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Abstract

Human immunodeficiency virus type 1 (HIV) infection of the brain produces cognitive and motor 

disorders. In addition, HIV positive individuals exhibit behavioral alterations, such as apathy, and 

a decrease in spontaneity or emotional responses, typically seen in anxiety disorders. Anxiety can 

lead to psychological stress, which has been shown to influence HIV disease progression. These 

considerations underscore the importance of determining if anxiety in HIV is purely psychosocial, 

or if by contrast, there are the molecular cascades associated directly with HIV infection that may 

mediate anxiety. The present study had two goals: 1) to determine if chronic exposure to viral 

proteins would induce anxiety-like behavior in an animal model and 2) to determine if this 

exposure results in anatomical abnormalities that could explain increased anxiety. We have used 

gp120 transgenic mice, which display behavior and molecular deficiencies similar to HIV positive 

subjects with cognitive and motor impairments. In comparison to wild type mice, 6 months old 

gp120 transgenic mice demonstrated an anxiety like behavior measured by open field, light/dark 

transition task, and prepulse inhibition tests. Moreover, gp120 transgenic mice have an increased 

number of spines in the amygdala, as well as higher levels of brain-derived neurotrophic factor and 

tissue plasminogen activator when compared to age-matched wild type. Our data support the 

hypothesis that HIV, through gp120, may cause structural changes in the amygdala that lead to 

maladaptive responses to anxiety.
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1. Introduction

Human immunodeficiency virus (HIV) infection of the brain often leads to neurological 

deficits characterized by cognitive impairments and motor deficits, termed HIV-associated 

neurological disorders (HAND) (Chan and Brew, 2014; Heaton et al., 2011; Tan and 

McArthur, 2012). Psychiatric and anxiety symptoms are also very common in individuals 

with HIV (Bing et al., 2001; Kemppainen et al., 2013). Moreover, people living with HIV 

are vulnerable to suicidal ideation and behavior. Indeed, the suicide rates are three times 

higher than in the general population (Carrico, 2010). In addition, anxiety-induced stress has 

also been shown to promote viral replication, reduce immune responses and interfere with 

antiretroviral therapy [reviewed in (Riley and Kalichman, 2015)]. Individuals with anxiety 

and psychiatric comorbidities have lower adherence to HIV medications, decreased quality 

of life, greater health care utilization, and poorer prognosis when compared to individuals 

without psychiatric disorders (Cohen et al., 2007; Weaver et al., 2005). Thus, the importance 

of understanding how HIV causes anxiety syndrome is paramount.

Anxiety symptoms are usually attributed to preexisting predisposition, trauma or abuse, or to 

the diagnosis itself. Initial diagnosis with HIV is associated with significant stress, as is the 

prospect of disclosure of diagnosis and having to live with HIV (Hult et al., 2012; Olley et 

al., 2005). While the general diagnosis and prevalence of anxiety and depression vary across 

cultures (Lewis-Fernandez et al., 2010), these symptoms have been widely reported in HIV-

positive patient cohorts across the globe (Kee et al., 2015; Mutumba et al., 2015; Tesfaye 

and Bune, 2014). This cross-cultural prevalence raises the possibility that in addition to 

psychosocial stressors, a component of HIV infection may trigger anxiety symptoms.

Unfortunately, data on the efficacy of anxiolytic medications in HIV subjects are still 

inconclusive. This is partly due to the potential harmful drug interaction with antiretroviral 

therapy (Owe-Larsson et al., 2009). The effects of herbal supplements or psycho-spiritual 

interventions that are commonly used for anxiety in the general population have not been 

studied [reviewed in (Kemppainen et al., 2013)]. Moreover, past research has mostly focused 

on documenting associations between HIV and psychological disorders, but very little 

experimental work has been done to address explanatory processes that may underlie such 

associations. This is particularly important in view of the fact that anxiety-like behavior is 

also observed in a mouse model of HIV infection, in which the translational activator of HIV 

(Tat) is overexpressed (Paris et al., 2014). Thus, there could be a biological basis to explain 

anxiety in HIV subjects aside from the infection or the knowledge of HIV-related stigma. 

Revealing the biological causes of anxiety symptoms in HIV subject is vital for identifying 

effective therapies.

