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Cao J, Dorris DM, Meitzen J. Electrophysiological properties of
medium spiny neurons in the nucleus accumbens core of prepubertal
male and female Drdla-tdTomato line 6 BAC transgenic mice. J
Neurophysiol 120: 1712-1727, 2018. First published July 5, 2018;
doi:10.1152/jn.00257.2018.—The nucleus accumbens core (AcbC) is
a striatal brain region essential for integrating motivated behavior and
reward processing with premotor function. In humans and rodents,
research has identified sex differences and sex steroid hormone
sensitivity in AcbC-mediated behaviors, in disorders, and in rats in the
electrophysiological properties of the AcbC output neuron type, the
medium spiny neuron (MSN). It is unknown whether the sex differ-
ences detected in MSN electrophysiological properties extend to mice.
Furthermore, MSNs come in distinct subtypes with subtle differences
in electrophysiological properties, and it is unknown whether MSN
subtype-specific electrophysiology varies by sex. To address these
questions, we used male and female Drd1a-tdTomato line 6 bacterial
artificial chromosome transgenic mice. We made acute brain slices of
the AcbC, and performed whole cell patch-clamp recordings across
MSN subtypes to comprehensively assess AcbC MSN subtype elec-
trophysiological properties. We found that (/ mice MSNs did not
exhibit the sex differences detected in rat MSNs, and 2) electrophys-
iological properties differed between MSN subtypes in both sexes,
including rheobase, resting membrane potential, action potential prop-
erties, intrinsic excitability, input resistance in both the linear and
rectified ranges, and miniature excitatory postsynaptic current prop-
erties. These findings significantly extend previous studies of MSN
subtypes performed in males or animals of undetermined sex and
indicate that the influence of sex upon AcbC MSN properties varies
between rodent species.

NEW & NOTEWORTHY This research provides the most compre-
hensive assessment of medium spiny neuron subtype electrophysio-
logical properties to date in a critical brain region, the nucleus
accumbens core. It additionally represents the first evaluation of
whether mouse medium spiny neuron subtype electrophysiological
properties differ by sex.
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INTRODUCTION

The nucleus accumbens core (AcbC) is a striatal brain region
critical for integrating limbic and premotor function (Mogen-
son et al. 1980; Morrison et al. 2017). These functions include
regulating motivated, social, and reward-related behaviors,
select emotional processes, and disorders such as depression
and drug addiction (Salgado and Kaplitt 2015; Yager et al.
2015). All of these behaviors and disorders exhibit sex differ-
ences in incidence and/or phenotype, including in many cases
sensitivity to sex steroid hormones such as 17(-estradiol
(Becker and Koob 2016; Carroll and Anker 2010; McLean and
Anderson 2009; Yoest et al. 2018; Young and Korszun 2010).
The predominant and output neuron type of the AcbC and other
striatal regions is the medium spiny neuron (MSN). MSNs
synthesize glutamatergic inputs with dopaminergic, GABAer-
gic, cholinergic, and numerous other inputs to regulate internal
AcbC targets and efferent targets outside of the AcbC (Smith
et al. 2013; Yager et al. 2015). MSNs come in at least two
subtypes, which differ in dopamine receptor complement, neuro-
peptide expression, and electrophysiological properties (Ade et al.
2011; Cepeda et al. 2008; Chan et al. 2012; Fieblinger et al. 2014;
Friend and Kravitz 2014; Gerfen et al. 1990; Gertler et al. 2008;
Kramer et al. 2011; Kreitzer and Berke 2011; Ma et al. 2012,
2013; Planert et al. 2013; Schier et al. 2017; Sebel et al. 2017;
Shuen et al. 2008). One MSN subtype expresses the gene drdla,
which produces dopamine D1 receptors, and manufactures the
neuropeptides substance P and dynorphin. The other MSN
subtype expresses the gene drd2, which produces dopamine D2
receptors, and manufactures the neuropeptide enkephalin.
Drdla and Drd2-positive MSN subtypes play specific roles in
nucleus accumbens-mediated behaviors and disorders such as
depression and drug addiction (Francis and Lobo 2017; Lobo
and Nestler 2011) and generally but not exclusively exhibit
distinct efferent targets (Gerfen 1992; Kupchik et al. 2015;
Nicola 2007; Smith et al. 2013). Experiments documenting the
differential electrophysiological properties between MSN sub-
types across the striatum have only been performed in mice or
rats of either unreported sex or solely in males, consistent with
most other neuroscience preclinical studies (Beery and Zucker
2011; Shansky and Woolley 2016; Will et al. 2017). It is
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unknown whether subtype-specific differences in MSN elec-
trophysiology are present in both males and females.

This gap in knowledge between male and female MSN
subtype physiology is relevant for investigation, both because
of the aforementioned sex differences in AcbC function but
also because sex differences have been detected in dopaminer-
gic and, more recently documented, glutamatergic synaptic
transmission (Becker and Hu 2008; Cao et al. 2016; Di Paolo
1994; Forlano and Woolley 2010; Peterson et al. 2015, 2016;
Sazdanovic et al. 2013; Staffend et al. 2011; Wissman et al.
2011, 2012). MSNs receive glutamatergic inputs from multiple
neural loci such as but not limited to the prefrontal cortex and
hippocampus (Groenewegen et al. 1999; Kelley 2004). Sex
differences in glutamatergic synapse properties include in-
creased excitatory synapse number and dendritic spine density
in adult female compared with male rat AcbC (Forlano and
Woolley 2010; Wissman et al. 2011, 2012). This sex difference
manifests in electrophysiological experiments in prepubertal
and adult rats as a robust approximately twofold elevation in
miniature excitatory postsynaptic current (mEPSC) frequen-
cies onto female compared with male AcbC MSNs (Cao et al.
2016; Wissman et al. 2011). In human postmortem nucleus
accumbens, dendritic spine density, a neuroanatomical corre-
late of excitatory synapse number, is likewise increased in
female compared with male MSNs (Sazdanovic et al. 2013). It
is unknown whether female mouse mEPSC properties and
other excitatory synapse properties are similar to those detected
in female rats.

We addressed these questions using male and female B6
Cg-Tg (Drdla-tdTomato) line 6 Calak/J] hemizygous mice,
which were first developed in the laboratory of Dr. Nicole
Calakos (Ade et al. 2011) and build on a number of bacterial
artificial chromosome (BAC) transgenic mouse lines that have
proven to be useful tools for elucidating the contributions of
neuron subtypes (Ting and Feng 2014; Valjent et al. 2009).
This particular transgenic mouse line features a highly sensi-
tive and specific fluorescent reporter for Drdla-expressing
MSNs, allowing for accurate differentiation of MSN subtypes
within a single mouse. Additional advantages of this specific
transgenic mouse line over other relevant lines are that it
exhibits normal striatal-mediated behaviors and appears to
express no obvious physical or cellular deformities (Ade et al.
2011; Enoksson et al. 2012; Thibault et al. 2013). We made
acute brain slices of female and male AcbC and then employed
whole-cell patch clamp recording of individual MSN subtypes
to perform the most comprehensive analysis of AcbC MSN
subtype electrophysiological properties to date. We specifically
test the hypotheses that MSN electrophysiological attributes
differ by subtype and sex, including individual action potential,
excitability, input resistance, passive membrane, and mEPSC
properties.

MATERIALS AND METHODS

Animals. Male B6 Cg-Tg (Drdla-tdTomato) line 6 Calak/J mice
and female C57BL/6 background mice were purchased from the
Jackson Laboratory (JAX stock no. 16204). During the first week after
arrival, mice were individually housed. After the first week, mice were
housed in male and female pairs to enable breeding of hemizygous
offspring. Offspring aged postnatal day (PND) 1624 from F1 litters
were used in experiments. Age was matched between experimental
groups (Drdla-positive male: 19.50 = 1.80; Drdla-positive female:

1713

19.47 = 2.20; Drd2-positive male: 19.61 = 1.59; and Drd2-positive
female: 19.76 = 2.49). Mice were not weaned before experimental
use, and female vaginal opening had not occurred before experimental
use. Pups were ear punched for identification and genotyping. Mice
were housed in a temperature- and light-controlled room (22 * 1°C,
40-45% humidity, 12:12-h light-dark cycle, lights on at 7:00 AM) at
the Biological Resource Facility of North Carolina State University.
All cages were washed polysulfone bisphenol A free and were filled
with bedding manufactured from virgin hardwood chips (Beta Chip;
NEPCO, Warrensburg, NY) to avoid the endocrine disruptors present
in corncob bedding (Mani et al. 2005; Markaverich et al. 2002;
Villalon Landeros et al. 2012). Soy protein-free rodent chow (2020X;
Teklad) and glass-bottle provided water were available ad libitum. All
animals in these studies were maintained according to the applicable
portions of the Animal Welfare Act and the U.S. Department of
Health and Human Services Guide for the Care and Use of Labora-
tory Animals, and the study was approved by Institutional Animal
Care and Use Committee at North Carolina State University.

