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Abstract

Objectives: Perinatally-infected adolescents living with

HIV-1 (pALHIV) appear uniquely vulnerable to developing

substance use disorders (SUD). Medium spiny neurons

(MSNs) in the nucleus accumbens core (NAcc), an integrator

of cortical and thalamic input, have been implicated as

a key structural locus for the pathogenesis of SUD. To

date, however, how constitutive expression of HIV-1 viral

proteins alters the development of MSNs in the NAcc has

not been systematically evaluated.

Methods: An innovative ballistic labeling technique was

utilized to examine MSNs in the NAcc, and associated den-

dritic spines, in HIV-1 transgenic (Tg) and control animals.

First, a time-sequential longitudinal experimental design

was implemented, whereby animals were sacrificed at 30-

day intervals from postnatal day (PD) 30 to PD 180. Sec-

ond, the therapeutic efficacy of S-Equol for HIV-1-associated

synaptic dysfunction in MSNs was evaluated using a cross-

sectional experimental design.

Results: Constitutive expression of HIV-1 viral proteins

disrupted the development of MSNs, evidenced by alter-

ations in neuritogenesis and synaptogenesis. Furthermore,

age-related, progressive synaptodendritic alterations were

observed in the patterning of dendritic branches and den-

dritic spines, as well as dendritic spine head diameter,

in HIV-1 Tg, relative to control, animals. Treatment with

S-Equol during the formative period, however, led to long-

term enhancements in synaptic function (i.e., PD 180).
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Conclusions: Developmental and progressive synaptoden-

dritic alterations in MSNs induced by chronic HIV-1 viral

protein exposure may underlie the increased propensity

for pALHIV to develop SUD. Elucidating a potential neural

mechanism underlying the unique vulnerability of pALHIV

to SUDaffords a fundamental opportunity for the evaluation

of therapeutics.

Keywords: human immunodeficiency virus type 1 (HIV-1);

medium spiny neurons; nucleus accumbens; S-Equol; sub-

stance use disorders

Introduction

The growing population (approximately 2.7 million [1])

of children and adolescents living with either perinatally

or horizontally acquired human immunodeficiency virus

type 1 (HIV-1) appear uniquely vulnerable to developing

problematic substance use. Indeed, substance use disor-

ders (SUD) are observed in 19–25 % [2, 3] of perinatally-

infected adolescents living with HIV-1 (pALHIV); a SUD rate

that is three times higher than the adolescent population

(i.e., 6.3 %; [4]). Critically, adolescent substance use amongst

pALHIV is associated with multiple adverse consequences,

including increased disease severity (i.e., lower CD 4 %; [5]),

decreased medication adherence [6] and increased sexual

risk behaviors [3]. Thus, there is a fundamental need to

elucidate the neural mechanism(s) underlying the unique

vulnerability of pALHIV to SUD.

The nucleus accumbens (NAc), which is implicated in

the pathogenesis of SUD (for review, [7]), is a specialized

component of the ventral striatum that serves as a cen-

tral integrator of cortical and thalamic input (for review,

[8]). Anatomically, the NAc is a heterogeneous brain region

consisting of at least two subdivisions, including a lateral

core region (i.e., the nucleus accumbens core [NAcc]) and

a medial shell; a subterritorial organization that was ini-

tially demonstrated by region specific efferent projections

[9] and histochemistry [10]. The NAcc, in particular, sends
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efferent projections to multiple brain regions, including the

lateral hypothalamus, lateral ventral pallidum, and substan-

tia nigra [11]. In turn, the NAcc is innervated by afferents

from the amygdala, hippocampus, prefrontal cortex (PFC),

thalamus, and ventral tegmental area (VTA; [12, 13]). Effer-

ent projections from and afferent projections to the NAc,

irrespective of subregion, synapse on inhibitory medium

spiny neurons (MSNs); a neuronal type implicated in SUD

(for review, [14]). Investigating the development of MSNs

in the NAcc, therefore, may elucidate a key structural locus

underlying the unique vulnerability of pALHIV to SUD.

MSNs of the NAc are medium-sized neurons that are

morphologically characterized by extensive, centrifugal

dendritic arborization [15]. Excitatory afferent projections

to MSNs uniquely target either proximal or distal dendrites,

whereby glutamatergic and dopaminergic synapses are pri-

marily formed on distal dendrites (for review, [16]). Proxi-

mal dendrites, in sharp contrast, are innervated with affer-

ents from other MSNs (for review, [17]). In addition, the

surface of MSNs is studded with an abundance of dendritic

spines [15]; protrusions that serve as the primary postsy-

naptic compartment for excitatory synapses (for review,

[18]). Dendritic spines can be divided into two components,

including: (1) a small, spherical head containing the postsy-

naptic density (PSD); and (2) a thin neck that connects the

bulbous head to the dendritic shaft. Morphological parame-

ters of the dendritic spine head and neck fall along a contin-

uum and have been strongly associated with synaptic func-

tion [19–22]. Taken together, examination of the structural

characteristics, including dendritic branching and dendritic

spines, in MSNs of the NAc affords an opportunity to infer

neuronal and synaptic function, as well as evaluate novel

therapeutics.

Treatment with estrogenic compounds (e.g.,

17β-estradiol) induces prominent alterations to neuronal

and dendritic spine structure in the NAcc [23–34]

supporting an innovative means to remodel neuronal

circuitry [24]; the carcinogenic nature of 17β-estradiol
[e.g., 25–27], however, limits its translational utility.

