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Abstract

In humans, some males experience reductions in testosterone levels, as a natural consequence of 

aging or in the clinical condition termed hypogonadism, which are associated with impaired 

cognitive performance and mood disorder(s). Some of these behavioral deficits can be reversed by 

testosterone treatment. Our previous work in rats reported that sex differences in the expression of 

the transcription factor Zif268, a downstream target of testosterone, within the medial prefrontal 

cortex (mPFC) mediates sex differences in social interaction. In the present study, we aimed to 

examine the effects of gonadectomy (GNX) in male rats on mPFC Zif268 expression, mood and 

cognitive behaviors. We also examined whether reinstitution of Zif268 in GNX rats will correct 

some of the behavioral deficits observed following GNX. Our results show that GNX induced a 

downregulation of Zif268 protein in the mPFC, which was concomitant with impaired memory in 

the y-maze and spontaneous object recognition test, reduced social interaction time, and 

depression-like behaviors in the forced swim test. Reinstitution of mPFC Zif268, using a novel 

adeno-associated-viral (AAV) construct, abrogated GNX-induced working memory and long-term 

memory impairments, and reductions in social interaction time, but not GNX-induced depression-

like behaviors. These findings suggest that mPFC Zif268 exerts beneficial effects on memory and 

social interaction, and could be a potential target for novel treatments for behavioral impairments 

observed in hypogonadal and aged men with declining levels of gonadal hormones.
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Introduction

The decline in testosterone experienced by individuals suffering from hypogonadism, or as a 

natural consequence of aging, is associated with cognitive dysfunction and onset of mood 

disorders (Moffat et al., 2002, Shores et al., 2005, Borst et al., 2014). Animal studies have 

shown that testosterone depletion, achieved via gonadectomy (GNX), recapitulate 

impairments in cognitive performance and symptoms of affective disorders as is observed in 

the human population (Ceccarelli et al., 2001, Frye and Seliga, 2001, Daniel et al., 2003, 

Kritzer et al., 2007, Aubele et al., 2008). Strategies to treat this pervasive human condition 

with administration of testosterone have yielded mixed results, but most studies have shown 

beneficial effects of testosterone (Janowsky et al., 1994, Janowsky et al., 2000, Cherrier et 

al., 2001, Cherrier et al., 2005, Warren et al., 2008). As such, it is important to examine the 

behavioral and neuromolecular changes that are produced by loss of gonadal hormones since 

understanding these hormone-related changes will allow for identification of non-hormonal 

treatment strategies.

In the present study, we used GNX in adult male rats as an established model of testosterone 

depletion that produces deficits in cognition and mood-related behaviors. Since in vitro work 

has demonstrated that Zif268 is a target of gonadal hormones (Kousteni et al., 2003; 

Chauhan et al., 2004; Fix et al., 2004), we used this model to examine the impact of GNX on 

Zif268 expression in the brain. This model also allowed us to examine the influence of 

Zif268 levels on memory and mood-related behaviors. Zif268 (also known as Egr-1) belongs 

to a family of proteins that are immediate-early gene-encoded and function as inducible 

transcription factors (Sukhatme et al., 1988, Cao et al., 1990, Lemaire et al., 1990). Zif268 

protein is rapidly induced in an activity-dependent manner, and plays a role in maintaining 

long-term potentiation in the dentate gyrus of the hippocampus (Cole et al., 1989, Wisden et 

al., 1990; Jones et al., 2001). Similarly, levels of Zif268 protein are upregulated in response 

to learning-induced neural activity (Nikolaev et al., 1992). Loss-of-function studies have 

demonstrated the necessity of Zif268 gene expression for normal long-term memory 

formation (Jones et al., 2001, Bozon et al., 2002). In parallel, gain-of-function studies have 

shown that overexpression of Zif268 within the dentate gyrus can enhance long-term spatial 

memory (Penke et al., 2014). Within the neural circuitry that supports learning and memory, 

Zif268 expression is induced following learning-related stimuli. This circuitry includes, but 

is not limited to, spatial memory within the hippocampus, fear-related memory retrieval 

within the amygdala, and working memory within the medial prefrontal cortex (mPFC) 

(Guzowski et al., 2001, Hall et al., 2001, Thomas et al., 2002).

Due to the well-defined role of Zif268 in learning and memory, most studies that examined 

the functional role of Zif268 have focused on its action within the hippocampus (Hall et al., 

2000; Davis et al., 2000) and the amygdala (Malkani and Rosen, 2000). It is important to 

note that the mPFC exerts top-down influence over brain regions such as the amygdala to 
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influence anxiety and social recognition (Kim et al., 2011; Fossati et al., 2012; Lungwitz et 

al., 2014). A previous report from our group demonstrated sex differences in Zif268 mRNA 

and protein expression within the mPFC, where males exhibited higher levels as compared 

to females. Further, this sex difference in Zif268 mediated sex differences in social 

interaction (i.e., higher levels of social interaction in males vs. females). Indeed, upon mPFC 

downregulation of Zif268 (via antisense oligodeoxynucleotides), males displayed similar 

levels of social interaction as their female counterparts, which suggested an important role of 

this gene in sex differences in social interaction (Stack et al., 2010). Accordingly, the first 

aim of the present study was to design and confirm the functionality of an adeno-associated 

virus (AAV) intended to upregulate levels of Zif268 protein. The second aim was to 

delineate the functional role of mPFC Zif268 in memory and mood-related behavioral 

deficits observed following GNX. To this end we assessed whether restitution of mPFC 

Zif268 would rescue the behavioral deficits observed following GNX.

To explore the functional role of mPFC Zif268 in GNX-related behavioral deficits, we 

employed behavioral assays that do not require reinforcement, yet can still tap into various 

aspects of memory and mood. As such, we used the y-maze to investigate working memory 

since mPFC integrity is required in this type of memory task (Yang et al., 2014). 

Furthermore, since Zif268 plays a major role in long-term memory (e.g., Penke et al., 2014), 

and the mPFC contributes to memory tasks without a spatial component (Barker et al., 2007; 

Barbosa et al., 2013), another aim of this work was to examine the role of mPFC Zif268 in 

long-term memory, investigated using the spontaneous object recognition (SOR; also known 

as: novel object recognition) test (Winters et al., 2010). Also, in order to investigate the 

impact of GNX on social anxiety-like behavior we employed the social interaction test. 

Previously, this test identified mPFC Zif268 as a major player in sex differences in social 

interaction (Stack et al., 2010). Finally, since loss of gonadal hormones can produce a 

depression-like phenotype (Wainwright et al., 2011; Carrier and Kabbaj, 2012b; Khera M, 

2013), we used the forced swim test (FST) to examine the impact of GNX and viral-

mediated Zif268 mPFC expression on depression-like behaviors.

Experimental Procedures

Zif268 viral construct

The backbone plasmid pAAV.CBA.IRES.WPRE (kind gift from Dr. David G. Standaert, 

University of Alabama at Birmingham) was used to construct a Flag-tagged transfer vector. 