Animal genotyping. Mice genotyping was performed by Celplor
(Raleigh, NC), using the following primers according to the Jackson
Laboratory suggested protocol: Transgene Forward [forward primer,
(12153), 5-CTT CTG AGG CGG AAA GAA CC-3) and Transgene
Reverse [reverse primer (12154), 5-TTT CTG ATT GAG AGC ATT
CG-3]; PCR product length is 750 basepairs. The internal control was:
Internal Positive Control Forward (0oIMR7338), CTA GGC CAC
AGA ATT GAA AGA TCT; and Internal Positive Control Reverse
(0IMR7339), GTA GGT GGA AAT TCT AGC ATC ATC C); PCR
product length is 324 basepairs. PCR was performed according to the
suggested protocol from Jackson Laboratory: 1 cycle of 94°C for
2 min, 5 cycles of 94°C for 30 s, 60-55°C touchdown ramp for 30 s
and 72°C for 30 s, 25 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C
for 30 s, followed by 1 cycle of 72°C for 5 min.

Acute brain slice preparation. Brain slices for electrophysiological
recordings were prepared as previously described (Dorris et al. 2014).
Briefly, mice were deeply anesthetized with isoflurane gas and killed
by decapitation. The brain was then dissected rapidly into ice-cold,
oxygenated sucrose artificial cerebellum spinal fluid (s-ACSF) con-
taining the following (in mM): 75 sucrose, 1.25 NaH,PO,, 3 MgCl,,
0.5 CaCl,, 2.4 Na pyruvate, and 1.3 ascorbic acid from Sigma-Aldrich
(St. Louis, MO) and 75 NaCl, 25 NaHCO,, 15 dextrose, and 2 KCl
from Fisher (Pittsburg, PA). The osmolarity of the s-ACSF was
between 295 and 305 mosM, and pH was between 7.2 and 7.4.
Coronal brain slices (300 wm) were prepared using a vibratome and
then incubated in regular ACSF containing the following (in mM):
126 NaCl, 26 NaHCO,, 10 dextrose, 3 KCl, 1.25 NaH,PO,, 1 MgCl,,
and 2 CaCl, (295-305 mosM, pH 7.2-7.4) for 30 min at 30 = 1°C and
then at least 30 min at room temperature (21-23°C). Slices were
stored submerged in room temperature, oxygenated ACSF for up to
5 h after sectioning in a large volume bath holder.

Electrophysiological recording. Slices were allowed to rest at least
1 h after sectioning and were then placed in a Zeiss Axioscope
equipped with IR-DIC and fluorescent optics, a Dage IR-1000 video
camera, and X10 and X40 lenses with optical zoom. Slices were
superfused with oxygenated ACSF heated to ~27°C (Drdla-positive
male: 27.68 = 0.86°C; Drd2-positive male: 27.35 = 0.71°C; Drdla-
positive female: 27.63 = 0.45°C; and Drd2-positive female: 27.47 =
0.79°C). Whole cell patch-clamp recordings were used to record the
electrical properties of fluorescently labeled Drdla-positive and un-
labeled Drd2-positive MSNs in the AcbC (Fig. 1). Only clearly
fluorescently labeled and nonlabeled neurons were selected for re-
cording. AcbC gross regional volume and cell density and soma size
do not appear to vary by sex in rodents and humans (Meitzen et al.
2011; Wong et al. 2016). Glass electrodes (12-20 MQ) contained the
following solution (in mM): 115 K p-gluconate, 8 NaCl, 2 EGTA, 2
MgCl,, 2 MgATP, 0.3 NaGTP, and10 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
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Fig. 1. Location of whole-cell patch clamped medium spiny neurons (MSNs)
sorted by subtype in the nucleus accumbens core of female and male Drdla-
tdTomato line 6 BAC transgenic mice. “Drdla” males and females represent
recordings from fluorescently labeled Drdla-positive MSNs. “Drd2 ” males
and females represent recordings from nonfluorescently labeled MSNs, which
are almost exclusively Drd2-positive MSNs. ACB, nucleus accumbens; AC,
anterior commissure; LV, lateral ventricle; 3V, third ventricle.

MultiClamp 700B amplifier attached to a Digidata 1550 system and a
personal computer using pClamp 10 software. Membrane potentials
were corrected for a calculated liquid junction potential of —13.5 mV.
With the use of previously described procedures (Dorris et al. 2015),
recordings were first made in current clamp to assess neuronal action
potential and passive membrane properties. MSNs were identified by
their medium-sized somas, the presence of a slow ramping subthresh-
old depolarization in response to low-magnitude positive current
injections, a hyperpolarized resting membrane potential more negative
than —65 mV, an action potential amplitude >25 mV, inward recti-
fication, and prominent spike after hyperpolarization (Belleau and
Warren 2000; O’Donnell and Grace 1993).

After MSN identification and current clamp recording, oxygenated
ACSF containing both the GABA, receptor antagonist picrotoxin
(PTX; 150 uM; Fisher) and the voltage-gated sodium channel blocker
tetrodotoxin (TTX; 1 wm, Abcam Biochemicals) was applied to the
bath solution to abolish GABAergic inhibitory postsynaptic current
events and action potentials, respectively. Following an established
protocol (Cao et al. 2016), once depolarizing current injection no
longer generated an action potential after exposure to TTX and PTX,
MSNs were voltage clamped at —70 mV and miniature excitatory
postsynaptic currents (mEPSCs) were recorded for at least 5 min. In
all experiments, input/series resistance was monitored for changes and
cells were excluded if resistance changed more than 25%.

Data analysis. Intrinsic electrophysiological properties, action po-
tential, and mEPSC characteristics were recorded and analyzed using
pClamp 10. After break-in, the resting membrane potential was first
allowed to stabilize ~1-2 min, as in Mu et al. (2010). Then, at least
three series of depolarizing and hyperpolarizing current injections
were applied to elicit basic neurophysiological properties. The elec-
trophysiological properties measured followed the definitions of Cao
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et al. (2016), Dorris et al. (2015), Willett et al. (2018), and Willett et
al. (2016), which were based on those of Farries et al. (2005), Farries
and Perkel (2000, 2002), and Meitzen et al. (2009). For each neuron,
measurements were made of at least three action potentials generated
from the minimum current injection necessary to elicit one or two
action potentials. These measurements were then averaged to generate
the reported action potential measurements for that neuron. For action
potential measurements, only the first generated action potential was
used unless the second action potential was 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 (8?V/8f%) that was also more than three times the SD of
membrane noise before the detected threshold (Baufreton et al. 2005).
The slope of the linear range of the evoked firing rate to positive
current curve (FI slope) was calculated from the first current stimulus,
which evoked an action potential to the first current stimulus that
generated an evoked firing rate that persisted for at least two consec-
utive current stimuli. Maximum action potential firing rate was as-
sessed in response to +0.10-nA depolarizing injected current. Delay
to first action potential was calculated from the minimum current
injection necessary to elicit initial action potential production. Input
resistance in the linear, nonrectified range was calculated from the
steady-state membrane potential in response to —0.02-nA hyperpo-
larizing injected current. Rectified range input resistance, inward
rectification, and percent inward rectification (RRIR/IR X 100) was
calculated using the most hyperpolarizing current injected into the
MSN, as in Belleau and Warren (2000). The membrane time constant
was calculated by fitting a single exponential curve to the membrane
potential change in response to —0.02-nA hyperpolarizing pulses. The
sag index was used to assess possible MSN subtype and sex differ-
ences in hyperpolarization-induced “sag” (i.e., ,, current) (Farries et
al. 2005). The sag index is 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. mEPSCs frequency, amplitude, and
decay were analyzed offline using Mini Analysis (Synaptosoft, http://
www.synaptosoft.com/MiniAnalysis/). Threshold was set as 5 pA,
noise filter was set at 1,000 Hz, and accurate event detection was
validated by visual inspection.