Plant-derived polycyclic phenols, or phytoestrogens,

whose chemical structure resembles 17β-estradiol [28],

however, may afford an alternative strategy to target

estrogen receptors. Indeed, the phytoestrogen S-Equol (SE),

permeates the blood-brain barrier [29], exhibits selective

affinity for estrogen receptor β (ERβ; [30, 31]), and serves

as a neuroprotective and/or neurorestorative therapeutic

for HIV-1-associated neurocognitive [32–34] and affective

[35] alterations. Specifically, SE serves as an efficacious

treatment for cocaine-seeking behavior, in ovariectomized

female HIV-1 transgenic rats [35]; i.e., a biological system

expressing seven of the nine HIV-1 genes constitutively

throughout development [36]. The neural mechanism by

which SE exerts its therapeutic effects, however, remains

understudied.

In light of previous studies, the aims of the present

study were two-fold. First, using a time-sequential longi-

tudinal experimental design, to evaluate how constitutive

expression of HIV-1 viral proteins (i.e., as in the HIV-1 Tg rat)

alters the development of MSNs, and associated dendritic

spines, in the NAcc. Cross-sectional studies during adult-

hood [37, 38] and advanced age [39] have revealed profound

structural and functional alteration in MSNs; the experi-

mental design of prior work, however, precludes inferences

regarding developmental processes [40]. Second, using a

cross-sectional experimental design, to establish the util-

ity of SE to induce long-term enhancements to MSNs of

the NAcc and associated dendritic spines in HIV-1 Tg rats.

Elucidating a potential neural mechanism underlying the

unique vulnerability of pALHIV to SUD affords a fundamen-

tal opportunity for the evaluation of therapeutic treatments.

Materials and methods

Animals

Control and HIV-1 Tg animals were bred on a Fischer F344/N back-

ground, whereby control animals were procured from Envigo Labora-

tories (Indianapolis, IN, USA) and HIV-1 Tg animals were bred (control

female paired with an HIV-1 Tg male) at the University of South Car-

olina. Animals of the same sex were pair- or group-housed until sac-

rifice and had ad libitum access to food (Pro-Lab Rat, Mouse, Hamster

Chow #3000) and water.

HIV-1 Tg and control animals were maintained in AAALAC-

accredited facilities using the guidelines established in theGuide for the

Care andUse of Laboratory Animals of theNational Institutes of Health.

Environmental conditions for the animal colonywere targeted at: 21◦ ±
2 ◦C, 50 %± 10 % relative humidity and a 12-h light: 12-h dark cycle with

lights on at 0700 h (EST). The University of South Carolina Institutional

Animal Care and Use Committee (IACUC) approved the project protocol

under federal assurance (#D16-00028).

Experiment #1: Time-sequential longitudinal

examination of medium spiny neurons in the nucleus

accumbens core

A time-sequential longitudinal experimental design was utilized to

evaluate how constitutive expression of HIV-1 viral proteins disrupts

the development of MSNs in the NAcc. HIV-1 Tg and control animals,

with sample sizes of approximately n=40 at each age (Control: Male,

n=10, Female, n=8–10; HIV-1 Tg: Male, n=10, Female, n=10) were sac-
rificed at 30 day intervals from PD 30 to PD 180. MSNs were visualized

using a fluorescent neuronal labeling technique and analyzed using

sophisticated neuronal reconstruction software (Figure 1).
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Figure 1: Representative confocal images of ballistically labeled medium spiny neurons in the nucleus accumbens core, and their respective tracings

(inset), are shown for F344/N control (A, B) and HIV-1 transgenic (C, D) animals at postnatal day 30 (A, C) and 180 (B, D).

Staging of the estrous cycle: The stage of the estrous cycle was

determined in female rats immediately prior to sacrifice using a

vaginal lavage. Cytological assessments of vaginal smears were con-

ducted using a 10× light microscope to determine the predominant cell

type. A rat whose vaginal smear consisted of predominantly leukocytes

was in the diestrus phase of the estrous cycle [41]. To decrease potential

variability associated with estrous cycle, we aimed to sacrifice female

animals during the diestrus phase.

Fluorescent neuronal labeling technique: A detailed step-by-step

protocol for the ballistic labeling technique utilized in our laboratory

was published by Li et al. [42].

Preparation of DiOlistic cartridges: In brief, Tefzel tubing (Bio-Rad,

Hercules, CA, USA) was filled with a polyvinylpyrrolidone (PVP) solu-

tion (i.e., 100 mg PVP dissolved in 10 mL ddH2O) for 20 min; the solution

was then expelled. DiOlistic cartridges were prepared using tungsten

beads (170 mg; Bio Rad) and DiIC18(3) dye (6 mg; Invitrogen, Carlsbad,

CA, USA), which were individually dissolved in 250 or 300 μL of 99.5 %
methylene chloride (Sigmal-Aldrich, St. Louis, MO, USA), respectively.

The tungsten bead suspension and DilC18(3) dye solution were mixed,

sonicated, and drawn into the previously prepared PVP-coated Tefzel

tubing to create the DiOlistic cartridge. The DiOlistic cartridge was

loaded into the tubing preparation station (Bio-Rad) and rotated for

1 min before all water was removed. Rotating, under 0.5 L/min of nitro-

gen gas, continued for an additional 30 min. The DiOlistic cartridge was

cut into 13 mm lengths.