From this plasmid the fragment between EcoR1 and BsrG1 was removed allowing for the 

removal of almost all of the 1st multiple cloning sites and the IRES2.GFP DNA fragment. 

The remaining plasmid backbone was re-ligated and underwent a subsequent digestion with 

NotI and EcoRV, which are present in the 2nd multiple cloning site. The full-length open 

reading frame (ORF) for rat Zif268 was obtained by high-fidelity PCR, using a plasmid 

carrying the full-length rat Zif268 ORF as a PCR template (a generous gift from Dr. Jeffrey 

Milbrandt; Washington University, School of Medicine). Using this template in combination 

with forward and reverse primers designed to contain EcoRI and Hind III sites. The primers 

were designed as follows: 5’- GAATCCATGGCAGCGGCCAAGGCC-3’ (Fwd) and 5’-

AAGCTTTTAGCAAATTTCAATTGTCCTAGGAG-3’ (Rev). Full-length Zif268 cDNA 
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flanked by EcoRI and HindIII was amplified using Phusion Hot Start Flex DNA Polymerase 

(New England Biolabs). The amplified PCR product was then sub-cloned into a 

pCMV-3Tag-1 vector (Agilent Technologies) at the unique NotI and EcoRV restriction sites. 

The Flag-tagged Zif268 was then excised and re-ligated into the AAV2 expression plasmid; 

the resulting vector was named AAV2.CBA.Flagx3.ratEGR1.WPRE.rBG. The DNA 

sequence of this vector was confirmed via sequencing and restriction enzyme mapping 

(Figure 2A) at the Molecular Cloning Facility at Florida State University, prior to being 

packaged at the Vector Core Facility at the University of Pennsylvania. The Control AAV 

was also stereotype II and expressed green fluorescent protein; AAV2.CB7.CI.eGFP.rBG 

(Cat. No. AV-2-PV1963) and was obtained from the Vector Core at the University of 

Pennsylvania.

In vitro experiments

An immortalized hippocampal neuron cell line (HT22) was a generous gift from Dr. 

Schubert (Salk Institute, University of California, San Diego; Davis et al., 1994), and was 

used to validate our Zif268-overexpressing viral construct functionality in vitro. The HT22 

cells were maintained in Dulbecco’s Modified Eagle Medium (Gibco) supplemented with 

15% fetal bovine serum (HyClone) with 50 units/mL penicillin/50 µg/mL streptomycin 

(ThermoFisher Scientific), and incubated at 37°C with 10% CO2. HT22 cells were grown on 

poly-L-lysine-treated Corning dishes (Fisher Scientific) with fresh media exchanges every 

48 h. Upon achieving 30–40% confluence, cells were treated with either the 

AAV2.CB7.CI.eGFP.rBG (Control) or AAV2.CBA.Flagx3.ratEGR1.WPRE.rBG (AAV-

Zif268) constructs at a 10−3 dilution. Cells were harvested 7 days post-infection by washing 

two times with cold phosphate buffered saline (Fisher Scientific); subsequently 200 µL of 

Lysis buffer (Tris-HCl 100 mM [J.T.Baker]; NaCl 200 mM [Macron Fine Chemicals], 0.5% 

Triton-X, 5mM EDTA [Sigma], Milli-Q H20) containing protease inhibitor cocktail (Roche) 

was added to each plate. Once washed, cells were collected in pre-chilled sterilized 

Eppendorf tubes, re-suspended in 2 mL Lysis buffer, and centrifuged for 1 min at 14,000 

rpm for 2 min at 4°C. Protein concentrations were determined via Bradford Assay according 

to the manufacturer’s instructions (Bio-Rad).

Western blot analysis of cell lysates

After Bradford assay, HT22 cell lysates were mixed with SDS-PAGE buffer (250 mM Tris, 

10% w/v SDS, 30% v/v glycerol, 5% v/v 2-mercaptoethanol, 0.02% w/v bromophenol blue, 

pH 6.8) at a 1:5 dilution. For each sample, 10 µg of total cell lysate was loaded onto a 12% 

SDS-PAGE gel alongside a pre-stained protein ladder (All Blue, Bio-Rad) and underwent 

electrophoresis. Subsequently, gels were electrotransferred to a nitrocellulose membrane 

(Amersham, Protran, GE Life Sciences). Membranes were blocked in 5% milk in Tris-

buffered saline with Tween (TBST) for 1 h at room temperature and incubated overnight 

with rabbit anti-Egr-1 (1:1000, sc-110, Santa Cruz Biotechnology) and mouse anti-Actin 

(1:1000, MAB1501, Millipore) at 4 °C on a rocking platform. Membranes were rinsed once 

with TBST and four times with TBS on a rocking platform at room temperature, incubated 

for 45 min at room temperature with a donkey anti-rabbit secondary antibody and a donkey 

anti-mouse secondary antibody (1:10,000 dilution, 800LT; Li-Cor Biosciences), rinsed once 

with TBST and four times with TBS on a rocking platform, and imaged using an Odyssey 
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infrared imaging system (Li-COR Biosciences, Lincoln, NE). Quantification was performed 

using ImageJ software (NIH).

In vivo experiments

For the experiments described below, animals were transferred to a dimly lit room and 

allowed to acclimate to the new environment for 15 min prior to the onset of behavioral 

testing. All behavioral testing occurred during the first 6 h of the light cycle, was recorded 

with EthoVision software, and was confirmed at a later time by a trained observer blind to 

experimental conditions. The forced swim test was re-scored with a stopwatch, by a trained 

observer blind to experimental conditions, due to the variability in the ability of the 

EthoVision software to accurately track behavior in this assay.

Animals

Adult male Sprague Dawley rats (weighing 250–275 g upon arrival; Charles River 

Laboratories) were used in the current study. Rats were pair-housed in standard plastic cages 

(43 x 21.5 × 25.5 cm) and maintained on a 12 h: 12 h light-dark cycle. Water and rat chow 

(5001, Purina) were available ad libitum except during behavioral testing. All animal 

protocols were carried out in accordance with the NIH Guide for Care and Use of 

Laboratory Animals and were approved by the Institutional Animal Care and Use 

Committee of the Florida State University.

Surgery

Rats were anesthetized with a ketamine (90 mg/kg)/xylazine (5 mg/kg) cocktail delivered 

intramuscularly. Bupivicaine (0.25% solution) was applied topically as an analgesic and the 

non-steroidal anti-inflammatory drug Carprofen (5 mg/kg; subcutaneous) (Butler Schein 

Animal Health Supply) was given at the start of the surgical procedure for management of 

postoperative pain. Gonadectomy and AAV infusions were conducted in the same surgical 

procedure.