Statistics. Experiments were analyzed via a two-way ANOVA with
either a Sidak or Newman-Keuls multiple comparisons post hoc test,
as appropriate (Excel version 2010, Microsoft, Redmond, WA; Prism
version 6.07, GraphPad Software, La Jolla, CA). P < 0.05 was
considered a priori as significant. Effect size was assessed using
Cohen’s d value. d Values are reported numerically and were classi-
fied a priori as small (>0.20), medium (>0.50), and large (>0.80)
(Cohen 1977). Data are presented as means * SE.

RESULTS

We recorded a total of 93 MSNs from the AcbC of male and
female B6 Cg-Tg (Drdla-tdTomato) 6 Calak/] hemizygous
mice. Recorded MSNs were divided into four experimental
groups: male tdTomato-labeled Drdla-positive MSNs, female
tdTomato-labeled Drd1a-positive MSNs, male tdTomato-unla-
beled MSNs, and female tdTomato-unlabeled MSNs. Unla-
beled MSNs almost exclusively comprise the Drd2-positive
MSN subtype, including during the developmental age and
striatal region assessed in this study (Ade et al. 2011; Enoksson
et al. 2012; Thibault et al. 2013). In this mouse line tdTomato-
unlabled MSNs have a very low (~1.6%) contamination with
Drdla-positive MSNs. Thus, in this study, we refer to all
tdTomato-unlabeled MSNs as Drd2-positive MSNs, with the
acknowledgment that this designation is putative.
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Table 1. Action potential properties of Drdla- and Drd2-positive mouse medium spiny neurons

AP Threshold, AP Width, AHP Peak,

MSN Subtype mV ms mV Peak, ms nA Hz/nA

AHP Time to Rheobase, FI Slope, Delay to

Maximum firing
first AP, ms rate (Hz)

Drdla male (28) —51.43 =5.78* 2.31 = 0.41* —8.25 £347* 3591 £11.58* 0.07 = 0.03" 256.65 * 72.50* 517.3 = 30.1*  13.39 = 1.67*
Drd2 male (21)  —53.73 £3.67* 2.82 = 0.61>¢ =532 £2.17°¢ 26.94 = 12.50> 0.04 = 0.02" 347.70 = 117.78" 311.8 +24.23° 24.04 = 2.46"
Drdla female (23) —51.26 * 4.16* 2.50 = 0.35*"¢ —7.05 = 2.76*>< 30.85 * 8.55*™ .07 * 0.03* 260.80 + 88.38"  488.5 + 33.57* 16.37 = 2.36¢
Drd2 female (21) —52.83 +5.36* 2.79 = 0.57>¢ —5.82 £ 2.31°¢ 26.34 + 12.35> 0.05 = 0.03" 300.72 = 112.60*" 321.7 + 20.86° 20.98 = 1.69"¢

[Tt

Values are means * SE. Numbers in parentheses indicate experimental “n.” MSN, medium spiny neuron; AP, action potential; AHP, afterhyperpolarization;
FI, frequency of evoked spikes to injected depolarization current. **<Different superscript letters denote significant differences between groups within a column.

Rheobase, resting membrane potential, and action potential
threshold. To test the hypothesis that the electrophysiological
properties of MSNs this mouse line differed by subtype and
animal sex, we injected MSNs with a series of positive and
negative currents and assessed a comprehensive battery of
electrophysiological properties (Tables 1 and 2; Fig. 2A).
Multiple electrophysiological properties varied by subtype,
including resting membrane potential and rheobase, the mini-
mum necessary current to trigger action potential generation.
The resting membrane potential of Drdla-positive MSNs was
hyperpolarized compared with Drd2-positive MSNs, and over-
all this did not differ by sex [Fig. 2B, left, absolute values:
subtype: F(q goy = 12.05, P = 0.0008; sex: F(; g9y = 1.25, P =
0.2669; interaction: F(; ggy = 0.14, P = 09063] [Fig. 2B, right,
normalized values: subtype: F(1 g9y = 16.20, P = 0.0001; sex:
F(1 89y = 0.03, P = 0.8656; interaction: F, 89) = = 0.03, P =
0.8656]. Compared between groups, the resting membrane
potential of male Drd1a-positive MSNs differed from male and
female Drd2-positive MSNs (P < 0.05, d = 0.76; P < 0.01,
d = 0.89, respectively). The resting membrane potential of
female Drdla-positive MSNs only differed from female Drd2-
positive MSNs (P < 0.05, d = 0.68). The rheobase of Drdla-
positive MSNs was increased compared with Drd2-positive
MSNs, and overall this did not differ by sex [Fig. 2C, left,
absolute values: subtype: F(;goy = 19.04, P = 0.0001; sex:
F(1 89y = 0.00, P = 0.9995; interaction: Fgo) = 1.34, P =
0.2499] [Fig. 2C, right, normalized values: subtype: F; go) =
19.77, P = 0.0001; sex: F(; g9y = 5.09, P = 0.9506; interac-
tion: F; gy = 1.50, P = 0.2237]. Compared between groups,
the rheobase of male Drdla-positive MSNs differed from male
and female Drd2-positive MSNs (P < 0.001, d = 1.17; P <

0.01, d = 0.87, respectively), as did female Drdla-positive
MSNs (P < 0.01,d = 1.00; P < 0.05, d = 0.68, respectively).
No robust differences between subtypes or sex were detected in
action potential threshold [Fig. 2D, left, absolute values: sub-
type: Fiq goy = 3.58, P = 0.06; sex: F(; g9, = 0.28, P = 0.6001;
interaction: Fy goy = 0.13, P = 0.7203] [Fig. 2D, right, nor-
malized values: subtype: F(; g9y = 3.58, P = 0.06138; sex:
F(1 89y = 0.28, P = 0.6001; interaction: F(go) = 0.13, P =
0. 7203] Collectively these data indicate that Drdla-positive
MSNs in both males and females exhibit decreased resting
membrane potential and increased rheobase compared with
Drd2-positive MSNs, with comparable effect sizes. This dif-
ference in rheobase between MSN subtypes seems primarily
driven by the difference in resting membrane potential.
Action potential properties. Several action potential proper-
ties also varied by MSN subtype, including action potential
width, the magnitude of the action potential afterhyperpolar-
ization (AHP) peak, and the action potential AHP time to peak
magnitude (Fig. 3A). The action potential width of Drdla-
positive MSNs was shorter compared with Drd2-positive
MSNs, and the effect size between subtypes was larger in male
compared with female MSNs [Fig. 3B, left, absolute values:
subtype: F(q goy = 15.44, P = 0.0002; sex: F(; g9y = 0.15, P =
0.4270; interaction: F; goy = 1.22, P = 0.2733] [Fig. 3B, right,
normalized values: subtype: F(, 89y = 15.44, P = 0.0002; sex:
F(1 g9y = 0.64, P = 0.4270; interaction: Fjgo) = 1.22, P =
0.2733]. Compared between groups, the action potential width
of male Drdla-positive MSNs differed from male and female
Drd2-positive MSNs (P < 0.01,d = 0.51; P <0.01,d = 0.97,
respectively), but the action potential width of female Drdla-
positive MSNs did not differ from female Drd2-positive MSNs

Table 2. Passive properties of Drdla- and Drd2-positive mouse medium spiny neurons

Property

Male Female

Resting membrane potential, mV

Time constant of the membrane, ms

Drdla: —86.98 = 5.50°

Drd2: —82.25 = 6.92°

Drdla: 17.66 + 8.15%
Drd2: 24.13 + 10.66"

Drdla: —85.57 + 5.97°

Drd2: —80.51 *+ 8.67°
Drdla: 20.70 * 5.42°
Drd2: 22.92 + 8.53*°

Input resistance in the linear range, M()

Input resistance in the rectified range, MQ)

Inward rectification, MQ)

% Inward rectification, %

Drdla: 287.16 = 100.47°
Drd2: 412.11 + 177.82°
Drdla: 195.18 = 57.98*
Drd2: 245.84 + 71.74°
Drdla: 91.97 + 53.66°
Drd2: 166.27 + 116.27°
Drdla: 69.67 * 8.97%
Drd2: 62.58 + 10.73°

Drdla: 323.89 * 104.15%P¢
Drd2: 380.62 + 129.33%¢
Drdla: 217.07 = 63.00%"°
Drd2: 244.16 *+ 53.89¢
Drdla: 106.82 = 50.52%P¢
Drd2: 136.46 * 92.54"¢
Drdla: 68.10 + 7.49%b¢
Drd2: 67.55 + 14.29¢