Tissue preparation: Anesthesia was induced in HIV-1 Tg and control

animals using 5 % sevoflurane (Abbot Laboratories, North Chicago, IL,

USA). Rats were humanely sacrificed using transcardial perfusion and

the entire brain was removed and postfixed (4 % paraformaldehyde)

for 10 min. A rat brain matrix (ASI Instruments, Warren, MI, USA) was

utilized to cut 500 μm coronal slices, which were then placed into a 24

well-plate with 100 mM phosphate-buffered saline (PBS).

Ballistic labeling: The Helios Gene Gun (Bio-Rad) was loaded with

previously prepared DiOlistic cartridges and connected to helium gas

(Output Pressure: 90 pounds per square inch). The applicator was
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placed approximately 1.5 cm away from the brain section and fired.

After labeling, brain slices were washed three times with 100 mM PBS,

stored in the dark at 4 ◦C for 3 h, andmounted (Pro-Long Gold Antifade,

Invitrogen, Waltham, MA, USA) onto a glass slide.

Confocal imagingofmediumspinyneurons: Z-stack images ofMSNs

in the NAcc (3.24–0.48 mm anterior to Bregma; [43]) were obtained

for analysis. Specifically, a Nikon TE-2000E confocal microscope, in

combination with Nikon’s EZ-C1 software (version 3.81b), was utilized

to acquire three neuronal images from each animal using the following

conditions: 60× oil objective (n.a.=1.4), Z-plane interval of 0.15 μm, and
a green helium-neon laser (Emission: 543 nm).

Neuronal analysis and spine quantification: Analyses were con-

ducted on neurons blinded to tissue genotype and on one neuron from

each animal. Selection of only one neuron per animal, which was

conducted using the criteria established by Li et al. [42], precludes the

violation of the assumption of independence. Neurons failing to meet

the established selection criteria were not included in the analysis,

yielding the following sample sizes for analysis at age: Control: PD 30,

n=20 (Male, n=10; Female, n=10), PD 60, n=20 (Male, n=10; Female,
n=10), PD 90, n=18 (Male, n=10; Female, n=8), PD 120, n=20 (Male,
n=10; Female, n=10), PD 150, n=17 (Male, n=8; Female, n=9), PD 180,

n=18 (Male, n=10; Female, n=8); HIV-1 Tg: PD 30, n=20 (Male, n=10;
Female, n=10), PD 60, n=18 (Male, n=9; Female, n=9), PD 90, n=20
(Male, n=10; Female, n=10), PD 120, n=19, (Male, n=10; Female, n=9),
PD 150, n=20 (Male, n=10; Female, n=10), PD 180, n=20 (Male, n=10;
Female, n=10).

Following selection, Neurolucida360 (MicroBrightfield, Williston,

VT, USA), a sophisticated neuronal reconstruction software, was uti-

lized for the examination of neuronal and dendritic spine morphol-

ogy. Neuronal morphology was evaluated using two complementary

approaches, including total dendrite length and centrifugal branch

ordering. In the centrifugal branch ordering method, an evaluation of

dendritic branching complexity, a dendrite emanating from the soma

is labeled as first-order and each subsequent dendritic bifurcation is

increased by one branch order. Analyses were conducted on branch

orders one through ten.

Dendritic spine morphological parameters were evaluated along

a continuum. Boundary conditions for dendritic spine backbone length

(0.2–4.0 μm [44]), volume (0.05–0.85 μm3 [18]) and head diameter

(0.0–1.2 μm; [45]), were selected using well-accepted previously pub-

lished results. Dendritic spines failing to meet any of the bound-

ary conditions were excluded from dendritic spine morphological

analyses.

Experiment #2: therapeutically targeting synaptic

dysfunction in medium spiny neurons in the nucleus

accumbens core

A cross-sectional experimental designwas implemented to evaluate the

therapeutic efficacy of SE for enhancing synaptic function in MSNs of

the NAcc in HIV-1 Tg animals.

S-Equol treatment: Beginning at approximately PD 28, male (n=9)
and female (n=3) HIV-1 Tg animals were treated with a daily oral

dose of 0.2 mg of SE (Cayman Chemical Company, Ann Arbor, MI, USA),

whichwas incorporated into sucrose pellets (Bio-Serv, Inc., Flemington,

NJ, USA). The SE dose of 0.2 mg was selected for two primary

reasons, including: (1) A dose-response experimental paradigm estab-

lished 0.2 mg of SE as the most effective dose for mitigating neurocog-

nitive deficits in sustained attention in the HIV-1 Tg rat [32]; and (2) The

dose, which yielded a daily amount of 0.25–1.0 mg/kg/SE (i.e., approx-

imately 2.5–10 mg in a 60 kg human), is translationally relevant (i.e.,

well below the daily isoflavone intake of most elderly Japanese; [46]).

Daily oral treatment continued through PD 90.

Staging of the estrous cycle: Estrous cyclicity was evaluated in

female animals immediately prior to sacrifice using the methodology

detailed in Experiment #1.

Fluorescent neuronal labeling technique: The fluorescent neuronal

labeling technique described above was utilized to label MSNs of the

NAcc in HIV-1 Tg animals treated with SE. Animals were sacrificed at

PD 180. Furthermore, methodology reported above was used for the

selection and analysis of MSNs of the NAcc. Neurons failing to meet the

established selection criteriawere not included in the analysis, yielding

the following sample sizes: HIV-1 Tg, n=10 (male, n=9; female, n=1).

