, 60 pA step, tuq) = 2.65, *p << 0.05 12 cells, 6 mice). b, Timeline of behavioral assessment following infusion and AVSS in estrus mice. ¢, Sample traces of animal
location and velocity during social interaction test. d, /n vivo infusion of retigabine to the VTA before stress increases the time spent in social interaction zone with novel social target (ANOVA,
Fi328) = 1032, p << 0.0001, n = 8 mice per group) and e, reduces time spent in corner zone (F(3 ) = 2.40, p = 0.08). f, There is no significant effect of retigabine on average velocity with

the target present (paired ¢ tests, f14 = 0.763, p = 0.46). Error bars indicate mean = SEM.

the estrous cycle. Importantly, our study provides a possible
ionic mechanism for differences previously recorded during
in vivo drug studies and at the same time revealing why some
behavioral and physiological differences across the estrous cycle
only emerge in the presence of a drug, stress, or other perturbance
(Zhang et al., 2008; Zhao et al., 2021).

As previously established, the estrous cycle alone does not
influence the outcome of widely accepted behavioral tests com-
monly used to assess behavioral changes in rodents, including
the social interaction assay (Zhao et al, 2021). We similarly
found that social interaction behavior is not altered across the
estrous cycle. However, when a salient stimulus such as AVSS is
experienced, the estrous cycle stage at the time of the stimulus
becomes an important factor for the social interaction behavioral
output. Similar to the findings that the physiological effects of
drugs of reward are modified across the estrous cycle, our results
support the role of steroid hormones in modulating the acquisi-
tion of stress and the resulting behavioral output.

Two ER types, ERa and ERB, are expressed on subpopula-
tions of VTA DA neurons (Milner et al., 2010; Vandegrift et al.,
2020). These receptors have opposing effects in some brain
regions and may account for some of the complicated effects we
have found at different estrous cycle stages. Alternatively, (or
concomitantly) the expression of ERs in the VTA may change
across the estrous cycle as estrous stage modulates ER expression
throughout the brain. The relative expression levels of these
receptors may play a role in the behavioral outcome and physio-
logical activity of VTA DA neurons. A third G-protein-coupled
estrogen receptor (GPER-1) has been identified, which along
with ERe, is expressed on neurons in the medial preoptic area
that project to dopamine neurons in the VTA but not on the
dopamine neurons themselves (Tobiansky et al., 2016). GPER
rapidly effects neuronal excitability on binding with estrogen
(Revankar et al., 2005). This transmembrane receptor is local-
ized to the endoplasmic reticulum and on activation increases
the release of internal calcium stores from the endoplasmic

reticulum, activates IP3, and modulates other calcium signaling
pathways (Hazell et al., 2009). Future experiments will explore
the role of each receptor type in modulating the activity of VTA
DA neurons and the behavioral response to stress across the
estrous cycle.

We found strikingly different effects of estrogen incubation
on VTA DA neuron activity across the estrous cycle, indicating
an important role of cycling sex steroids, including progester-
one signaling in modulating the physiology of DA neurons.
Although our experiments did not directly manipulate proges-
terone levels, the synergistic balance between progesterone and
estrogen signaling likely plays a role in differences observed
across estrous. Progesterone signaling is well known to play a
role in facilitating sexual receptivity through direct, rapid action
in the VTA (Frye, 2001). Progesterone receptors have been
detected in the VTA, although their cell-type distribution has
not been thoroughly described (Quadros et al., 2008; Frye et al.,
2013). In addition to modulating ER expression, activation of
progesterone receptors has immediate and long-lasting effects
on neuronal physiology, possibly contributing to the differences
recorded (Kapur and Joshi, 2021).

In addition to the effects on the DA neurons in the VTA, ste-
roid hormones likely play a role in modulating the local circuitry
in the VTA, including locally projecting GABAergic interneur-
ons. These neurons respond to stress and aversive stimuli and
are acutely integrated into the circuitry involved in motivation
and reward (Bouarab et al., 2019). Progesterone and allopregna-
nolone, a progesterone metabolite, are allosteric modulators of
GABA, receptors (Callachan et al., 1987) that induce plasticity
in local VTA circuits (Vashchinkina et al., 2014), reduce the
amount of DA released in the NAc (Dornellas et al., 2020), and
can have an anxiolytic effect on behavior (Reddy et al., 2005).
Working together with estrogen signaling, progesterone and its
metabolites may balance changes in VTA excitability. This further
highlights the role of the VTA as an integration site for internal
state (i.e., hormonal state) and external state (i.e., stress).
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A reductionist method of using gonadectomy to control the
levels of hormones has been performed to examine this complex
system. However, the removal of all steroid hormone production
can cause unintended widespread changes in response to the de-
privation of natural levels of peripheral steroid hormones, such
as changes in metabolism and changes in the behavioral response
to stress, as well as a possible increase in extragonadal aromatiza-
tion and synthesis of estrogen (Zhao et al., 2005; Levin, 2009;
Lagunas et al, 2010). Removing this natural phenomenon of
estrous cycle may therefore result in an incomplete analysis of its
modulatory role on the reward pathways. Further experimental
approaches of controlled hormone replacement have provided
insight but are still fraught with questions of hormone interac-
tions, temporal effects, and withdrawal states.

Our study establishes a correlation between VTA electrophys-
iological signatures across estrous with susceptibility to changes
in DA-related social interaction behavior during stress acquisi-
tion. These findings are consistent with clinical observations of a
subset of females being more susceptible to disorders that have
been linked to disturbances in DA signaling, such as depression,
anxiety, and substance use disorders (Weissman et al., 1996;
Fattore et al., 2008). Many symptoms of these disorders emerge
at puberty, when sex steroids begin to fluctuate, and increase
with changing hormone levels across the menstrual cycle (Salk et
al., 2017; Eid et al., 2019). Moreover, during menopause, another
period of intense hormonal fluctuations, symptoms of depres-
sion are worsened or even emerge in females who have never
experienced depression (Noble, 2005; Freeman et al, 2006).
Although stress is a known precipitating factor in MDD, its
interaction with sex steroids is theorized to contribute to the sex
difference in MDD prevalence (Bloch et al., 2000; Balzer et al.,
2015). Our study provides a neural substrate for this interaction,
which may lead to improved treatment patterns for females
(Lebron-Milad et al., 2013). In light of the modulatory role of
estrous cycle on the VTA ion channel activity, our study shows
the importance of considering both hormonal state and sex in
future investigations of reward circuits, as well as for transla-
tional research aiming for therapeutic interventions targeting the
DA system.
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