Anxiety, in addition to a wide range of autonomic and somatic symptoms, can also manifest 

with a variety of psychological problems including fear, impaired concentration and 
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memory. The amygdala is a core component of neural circuits that mediate processing of 

emotions, particularly anxiety and fear-related stimuli across species (Becker et al., 2012; 

Rogan et al., 1997). Alterations in amygdala responses are found in neuropsychiatric 

disorders, especially those precipitated or sustained by stressors, such as anxiety disorders 

(Bickart et al., 2011). Increased amygdala size and a correlation between the volume of 

amygdala, hyperactivity and anxiety behavior has also been reported in HIV positive 

individuals (Ances et al., 2012; Clark et al., 2012). However, little is know about the 

biological substrate for these effects. Thus, in this study, we have tested whether amygdala 

function and plasticity are impaired in an animal model of HIV neurotoxicity. We have used 

mice that overexpress the HIV envelope protein gp120 in astrocytes and exhibit synaptic 

simplification in the cortex and hippocampus (Toggas et al., 1994). Moreover, these animals 

display an impaired hypothalamic-pituitary adrenal (HPA) axis (Raber et al., 1996). We 

report an anxiety behavior in gp120 transgenic (tg) mice which correlates with increased 

synaptic spines as well as levels of neurotrophic factors in the amygdala.

2. Materials and Methods

2.1. Animals

A breeding colony of gp120tg mice were obtained from the University of California San 

Diego, CA. These mice have been previously characterized for their expression of gp120 

under a glial fibrillary acid protein promoter (Toggas et al., 1994) and their deficiency in 

long-term potentiation (Krucker et al., 1998). Mice were bred and maintained in a 

temperature-controlled vivarium at Georgetown University Medical Center, on a standard 

12h light-dark cycle (lights on 0600–1800h), to generate up to 12 months old gp120tg as 

well as wild type (WT) littermates. Food and water were available ad libitum. Both male and 

females were used for these studies. Pain and distress (e.g. weight loss, self-mutilation, 

decreased food and water consumption, abdominal breathing, abnormal posture, 

vocalization, ruffled fur) were monitored by research staff and veterinarians. None of these 

signs were present at any time. Prior each test, mice were transported from the vivarium to 

the testing rooms and allowed to acclimate for one hour before testing commenced. 24 hr 

after the conclusion of behavioral studies, mice were euthanized either by intracardial 

exsanguination for histological analysis of spines or cervical dislocation for biochemical 

determinations (see below). All studies were carried out following the Guide for the Care 

and Use of Laboratory Animals as adopted and promulgated by the U.S. National Institutes 

of Health and approved by Georgetown University Animal Care and Use Committee. Efforts 

were made to minimize animal suffering and to reduce the number of animals used.

2.2. Light-dark test

The light box apparatus consisted of a standard mouse cage (18 cm × 28 cm) with an insert 

dividing the apparatus into two chambers: one light and one dark, which were connected by 

a small opening (6 × 6 cm). At the start of the five-minute test, animals were placed in the 

light box, next to entrance to the dark box. The time spent in the light versus the dark box as 

well as the number of entries into the light box versus the dark box were tracked in real time 

using ANYmaze software (Stoelting Co, Wood Dale, IL). Average duration of visits to the 

light zone was also examined as a measure of anxiety, as it integrates across both total 
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entries and time in the light zone, providing a more sensitive measure than either parameter 

alone. A light box visit was recorded when the mouse moved at least half of its body into the 

light box.

2.3. Open field

Animals were placed in an enclosure (37 cm × 30.5 cm) with 770-lux illumination over the 

center of the arena. Animals were allowed to explore for 60 min, during which total distance 

traveled, number of entries into the center zone, and time spent in the center zone were 

recorded by using ANYmaze software.

2.4. Prepulse Inhibition of the acoustic startle reflex (PPI)

Mice were tested for PPI using SR-LAB system (San Diego Instruments, CA), as previously 

described (Forcelli et al., 2012). 70dB background noise was present throughout the test 

session, which consisted of “pulse alone” trials (presentation of a 120 dB, 30 msec 

broadband noise burst) and “prepulse” trials (prepulse of 3, 6, or 9 dB presented 130msec 

prior to the onset of the 120dB pulse). 5 pulse alone trials were presented to habituate the 

animal to the testing apparatus, followed by 10 pulse alone trials and 5 pulse trials to each 

prepulse intensity. Inter-trial intervals ranged from 5–25 s. Startle magnitude was calculated 

as the average of the startle responses to the pulse-alone trials. PPI was calculated according 

to the formula: % PPI= [1−(startle response for prepulse + pulse trials/startle response for 

pulse alone trials)] × 100.