Statistical analysis

Analysis of variance (ANOVA) and regression approaches were imple-

mented to statistically analyze data from MSNs in the NAcc. An alpha

criterion of p≤0.05 was established for statistical significance.

In Experiment #1: Time-Sequential Longitudinal Examination of

Medium Spiny Neurons in the Nucleus Accumbens Core, neurodevel-

opmental and progressive synaptodendritic alterations were evalu-

ated using both continuous and count dependent variables. Regres-

sion approaches (GraphPad Software, Inc., La Jolla, CA, USA) were

utilized to examine the development of dendrite length, excitatory

synapses, and dendritic patterning. Age-related changes in dendritic

patterning were also evaluated using mean branch order, which was

statistically analyzed using a univariate ANOVA (SPSS Statistics 27, IBM

Corp., Somer, NY, USA). The number of dendritic branches or dendritic

spines at branch orders one through ten served as dependent variables

for the evaluation of dendritic patterning and the number of excita-

tory synapses/location of dendritic spines, respectively. Dendritic spine

head diameter was analyzed by evaluating the number of dendritic

spines within each bin; only dendritic spines with a head diameter

greater than 0.01 μm were included in the analysis. Dendritic pattern-

ing, the location of dendritic spines, and dendritic spine head diameter

were analyzed using a generalized linear mixed-effects model with a

random intercept, Poisson distribution, and unstructured covariance

structure (PROC GLIMMIX; SAS/STAT Software 9.4, SAS Institute, Inc.,

Cary, NC, USA). For all analyses, genotype (HIV-1 Tg vs. Control), sex

(Male vs. Female) and age (Location of Dendritic Spines: PD 30 vs. PD

180; Dendritic Patterning and Dendritic Spine Morphology: PD 30 vs.

PD 60 vs. PD 90 vs. PD 120 vs. PD 150 vs. PD 180) served as between-

subjects factors. Branch order or bin served as within-subjects factors,

as appropriate.

In Experiment #2: Therapeutically Targeting Synaptic Dysfunction

in Medium Spiny Neurons in the Nucleus Accumbens Core, a priori

hypotheses were addressed using two planned comparisons to estab-

lish: (1) the treatment effect (i.e., HIV-1 Tg vs. HIV-1 Tg SE); and (2)

the magnitude of the treatment effect (i.e., Control vs. HIV-1 Tg SE).

Analytic approaches for dendritic patterning, the location of dendritic

spines, and dendritic spine head diameter are consistent with those

implemented for Experiment #1. Treatment (None vs. SE) or genotype
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(HIV-1 Tg vs. Control) served as the between-subjects factor, whereas

branch order or bin served as thewithin-subjects factor, as appropriate.

Biological sex was not included as a between-subjects factor to address

the a priori hypotheses in Experiment #2 due to low statistical power.

Results

Experiment #1: Time-sequential longitudinal
examination of medium spiny neurons in the
nucleus accumbens core

HIV-1 Tg animals exhibited profound, early alterations in

neurite and dendritic spine development in medium

spiny neurons of the nucleus accumbens core

Independent of biological sex, HIV-1 Tg animals exhibited

an altered development of total dendrite length, an index

of neurite growth, relative to control animals (Figure 2A).

Specifically, early in development (i.e., PD 30-PD 90), the

total dendrite length in MSNs of HIV-1 Tg rats was greater

than control animals. Across development (i.e., PD 90-PD

180), however, total dendrite length regressed in HIV-1 Tg

animals (Best Fit: Segmental Linear Regression, R2≥0.92,

n=17–20 per genotype at each age). In sharp contrast, den-
drite length across development in control animals was

well-maintained, whereby total dendrite length was well-

described by a horizontal line.

Developmental alterations were further evidenced by

an examination of the number of dendritic spines, a proxy

for the number of excitatory synapses (for review, [47]).

Indeed, presence of the HIV-1 transgene interrupts the

development of excitatory synapses, evidenced by age-

related alterations in the total number of dendritic spines

(Figure 2B; Generalized Linear Mixed-Effects Model: Geno-

type × Age Interaction, F(5, 207)=6.1, p≤0.001). Specifically,
HIV-1 Tg animals exhibited an initial abundance (i.e., PD

30 and PD 60) and subsequent dramatic decrease in the

number of dendritic spines across development; a devel-

opmental trajectory that was well-described by a segmen-

tal linear regression (R2≥0.93). In control animals, how-

ever, the total number of dendritic spines remained sta-

ble across development (Best Fit: Horizontal Line). Taken

together, constitutive expression of HIV-1 viral proteins pro-

foundly disrupts early developmental processes, includ-

ing both neuritogenesis and synaptogenesis (i.e., the estab-

lishment, maintenance, and/or elimination of neuritic pro-

cesses and synapses, respectively).

Age-related, progressive alterations in dendritic

patterning were observed in HIV-1 Tg, relative to control,

animals

A centrifugal branch ordering scheme was utilized to eval-

uate neuronal morphology, which is functionally associ-

ated with the firing properties of neurons [48, 49], of

MSNs in the NAcc. Indeed, constitutive expression of HIV-1

viral proteins induced age-related, progressive alterations

in dendritic patterning, evidenced by a progressive, linear

decrease in mean branch order throughout development

(Figure 3A; Univariate ANOVA: Genotype × Age Interaction,

Figure 2: Neurodevelopmental alterations in neuritogenesis and synaptogenesis were observed in HIV-1 Tg rats. Specifically, HIV-1 Tg animals

exhibited an initial increase in dendrite length (A) and the number of dendritic spines (B) early in development; parameters which subsequently

decreased across time (X± 95 % confidence intervals). In sharp contrast, dendrite length and the number of dendritic spines were stable across

development in control animals.
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Figure 3: An abnormal patterning of dendritic branches in medium spiny neurons of the nucleus accumbens core was observed in HIV-1 Tg animals.