Gonadectomy and sham surgeries—A 1–2 cm midline incision was made in the 

scrotum of adult male rats to expose the tunica. The ventral tip of the tunica was pierced and 

both testes were extracted to expose the vas deferens, which was bilaterally ligated with silk 

sutures (Ethicon) and the testes were excised, the remaining tissue was placed back into the 

tunica prior to suturing. For the sham procedure, the same procedure was performed except 

the testes were not excised and were replaced within the tunica.

Infusion of the AAV constructs into the mPFC—For stereotaxic delivery of the AAV 

constructs, rats received bilateral microinjection (1 µl per side, infused at a rate of 0.1 µl/min 

and allowed to diffuse for an additional 10 min before retraction of the injector) of Control 

or AAV-Zif268 into the prelimbic region of the mPFC. Stereotaxic coordinates for the 

injection were ±1.0 mm lateral to midline, 2.7 mm anterior to bregma, and 3.0 mm ventral to 

skull surface. Animals were monitored daily following surgery and given 2 weeks before the 

onset of behavioral testing to allow for full expression of the viral constructs and washout of 

endogenous testosterone.

Dossat et al. Page 5

Neuroscience. Author manuscript; available in PMC 2018 January 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Y-Maze Spontaneous Alternation Test

Spontaneous alternation behavior in a y-maze was evaluated as a measure of working 

memory. The y-maze was constructed from clear Plexiglass that had three identical arms 

(46.5 x 15.5 x 31 cm) positioned at equal angles, and was surrounded by a variety of two and 

three dimensional extra-maze cues. Rats were tested individually in a dimly lit room; they 

were placed in the center of the arms, after 30 s the barriers to the arms were removed and 

the rats were given 10 min to freely explore the arms of the y-maze. At the conclusion of 

each individual test, the arms of the y-maze were cleaned with 70% EtOH. An arm entry 

was defined as the entry of all four paws into an arm. A correct alternation was defined as 

successive entries of the three arms, in which three different arms were entered. The 

maximum number of spontaneous alternations was defined as the total number of arms 

entered minus two; the percentage of correct alternation behavior was calculated as: (number 

of correct alternations / maximum alternations) x 100 (Arendash et al., 2006). For example, 

if the following sequence of arm entries was observed: ABACBCAAB; the animal would 

have exhibited 9 arm entries, with 7 maximum spontaneous alternations, and 3 correct 

spontaneous alternations. The percent correct would be 42.86%. Y-maze behavior was 

recorded by a video camera located above the y-maze, and correct spontaneous alternations 

were calculated at a later time by a trained observer blind to experimental condition. This 

protected animals against disturbance by experimenters during the y-maze test.

Open Field Test and Spontaneous Object Recognition Test

During the habituation phase, rats were placed in an empty open field box (1 m x 1 m x 1 m) 

and allowed to investigate it for 10 min, after which they were returned to their home cage. 

Time spent in the center of the field (70 cm x 70 cm), time spent in the borders of the field 

(15 cm each), and the total distance traveled during the test was determined in order to 

assess anxietylike behavior and general locomotor activity. Twenty-four h after the 

habituation phase, a pair of identical objects was placed in the open field arena (each 35 cm 

from the edge of the arena); the rat was placed in the opposite side of the open field box 

facing away from the training objects, and then given 10 min to explore its environment. A 

total of five animals were not advanced to the test phase; three were excluded due to 

evidence of a side preference during the training phase, one was excluded due to failure to 

interact with both objects during the training phase, and one was excluded because the time 

spent investigating the training objects was two standard deviations away from the mean of 

the group.

After a 24 h retention interval, one training object and one novel object were placed in the 

open field box (each 35 cm from the edge of the open field) and the rat was given 10 min to 

freely explore its environment. To avoid coercion to explore one object over another, rats 

were released in the center of the arena and were facing the wall. Two sets of identical 

objects were used for training and testing. One set was comprised of porcelain turquoise 

piggy banks and the other set was sealed glass mason jars filled with tan and silver sparkling 

sand. Both sets of objects were similar in height (13 cm - 12 cm high) yet differed in color 

and shape to allow for discrimination between the two. The objects weighed ≥800 g to 

discourage their movement during the test. The set of objects used as the training or novel 

objects was counterbalanced between rats to avoid any effect of innate object bias (Hale and 
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Good, 2005), and the position of the novel object was alternated between corners to protect 

against any positional biases. Between each trial, the arena and objects were wiped down 

with a clean cloth and 70% EtOH to remove any odorant cues from the previous subject. A 

digital camera located directly above the arena recorded the rats’ behavior; videos were 

analyzed with EthoVision XT (Noldus Information Technology) and confirmed at a later 

time by a trained observer blind to treatment condition. Percent of novel object preference 

was calculated as: (time spent exploring a novel object/total exploration time) x 100 

(Oliveira et al., 2010), and this percentage was used for statistical analysis. Time with an 

object was defined as an animal orienting towards an object with ≤ 3 cm between its nose 

and the object. Data from one animal was removed from analysis due to failure to approach 

the objects during the object recognition test; one animal was removed because object 

exploration time was two standard deviations away from the mean of the group.

Social interaction test

Rats were placed in an empty open field box (1 m x 1 m x 1 m), and given 10 min to freely 

explore it. After this acclimation period, an untreated social target that was matched for age, 

sex, and body weight was introduced to the open field box in the opposite corner from the 

experimental target. The experimental target and social target were given 10 min to freely 

explore each other and the environment. At the conclusion of the behavioral test rats were 

returned to their respective cages, and the open field box was cleaned with 70% EtOH. 

Social interaction tests were video recorded and scored with EthoVision, and confirmed by a 

trained observer blind to experimental conditions. Social interaction was defined as the time 

the experimental rat spent investigating or engaging in physical activity with the social target 

with ≤ 5 cm between the nose of the experimental rat and the social target (File and Seth, 

2003; Stack et al., 2010). Anogenital investigation was defined as the time the experimental 

rat spent in close proximity and investigating (e.g., sniffing) the anogenital region of the 

social target. The olfactory cues obtained by rodents when sniffing the anogenital region are 

key components in the development of social recognition (Engelmann et al., 1995; Ferguson 

et al., 2002).

Forced Swim Test

The forced swim test (FST) is a two-day procedure where rats are forced to swim in an 

inescapable cylinder for 15 min on day 1 and for 5 min on day 2 (Porsolt et al., 1977; Lucki, 

I, 1997). We used clear cylinders (75 cm high, 20 cm wide) filled with 25°C water to a depth 

that prevented tails from touching the bottom of the cylinder. FST from both sessions were 

video recorded, and the video from day 2 (5 min session) was scored by a trained observer 

blind to experimental condition. Latency to immobility was defined as the time when the 

animal first assumed a stationary posture not associated with an attempt to escape the 

cylinder. Immobility was scored when the rat only made the movements necessary to 

maintain its head above water.