2.5. Golgi-Cox staining and spine count

Brains were impregnated with Golgi-Cox solution (FDNeurotech Inc, Columbia, MD) for 

two weeks then stained and sectioned (100 μM) according to the manufacturer instructions. 

Neurons were imaged in the basolateral, medial, and lateral amygdala. Neurons were 

selected based on the following criteria: 1) being located within the boundaries of the 

aforementioned areas and relatively distant from the borders; 2) being relatively isolated 

from the neighboring impregnated cells to avoid “tangled” dendrites; 3) the dendrites should 

have well-impregnated and defined borders; and 4) the spines should be obviously 

distinguishable from the background. Because the number of impregnated neurons varied 

between sections, both sides of the brain were used. Two separate counts were performed 

dendritic spines on basal shaft dendrites, and dendritic spines on the apical oblique 

dendrites. Spines in the basal shaft dendrites, which project directly off the cell soma, were 

counted along a 30 μM section of the shaft between 30–100 μM away from soma. Spines in 

the primary apical oblique dendrites, which project off the apical dendrite, were counted in a 

30 μM section of the primary apical oblique. Spines were counted in a blinded fashion using 

ImageJ software (National Institutes of Health, Bethesda, MD) and combined. We averaged 

a total of 110 neurons in each group (n=6 mice each group).

2.6. Enzyme-linked immunosorbent assay (ELISA)

The amygdala was dissected on ice. Levels of brain derived neurotrophic factor (BDNF), 

tissue plasminogen activator (tPA), interleukin-1β (IL-1β), and tumor necrosis factor α 

(TNFα) in the amygdala were determined using ELISA according to the manufacturer 
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instructions with minor modifications described elsewhere (Bachis et al., 2012; Bachis et al., 

2010). IL-1β, and TNFα DuoSet ELISA kits were from R&D System (Minneapolis, MN); 

ELISA for BDNF was from Promega Corp., ELISA for tPA was from Molecular 

Innovations, Inc. (Peary Court, Novi, MI).

2.7. Statistical analysis

Statistical analyses were performed using GraphPad Prism software (GraphPad Software, 

Inc.). Results are presented as mean ± standard error of mean. For a comparison of more 

than two groups, an ANOVA test, followed by a proper post-hoc test for multiple 

comparisons, was applied. P values of <0.05 indicate statistical significance.

3. Results

3.1. Gp120 mice exhibit anxiety behavior

Gp120tg mice develop neurodegeneration and display increased numbers of microglia in the 

cerebral cortex and hippocampus (Toggas et al., 1994), and are, therefore considered an 

important animal model to study molecular mechanisms of HIV-mediated neurological 

disorders. These animals exhibit loss of synaptic plasticity when are 6 months old (Krucker 

et al., 1998; Toggas et al., 1994). Thus, we used 6 months old mice to analyze their behavior 

impairment connected to anxiety.

We first characterized the activity of gp120tg mice in the open field. We found that total 

distance traveled was equivalent between gp120tg and WT mice (Fig. 1). This was revealed 

by ANOVA which failed to find a main effect of genotype [F(1,28)=0.57, P=0.45], but did 

find a significant main effect of time since the start of the test [F(59,1652)=13.47, 

P<0.0001)] and a significant time by genotype interaction [F(59,1652)=1.45, P=0.015]. 

Post-hoc tests failed to identify any time points where genotypes differed significantly. Thus, 

overall locomotor activity did not differ between groups.

Because our central hypothesis is concerned with the effect of gp120 on anxiety-like 

behavior, we analyzed the time spent in the center of the open field (unprotected center area) 

during the first five minutes in the arena. Increased time in the center of the open field is 

often taken as a measure of less anxiety-like behavior. We found that gp120tg mice (Fig. 2) 

spent significantly less time in the center of the open field (a mean of 29.7 sec) than WT 

(46.3; unpaired t-test with Welch’s correction, t=2.16, df=27.9, P=0.039), consistent with an 

anxiety-like behavior.