(A) Mean branch order (X± 95 % confidence intervals) was derived from the distribution of dendritic branches. A linear decrease in mean branch order

was observed in HIV-1 Tg animals across development; a sharp contrast to the well-maintained patterning of dendritic branches observed in control

animals. (B) Inferences drawn from the examination of mean branch order were confirmed in HIV-1 Tg and control animals by evaluating the

distribution of dendritic branches as a function of age. Data are illustrated as relative frequencies of the entire dendritic spine population.

F(5, 206)=2.3, p≤0.05, ηp2=0.053; Best Fit: First-Order Poly-
nomial, R2s≥0.71); dendritic patterning in control animals,

however,waswell-maintained across development (Best Fit:

Horizontal Line). Examination of the distribution of den-

dritic branches (Figure 3B) confirmed the age-related alter-

ation in dendritic patterning (Generalized Linear Mixed-

Effects Model: Genotype × Age × Branch Order Interaction,

F(45, 1857)=2.4, p≤0.001). Specifically, HIV-1 Tg, relative to

control, animals exhibited an increased relative frequency

of higher-order dendritic branches at PD 30 and PD 60. A

population shift, with an increased relative frequency of

lower-order dendritic branches, however, was observed in

HIV-1 Tg animals at PD 120, PD 150, and PD 180. Morpho-

logical alterations in the MSNs of HIV-1 Tg animals, there-

fore, may reflect changes in the firing properties of these

neurons.
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HIV-1 Tg animals exhibited an age-related population

shift in the location of dendritic spines on medium spiny

neurons

A prominent age-related population shift in the distribution

of dendritic spines on dendritic branches was observed in

HIV-1 Tg, relative to control, animals (Figure 4; General-

ized Linear Mixed-Effects Model: Genotype × Age × Branch

Order Interaction, F(9, 628)=190.9, p≤0.001). At PD 30, HIV-

1 Tg animals exhibited an increased relative frequency of

dendritic spines on higher-order dendritic branches, which

receive glutamatergic and dopaminergic projections from

the PFC and VTA [16], respectively, relative to control ani-

mals. However, a population shift, with an increased rela-

tive frequency of dendritic spines on lower-order dendritic

branches, which are primarily innervated by afferents from

otherMSNs [17], was observed inHIV-1 Tg animals at PD 180.

The factor of biological sex influenced the magnitude, but

not pattern, of the age-related population shift in the loca-

tion of dendritic spines onMSNs (Generalized LinearMixed-

Effects Model: Genotype × Sex × Age × Branch Order Inter-

action, F(9, 628)=147.5, p≤0.001). Results support, therefore,
age-related changes in neurotransmission in the HIV-1 Tg

rat.

HIV-1 Tg animals displayed an age-related decrease in

dendritic spine head diameter from postnatal day 30 to

postnatal day 180

Age-related alterations in dendritic spine head diameter, a

dendritic spine morphological parameter that is positively

correlated with the area of the postsynaptic density [19–21],

were observed in HIV-1 Tg, relative to control, animals

(Figure 5; Generalized Linear Mixed-Effects Model: Geno-

type × Age × Bin Interaction, F(55, 2,255)=34.3, p≤0.001).
Specifically, early in development (i.e., PD 30, 60, and 90),

HIV-1 Tg animals exhibited a prominent rightward popula-

tion shift, with an increased relative frequency of dendritic

spines with increased head diameter, relative to control

animals. At PD 120, 150, and 180, however, HIV-1 Tg, relative

to control, animals displayed a profound leftward shift in

the distribution of dendritic spine head diameter; a popu-

lation shift associated with an increased relative frequency

of dendritic spines with decreased head diameter. Dendritic

spine dysmorphology in HIV-1 Tg animals adds additional

evidence for progressive synaptic dysfunction and neuro-

transmission alterations.

Experiment #2: Therapeutically targeting
synaptic dysfunction in medium spiny
neurons in the nucleus accumbens core

At postnatal day 180, S-Equol mitigated alterations in the

distribution of dendritic branches, dendritic spines, and

dendritic spine head diameter in HIV-1 Tg animals

Treatment with SE during the formative period led to

long-term enhancements in MSNs of the NAcc, relative

to untreated HIV-1 Tg animals, evidenced by a pro-

found population shift in the distribution of dendritic

branches, location of dendritic spines, and dendritic spine

head diameter (Figure 6A–C). Specifically, HIV-1 Tg ani-

Figure 4: A prominent age-related population shift in the distribution of dendritic spines on dendritic branches was observed in HIV-1 Tg, relative to

control, animals. (A) At postnatal day (PD) 30, HIV-1 Tg animals exhibited an increased relative frequencey of dendritic spines on higher order branches

relative to control animals. (B) A leftward population shift with an increased relative frequency of dendritic spines on lower order branches was

observed in HIV-1 Tg, relative to control, animals at PD 180. Data are illustrated as relative frequencies of the entire dendritic spine population.
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Figure 5: Dendritic spine head diameter was evaluated in HIV-1 Tg and control animals from postnatal day (PD) 30 to PD 180. HIV-1 Tg animals

displayed a progressive, age-related decrease in dendritic spine head diameter relative to control animals. Specifically, a population shift towards an

increased dendritic spine head diameter was observed in HIV-1 Tg, relative to control, animals at PD 30, 60 and 90. In sharp contrast, HIV-1 Tg animals

exhibited a population shift towards a decreased dendritic spine head diameter at PD 120, 150, and 180 relative to control animals. Data are illustrated

as relative frequencies of the entire dendritic spine population.