Physiological consequences of GNX

Body weight was recorded pre- and post-operatively throughout the course of the 

experiment to confirm blunted weight gain in the adult males that received GNX, as has 

been described previously (e.g., Kakolewski et al., 1968; Sillence et al., 1995). At the time 
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of sacrifice, trunk blood was collected into chilled polyethylene centrifuge tubes containing 

0.5M EDTA pH 8.0 (Sigma Aldrich), stored on ice, and centrifuged at 4 °C at 2000 rpm for 

20 min. Plasma was collected into sterilized microcentrifuge tubes and stored at −80°C until 

further processing. Total plasma testosterone levels were determined by coat-a-count 

iodine-125 radioimmunoassay according to the manufacturer’s instructions (Cruinn 

Diagnostics, Dublin, Ireland).

mPFC tissue collection, protein isolation, and Western blot analysis

To verify injection placement and level of Zif268 expression at the conclusion of 

experiments, rats were sacrificed via rapid decapitation one week after the FST. Brains were 

rapidly removed and flash frozen on methyl butane with dry ice (−20°C) and stored at 

−80°C until subsequent processing. Coronal cryostat sections were collected at 50 µm, 

injection placement was recorded (according to Paxinos and Watson, 2007), and 1 mm tissue 

punches were taken around the injection damage site (Figure 2C). Total protein was 

extracted from the mPFC at the site of injection as previously described (Stack et al., 2010), 

using the Tri Reagent protocol (Molecular Research Center, Cincinnati, OH). Ten µg of 

protein per animal was run on 12% acrylamide gel and subsequently transferred to a 

nitrocellulose membrane (Whatman, Protran BA83, GE Healthcare). The membrane was cut 

between 50 and 75 kDa; the 50 kDa and below membrane was incubated with a rabbit anti-

GAPDH primary antibody (1:2000, Cat. No. 5174, Cell Signaling).The 75 kDa and above 

membrane was incubated with a rabbit anti-Egr-1 primary antibody (1:1000; sc-110, Santa 

Cruz Biotechnology) overnight at 4 °C on a rocking platform. Membranes were rinsed once 

with TBST and four times with TBS on a rocking platform at room temperature. Membranes 

were then incubated for 45 min at room temperature with a goat anti-rabbit secondary 

antibody diluted 1:10,000 (680LT and 800LT; Li-Cor Biosciences), rinsed once with TBST 

and four times with TBS on a rocking platform, and imaged using an Odyssey infrared 

imaging system (Li-COR Biosciences, Lincoln, NE). Quantification was performed using 

ImageJ software (NIH). Data are shown as the ratio of Zif268 to GAPDH in rats’ mPFC, 

calculated by: the signal intensity of Zif268 – the background signal / signal intensity of 

GAPDH.

Statistical analysis

Data are reported as mean ± SEM. Western blot analysis of cell lysates was evaluated by 

unpaired t-test; Western blot analysis of mPFC tissue was evaluated by two-way analysis of 

variance (ANOVA). Change in body weight over time was evaluated by two-way repeated 

measures ANOVA. Radioimmunoassay results were examined by two-way ANOVA. All 

results obtained from behavioral tests were evaluated using two-way ANOVA, with 

peripheral manipulation (GNX or sham GNX) or central manipulation (Control or AAV-

Zif268) as independent factors, followed by Fisher LSD post hoc tests where appropriate. 

Any value that was more than two standard deviations from the group mean was excluded 

from analysis. All statistical analyses were performed using GraphPad Prism 6.07 and 

StatView 5.0.1 (SAS Institute, Inc.) with p values < 0.05 considered statistically significant. 

Cohen’s d for pair-wise comparisons and Eta squared (η2) for ANOVA results were 

calculated to estimate effect sizes.

Dossat et al. Page 8

Neuroscience. Author manuscript; available in PMC 2018 January 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

Experiment 1: Delivery of AAV-Zif268 construct promotes overexpression of Zif268 in vitro 
and protects against GNX-induced mPFC Zif268 downregulation in vivo

In vitro examination of Zif268 expression revealed that HT22 cells treated with the Control 

virus (M=1.00, SD=0.26) exhibited lower expression of Zif268/Actin levels as compared to 

AAV-Zif268-treated cells (M=2.18, SD=0.14; t(2)=−5.71, p<0.05, d=5.70; n=2 infected 

plates/group; Figure 2B). For in vivo expression of Zif268 following GNX, two-way 

ANOVA revealed a significant main effect of central treatment [F(1,10)=10.825, p<0.01, 

η2=0.3; n=3–4/group] and a significant interaction between central and peripheral treatment 

[F(1,10)=13.83, p<0.005, η2=0.38], but no main effect of peripheral manipulation 

[F(1,10)=1.549, p>0.05, η2=0.043]. Fisher post hoc revealed significantly lower levels of 

Zif268 protein in GNX/Control-treated animals (M=0.596, SD=0.111) as compared to 

Sham/Control (M=1.0, SD=0.075; t(10)=3.510, p<0.01, d=0.754), Sham/Zif268 (M=0.965, 

SD=0.164; t(10)=3.463, p<0.01, d=2.635), and GNX/Zif268 groups (M=1.166, SD=0.221; 

t(10)=4.956, p<0.001, d=3.26; Figure 2D).

Experiment 2: GNX blunted weight gain and suppressed plasma testosterone

Repeated measures two-way ANOVA showed that peripheral manipulation (i.e., sham or 

GNX) significantly influenced weight gain (change from pre-surgery weight, Δ) at one, four, 

and six weeks following surgery [F(1,72)=11.671, p<0.005, η2=0.38, n=10/group]. Central 

manipulation (Control or AAV-Zif268) did not impact growth rate at any time point 

examined [F(1,76)=1.468, p>0.05, η2=0.05], nor was there a significant interaction 

[F(1,72)=0.032, p>0.05, η2=0.0). Since central manipulation did not impact growth rate, we 

collapsed Control and AAV-Zif268 groups in Figure 3A. In a subset of animals we examined 

levels of plasma testosterone. Two-way ANOVA revealed a significant effect of GNX to 

eliminate testosterone in plasma [F(1, 19)=22.66, p<0.001, η2=0.93, n=5–6/group], with no 

effect of central manipulation on testosterone levels [F(1, 19)=0.39, p>0.05, η2=0.02], and no 

interaction [F(1, 19)=0.376, p>0.05, η2=0.02], confirming the efficacy of the GNX procedure. 

Since central treatment did not influence testosterone levels, we collapsed Control and AAV-

Zif268 groups in Figure 3B.