Sag index Drdla: 0.0082 + 0.0073" Drdla: 0.0067 = 0.007%*
Drd2: 0.0076 = 0.0088* Drd2: 0.0068 = 0.0067*
Values are means = SE. Numbers in parentheses indicate experimental “n.” Different superscript letters denote significant differences between groups within

a column. For example, groups sharing the same superscript letter do not statlstlcally differ from each other. Sag index is unitless. None of these neurons exhibited

spontaneous action potential generation. MSN, medium spiny neuron.
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Fig. 2. Resting membrane potential and action potential (AP) rheobase varies by medium spiny neuron (MSN) subtype but not sex. A: voltage response of male
and female Drdla-positive and Drd2-positive MSN subtypes to a series of depolarizing current injections. B: resting membrane potential is hyperpolarized in
male and female Drdla-positive MSNs compared with Drd2-positive MSNs. Left: absolute values. Means = SE are depicted over individual data points. Right:
values normalized to male Drd1a-positive MSNs. C: rheobase is increased in male and female Drd1a-positive MSNs compared with Drd2-positive MSNs. Left:
absolute values. Right: normalized values. D: AP (AP) threshold does not differ between male and female Drdla-positive MSNs compared with Drd2-positive
MSNs. Left: absolute values. Right: normalized values. *P < 0.05; ***P < 0.001.

(P > 0.05,d = 0.05) or any other group (P > 0.05 for all). The
magnitude of the action potential AHP peak was larger in
Drdla-positive compared with Drd2- positive MSNs [Fig. 3C,
left, absolute values: subtype: F; goy = 12.78, P = 0.0006; sex:
F(189) = 0.36, P = 0.5508; interaction: F(; g9y = 2.12, P =

0. 1478] [Fig. 3C, right, normalized values: subtype: F(, 89) =

12.78, P = 0.0006; sex: F(; goy = 0.35, P = 0.5508; interac-
tion: F(j g9 = 2.13, P = 0. 1478] Compared between groups,
the magnitude of the action potential AHP peak of male
Drdla-positive MSNs differed from male (P < 0.01;d = 1.01)
and female Drd2-positive MSNs (P < 0.01; d = 0.84), but the
action potential width of female Drdla-positive MSNs did not
differ from any other group, including to female Drd2-positive
MSN (P > 0.05. d = 0.48). Similarly, the action potential
AHP time to peak magnitude of Drdla-positive MSNs was
slower compared with Drd2-positive MSNs [Fig. 3D, left,
absolute values: subtype: F(; go) = 8.12, P = 0.0054; sex:
F(189) = 1.44, P = 0.2339; interaction: F; goy = 0.8935, P =
0.3471] [Fig. 3D, right, normalized values: subtype: F, 89) =
8.12, P = 0.0054; sex: F(; g9y = 1.43, P = 0.2339; interaction:
F(1 89y = 0.89, P = 0.3471]. Within groups, the action potential
AHP time to peak magnitude of male Drdla-positive MSNs
differed from male (P < 0.05, d = 0.74) and female (P < 0.05,
d = 0.80) Drd2-positive MSNs, but the action potential AHP

time to peak magnitude of female Drdla-positive MSNs did
not differ from any other group, including to female Drd2-
positive MSN (P > 0.05. d = 0.42). These differences in
action potential properties indicate that Drdla-positive MSNs
exhibit a shorter duration action potential and a more promi-
nent action potential AHP than do Drd2-positive MSNs but
that Male MSNs exhibit a larger effect size between subtypes
than do female MSNs.

Intrinsic excitability and action potential generation rates.
These differences in individual action potential, resting mem-
brane potential, and rheobase properties between MSN sub-
types suggest that MSN excitability may also differ. We began
our assessment of excitability by analyzing the frequency of
action potentials evoked by depolarizing current injections.
Action potential firing rates evoked by depolarizing current
injections were visibly decreased in male and female Drdla-
positive compared with Drd2-positive MSNs (Fig. 4A). This
subtype-specific difference in evoked action potential firing
rate was more robust in male MSNs than in female MSNs. In
male MSNs, Drdla-positive MSNs exhibited significantly de-
creased action potential firing rates compared with Drd2-
positive MSNs from +0.04- to +0.10-nA injected currents and
demonstrated a strong interaction between subtype and injected
current [subtype: F; ;, = 173.1, P < 0.0001; current: F(; 1o, =
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Fig. 3. Action potential (AP) width and afterhyperpolarization (AHP) properties vary by medium spiny neuron (MSN) subtype, with males exhibiting increased
MSN subtype differences compared with females. A: example individual AP evoked by depolarizing current injection, indicating AP width, AP AHP peak
amplitude, and AP AHP time to peak amplitude metrics. B: AP width is shorter in Drdla-positive MSNs compared with Drd2-positive MSNs, with male MSNs
exhibiting a larger difference between MSN subtypes than female MSNs. Left: absolute values. Means = SE are depicted over individual data points. Right:
Values normalized to male Drdla-positive MSNs. C: AP AHP peak amplitude is larger in Drdla-positive MSNs compared with Drd2-positive MSNs, with male
MSNs exhibiting a larger difference between MSN subtypes than female MSNs. Left: absolute values. Right: normalized values. D: AP AHP time to peak
amplitude is increased in Drdla-positive MSNs compared with Drd2-positive MSNs, with male MSNs exhibiting a larger difference between MSN subtypes than

female MSNSs. Left: absolute values. Right: normalized values. *P < 0.05.

47.84, P < 0.0001; interaction: F(; 15y = 7.248, P < 0.0001;
post hoc comparisons: +0.01 to +0.03: P > 0.05; +0.04 nA:
P <0.01,d = 0.95; +0.05 to +0.10 nA: P < 0.0001,d > 1.16
for all]. In contrast, female Drdla-positive MSNs exhibited
significantly decreased action potential firing rates compared
with Drd2-positive MSNs only at the +0.09-nA injected cur-
rent point and did not demonstrate a significant interaction
between subtype and injected current [subtype: F;, D= = 34.03,
P < 0.0001; current: F; 19, = 31.68, P < 0.0001; interaction:
Fi10) = 1.266, P = 0. 2474 post hoc comparisons: +0.09 nA:
P < 0.05,d =0.70; +0.01 to +0.08, +0.10: P > 0.05, d <
0.69 for all].

To further probe the relationship among MSN subtype, sex,
and neuron excitability, we then quantified the slope of the
evoked firing rate to positive current curve (FI slope), the delay
to first action potential, and the maximum action potential
firing rate generated in response to +0.1-nA current injection.
The FI slope of Drdla-positive MSNs was decreased compared
with Drd2-positive MSNs [Fig. 4B, left, absolute values: sub-
type: Fq g9y = 10.36 P = 0.0018; sex: F(; 49 = 1.11, P =
0.2957; interaction: F(; g9y = 1.583, P = 0.2116] [Fig. 4B,
right, normalized values: subtype: F; g9y = 10.36 P = 0.0018;
sex: Fij g9y = 1.11, P = 0.2954; interaction: F; goy = 1.58,
P = 0.2122]. Compared between groups, the FI slope of male
Drdla-positive MSNss differed from male but not female Drd2-
positive MSNs (P < 0.01, d =0.93; P > 0.05, d = 0.47,
respectively), but the FI slope of female Drd1a-positive MSNs
differed from male Drd2-positive MSNs (P < 0.05, d = 0.83)
but not to female Drd2-positive MSNs (P > 0.05, d = 0.39) or
any other group. The delay to first action potential also differed
by MSN subtype. The time of this delay reflects the magnitude
of the slowly inactivating A-current responsible for the slow