mals treated with SE exhibited an increased relative fre-

quency of higher-order dendritic branches (Generalized

Linear Mixed-Effects Model: Treatment × Branch Order

Interaction, F(9, 251)=22.0, p≤0.001) and an increase in the
frequency of dendritic spines on higher-order dendritic

branches (Generalized Linear Mixed-Effects Model: Treat-

ment × Branch Order Interaction, F(9, 251)=225.7, p≤0.001),
relative to untreated HIV-1 Tg rats. A population shift with

an increased relative frequency of dendritic spines with

increased head diameter was also observed in HIV-1 Tg SE,

relative to untreated, animals (Generalized Linear Mixed-

Effects Model: Treatment× Bin Interaction, F(11, 308)=80.3,
p≤0.001).

Furthermore, HIV-1 Tg animals treated with SE were

statistically compared to control animals to assess the mag-

nitude of the SE treatment effect (Figure 6D–F). A robust

rightward population shift in the distribution of dendritic

branches (Generalized Linear Mixed-Effects Model: Geno-

type × Branch Order Interaction, F(9, 234)=19.4, p≤0.001),
location of dendritic spines (Generalized Linear Mixed-

Effects Model: Genotype × Branch Order Interaction, F(9,

234)=45.8, p≤0.001), and dendritic spine head diameter

(Generalized Linear Mixed-Effects Model: Genotype × Bin

Interaction, F(11, 275)=82.1, p≤0.001) was observed in HIV-1
Tg SE, relative to control, animals. Collectively, SE treatment

during the formative period induced long-term modifica-

tions in MSNs of the NAcc consistent with enhancements in

synaptic function.

Discussion

Neurodevelopmental and progressive synaptodendritic

alterations in MSNs of the NAcc were induced by chronic

HIV-1 viral protein exposure (Figure 7). Indeed, alterations

in the development of MSNs, and associated dendritic

spines, were evidenced in HIV-1 Tg animals by excessive

dendrite length and an increased number of dendritic

spines, relative to control animals, early in development;

parameters which subsequently regressed across time.

Age-related, progressive synaptodendritic alterations were

observed in the patterning of both dendritic branches and

dendritic spines, as well as dendritic spine morphology, in

HIV-1 Tg, relative to control, animals. Fundamentally, the

profound age-related synaptodendritic alterations observed

in HIV-1 Tg rats afforded a target for the evaluation of a

novel therapeutic. At PD 180, the phytoestrogen SE mitigated
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Figure 6: Treatment with S-Equol (SE) during the formative period (i.e., postnatal day [PD] 28–90) mitigates the profound synaptodendritic alterations

observed in HIV-1 Tg animals at PD 180. (A–C) A treatment effect was established by comparing HIV-1 Tg animals treated with SE and untreated HIV-1

Tg animals. HIV-1 Tg animals treated with SE exhibited enhanced synaptic function relative to untreated HIV-1 Tg animals, evidenced by a profound

rightward population shift in the distribution of dendritic branches, location of dendritic spines, and dendritic spine head diameter. (D–F) The

magnitude of the treatment effect was evaluated by comparing HIV-1 Tg animals treated with SE and control animals. A prominent rightward

population shift in the distribution of dendritic branches, location of dendritic spines, and dendritic spine head diameter was observed in HIV-1 Tg

animals treated with SE relative to control animals. Data are illustrated as relative frequencies of the entire dendritic spine population.

the profound synaptodendritic deficits observed in HIV-1

Tg animals. Collectively, age-related alterations in MSNs

induced by constitutive expression of HIV-1 viral proteins

may serve as a key structural locus underlying the increased

propensity for pALHIV to develop SUD; a structural locus

that may be therapeutically targeted by the phytoestrogen

SE.

Striatal cells are generated from neuronal progenitors

located in the proliferative zones of the ventricular (or

ganglionic) eminences [e.g., 50–52]; the lateral ganglionic

eminence (LGE), in particular, gives rise to MSNs [53, 54].

Following mitosis, neurons generated in the LGE migrate

across short distances to the striatum [55] and undergo pro-

longed postnatal maturation (i.e., through approximately

PD 21 in rodents). Maturation of MSNs is completed by

approximately PD 30 in rodents, whereby the dendritic

arbor and dendritic spines have stabilized and are indistin-

guishable from adults [56, 57; Present Study]. Constitutive

expression of HIV-1 viral proteins, however, alters the mat-

uration of MSNs, evidenced by delayed neuritogenesis and

synaptogenesis.