Experiment 3: GNX-induced memory impairment in the y-maze was prevented by mPFC 
Zif268 reinstitution

Two-way ANOVA revealed a trend towards a main effect of AAV-Zif268 to improve 

percentage of correct spontaneous alternations in the y-maze [F(1,32)=3.374, p=0.075, 

η2=0.08], no main effect of GNX [F(1,32)=1.102, p>0.05, η2=0.03, n=8–10/group], and a 

significant interaction between central and peripheral manipulations [F(1,32)=4.413, p<0.05, 

η2=0.11]. Post hoc comparisons revealed a significantly lower percentage of correct 

spontaneous alternations in GNX/Control (M=55.54.62, SD=10.92) as compared to all other 

groups, Sham/Control (M=63.5, SD=2.93; t(32)=2.272, p<0.05, d=0.996), Sham/Zif268 

(M=62.876, SD=4.167; t(32)=2.187, p<0.05, d=0.888), and GNX/Zif268 (M=65.53, 

SD=3.901; t(32)=2.808, p<0.01, d=1.218; Figure 4A).
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Two-way ANOVA revealed no main effect of central [F(1,32)=0.394, p>0.05, η2=0.01] nor of 

peripheral treatment [F(1,32 )=1.614, p>0.05, η2=0.04] to influence number of arm entries. 

However, there was a significant interaction between central and peripheral treatments 

[F(1,32)=4.752, p<0.05, η2=0.12]. Post hoc analysis identified that GNX/Control animals 

(M=35.6, SD=7.531) exhibited significantly more arm entries as compared to Sham/Control 

(M=26.875, SD=9.078; t(32)=2.44, p<0.05, d=1.05; Figure 4B).

Experiment 4: GNX and mPFC Zif268 expression levels did not influence anxiety-like 
behaviors in the open field test. GNX-induced impairments in the spontaneous object 
recognition test was prevented by mPFC Zif268 reinstitution

Two-way ANOVA revealed no main effect of peripheral [F(1,30)=0.106, p>0.05, η2=0.003] 

or central manipulation [F(1,30)=0.055, p>0.05, η2=0.027; n=7–10/group], nor was there an 

interaction between these variables [F(1,30)=0.3946, p>0.05, η2=0.013] to influence duration 

in center of the open field arena (Figure 5A). There was no main effect of peripheral 

[F(1,30)=0.6696, p>0.05, η2=0.0054] or central manipulation [F(1,30)=0.1638, p>0.05, 

η2=0.05884], nor was there an interaction between these variables [F(1,30)=0.1321, p>0.05, 

η2=0.0692] to influence time spent in the borders of the open field arena (Figure 5B). We 

also found no main effect of peripheral manipulation [F(1,30)=1.736, p>0.05, η2=0.053], 

central manipulation [F(1,30)=0.2533, p>0.05, η2=0.0077], nor an interaction of the two 

[F(1,30)=0.7379, p>0.05, η2=0.0225] to influence distance traveled during the open field test 

(Figure 5C). These results indicate that neither GNX nor AAV-Zif268 delivery to the mPFC 

influenced anxiety-like behavior measured in the open field test, nor do they affect 

locomotor activity.

During the training session of the SOR each group explored the objects on the left and the 

right side of the arena equally (Control/Sham: t(12)=0.3854, p>0.05; Control/GNX: 

t(12)=0.0565, p>0.05; Zif268/Sham: t(18)=0.7884, p>0.05; Zif268/GNX: t(16)=0.679, 

p>0.05; Figure 5D). During the test session, two-way ANOVA revealed a significant effect 

of peripheral [F(1,30)=4.602, p<0.05, η2=0.116], but not central manipulation 

[F(1,30)=0.3578, p>0.05, η2=0.009], as well as a significant interaction [F(1,30)=4.676, 

p<0.05, η2=0.118; Figure 5E] to influence novel object preference. Post hoc comparisons 

revealed significantly lower novel object preference in GNX/Control (M=51.36, SD=10.566) 

vs. Sham/Control (M=66.071, SD=10.08; t(30)=2.88, p<0.01, d=1.42), with trends toward 

significantly lower preference vs. Sham/Zif268 (M=60.73, SD=11.227; t(30)=2.011, 

p=0.0545, d=0.86), and vs. GNX/Zif268 (M=60.789, SD=7.032; t(30)1.966, p=0.0586, 

d=1.05). During the test session, each group explored the objects on the left and right side of 

the arena equally (Control/Sham: t(12)=1.103, p>0.05; Control/GNX: t(14)=0.4523, p>0.05; 

Zif268/Sham: t(18)=0.4781, p>0.05; Zif268/GNX: t(16)=0.4915, p>0.05; data not shown). 

The location of the novel object was counterbalanced across animals within each group. 

These results demonstrate that AAV-Zif268 within the mPFC protected against GNX-

induced impairments in long-term memory formation.
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Experiment 5: GNX-induced social interaction impairments were prevented by mPFC 
Zif268 reinstitution

During the social interaction test, the frequency of social interactions was unaffected by 

peripheral manipulation [two-way ANOVA, F(1,20)=0.5905, p>0.05, η2=0.03; n=6/group], or 

by central manipulation [F(1,20)=0.2188, p>0.05, η2=0.01], and there was no significant 

interaction [F(1,20)=0.2857, p>0.05, η2=0.013; Figure 6A]. Duration of social interaction 

examined by two-way ANOVA revealed no main effect of peripheral manipulation [F(1, 20)= 

0.87, p>.05, η2=0.03] or central manipulation [F(1, 20)= 2.23, p>.05, η2=0.08] to influence 

time spent engaging in social interaction. However, there was a trend towards a significant 

interaction between peripheral and central treatments [F(1, 20)=3.46, p=.0776, η2=0.13] to 

influence social interaction time. To examine this trend further, post hoc comparisons 

identified significantly lower interaction times in GNX/Control (M=282.717, SD=43.77) vs. 

GNX/Zif268 (M=339.617, SD=60.491; t(20)=2.371, p<0.05, d=1.078; Figure 6B), and a 

trend vs. Sham/Control (M=330.133, SD=23.485; t(20)=1.976, p=0.0621, d=1.35). 

Frequency of anogenital investigation examined via two-way ANOVA revealed no main 

effect of peripheral [F(1, 20)= 0.004835, p>.05, η2=0.000241] or central manipulation 

[F(1, 20)= 0.01934, p>.05, η2=0.000965], nor interaction between the two [F(1, 20)= 0.01934, 

p>.05, η2=0.000965; Figure 6C] to influence frequency of investigation. Consistent with 

this, duration of anogenital investigation revealed no main effect of peripheral [F(1, 20)= 

0.02081, p>.05, η2=0.001003] or central manipulation [F(1, 20)= 0.1519, p>.05, 

η2=0.007322], nor interaction between the two [F(1, 20)= 0.5681, p>.05, η2=0.027386; 

Figure 6D] to influence time spent engaging in anogenital investigation. These results 

indicate that mPFC AAV-Zif268 protects against GNX-induced deficits in social interaction 

time.