ramping subthreshold depolarization found in MSNs (Nisen-
baum et al. 1994), and influences evoked action potential
generation rates at lower magnitude depolarizing current injec-
tions. The delay to first action potential of Drdla-positive
MSNs was increased compared with Drd2—positive MSNs [Fig.
4C, left, absolute values: subtype: F(1 g0y = 13.77 P = 0.0004;
sex F(1 sy = 0.00, P = 0.9845; interaction: F(; g, = 2.157,
0.1465] [Fig. 4C, right, normalized values: subtype:
F(, 89) = 42.00 P < 0.0001; sex: F(; g9y = 0.11, P = 0.7438,;
interaction: F; go) = 0.45, P = 0.5033]. Compared between
groups, the delay to first action potential of male Drdla-
positive MSNs differed from male and female Drd2-positive
MSNs (P < 0.0001, d > 1.48 for both), and the delay to first
action potential of female Drdla-positive MSNs differed from
male Drd2-positive MSNs (P < 0.001, d = 1.28) but to no
other group, including female Drd2-positive MSNs (P > 0.05,
d = 1.26). The maximum firing rate in response to +0.1-nA
current injection also differed between MSN subtypes. The
maximum firing rate of Drdla-positive MSNs was decreased
compared with Drd2-positive MSNs, with male MSNs again
exhibiting a larger dichotomy than female MSNs [Fig. 4D, left,
absolute values: subtype: F(lgg) 42.16, P < 0.0001; sex:
F(1 89y = 0.10, P = 0.7535; interaction: F(go) = 0.47, P =
0.4936] [Fig. 4D, right, normalized values: subtype: F;. 89) =
17.76 P < 0.0001; sex: F(; g9y = 0.00, P = 0.9818; interaction:
F(189) = 278, P = 0.0992]. Compared between groups, the
maximum firing rate of male Drdla-positive MSNs differed
from male and female Drd2-positive MSNs (P < 0.01,
d=1.22; P <0.05, d = 1.00 respectively), and the maximum
firing rate of female Drdla-positive MSNs differed from male
Drd2-positive MSNs (P < 0.05, d = 0.80) but to no other
group, including female Drd2-positive MSNs (P > 0.05,
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Fig. 5. Input resistance in the rectified and nonrectified ranges by medium spiny neuron (MSN) subtype, with males generally exhibiting increased MSN subtype
differences compared with females. A: voltage response of male and female Drdla-positive and Drd2-positive MSN subtypes to a series of negative current
injections. B: injected negative current to steady-stage voltage deflection curve (/-V curve). Red solid circles with red line: Drdla-positive males; black solid
circles with black line: Drd2-positive males; red open circles with dashed red line: Drdla-positive females; black open circles with dashed black line:
Drd2-positive females. C: input resistance in the nonrectified range is decreased in Drdla-positive MSNs compared with Drd2-positive MSNs, with male MSNs
exhibiting a larger difference between MSN subtypes than female MSNs. Left: absolute values. Means = SE are depicted over individual data points. Right:
values normalized to male Drdla-positive MSNs. D: input resistance in the rectified range is decreased in Drdla-positive MSNs compared with Drd2-positive
MSNs, with male MSNs exhibiting a larger difference between MSN subtypes than female MSNs. Left: absolute values. Right: normalized values. E: inward
rectification is decreased in Drdla-positive MSNs compared with Drd2-positive MSNs, with male MSNs exhibiting a larger difference between MSN subtypes
than female MSNs. Left: absolute values. Right: normalized values. F: the time constant of the membrane is shorter in Drdla-positive MSNs compared with
Drd2-positive MSNs, with male MSNs exhibiting a larger difference between MSN subtypes than female MSNSs. Left: absolute values. Right: normalized values.
*P < 0.05; **P < 0.01.

d = 0.53). This analysis of evoked action potential firing rate
(FI slope) maximum firing rate, and the delay to first action
potential indicate that Drdla-positive MSN are much less
excitable than Drd2-positive MSNs and that male MSNs ex-
hibit a larger effect size between subtypes than do female
MSNEs.

Passive membrane properties. We then tested the hypothesis
that MSN passive electrophysiological properties differed by
subtype and sex, including input resistance in the linear and
rectified ranges (Fig. 5A), and the time constant of the mem-
brane (Table 2). Overall, MSN passive properties exhibited
differences between subtypes that were more robust in male
than in female MSNs, including input resistance (Fig. 5B). For

example, input resistance measured at —0.02-nA current injec-
tion in the linear, nonrectified range of Drdla-positive MSNs
was decreased compared with Drd2-positive MSNs, with male
MSNs again exhibiting a larger dichotomy than female MSNs
[Fig. 5C, left, absolute values: subtype: F(;go) = 11.39, P =
0.0011; sex: F(q gy = 0.01, P = 0.9225; interaction: F(; g9, =
1.61, P = 0.2083] [Fig. 5C, right, normalized values: subtype:
F(i g9y = 11.39 P = 0.0011; sex: F; g9y = 0.01, P = 0.9225;
interaction: F; go) = 1.61, P = 0.2083]. Compared between
groups, the input resistance in the linear range of male Drdla-
positive MSNs differed from male and female Drd2-positive
MSNs (P < 0.01,d = 0.87; P < 0.05, d = 0.81, respectively),
but the input resistance in the linear range of female Drdla-
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positive MSNs did not differ from any other group, including
to female Drd2-positive MSNs (P > 0.05, d = 0.48). MSNs
exhibit substantial inward rectification in response to hyperpo-
larizing current stimuli (Belleau and Warren 2000; Mermel-
stein et al. 1998). Input resistance in the rectified range of
Drdla-positive MSNs was decreased compared with Drd2-
positive MSNs, with male MSNs again exhibiting a larger
dichotomy than female MSNs [Fig. 5D, left, absolute values:
subtype: F(; g9y = 9.53, P = 0.0027; sex: F(; goy = 0.64, P =
0.4243; interaction: Fy goy = 0.87, P = 0.3520] [Fig. 5D, right,
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normalized values: subtype: F(1 g0y = 9.53, P = 0.0027; sex:
F(1 g9y = 0.64, P = 0.4243; interaction: F(go) = 0.87, P =

0. 3521] Compared between groups, the input resistance in the
rectified range of male Drdla-positive MSNs differed from
male and female Drd2-positive MSNs (P < 0.05, d = 0.78;
P < 0.05, d = 0.73, respectively), but the input resistance in
the nonrectified range of female Drdla-positive MSNs did not
differ from any group, including to female Drd2-positive
MSNs (P > 0.05, d = 0.46). We then examined inward recti-
fication more extensively by calculating inward rectification
(Fig. 5E) and percent inward rectification (Table 2). Inward
rectification was decreased in Drdla-positive MSNs compared
with Drd2-positive MSNs, with male MSNs again exhibiting a
larger effect size between subtypes than female MSNs [Fig.
SE, left, absolute values: subtype: F(lgg) 9.31, P = 0.0024;
sex F(1 89y = 0.20, P = 0.6540; interaction: F(; g5 = 1.80,

= 0.1827] [Fig. S5E, right, normalized values: subtype:
F(1 goy = 9.31, P = 0.0024; sex: F(; goy = 0.20, P = 0.6540;
interaction: F; gy = 1.80, P = 0.1827]. Compared between
groups, the inward rectification of male Drdla-positive MSNs
differed from male and female Drd2-positive MSNs (P < 0.01,
d=0.82; P < 0.05, d = 0.59 respectively), but the inward
rectification of female Drdla-positive MSNs did not differ
from any group, including female Drd2-positive MSNs (P >
0.05, d = 0.40). Percent inward rectification exhibited a similar
pattern, being increased in Drdla-positive MSNs compared
with Drd2-positive MSNs (Table 2). Along with these mea-
sures of inward rectification, the time constant of the mem-
brane also differed between MSN subtypes. The time constant
of the membrane was decreased in Drdla-positive MSNs
compared with Drd2-positive MSNs, with male MSNs again
exhibiting a larger effect size between subtypes than female
MSNs [Fig. 5F, left, absolute values: subtype: F 89) = = 6.40,
P = 0.0127; sex: F(jg9 = 0.29, P = 0.5939; interaction:
F(1.89) = 1.55, P = 0.2161] [Fig. 5F, right, normalized values:
subtype: F(; g9y = 6.37, P = 0.0127; sex: F(; goy = 0.29, P =
0.5939; interaction: F(; g9y = 1.55, P = 0.2161]. Compared
between groups, the time constant of the membrane of male
Drdla-positive MSNs differed from male Drd2-positive MSNs
(P <0.05,d = 0.68), but the time constant of the membrane of