In addition to early neurodevelopmental alterations,

constitutive expression of HIV-1 viral proteins induced

an age-related, progressive population shift in dendritic

branches and dendritic spines. Across time, HIV-1 Tg ani-

mals developed an increased relative frequency of both

dendritic branches and dendritic spines on lower order

branches relative to control animals; findings which have

functional implications for neuronal firing and neurotrans-

mitter innervation. Indeed, computationalmodeling [48, 49]
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Figure 7: Developmental and progressive synaptodendritic alterations observed in medium spiny neurons (MSNs) of the nucleus accumbens core

(NAcc) are illustrated at postnatal day (PD) 30 and PD 180 as a function of genotype (i.e., control vs. HIV-1 Tg) and treatment (i.e., untreated vs. SE). (A)

In control animals, morphological parameters (i.e., number of excitatory synapses, dendritic branching) of MSNs are well-established by PD 30 and

maintained through adulthood (i.e., PD 180). An increased relative frequency of dendritic spines with greater head diameter, supporting a larger

postsynaptic density, are observed in control animals at PD 180 relative to HIV-1 Tg animals. (B) HIV-1 Tg animals, in sharp contrast, exhibited

exhuberant dendritic length and number of dendritic spines at PD 30; parameters which subsequently regressed across time. Furthermore,

constitutive expression of HIV-1 viral proteins induced an age-related decrease in dendritic spine head diameter from PD 30 to PD 180. (C) Treatment

with S-Equol (SE) during the formative period (i.e., PD 28 to PD 90) mitigated the profound synaptodendritic alterations observed in the HIV-1 Tg rat at

PD 180. Specifically, HIV-1 Tg animals treated with SE exhibited a pronounced rightward shift in dendritic spine head diameter relative to untreated

HIV-1 Tg rats, supporting enhanced synaptic strength.

and in vivo preclinical evaluations [49] strongly support

the association between dendritic arborization and neu-

ronal firing properties (e.g., afterhyperpolarization, cellular

capacitance). Furthermore, the location of dendritic spines

has implications for neurotransmission, whereby proximal

and distal dendrites in MSNs are innervated by unique

afferent projections (i.e., Proximal: Other MSNs; Distal: Glu-

tamatergic and Dopaminergic Afferents from the PFC and

VTA, respectively; [16, 17]). Critically, chronicHIV-1 viral pro-

tein exposure dysregulates the electrophysiological prop-

erties of MSNs [38, 58] and neurotransmission in the NAc

[59–62].



McLaurin et al.: Progressive synaptodendritic alterations in MSNs — 163

Examination of dendritic spine head diameter also

revealed additional age-related, progressive synaptic dys-

function in the HIV-1 Tg rat; dysfunction that was sup-

ported by a profounddecrease in dendritic spine headdiam-

eter across development. The postsynaptic density (PSD),

which is localized within the dendritic spine head, is a

complex biochemical apparatus representing the postsy-

naptic component of a synapse. From a molecular per-

spective, the PSD is composed of ionotropic glutamate

receptors (e.g., N-methyl-D-aspartate receptors [NMDAR]

andα-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
receptors [AMPAR]), cell adhesion and signaling molecules

(e.g., N-cadherin and calcium-dependent protein kinase II

[CAMKII], respectively), as well as scaffolding proteins (e.g.,

post-synaptic density 95 [PSD-95]). Characteristics of the PSD

can be inferred by examining dendritic spine morpholog-

ical parameters, as a strong positive association between

dendritic spine head volume and area of the PSD has been

observed ([19] r=0.55 [20]; r=0.88 [21]; r=0.88 [63]; r≥0.76).
Dendritic spine head volume is also significantly correlated

with the expression of AMPA-sensitive glutamate receptors

[64] and the amplitude of NMDAR-mediated currents [65].

Hence, the progressive decreases in dendritic spine head

diameter observed in the HIV-1 Tg rat support age-related

reductions in area of the PSD and glutamatergic neuro-

transmission. The inferences drawn from themorphological

parameters of dendritic spines are further supported by

previously reported HIV-1 induced alterations in PSD-95 [66,

67] and NMDAR function [e.g. 68, 69].

Neurodevelopmental and progressive synaptoden-

dritic alterations in the HIV-1 Tg rat may result, at least

in part, from dysfunction in the Wnt signaling pathway.

Generally characterized as morphogens, Wnt proteins are

evolutionarily conserved glycoproteins that are encoded by

19 genes in most mammals (for review, [70]). Wnt signaling

begins with the binding of Wnt proteins to various

membrane receptors (e.g., Frizzled, Ryk), which results in

the activation of downstreampathways that are broadly, but

not rigorously, classified as either β-catenin-dependent (i.e.,
canonical) or β-catenin-independent (i.e., non-canonical).
One of the key features of the canonical Wnt pathway,

specifically, is the enzyme glycogen synthase kinase 3α and
3β (GSK-3α and GSK-3β, respectively), which is inhibited

by Wnts to activate downstream β-catenin signaling (for

review, [71]). Early central nervous system development is

dependent upon the integrity of Wnt signaling pathways,

evidenced by their role in both dendrite outgrowth

[e.g., 72–75] and dendritic spine formation [e.g., 76, 77].

Indeed, alterations to Wnt membrane receptors (i.e.,

frizzled9 gene: [74]; Ryk receptor: [75]) induce changes

in neuronal structure (i.e., dendrite length, number of

dendritic spines) that resemble early neurodevelopmental

alterations in the HIV-1 Tg rat. In the mature (i.e., adult)

central nervous system, non-canonical Wnt signaling

pathways modulate excitatory synapses (for review, [78]).