Experiment 6: GNX-induced depression-like behaviors measured in the forced swim test 
were not influenced by mPFC Zif268 reinstitution

Two-way ANOVA revealed a significant main effect of peripheral manipulation 

[F(1,20)=23.2, p<0.05, η2=0.53; n=6/group], yet no main effect of central treatment 

[F(1,20)=0.004, p>0.05, η2=9.35e-5] nor interaction of the two [F(1,20)=0.1877, p>0.05, 

η2=0.004; Figure 7A] to decrease the latency to become immobile. Similarly, two-way 

ANOVA revealed a significant main effect of GNX to increase time spent immobile 

[F(1,20)=38.73, p<.05, η2=0.66], but no main effect of central treatment [F(1,20)=0.03, p>.05, 

η2=0.0005] nor interaction [F(1,20)=0.0012, p>0.05, η2=2.03e-5; Figure 7B] to influence 

immobility.

Discussion

In the present study, we aimed to examine the effects of GNX-induced decreases in mPFC 

Zif268 protein expression on cognition and mood, and attempted to rescue some of these 

behavioral deficits using a new AAV-Zif268 construct. In our hands, GNX males displayed 

reductions in mPFC expression of Zif268 protein, impaired working memory and long-term 

memory, reduced social interaction time, and expression of depression-like behaviors. In 

contrast, GNX males that were infused with AAV-Zif268 into the mPFC were protected 

from the working memory, long-term memory, and social interaction impairments. Yet, 
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mPFC AAV-Zif268 did not protect against GNX-induced depression-like behaviors in the 

FST. These findings indicate specificity of Zif268 within the PFC to positively impact 

memory and social interaction but not depression related behaviors induced by GNX in male 

rats.

Gonadectomy and reinstitution of Zif268 in the mPFC have no effect on anxiety-like 
behavior examined in the open field test

Evidence from human and rodent studies has shown that levels of testosterone are inversely 

correlated with levels of anxiety (Frye and Seliga, 2001; Frye and Edinger, 2004; Carrier and 

Kabbaj, 2012b; Khera M, 2013; Khakpai F, 2014). In order to examine the role of gonadal 

hormone depletion and Zif268 expression to influence anxiety-like behaviors, we analyzed 

behavior in the open field during the habituation phase of the spontaneous object recognition 

task. We found no effect of GNX to increase anxiety-like behavior in the open field test, as 

evidenced by similar amounts of time spent in the center and borders of the open field 

among the experimental groups. One explanation for this lack of effect could be due to the 

behavioral assay employed. In fact, different dimensions of anxiety can be influenced by 

peripheral levels of testosterone. For example, GNX has been shown to increase anxiety in 

Vogel’s drinking conflict model (Svensson et al., 2000) or in the elevated plus maze (Carrier 

and Kabbaj, 2012b); yet there is no effect of GNX to promote anxiety when assessed by the 

canopy test (Ray and Hansen, 2004) or open field test (Carrier and Kabbaj, 2012b). 

Additional aspects of anxiety-like behavior should be included in future investigations. If 

other measures of anxiety were included (e.g., elevated plus maze) we would have a better 

understanding of the role of mPFC Zif268 expression to augment GNX-induced anxiety. 

However, as will be described later, GNX caused an increase in anxiety like-behaviors in the 

social interaction test, an effect that was rescued by mPFC Zif268 reinstitution in GNX rats, 

suggesting as we showed before (Stack et al, 2010) that Zif268 might be implicated in 

anxiety where there is a social context.

Reinstitution of Zif268 in the mPFC protects against gonadectomy-induced working 
memory and long-term memory deficits

In animal models, loss of endogenous gonadal hormones has been associated with 

impairments in memory and cognitive abilities (Janowsky et al., 1994; Frye and Seliga, 

2001; Kritzer et al., 2001; Kritzer et al., 2007; Aubele et al., 2008; Pintana et al., 2015). The 

y-maze allows for examination of working memory in rodents, and can be completed in a 

single trial without any prior training (Morellini F, 2013). We found that Control/GNX 

animals performed more poorly in the y-maze as compared to intact controls and AAV-

Zif268 counterparts. These results support the role of mPFC Zif268 in protecting working 

memory performance negatively affected by GNX. It is important to note the higher number 

of arm entries exhibited by Control/GNX animals, which is indicative of higher levels of 

spontaneous locomotor activity. However, in the OFT we found no difference in locomotor 

activity among the groups. This disparity in locomotor behavior may be due to differences in 

the size of the testing apparatus. Alternatively, there is some evidence that higher number of 

arm entries is associated with poor performance in the y-maze (Kitanaka et al., 2015; 

Ghafouri et al., 2016). This suggests that the increase in arm entries exhibited by the 

Control/GNX group may be related to their working memory impairments, but this needs to 
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be confirmed experimentally. Future investigations should employ working memory tasks 

that do not have a locomotor component, to protect against this potential confound.

Consistent with previous reports that GNX can impair long-term memory, we report that 

GNX significantly impaired performance in the spontaneous object recognition test with a 

24 h testing interval. Our results add to the body of literature demonstrating that the GNX-

induced loss of gonadal hormones has powerful effect on performance in memory-related 

tasks. Within distinct memory-related brain areas (e.g., amygdala and hippocampus), levels 

of Zif268 are increased following learning-related stimuli (Malkani et al., 2000; Guzowski et 

al., 2001; Asok et al., 2013). Conversely, knockdown of the Zif268 gene within the 

hippocampus impairs performance in memory tasks (Jones et al., 2001; Bozon et al., 2003; 

Davis et al., 2010). Consistent with previous reports that Zif268 is critical for memory 

formation, we demonstrate that GNX rats that received intra-mPFC AAV-Zif268 displayed 

intact performance in the spontaneous object recognition test (i.e., long-term memory). Our 

results show for the first time, that GNX-induced impairments in the spontaneous object 

recognition test can be prevented by viral-mediated Zif268 expression. Mice with 

genetically-induced forebrain overexpression of Zif268 exhibit enhanced long-term object-

location recognition as compared to controls (Penke et al., 2014). In the present study, we 

observed no enhancement of novel object preference in males that were gonadally intact and 

received mPFC AAV-Zif268 construct. We believe this was due to our use of an object 

recognition task vs. an object location recognition task, as was used by Penke and colleagues 

(2014), and likely reliant upon the significant overexpression of Zif268 within the dentate 

gyrus of the hippocampus which plays a key role in spatial memory (Kee et al., 2007; 

Jessberger et al., 2009). Alternatively, endogenous mechanisms may have limited the level of 

Zif268 expression and thus limited behavioral performance. One such mechanism is NGF1-

A-binding protein 2 (NAB2), which represses the expression of Zif268 within neurons 

(Russo et al., 1995; Svaren et al., 1996). Further support for this inhibitory role of NAB2 

over Zif268 expression comes from the demonstration that Zif268-inducing stimuli, and 

even Zif268 itself, promotes the expression of NAB2 (Kumbrink et al., 2005). Thus, NAB2 

is poised to limit endogenous Zif268 within sham GNX rats treated with AAV-Zif268, and 

may have limited behavioral performance and overexpression of Zif268 in these sham GNX 

rats.