Fig. 4. Action potential (AP) firing rates evoked by depolarizing current
injections vary by medium spiny neuron (MSN) subtype, with males exhibiting
increased MSN subtype differences compared with females. A: AP firing rate
evoked by depolarizing current injection was decreased in Drdla-positive
MSNs compared with Drd2-positive MSNs, with male MSNs exhibiting a
larger difference between MSN subtypes than female MSNs. In male MSNs,
Drdla-positive MSNs exhibited significantly decreased AP firing rates com-
pared with Drd2-positive MSNs from +0.04- to +0.10-nA injected currents
and demonstrated a strong interaction between subtype and injected current. In
female MSNs, Drdla-positive MSNs exhibited significantly decreased AP
firing rates compared with Drd2-positive MSNs only at the +0.09-nA injected
current point and did not demonstrate a significant interaction between subtype
and injected current. Compete statistics are available in RESULTS. B: the slope
of the evoked AP to depolarizing current injection curve is decreased in
Drdla-positive MSNs compared with Drd2-positive MSNs, with male MSNs
exhibiting a larger difference between MSN subtypes than female MSNs. C:
the delay to 1st AP evoked by rheobase current injection is decreased in
Drdla-positive MSNs compared with Drd2-positive MSNs and does not differ
by sex. D: the maximum AP firing rate evoked at +0.10-nA injected current
is decreased in Drdla-positive MSNs compared with Drd2-positive MSNs,
with male MSNs exhibiting a larger difference between MSN subtypes than
female MSNs. FI slope: slope of the evoked action potential to depolarizing
current injection curve; *P < 0.05; **P < 0.01; ***P < 0.001.
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female Drdla-positive MSNs did not differ from any group,
including female non-Drdla MSNs (P > 0.05, d = 0.31).
Capacitance, calculated as the time constant of the membrane
divided by nonrectified range input resistance, did not differ
between any group [male Drdla: 60.7 = 3.0 pF, female Drdla:
67.3 £ 3.8, male Drd2: 60.1 £ 4.2, female Drd2: 60.6 = 2.8;
absolute values: subtype: F(;go) = 1.18, P = 0.2811; sex:
F(i1g9) = 1.09, P = 0.2988; interaction: F(go) = 0.80, P =
0. 3741] Collectively, these data indicate that MSN passive
membrane properties exhibit differences between subtypes and
that male MSNs exhibit a larger effect size between subtypes
than do female MSNs.

mEPSC properties. In a subset of recordings, we voltage
clamped 22 male and 18 female Drdla-positive MSNs and 18
male and 14 female Drd2-positive MSNs and recorded mEP-
SCs in the presence of TTX and PTX (Fig. 64). We then
analyzed mEPSC frequency, amplitude, and decay (Table 3).
These experiments were inspired by previous work showing
substantial increased mEPSC frequency in female compared
with male AcbC MSNs in prepubertal and adult rats (Cao et al.
2016; Wissman et al. 2011). mEPSC frequency was increased
in Drdla-positive MSNs compared with Drd2-positive MSNs
[Fig. 6B, left, absolute values: subtype: Fj 5y = 12.69, P =
0.0113; sex: F(q 65y = 0.03, P = 0.8587; interaction: F(; 45, =
6.79, P = 0.0113] [Fig. 6B, right, normalized values: subtype:
Fiie8) = = 12.69 P = 0.0007; sex: F(; g5y = 0.03, P = 0.8586;
interaction: F; g5y = 6.82, P = 0.0111]. Compared between
groups, the mEPSC frequency of male Drdla-positive MSNs
differed from female Drd2-positive MSNs (P < 0.05,
d =0.88) but not male Drd2-positive MSNs (P > 0.05,
d = 0.23). The mEPSC frequency of female Drdla-positive
MSNs differed from male Drd2-positive MSNs (P < 0.05,
d =0.85) and female Drd2-positive MSNs (P < 0.001,
d = 1.55). Other mEPSC parameters also differed by subtype.
mEPSC amplitude was increased in Drdla-positive MSNs
compared with Drd2-positive MSNs [Fig. 6C, left, absolute
values: subtype: F(; 45, = 7.84, P = 0.0066; sex: F(; g5, =
1.79, P = 0.1860; interaction: Fi63)=0.03,P= 0.8609] [Fig.
6C, right, normalized values: subtype: F(l(,g) =785 P =
0.0066; sex: F(; g5y = 1.79, P = 0.1861; interaction: F; g5y =
0.03, P = 0.8609]. Compared between groups, the mEPSC
amplitude of male Drdla-positive MSNs differed from female
Drd2-positive MSNs (P < 0.05, d = 0.96) but not to male
Drd2-positive MSNs (P > 0.05, d = 0.57) or any other group.
The mEPSC amplitude of female Drdla-positive MSNs dif-
fered from female Drd2-positive MSN (P < 0.05, d = 0.89).
mEPSC decay was increased in Drdla-positive MSNs com-
pared with Drd2-positive MSNs [Fig. 6D, left, absolute values:
subtype: F(y g5y = 22.34, P < 0.0001; sex: F(; 43, = 0.88, P =
0.3523; interaction: F; g = 3.49, P = 00662] [Flg 6D, right,
normahzed values: subtype: F(1 68y = 22.34, P < 0.0001; sex:
Fi63) = 0.87, P = 0.3523; interaction: F(; 45y = 3.49, P =
0.0662]. Compared between groups, the mEPSC amplitude of
male Drdla-positive MSNs differed from male and female
Drd2-positive MSNs (P < 0.05, d=0.64; P < 0.001,
d = 1.26, respectively). Female Drd1a-positive MSNs differed
from male and female Drd2-positive MSNs (P < 0.05,
d=097, P < 0.001, d =1.69). These data indicate the
mEPSC properties differ by MSN subtype and that female
MSNs show a greater effect size between subtypes than do
male MSNs but that prepubertal mice AcbC MSNs do not seem
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to exhibit the robust sex difference in mEPSC frequency
detected in prepubertal rats.

DISCUSSION

These findings significantly extend the scientific literature
examining MSN subtype electrophysiological properties,
especially within the AcbC. To our knowledge this study is the
most comprehensive assessment ever of AcbC MSN subtype
electrophysiology and is the first to test whether any MSN
subtype electrophysiological property differs between males
and females in any striatal region or species. At this point it is

well established that male MSN subtypes exhibit differential
excitatory synaptic and intrinsic physiological properties (Ta-
ble 4). In general, the Drd2-positive MSN subtype exhibits
increased excitability compared with the Drd1a-positive MSN
subtype (Gertler et al. 2008; Ma et al. 2012; Planert et al.
2013). Our study is consistent with these previous findings. For
example, our study detected a strong difference in rheobase
between MSN subtypes, with Drdla-positive MSNs requiring
a larger rheobase current to initiate an action potential com-
pared with Drd2-positive MSNs in both males and females
(Fig. 2C). This difference between MSN subtypes in rheobase
and in other supportive electrophysiological metrics indicates

that the foundational finding that MSN subtypes exhibit dif-
ferences in excitability extends to both males and females.
Interestingly, there is a complex but patterned difference in
effect sizes between MSN subtype electrophysiological prop-
erties between males and females, including those underlying
neuronal excitability (Fig. 7). MSN subtype differences in
action potential and membrane properties were more pro-
nounced in male compared with female mice. This includes
properties such as action potential width; the overall size of the
action potential AHP, as indicated by the AHP peak amplitude,
and the AHP time to peak amplitude; among others. Input
resistance in the linear and rectified ranges, inward rectifica-
tion, and the time constant of the membrane also showed
increased effect size between MSN subtypes in males com-
pared with females. This difference in effect size between male
and female input resistance measurements may be a factor in
why only select studies of MSN subtypes detect differences in
input resistance. For example, Gertler et al. (2008) detected
that the input resistance in Drdla-positive MSNs was de-
creased compared with Drd2-positive MSN subtypes in the
caudate-putamen of mice of unreported sex, as did Planert et al.
(2013) in rats but not mice. If the previous studies were mixing
male and female animals, as is likely with neuroscience studies
using mice and, to a lesser extent, rats (Shansky and Woolley
2016; Will et al. 2017), then it is possible that some of the
divergent results across studies of MSN subtypes are poten-
tially explained by the difference in the effect size of MSN
subtype electrophysiological properties between males and
females. Conversely, MSN subtype differences in mEPSC
frequency were much more pronounced in female compared
with male mice. Several MSN subtype differences also dem-
onstrated comparable effect size between males and females,
including the resting membrane potential, action potential
rheobase, and time to first action potential. Several possibilities
potentially underlie these effect size differences. One possibil-
ity is that the difference in the robustness of the effect size
differences between MSN subtypes is due to random chance.
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Fig. 6. Miniature excitatory postsynaptic current (mEPSC)