To further assess anxiety-like behavior in gp120tg mice, we turned to the light-dark 

transition task. Increased time spent in the brightly lit side of the apparatus is taken as an 

indicator of less anxiety-like behavior. The time spent in the dark side of the apparatus (Fig. 

3A) as well as the latency to enter the dark zone (Fig. 3B) did not differ significantly 

between groups (t=1.1, df=41.39, P=0.27); however, there was a significant decrease in the 

number of light/dark zone entries (Fig. 3C) made by gp120tg mice (t=1.82, df=40.29, 

P=0.0375, one-tailed). When we calculated the average duration of a visit to the dark zone 

(Fig. 3D), we again found a significant increase in dwelling in the dark zone by gp120tg 
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mice (t=1.76, df=33.46, P=0.043, one-tailed). These data are consistent with an increase in 

anxiety-like behavior in these animals.

3.2. Gp120 and prepulse inhibition

The amygdala, and in particular its basolateral nucleus (BLA), plays a crucial role in 

processing sensory-motor information (Wan and Swerdlow, 1997). In animals, this process 

is measured by the prepulse inhibition of startle reflex (PPI). Impairment of the function of 

the BLA disrupts PPI (Forcelli et al., 2012; Wan and Swerdlow, 1997). Moreover, a previous 

study has shown PPI deficits in gp120tg mice after methamphetamine treatment (Henry et 

al., 2014). Thus, we examined PPI in WT and gp120tg mice (Fig. 4). While we hypothesized 

that gp120tg animals would display enhanced startle, mean startle amplitude in these 

animals (Fig. 4B) did not differ from WT (t=1.21, df=24, P=0.24). However, with respect to 

PPI, we found a significant main effect of genotype [F(1,24)=6.84, P=0.015; tg less than 

WT] and a significant main effect of prepulse intensity [F(2,48)=30.07, P<0.0001] but no 

genotype-by-prepulse intensity interaction [F(2,48)=0.13, P=0.88]. Holm-Sidak corrected 

planned comparisons revealed significant (P<0.05, one-tailed) reduction in PPI in gp120tg 

mice compared to WT mice at prepulse intensities 6 and 9 dB above background (Fig. 4A).

3.3. Dendritic spines in the amygdala are increased in gp120tg mice

The BLA participates in the storage for memories of fearful experience and it is involved in 

long-term consolidation of emotional memories (Gale et al., 2004; Schafe et al., 2001). 

Hyperactivation of the amygdala in anxiety has been show to be associated with increased 

spine count and dendritic arborization (Mitra et al., 2005). Therefore, we used Golgi staining 

to measure the number of spines in WT and gp120tg mice (Fig. 5A). The analysis was 

carried out in sections containing various amygdala nuclei, including the BLA, medial 

(MeA), and lateral amygdala (LA). There was a significant increase in the number of spines 

in the BLA in 6 months old gp120tg mice when compared to WT mice (Fig. 5B). No 

changes were observed in the MeA and LA (Fig. 5B).

3.4. Dendritic spine increases are age-dependent

Aging appears to be an independent risk factor in the development of neurocognitive 

alterations in HIV positive subjects (Canizares et al., 2014). In addition, as gp120tg animals 

get older, they also display more synaptic abnormalities (Toggas et al., 1994) as well as 

production of neurotoxic processes (Bachis et al., submitted). To determine if the change in 

the number of spines was more prominent in aged mice, we euthanized young (3–4 months) 

and old (10–12 months) WT and gp120tg mice to count dendritic spines in several areas of 

the amygdala. No significant changes between WT and gp120tg mice were seen in any 

nuclei of the amygdala in young animals (Fig. 5C). In 10–12 months old WT mice, the 

number of spines was lower than young WT mice in several nuclei of the amygdala (Figs. 

5C and D). However, in gp120tg mice, the number of spines was significantly increased in 

BLA as well as MeA and LA when compared to age-matched WT (Fig. 5D), suggesting that 

aging, which per se decreases spines in the amygdala, is exacerbating the effect of gp120.
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3.5. tPA and BDNF levels are increased in gp120tg mice

There are many mechanisms that could explain why gp120 causes an increase in the number 

of spines in the amygdala. Pathological anxiety-like behavior overlaps with an increase in 

the expression of tissue plasminogen activator (tPA) (Pawlak et al., 2003), a serine protease 

that plays a role in synaptic plasticity and spine morphology (Baranes et al., 1998; Li et al., 

2004; Pang et al., 2004). Therefore, we measured tPA levels in the amygdala of gp120tg and 

WT mice. We found an aged-dependent increase in tPA levels in gp120tg animals when 

compared to WT, starting at 6–7 months (Fig. 6A).