Reinstitution of mPFC Zif268 protects against gonadectomy-induced social interaction 
impairments

Previous reports have shown that GNX, and the subsequent loss of gonadal hormones, 

negatively influences social behaviors (Primus and Kellog; 1990; Frye and Seliga, 2001; 

Vetter-O’Hagen & Spear, 2012). These findings are consistent with the results in the present 

study, where we report that GNX/Control rats spent significantly less time engaging in social 

interaction as compared to Zif268-treated GNX counterparts. A recent report indicated that 

social interaction was sufficient to increase levels of Zif268 within the PFC (El Rawas et al., 

2012), which supports our findings that AAV-Zif268 delivery into the mPFC is able to 

protect against GNX-induced reduction in social interaction. Together, these findings 

support the conclusion that Zif268 within this brain region has significant influence over 

anxiety-like behaviors measured in social contexts. Furthermore, our data extend a previous 
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report from our laboratory which demonstrated that a temporary downregulation of mPFC 

Zif268 levels produced a marked reduction in social interaction in male rats (Stack et al., 

2010). One shortcoming of the present investigation is the use of interaction time and 

anogenital investigation time to examine social behavior. This level of analysis does not 

allow for conclusions regarding the potential therapeutic potential of AAV-Zif268 in 

conditions of diminished gonadal hormones. Indeed, microstructural analysis would provide 

a deeper understanding of the features of the social interaction and the influence of GNX 

and AAV-Zif268. Future studies would benefit from the use of the social preference-

avoidance test (Berton et al., 2006; Haller and Bakos, 2002), the Visible Burrow System 

(Hardy et al., 2002), or ultrasonic vocalizations (e.g., Blanchard et al., 1991; Portfors, 2007) 

to fully examine the wide array of behaviors and affective state exhibited when rodents are 

engaging in social interaction. Yet, the results from the social interaction test show for the 

first time that Zif268 in the mPFC has robust influence over GNX-induced anxiety-like 

behaviors in social contexts.

Reinstitution of mPFC Zif268 has no effect on gonadectomy-induced depressive-like 
behaviors

In humans and rodents alike, loss of endogenous gonadal hormones is associated with 

depression and a depression-like phenotype in adult male rodents (Wainwright et al., 2011; 

Carrier and Kabbaj, 2012b; Khera M, 2013). In the present study, we utilized the FST as a 

well-validated behavioral assay to confirm this effect of GNX in our males and 

simultaneously screen for potential antidepressant-like effects of mPFC AAV-Zif268. As 

expected, GNX males displayed higher indices of depression-like behaviors as compared to 

sham-operated controls. However, we observed no effect of AAV-Zif268 to augment latency 

to become immobile or to influence time spent immobile in the FST. Which demonstrates 

the specificity of mPFC Zif268 to exclusively modulate GNX-induced memory-related and 

social interaction impairments when virally expressed within the mPFC. It is possible that 

intra-hippocampal delivery of the AAV-Zif268 virus may protect against GNX-induced 

depression-related behaviors, since a previous study from our laboratory demonstrated that 

hippocampal expression of ERK1/2, which is upstream of Zif268 (e.g., Davis et al., 2000; 

Kousteni et al., 2003), mediated GNX-induced mood alterations (Carrier and Kabbaj, 

2012a). Consistent with the positive role of gonadal hormones to regulate mood, estrogen 

action within the hippocampus can also enhance learning and memory through an ERK1/2-

dependent manner (Boulware et al., 2013). Interestingly, while GNX reduces levels of 

testosterone and DHT within the plasma and brain of males, this manipulation has been 

shown to exert no influence over levels of estrogen (Munetsuna et al., 2009b; Hojo et al., 

2009). Thus, future studies are required to delineate the role of testosterone versus estrogen 

to interact with Zif268 within brain regions that mediate learning and memory.

General Conclusions

The reductions in levels of gonadal hormones is linked to a decline in cognitive performance 

and with mood disorder within the male population (Moffat et al. 2002; Shores et al., 2005; 

Borst et al., 2014). Using a rat model of GNX, we report a significant reduction in mPFC 

Zif268 protein levels in Control/GNX males. However, reinstitution of mPFC Zif268 
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conferred significant protection against the working memory impairments, long-term 

memory impairments, and social interaction deficits induced by GNX. However, 

reinstitution of mPFC Zif268 failed to protect against GNX-induced depression-like 

behaviors measured in the FST.

Previous in vivo and in vitro data indicate that expression of Zif268 is enhanced by gonadal 

hormones (Suva et al., 1991; Slade and Carter, 2000; Chauhan et al., 2004; Fix et al., 2004). 

However, previous reports have shown that the Zif268 promoter region lacks a testosterone 

response element (Knapska & Knaczmarek, 2004). It is then possible that gonadal hormones 

regulate Zif268 expression indirectly, through their interactions with the ERK1/2 pathway 

(Kousteni et al., 2003; Estrada et al., 2003). It remains to be determined whether the 

observed consequences of GNX on mPFC Zif268 expression is due to reductions in activity 

at androgen receptors or estrogen receptors. It is possible that testosterone or estrogen 

underlie many of the protective functions observed in intact animals, since previous reports 

have identified that both gonadal hormones promote mood-enhancing effects and target 

common molecular mechanisms for these effects (e.g., ERK1/2) (Carrier et al., 2015). 

Further support for the potential role of estrogen comes from evidence that androgen status 

(e.g., intact vs. GNX) did not impact novelty-induced expression of Zif268 within the male 

hippocampus (Kerr et al., 1996). Future studies are required to delineate the role of specific 

gonadal hormones to influence expression of Zif268. Are these effects carried out through 

nuclear androgen or estrogen receptors that can promote Zif268 transcription? Or, are they 

mediated through more rapid, non-genomic actions of these receptors? One other 

shortcoming that should be acknowledged, is that we only studied males in the present 

investigation. Future investigations should include female subjects, since women are at an 

increased risk for suffering from anxiety disorders as compared to males (Kessler et al., 

2005). Further, this increased expression of anxiety-like disorders parallels fluctuations in 

ovarian hormone levels (Hayward and Sanborn, 2002), which highlights the need to study 

the impact of ovarian hormone loss and possible rescue of ovariectomy-related deficits by 

AAV-Zif268 in females.