properties vary by medium spiny neuron (MSN) subtype. A:
mEPSCs recorded from male and female Drdla-positive and
Drd2-positive MSN subtypes. MSNs were voltage clamped at
—70 mV and recorded in the presence of tetrodotoxin and
picrotoxin to block voltage-gated sodium channels and
GABAergic synaptic activity, respectively. B: mEPSC fre-
quency was increased in Drdla-positive MSNs compared with
Drd2-positive MSNs, with female MSNs exhibiting a larger
difference between MSN subtypes than male MSNs. Left:

absolute values. Means = SE are depicted over individual data
points. Right: Values normalized to male Drd1a-positive MSNs.
C: mEPSC amplitude is increased in Drdla-positive MSNs

compared with Drd2-positive MSNs, with female MSNs exhib-
iting a larger difference between MSN subtypes than male
MSNSs. Left: absolute values. Right: normalized values. D:

mEPSC decay was increased in Drdla-positive MSNs com-
pared with Drd2-positive MSNs, with female MSNs exhibiting
a larger difference between MSN subtypes than male MSNs.
*P < 0.05; ¥**P < 0.001.
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We do not find this explanation particularly likely, as electro-
physiological characteristics related to similar phenomenon
(such as the action potential) show concerted changes. Another
explanation is that there are sex differences in the expression of
relevant proteins and receptors. Although both adult mouse and

rat AcbC and other striatal regions express membrane estrogen
receptors (ERs) such as GPER-1, membrane-associated ER«,
and membrane-associated ERf (Almey et al. 2012, 2015,
2016; Kiippers and Beyer 1999; Mermelstein et al. 1996; Mitra
et al. 2003), the relative expression levels of these receptors are
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Table 3. mEPSC properties of Drdla- and Drd2-positive mouse
medium spiny neurons

mEPSC mEPSC mEPSC
MSN Subtype Amplitude, pA Decay, ms Frequency, Hz
Drdla male (22) 15.69 = 5.14% 4.25 +0.9* 1.76 = 0.86"
Drd2 male (18) 13.19 = 3.55*>  3.66 = 0.94"¢ 1.59 = 0.58*
Drdla female (18) 14.58 + 3.62%° 4.45 + 0.64*° 2.18 = 0.78*
Drd2 female (18) 11.74 = 2.71° 3.08 = 0.94¢ 1.11 £ 0.58°

[7Et]

Values are means = SE. Numbers in parentheses indicate experimental “n.
MSN, medium spiny neuron; mEPSC, miniature excitatory postsynaptic cur-
rent. “*“Different superscript letters denote significant differences between
groups within a column.

poorly documented, especially across developmental periods,
strains, and adult female hormone cycles. Aromatase, the
protein that metabolizes the sex steroid hormone testosterone
into 17B-estradiol, is present in mouse and rat AcbC, but the
exact details of its expression are likewise opaque (Foidart et
al. 1995; Kiippers and Beyer 1998; Stanic¢ et al. 2014).

A different explanation is that the development of MSN
subtype properties differs between males and females, at least
in this particular transgenic mouse strain, and that eventually as
the animals age the sex-specific differences in effect size of
MSN subtype electrophysiological properties will converge.
Studies of MSN electrophysiological development in the nu-
cleus accumbens of rats shows that select MSN electrophysi-
ological properties further develop between prepubertal and
adult rats (Belleau and Warren 2000; Kasanetz and Manzoni
2009; Zhang and Warren 2008) and in both rats and mice
dopamine receptors in the nucleus accumbens undergo signif-
icant developmental changes during adolescence (Andersen et
al. 1997; Andersen and Teicher 2000). In contrast, Gertler et al.
(2008) found that MSN subtype electrophysiological properties
already differed prepuberty in the caudate-putamen in mice of
unreported sex from a different transgenic line. Thus the
differences in effect size between male and female MSN
subtypes may either converge or further differentiate by adult-
hood, a possibility that should be addressed in future studies,
along with the potential influence of the estrous cycle in adult
females.

An important finding of this study is that mice AcbC MSNs
do not exhibit the same sex differences in mEPSC frequency
found in rat MSNs, including during the prepubertal develop-
mental period assessed here (Cao et al. 2016; Wissman et al.
2011). In the rat, mEPSC frequency is elevated in both adult
and prepubertal female compared with male AcbC MSNs. In
this study, there were no sex differences detected in mEPSC
frequency, although an interaction effect indicated that female
Drd2-positive MSNs exhibited a lower mEPSC frequency
compared with other groups. There were also no sex differ-
ences detected in intrinsic excitability and action potential
properties, similar to previous findings in prepubertal rat AcbC
(Cao et al. 2016), nucleus accumbens shell (Willett et al. 2016)
but not caudate-putamen (Dorris et al. 2015). This general lack
of effect of sex could be due to several causes. First, as
mentioned previously, the developmental trajectory of mice
may differ than that of rats, and a caveat of the current study is
its focus on the prepubertal period. In rats, sex differences in
AcbC excitatory synapse properties exist before puberty and
are sensitive to neonatal sex steroid hormone exposure (Cao et
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al. 2016). Adult rats likewise exhibit sex differences in AcbC
excitatory glutamatergic synapse properties (Forlano and
Woolley 2010; Wissman et al. 2011, 2012), although the role
of the estrous cycle and puberty in altering AcbC synaptic
properties is relatively unexplored. For these reasons, along
with anecdotal evidence that most neurophysiological experi-
ments occur in prepubertal animals (Moyer and Brown 1998),
we chose to target the P16-24 age range for this study. This
age range is past the perinatal critical period for masculiniza-
tion/defeminization via sex steroid hormone exposure and is
within the age range during which prepubertal sex differences
in excitatory synaptic input were detected in rat AcbC MSNs
(Cao et al. 2016) and in intrinsic excitability in rat caudate-
putamen MSNs (Dorris et al. 2015). Several AcbC-mediated
behaviors that have been primarily assessed in rats are sensitive
to neonatal sex steroid hormone exposure and/or show sex
differences before puberty, for example, impulsivity, social
play, and cocaine self-administration behaviors (Bayless et al.
2013; Blake and McCoy 2015; Perry et al. 2013). However,
other relevant behaviors are sensitive to pubertal and adult
processes (Yoest et al. 2018), including social play and vul-
nerability to social stress during puberty in mice (Fosnocht et
al. 2018; Kopec et al. 2017). Thus it remains possible that sex
differences in AcbC excitatory synaptic input may be detected
in older populations of mice. It is also possible that sex
differences may exist in cellular metrics not assessed by this
study, including dendritic spine attributes. Regarding other
caveats, the current study conducted electrophysiological re-
cordings at room temperature, and it is possible that sex
differences could emerge if a different recording temperature
was employed. Sex differences may also exist in MSN elec-
trophysiological properties in other striatal regions than the
nucleus accumbens core, including the caudate-putamen and
nucleus accumbens shell, and in animals exposed to stress and
other environmental stimuli (Brancato et al. 2017).

Other reasons why the mouse strain assessed here did not
exhibit the same sex differences as do rats may be due to
ethological differences, the possible disruptive effects of trans-
gene insertion, the effects of substantial inbreeding, and/or
domestication. To focus specifically on female mice, alteration
of female inbred mouse AcbC function compared with outbred
rodent strains may have occurred because generations of do-
mestication in laboratory mice have focused on artificially
selecting reproductive traits in mice that enable ease of breed-
ing in the laboratory with any presented male, early sexual
maturity, and large litter size (Austad 2002). Indeed, inbred
laboratory mice are artificially selected to ensure maximal
reproduction within a laboratory setting (Perlman 2016). This
artificial selection may have altered the physiological mecha-
nisms of sexual reward in inbred, domesticated mice. Sophis-
ticated genetic and behavioral analyses indicate that domesti-
cation more highly impacts female than male inbred mice, with
female mice losing numerous sex-relevant behaviors found in
wild, nondomesticated mice (Chalfin et al. 2014). This loss of
sex-relevant behaviors is consistent with the absence of sex
differences in AcbC MSN mEPSC frequency detected by the
current study, especially as the AcbC mediates sexual reward,
along with other naturally rewarding behaviors (Bradley et al.
2005; Frohmader et al. 2010; Numan 2007; Young et al. 2011).
Sex differences in the properties of the nucleus accumbens are
thought to be driven by neural circuity inducing an increased
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Table 4. Differential electrophysiological properties of medium spiny neuron subtypes across striatal regions, species, and studies