Evidence indicates that anxiety, which triggers spinogenesis in the amygdala (Mitra et al., 

2005), promotes also the synthesis of BDNF (Lakshminarasimhan and Chattarji, 2012). 

Overexpression of BDNF has been shown to cause spinogenesis in the BLA (Govindarajan 

et al., 2006). Moreover, BDNF is up-regulated in the amygdala of stressed animals 

(Lakshminarasimhan and Chattarji, 2012). Thus, in an attempt to provide a correlation 

between increased spines and BDNF, we determined the levels of BDNF in WT and gp120tg 

mice. We found that 6 months old and older gp120tg mice exhibit higher levels of BDNF 

when compared to WT controls (Fig. 6B).

Microglia activation has been observed in the hippocampus and cortex of gp120tg mice 

(Toggas et al., 1994), suggesting that gp120 may promote an inflammatory response. To 

ascertain whether the increase in tPA and BDNF reflects a generalized augmentation of the 

inflammatory response, we measured the levels of pro-inflammatory cytokines IL-1β (Fig. 

6C) and TNFα (Fig. 6D) in the amygdala. We found no significant changes in either IL-1β 

or TNFα levels between WT and gp120tg mice at any age examined.

4. Discussion

Anxiety symptoms are commonly seen in HIV-infected individuals (Kemppainen et al., 

2013). Nevertheless, little is know about the biological basis of anxiety disorders in HIV 

patients. Anxiety and stress, either acute or chronic, are the prime factors, which have 

experimentally and clinically been shown to modulate amygdala reactivity. To test 

experimentally whether the amygdala architecture could be compromised in HIV subjects 

with neurological impairment, we used mice overexpressing the viral protein gp120. These 

mice exhibit several cognitive and motor features of HIV dementia (Krucker et al., 1998; 

Toggas et al., 1994), as well as impaired HPA (Raber et al., 1996), frequently seen in HIV 

positive subjects (George and Bhangoo, 2013; Vago et al., 1994). Here we report that these 

mice exhibit a behavior consistent with anxiety-like syndrome, when they are six months 

old. The amygdala of these animals is characterized by an increased number of dendritic 

spines, suggesting spinogenesis and synaptic remodeling. Spinogenesis correlated with 

elevated levels of BDNF and tPA, two key players in structural plasticity as well as dendritic 

and spine architecture (Baranes et al., 1998; Govindarajan et al., 2006). Our data suggest 

that long-term exposure to gp120 may promote an environment that is conducive for 

morphological plasticity of dendrites that underlies increased anxiety behavior. Thus, gp120 

could also be a key factor in the progression of HIV-induced anxiety.
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We have found that gp120tg mice exhibit anxiety-related behavior, demonstrated by using 

several behavior tests. For instance, the open field test, which allows for an overall measure 

of exploratory drive, showed that gp120tg mice explore less the center of the arena. 

Moreover, they tend to prefer the dark zone as reflected in a decrease in the number of 

transitions between the light and dark compartment and increased visit duration to the dark 

zone. Although the data were obtained in an animal model of HIV infection of the brain, 

these findings have a clinical relevance. In fact, the incidence of generalized anxiety and 

panic disorder is substantially greater in HIV positive individuals compared to those that are 

negative (Atkinson et al., 2008; Bing et al., 2001), or subjects suffering from mood disorders 

comorbid with other terminal illnesses, such as cancer (Massie, 2004).

We also observed deficits in prepulse inhibition in gp120tg mice. This pattern is consistent 

with a prior report (Henry et al., 2014) showing PPI deficits in female, but not male, gp120 

mice; these gender-related changes in PPI could be due to the fact that PPI varies according 

to the estrus cycle (Koch, 1998). In the present study, although we were not powered to 

examine sex differences, we have found that even with mixed sex groups, gp120 alters PPI. 

These data are also consistent with a report examining PPI in HIV-infected individuals, 

which found significant PPI impairments in HIV+ individuals with HAND, as compared to 

HIV+ individuals without HAND (Minassian et al., 2013). This finding further underscores 

the relevance of the gp120 mouse model as a tool for examining the neurobiology and 

neuropathology of HIV infection.