Wnt5a, for example, regulates the structure and function

of excitatory postsynaptic sites, evidenced by its role

in the clustering of postsynaptic density 95 in dendritic

spines [68] and glutamatergic synaptic transmission

[79, 80]. Fundamentally, abnormal gene expression in

multiple Wnt family members (e.g., Wnt5a, Wnt11) and

frizzled class receptors (e.g., FZD4) have been reported

in the HIV-1 Tg rat [81] and following HIV-1 infection

[e.g., 82]. Exposure to HIV-1 viral proteins also results

in the abnormal activation of GSK-3β [e.g., 83, 84]. The

prominent neurodevelopmental and age-related synaptic

dysfunction induced by constitutive expression of HIV-1

viral proteins affords a key target for the development of

novel therapeutics.

Long-term modifications in neuronal and dendritic

spine structure in MSNs of the NAcc were observed in HIV-

1 Tg animals treated with SE during the formative period

(i.e., PD 28 to PD 90). Indeed, at PD 180, HIV-1 Tg animals

treated with SE exhibited a profound population shift in

the distribution of dendritic branches, location of dendritic

spines, and dendritic spine head diameter relative to their

untreated counterparts; observations which are consistent

with enhancements in neuronal firing, neurotransmitter

system innervation, and the PSD, respectively. Findings of

the present study resemble those following comorbid HIV-1

and SUD (i.e., cocaine self-administration), whereby treat-

ment with SE exerted its therapeutic effects by mitigating

synaptodendritic alterations in MSNs of the NAcc [35]. Fun-

damentally, the enhancement of synaptic function was suf-

ficient to alter drug-seeking behavior, as HIV-1 Tg animals

treated with SE exhibited decreased response vigor and

drug escalation relative to HIV-1 Tg animals treated with

vehicle [35]. SE, via its actions on neuronal and dendritic

spine structure, has the potential to reduce the vulnerability

of pALHIV to SUD.

Modulation of the Wnt signaling pathway may serve

as the mechanism by which SE mitigates synaptodendritic

alterations in the HIV-1 Tg rat. Indeed, treatment with the

ovarian steroid hormone estradiol inhibits GSK-3β in cor-

tical and hippocampal neurons evidenced by a transient

increase in phosphorylation at serine 9 [85, 86] and GSK-3

activity [85, 87]. Themodification in GSK-3β activity induced
by estradiol treatment has downstream effects, whereby an

increased accumulation of β-catenin in neuronal cells has

been reported [86, 87]. Fundamentally, in neuronal cells
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both estrogen receptor α and ERβ are associated with GSK-
3β and β-catenin in a multimolecular complex, whereby

estradiol regulates β-catenin via its actions on GSK-3β [85,

86]. Activation of the Wnt/β-catenin pathway, evidenced by
increased phosphorylation at serine 9, β-catenin protein

expression, or selective increases inWnt5a expression has

also been observed in peripheral cells following treatment

with the phytoestrogens (e.g., ASPP 049 [88]; Genistein: [89]).

Collectively, treatment with SE, a selective ERβ agonist, may
mitigate the profound decrease in GSK-3β phosphorylation
at serine 9 induced by exposure to HIV-1 viral proteins [84]

resulting in the normalization of β-catenin and central ner-
vous system development.

An innovative ballistic labeling technique, in combina-

tion with sophisticated neuronal reconstruction software

(i.e., Neurolucida360), was utilized to rigorously examine

the population of dendritic spines; a methodology that

deserves further consideration. Originally described by Gan

et al. [90], ballistic labeling uses specialized equipment (e.g.,

Helios Gene Gun) to fire microprojectiles (e.g., Tungsten

Beads) coated with carbocyanine dyes (e.g., DiO, DiI) into

neuronal tissue. Carbocyanide dyes are characterized by

two positively-charged conjugated rings and an attached

long hydrocarbon chain joined together by a bridge of

methine groups. The long hydrocarbon chain, in particu-

lar, renders carbocyanide dyes lipophilic; a property that

allows for their incorporation into the plasma membrane

of neurons [91]. The introduction of carbocyanine dyes via

ballistic delivery systems provides clear advantages over

more traditional methods (e.g., Golgi-Cox Silver Impreg-

nation, Microinjection), as the approach rapidly and com-

pletely labels neuronal cells and associated dendritic spines

with minimal tissue damage and no disruption of cel-

lular processes (for review, [92]). High-resolution three-

dimensional imaging (i.e., using confocal microscopy) is

completed to visualize fluorescently labeled neurons; neu-

rons whose structural features (e.g., neuronal branching

patterns, dendritic spinemorphology) can be preciselymea-

sured using sophisticated neuronal reconstruction software

[93]. Indeed, it is the accurate, continuous measurements,

rather than the classic categorization of dendritic spines,

that afforded anopportunity to establishHIV-1-inducedpop-

ulation shifts in the morphology of MSNs and their associ-

ated dendritic spines.

In conclusion, neurodevelopmental and progressive

synaptodendritic alterations were observed in MSNs in the

NAcc following constitutive expression of HIV-1 viral pro-

teins. Targeting these alterations with the selective ERβ
agonist SE during the formative period induces long-term

modifications to synaptodendritic structure, wherebyMSNs

in the NAcc in HIV-1 Tg animals treated with SE resemble

control animals at PD 180. Collectively, HIV-1-associated age-

related structural alterations in MSNs may serve as a key

structural locus underlying the increased propensity for

pALHIV to develop SUD; a structural locus that may be ther-

apeutically targeted by the phytoestrogen SE.
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