Striatal Region Species, Strain, Age and Sex Measurement References
Nucleus accumbens D1 and D2 receptor-eGFP BAC transgenic Time constant of the membrane: D1 < D2 (Ma et al.
core mice on a FVB/N background; Older Rheobase: D1 > D2Resting membrane potential: D1 < D2 2012)
than P28, 42.9 = 2.2; sex not reported I,, amplitude: D1 > D2
sEPSC frequency: D1 < D2
Nucleus B6 Cg-Tg (Drdla-tdTomato) 6 Calak/J Resting membrane potential: D1 < D2 Current Study
Accumbens core hemizygous mice on a C57BL/6J Rheobase: D1 > D2
background; P16-24; male and female Action potential width: D1 < D2 (males only)

Afterhyperpolarization peak amplitude: D1 < D2 (males only)

Afterhyperpolarization time to peak amplitude: D1 > D2
(males only)

Frequency of action potentials evoked by injected current:
D1 < D2

Slope of the frequency of action potentials evoked by injected
current curve: DI < D2 (males only)

Delay to first action potential: D1 < D2

Maximum firing rate: D1 < D2 (males only)

Input resistance, linear range: D1 < D2 (males only)

Input resistance, rectified range: D1 < D2 (males only)

Inward rectification: D1 < D2 (males only)

Time constant of the membrane: D1 < D2 (males only)

mEPSC frequency: D1 > D2 (females only)

mEPSC decay: D1 > D2

Nucleus accumbens D1 and D2 receptor-eGFP BAC transgenic Time constant of the membrane: D1 > D2 (Ma et al.
shell mice on a FVB/N background; older SEPSC Frequency: D1 < D2 2012)
than P28, 42.9 = 2.2; sex not reported
Caudate-putamen D1 and D2 receptor-eGFP BAC transgenic Rheobase: D1 > D2 (Gertler et al.
mice on an FVB background; P17-P70; Resting membrane potential: D1 < D2 2008)
sex not reported Input Resistance (linear range): D1 < D2

Time constant of the membrane: D1 > D2
Frequency of Evoked Action Potentials: D1 < D2
Capacitance: D1 > D2

Caudate-putamen D1 and D2 receptor-eGFP BAC transgenic Threshold: D1 > D2 (Cepeda et al.
mice; older than P28: 39.7 = 1.6; sex SEPSC frequency: D1 < D2 2008)
not reported mEPSC frequency: DI < D2?*

mEPSC rise time: D1 < D2

Probability of occurrence of spontaneous membrane
depolarization after GABA , blockade: D1 < D2

Paired-pulse ratio: D1 < D2

AMPA-induced current amplitude: D1 > D2

Caudate-putamen D1 receptor-eGFP BAC transgenic mice; Rheobase”: D1 > D2 (Planert et al.
P15, 21-32; sex not reported 2013)

Caudate-putamen Sprague-Dawley Rat; P14-19; sex not Rheobase: D1 > D2 (Planert et al.
reported Time constant of the membrane: D1 < D2 2013)

Input resistance: D1 < D2
AP amplitude change from first to second AP: D1 > D2

Caudate-putamen D1 and D2 receptor-eGFP BAC transgenic Excitability as measured via evoked AP to intensity of (Chan et al.
mice on either a FVB/NJ or C57BL/6J injected current curves: D1 < D2 2012)
background; P21-P35; males

Caudate-Putamen M4- or D2-eGFP BAC transgenic mice®; Paired-pulse ratio: D1 > D2 (Kreitzer and
P20-25; sex not reported mEPSC frequency: D1 < D2 Malenka

NMDA/AMPA ratio: D1 < D2 2007)
Frequency of action potentials evoked by injected current:

D1 < D2
Endocannabinoid-mediated LTD: D1 < D2

Caudate-Putamen D1 and D2 receptor-eGFP BAC transgenic Tonic GABA, current and sensitivity to GABA, current: (Ade et al.
mice on a C57BL/6J background; P16- DI < D2 2008)¢
P25; male and female but data not Frequency of action potentials evoked by injected current:
analyzed by sex DI < D2

Only statistically significant differences in medium spiny neuron (MSN) electrophysiology in acute brain slice technique experiments independent of variables
such as stress and psychostimulant exposure are included. This criteria a priori excludes studies that analyzed MSN subtype electrophysiological properties but
did not directly compare D1 and D2 subtype groups, for example, Francis et al. (2015); Khibnik et al. (2016); and Kim et al. (2011). BAC, bacterial artificial
chromosome; SEPSC and mEPSC, spontaneous and miniature excitatory postsynaptic current; AP, action potential; P, postnatal day; I, hyperpolarization-
induced “sag.” “This finding significant in some but not all analyses within this study. "Planert et al. (2013) assessed rheobase using multiple analyses. The
conclusion of all analyses was similar and is thus condensed here. “The use of M4 eGFP labeling as equivalent to the DI MSN subtype has been cautioned
(Cepeda et al. 2008). “A number of studies from Vicini and colleagues (2008) have investigated GABA conductance between MSN subtypes; here we feature
the initial report.
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Fig. 7. Comparison of medium spiny neuron (MSN) subtype electrophysiolog-
ical property effect sizes between females and males. Each point represents the
Cohen’s d value calculated for 1 of the 15 electrophysiological properties that
significantly differ between Drdla- and Drd2-positive female and male MSN
subtypes. The dashed line is the unity line. Points on or near the unity line
indicate that effect size is comparable between male and female MSN. Points
located above the unity line indicate a larger effect size in female MSNs. Points
located below the unity line indicate a larger effect size in male MSNs. Female
MSNs showed larger differences in MSN subtype electrophysiological prop-
erties in miniature excitatory postsynaptic current (mEPSC) properties. Con-
versely, male MSNs showed larger differences in MSN subtype electrophys-
iological properties in action potential and input resistance properties.

motivation for sexual reward (Micevych and Meisel 2017;
Tonn FEisinger et al. 2018). There is evidence that the domes-
tication of laboratory mice has disrupted select nucleus accum-
bens-relevant locomotor, social, and reproductive behaviors
(Blanchard et al. 1998; Guénet and Bonhomme 2003; Harper
2008; Price 1984; Sherborne et al. 2007). Likewise, some
drug-abuse and other motivation-related behaviors mediated by
the nucleus accumbens that show sex differences and estrogen
and progesterone sensitivity are impossible or highly difficult
to induce in mice (Parker et al. 2014), although this has been
in many instances mitigated (Calipari et al. 2017; Satta et al.
2017).

The insertion of transgenes could also potentially alter sex-
ual differentiation and AcbC-mediated behaviors, particularly
when homozygosity and strain are not carefully controlled. For
example, homozygous Drd2-expressing BAC transgenic mice
on specific backgrounds show aberrant striatal-mediated loco-
motor behaviors (Kramer et al. 2011), and the line 5 of the
tdTomato-drd1a transgenic mouse showed aberrant properties
that negatively impacted its utility for sex and hormone re-
search, including an X-linked inheritance pattern and ambigu-
ous mammary glands (Ade et al. 2011; Shuen et al. 2008). Line
6 of the tdTomato-drdla transgenic mouse does not exhibit
these obvious confounds. However, it remains formally possi-
ble that the addition of transgenes targeting dopamine receptors
subtly disrupts the sexual differentiation of the AcbC, as this
would impact reproduction-related behaviors not typically as-
sessed in the standard characterization of transgenic mouse
lines. Please note that these potential caveats do not dismiss
transgenic laboratory mice as important tools for research into
AcbC function, reproductive behavior, and sexual differentia-
tion. Indeed, mouse models such as the four core genotypes
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have made critical contributions to our understanding of the
influence of biological sex on neural systems (De Vries et al.
2002), including the limbic brain regions (Bath et al. 2017;
Puralewski et al. 2016). What these caveats do argue, along
with this study’s finding that mouse AcbC MSNs do not show
the same sex differences as detected in rat AcbC MSNSs, is that
both the advantages and disadvantages of particular research
animals should be carefully considered, especially in the con-
text of assessing natural variables in neuron function such as
sex and sex steroid hormone sensitivity. Future studies should
continue to address the impact of biological sex and steroid sex
hormones in AcbC properties across a broad array of inbred
and outbred animals with divergent reproductive strategies,
similar to suggestions made by other authors in diverse re-
search contexts (Beach 1950; Brenowitz and Zakon 2015;
Klinck et al. 2017; Krebs 1975; Remage-Healey et al. 2017).
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