Changes in anxiety status of HIV subjects may be provoked by psychosocial factors as well 

as biological mechanisms. In this study, we show that the amygdala of gp120tg mice with an 

anxiety behavior undergoes dendritic spine remodeling. The increase in the density of spines 

in the amygdala observed in this study is in contrast with a reduction of dendritic spines that 

we have previously detected in the hippocampus of these animals (Bachis et al., submitted). 

However, such discrepancy is not unusual because it has been demonstrated that the 

hippocampus and amygdala respond differently to anxiety caused by chronic stress. In fact, 

while in chronically stressed rats hippocampal pyramidal neurons exhibit shorter dendritic 

length and overall atrophy, pyramidal neurons of the amygdala, and in particular in the BLA, 

undergo morphological changes consistent with increased dendritic arborization (Mitra et 

al., 2005; Vyas et al., 2002). There are several explanations for these contrasting effects, and 

among others, the disparate role of the hippocampus and amygdala in the control of stress 

and the HPA axis and in their expression profile of genes (Alfonso et al., 2005). In addition, 

we cannot ignore the role that the HPA axis and glucocorticoids play in synaptic remodeling 

(McEwen, 2007). Gp120tg mice exhibit impaired HPA axis and an increase in 

glucocorticoid levels (Raber et al., 1996). Thus, glucocorticoids, which have been shown to 

exacerbate the toxic effect of gp120 in the hippocampus (Yusim et al., 2000), could be 

responsible for the atrophy of neurons in this brain region. Chronic glucocorticoid elevation 

induces dendritic atrophy in hippocampus (Wood et al., 2004), which in turn reduces 

negative feedback of ACTH and glucocorticoid secretion prolonging the stress response. By 

contrast, glucocorticoid elevation is sufficient to induce dendritic hypertrophy in the 

amygdala (Mitra and Sapolsky, 2008).
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Another important result presented in our study is the up-regulation of BDNF in six month 

old or older gp120tg mice. BDNF has been shown to be important in the plastic effect on 

dendrite growth and spine morphology (Chapleau and Pozzo-Miller, 2012; Horch, 2004). 

BDNF has both anxiogenic as well as antidepressant properties (Govindarajan et al., 2006). 

Moreover, BDNF reverses the impaired neurite outgrowth described in gp120tg mice (Lee et 

al., 2013). Thus, we were not surprised to discover that spinogenesis in the amygdala was 

associated with an increase in BDNF levels. However, our data seems to be at odds with 

earlier study showing that gp120 reduces BDNF expression in the hippocampus of gp120tg 

mice (Bachis et al., submitted). Moreover, gp120 evokes a loss of BDNF expression both in 

neurons in vitro (Bachis et al., 2012) as well as in the caudate nucleus in vivo (Nosheny et 

al., 2004). The decrease in BDNF levels is not an artifact of the rodent model because a 

reduction in BDNF levels in the caudate nucleus and frontal cortex has been also 

demonstrated in HIV subjects with dementia (Bachis et al., 2012). Thus, the increase in 

BDNF levels in the amygdala observed in this study appears to be uniquely associated with a 

possible activation of a neuronal circuitry within the amygdala.

Elevated levels of BDNF may be causing an increase in spine number. However, in addition 

to BDNF, six months old or older gp120tg mice present elevated levels of tPA. Such increase 

resembles that observed within the amygdala in rodents after prolonged stress (Pawlak et al., 

2003), which is know to trigger pathological anxiety like behavior, and to cause neuronal 

remodeling within the amygdala (Vyas et al., 2002). Moreover, glucocorticoid signaling 

(which is elevated in gp120 mice) triggers increases in tPA mRNA (Medcalf et al., 1988). 

tPA could be facilitating dendrite/axonal plasticity by a number of mechanisms. For 

instance, tPA could potentiate N-methyl-d-aspartate (NMDA) receptor signaling (Nicole et 

al., 2001), which is know to facilitate spinogenesis (Liu et al., 2012). In addition, tPA is a 

serine endopeptidase that, upon release into the synaptic cleft, activates the protease plasmin, 

which cleaves the high molecular weight precursor proBDNF to mature BDNF (Mowla et 

al., 1999). proBDNF has the opposite effects of the mature BDNF. These include neuronal 

apoptosis (Lee et al., 2001), axonal degeneration in the developing as well as mature nervous 

system (Kaplan and Miller, 2003; Park et al., 2010; Singh et al., 2008), presynaptic terminal 

retraction (Yang et al., 2009) and long term depression (Woo et al., 2005). Thus, tPA by 

promoting cleavage of proBDNF into mature BDNF, may induce spinogenesis. This 

observation suggests that both BDNF and tPA are critical for the effect of spine number 

observed in our study.