With regard to potential mechanisms leading to reduced Zif268 expression in the mPFC 

following GNX and its associated behavioral deficits, the dopaminergic (DA) system is an 

excellent candidate. In fact, GNX and the resultant loss of peripheral gonadal hormones 

negatively impacts PFC-dependent functions, specifically functions that are influenced by 

DA such as memory formation and social behaviors (Stam et al., 1989; Murphy et al., 1996; 

Zahrt et al., 1997). The negative effect of GNX on these behaviors is likely due to the 

aberrant DA tone in the PFC that occurs following long-term GNX. It has been shown that 

DA axon density is robustly increased in response to long-term testosterone-depletion, and 

this increase in axon density is paralleled by elevated levels of DA in the PFC (Aubele et al., 

2011). While increased levels of DA have been implicated in learning (e,g., Chudasama and 

Robbins, 2004), there is ample evidence that a balance of DA levels are required for normal 

performance in memory tasks (reviewed in Floresco et al., 2013). Where DA depletion 

(Brozoski et al., 1979; Mizoguchi et al., 2009) and elevations within the PFC can negatively 

impact working memory (Murphy et al., 1996). Which is consistent with the negative impact 

of GNX on DA tone (Kritzer et al., 1999; Aubele et al., 2011). Interestingly, acute 

administration of cocaine increases DA levels within the PFC (e.g., Tanda et al., 1997). 
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While repeated cocaine administration blunts forebrain levels of Zif268 (Bhat et al., 1992; 

Ennulat et al., 1994; Mutschler et al., 2000). These results suggest that chronic elevations in 

PFC DA, like those observed in the GNX condition, may exert negative effects on PFC 

Zif268 levels. Through this DA-induced disruption of Zif268, viral-mediated expression of 

Zif268 in GNX rats may rescue social interaction behaviors and memory functions. That 

being said, additional mechanisms implicating other neurotransmitters, such as serotonin 

and others, cannot be ruled out.

Taken together, our results demonstrate that Zif268 functions within the mPFC to influence 

working memory, long-term memory, and social interaction time. It is important to note that 

while GNX reliably increased indices of depression-like behaviors in the FST, this effect of 

GNX was not attenuated by mPFC delivery of AAV-Zif268. Our results demonstrate the 

specificity of Zif268 within the mPFC to influence social anxiety and memory functions. 

Increasing levels of this immediate early gene may provide a novel, non-hormonal treatment 

for the cognitive and mood deficits that are observed following decline in gonadal hormones 

as those observed in hypogonadal and aged men (Janowsky et al., 1994; Cherrier et al., 

2007; Borst et al., 2014).
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Abbreviations

Control AAV2.CB7.CI.eGFP.rBG

AAV-Zif268 AAV2.CBA.Flagx3.ratEGR1.WPRE.rBG

ANOVA Analysis of variance

Egr-1 Early growth response 1

EDTA Ethylenediaminetetraacetic acid

FST Forced swim test

GNX Gonadectomy

g Gram

h Hour

min Minute

SOR Spontaneous object recognition

PCR Polymerase Chain Reaction
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TBST Tris-buffered saline with Tween 20%

TBS Tris-buffered saline

Zif268 Zinc finger protein 268
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• Gonadectomy negatively impacts PFC Zif268 expression, long-term 

memory, social interaction, and mood-related behaviors

• mPFC AAV-Zif268 expression prevents GNX-induced reductions in 

Zif268, memory, and social interaction

• Zif268 may serve as a non-hormonal treatment for cognitive declines 

associated with testosterone loss
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Figure 1. 
Experimental timeline.
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Figure 2. Delivery of AAV-Zif268 construct promotes overexpression of Zif268 in vitro and 
protects against GNX-induced mPFC Zif268 downregulation in vivo
Map of the viral vector for AAV2.FLAG.EGR1 (Zif268) with the most relevant restriction 

sites and vector elements indicated and restriction enzyme digestion of uncut Zif268, cut 

with NotI, NotI + BglII, or XmaI (lanes 1, 2, 3, & 4, respectively) (A). Western blot analysis 

of HT22 cell lysates revealed that infection with AAV-Zif268 significantly increased amount 

of Zif268 as compared to the Control-treated cells (B). A diagram of representative medial 

prefrontal cortex (mPFC) injection placements based on the atlas of Paxinos and Watson 

(2007); additional rats’ injections were identified at similar points between the anterior-

posterior levels shown here (C). Western blot analysis confirmed GNX-induced down-

regulation of Zif268 in the mPFC of animals that received Control virus; Zif268 protein 
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expression was unchanged in Sham and GNX animals that received bilateral injection of 

AAV-Zif268 (D). Data are presented as means ± SEM. *p<0.05 Control versus AAV-Zif268, 

**p<0.05 versus all groups, n=2 plates/group in vitro, n=3–4/group in vivo.
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Figure 3. GNX blunted weight gain and suppressed plasma testosterone
There was a significant effect of gonadectomy (GNX) to blunt weight gain throughout the 

course of the experiment, reported as change from baseline (Δ) (A). Radioimmunoassay 

examination of plasma testosterone confirms the efficacy of the GNX procedure to diminish 

levels of peripheral testosterone (B). Data are presented as means ± SEM. *p<0.05 Sham 

versus GNX, n=10/group body weight, n=5–6/group testosterone assay.
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Figure 4. GNX-induced memory impairment in the y-maze was prevented by mPFC Zif268 
reinstitution
GNX/Control exhibited lower percent correct spontaneous alternations in the y-maze as 

compared to all other groups, with a trend towards a main effect of AAV-Zif268 to improve 

performance (A). GNX/Control animals exhibited significantly more arm entries in the y-

maze test as compared to Sham/Control (B). Data are presented as means ± SEM. *p<0.05 

versus all groups, **p<0.05 versus Sham/Control, n=8–10/group.
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Figure 5. GNX and mPFC Zif268 expression levels did not influence anxiety-like behaviors the 
open field test. GNX-induced impairments in the object recognition test was prevented by mPFC 
Zif268 reinstitution
Neither gonadectomy (GNX) nor mPFC AAV-Zif268 altered the amount of time spent in the 

center of the open field (A), time spent in the borders of the open field (B), or influenced 

distance traveled during the open field test (C). There were no group differences in time 

spent investigating the objects on the right or left side of the arena during the training phase 

of the object recognition test (D). GNX significantly reduced novel object preference in 

animals treated with the Control virus; and AAV-Zif268 protected against GNX-induced 

impairments in novel object preference (E). Data are presented as means ± SEM. *p<0.05 

versus Sham/Control, n=7–10/group.
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Figure 6. GNX-induced social interaction impairments were prevented by mPFC Zif268 
reinstitution
Frequency of social interactions was unaffected by GNX or by AAV-Zif268 treatment (A). 

Time spent engaging in social interaction was significantly reduced in GNX/Control animals 

as compared to GNX/Zif268 counterparts, with a trend towards a reduction versus intact 

controls (B). Neither GNX nor AAV-Zif268 treatment influenced the frequency (C) or 

duration (D) of anogenital investigation in the social interaction test. Data are presented as 

means ± SEM. *p<0.05 versus GNX/Zif268, n=6/group.
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Figure 7. GNX-induced depression-like behaviors measured in the forced swim test were not 
influenced by mPFC Zif268 reinstitution
Gonadectomy (GNX) significantly reduced the latency to adopt an immobile posture (A) 

and increased time spent immobile in the forced swim test (B). There was no effect of mPFC 

AAV-Zif268 to influence the expression of depression-like behaviors in the forced swim test. 

Data are represented as means ± SEM. *p<0.05 Sham versus GNX, n=6/group.
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