4.1. Conclusions

Morphometric and neurocognitive studies have revealed significant changes in the amygdala 

of HIV positive subjects (Clark et al., 2012). Moreover, HAND subjects demonstrate severe 

PPI compared to HIV+ individuals with no cognitive alterations (Minassian et al., 2013). In 

this study, we have attempted to provide the biological basis for the mechanisms underlying 

this anxiety-induced neuronal plasticity, and we have observed a significant increase in 

dendrite spines in the BLA of gp120tg mice, associated with an anxiety-like behavior. Both 

are consistent with the notion that the amygdala of these animals is undergoing structural 

plasticity. These data underscore the importance of future longitudinal examination of 

anxiety-like behavior in these mice. Moreover, they validate an animal model that may be 
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used to screen the efficacy of therapeutic interventions for anxiety symptoms associated with 

HIV infection.
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gp120 transgenic mice develop anxiety-like behavior when they are 6 months old.

Anxiety correlates with more spines in the amygdala.

spinogenesis occurs concomitantly with an increased expression of tPA and BDNF
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Figure 1. Locomotor activity is not altered in gp120tg mice
Gp120tg and age-matched WT were tested in a 60 min open field task. Data show the total 

distance traveled (m) over the course of the 60 min test in 5 min time bins. Data are 

presented as the mean ± SEM (gp120tg mice, 7 females, 6 male; WT, 9 females, 8 male).
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Figure 2. Gp120tg mice show increased anxiety-like behavior in the open field
Animals tested for locomotor activity were also recorded for the time spent in the center of 

the open field, using ANYmaze software. Data, expressed as mean ± SEM, show that 

gp120tg mice spent significantly less time in the center of the open field than did WT mice. 

*p<0.05 vs WT (t-test).
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Figure 3. Gp120tg mice display increased anxiety-like behavior by the light/dark test
Gp120tg (10 each gender) and age-matched WT mice (12 females, 13 male) were tested for: 

(A) Time spent in the dark zone; (B) Latency to enter the dark zone; (C) Number of light 

dark transitions and (D) average duration of visits to dark zone. Data are expressed by means 

± SEM. *p<0.05 vs WT, t-test (one-tailed).
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Figure 4. Gp120tg mice exhibit impaired sensorimotor gating, but normal acoustic startle 
response
(A) Prepulse inhibition (PPI) of the acoustic startle response as a function of prepulse 

intensity. Gp120tg (6 each gender) and matched WT (7 each gender) were tested. Data are 

the mean ± SEM. Gp120tg mice showed decreased PPI at prepulses 6 and 9 dB above 

background. *p<0.05 (Holm-Sidak post-hoc test, one-tailed). (B) Acoustic startle (in 

arbitrary units) was unaffected by genotype.

Bachis et al. Page 18

Brain Behav Immun. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Spine density is increased in the amygdala of old gp120tg mice
A. Photomicrograph of a Golgi stain-impregnated apical dendritic process in the BLA from 

WT and gp120tg mice. B–D. Spine density was determined by counting both basal shaft 

dendrites as well as apical oblique dendrites (see also Materials and Methods) in 6–7 (B), 3–

4 (C) and 9–12 (D) months old mice. Data are the mean ± SEM (average number of spines 

per 10 μm) from a total of 110 neurons in each group (n=6 mice each group, 3 each gender). 

#p<0.05, *p<0.01 vs WT.

Bachis et al. Page 19

Brain Behav Immun. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. gp120 increases tPA and BDNF levels in the amygdala
Tissue lysates from the amygdala of gp120tg and age-matched WT were prepared. ELISAs 

were then used to determine the levels of tPA (A), BDNF (B) IL-1β (C) and TNFα (D). Data 

are the mean ± SEM of 6 mice per each group (3 per gender). ^p<0.05, *p<0.01 vs WT.
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