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Abstract OBJECTIVES: Benzyl Butyl Phthalate (BBP) is an industrial plasticizer that has 
an unknown action in the central nervous system. Phthalates have recently been 
associated with behavioral actions that are linked to their endocrine disrupt-
ing properties. The purpose of this study was to investigate the behavioral and 
molecular effects of BBP treatment in male rats. 
DESIGN: Male rats were chronically exposed to BBP in the drinking water (5.0 
ppm and 10.0 ppm) throughout adolescence and into the adult phase of life. Their 
behavior was then assessed in a learning and memory task (fear conditioning), 
open field exploration and a test of sociability. 
RESULTS: BBP treated rats showed decreased freezing in fear conditioning, no 
changes in open field exploration, and increased aberrant social behavior. Rats 
were sacrificed at post natal day 140 and blood and brains were harvested and 
processed. We found increased hormonally active estrogen, 17-β estradiol, in the 
serum of BBP treated rats. BBP treatment also induced changes in amygdalar 
proteins related to synaptic plasticity including decreased MeCP2 levels that cor-
related with tests of sociability with no changes in stress related proteins such 
as nuclear factor kappa B (NFkB). We also found alterations in physiological 
responses as measured by body weight without changes in food consumption 
suggesting disruption of metabolism and body homeostasis. 
CONCLUSIONS: We suggest that BBP administration disrupts normal learning and 
social behavior, and that these effects could be related to alterations of amygdala 
function. 
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Abbreviations: 
ANOVA - analysis of variance
BBP - Benzyl Butyl Phthalate 
BPA - Bisphenol A
CS - Conditioned Stimulus 
CR - Conditioned Response 
DBP - di-n-butyl phthalates 
DEHP - di (2-ethylhexyl) phthalate 
DNA - Deoxyribonucleic acid 
EDC - Endocrine-disruptor chemicals
ERK1/2 - Extracellular Related Kinase isoform 1/2 
GAPDH  - Glyceraldehyde-3-phosphate dehydrogenase
GC-MSD - Gas Chromatograph Mass Spectrometric Detector 
kD - Kilodalton
MAPs  - Mitogen Activated Protein Kinases 
MeCP2 - Methyl CpG binding protein 2
NIH - National Institute of Health 
NFkB - Nuclear factor kappa B
PDMS-DVB - Polydimethylsiloxane divinylbenzene 
PND - Post Natal Day
PPM  - Parts per million
PVC - Polyvinyl chloride
SDS - Sodium Dodecyl Sulfate 
SEM  - Standard Error Mean 
siRNA - Small interfering RNA
US - Unconditioned Stimulus
VEH - Vehicle

INTRODUCTION
Phthalates, diesters of benzenedicarboxylic acid, which 
can be classified as endocrine disrupting chemicals 
(EDC) are widely used as an industrial plasticizer and 
are ubiquitous chemical products in today’s consumer 
world. Phthalates increase the flexibility and durabil-
ity of plastic polymers and are mainly found in poly-
vinyl chloride (PVC) which is widely used in children’s 
toys, tile flooring, medical tubing blood storage bags, 
imitation leather, food packaging materials and more 
(Calafat et al. 2006; Silva et al. 2006; Lassen et al. 2009). 
Phthalates are also commonly found in industrial set-
tings, landfills and waste disposal sites where the run-
offs from these manufacturing sites have been known 
to affect the nearby wild and marine life (Lassen et 
al. 2009). The majority of polycarbonate plastic prod-
ucts contain phthalates and exposure is unavoidable. 
Phthalates are not covalently bound to polymers such 
as plastics, and therefore they leach out of products and 
come into contact with humans. Phthalates that leach 
can then gain access to the body through consump-
tion, and do not bind to blood plasma proteins caus-
ing damage to deoxyribonucleic acid (DNA) in human 
sperm (Duty et al. 2003; Hauser et al. 2006; Hauser et al. 
2007). Many common phthalates and common EDCs 
accumulate in fatty tissue and have the ability to trans-
fer across the blood-brain barrier (Jang et al. 2012). Cir-
culating phthalates can remain unregulated and potent 
even at low doses and have active metabolites (Calafat 
et al. 2006; Silva et al. 2006) that are often understudied 
(Koch et al. 2004). Similar EDCs such as bisphenol A 
(BPA) have been detected in measurable concentrations 
in children (Edington & Ritter 2008), laboratory rodent 

studies (Richter et al. 2007), and are a pervasive pres-
ence in marine environments (Oehlmann et al. 2008). 
Benzyl butyl phthalate (BBP) is a less extensively stud-
ied compound in mammals. Through gene microar-
ray analysis, BBP has been shown to exhibit a similar 
gene expression profile as the hormone natural estro-
gen, indicating its potential as an estrogen mimicker 
with the ability to impact some of the same pathways 
and genes as natural estrogen (Parveen et al. 2008). 
In utero, lactational, or postnatal administration of di 
(2-ethylhexyl) phthalate (DEHP), chemically similar to 
BBP, can adversely affect biosynthesis of estrogens. It is 
likely that exposure to phthalates pre or post natal can 
produce permanent alterations and involve epigenetic 
changes to the genome (Panzica et al. 2011).

Phthalates and other EDCs such as BBP are widely 
known to negatively affect reproductive systems in 
humans and animals. In humans, exposure to EDCs 
during sexual differentiation can produce malforma-
tions of the reproductive tract, produce antiandrogenic 
activity (Lyche et al. 2009; Swan 2008) and affect repro-
ductive outcomes (Swan 2008). In animal toxicology 
studies, exposure to EDCs can induce malformations 
in male rats (Gray et al. 2000; Mylchreest et al. 2000) 
reduce fertility and alter ovarian function in female rats 
(Gray et al. 2006). There is extensive data indicating that 
phthalates have the potential to adversely affect repro-
ductive functions, endocrine outcomes and sexually 
dimorphic behavior, yet there is a paucity of data exam-
ining the social and emotional behavioral outcomes 
after phthalate and specifically BBP exposure. Dis-
crepancies also exist regarding the full neurobiological 
repercussions of human exposure to the immense range 
of environmental toxins and there is a need to character-
ize compounds such as BBP in well-established animal 
models. Additionally, the consequences of exposure to 
phthalates in learning and memory processes remain 
largely unknown. Therefore, the current study was 
designed to examine alterations in associative learning 
and social interaction after postnatal exposure of BBP 
on Sprague Dawley rats. It was hypothesized that expo-
sure to phthalates during adolescence and into adult-
hood would negatively impact learning and memory 
and alter social interaction. Because both learning and 
memory (Schafe et al. 2000) and social responding 
(Adachi et al. 2009) have well known molecular cor-
relates, we examined amygdalar methyl-CpG-binding 
protein 2 (MeCP2) and extracellular related kinase iso-
form 1/2 (ERK1/2) protein expression. These proteins 
are critical to normal cognitive functioning and neuro-
nal development.

MATERIALS AND METHODS 
Subjects: Male rats with chronic access to BBP treated water
Twenty four male Sprague-Dawley rats, 4–5 weeks old 
upon arrival, were purchased from Harlan Laboratories 
(Indianapolis, IN). Rats were housed in pairs and fed 
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standard laboratory chow. They were maintained in 
the colony for at least 1 week prior to experimentation 
on a 12 hour light/dark cycle. BBP water (5.0 parts per 
million (ppm) and 10.0 ppm) was offered ad libitum 
as their only source of fluid intake. Pilot studies deter-
mined no difference in fluid consumption between 
treatment and controls (please see below). Dietary con-
sumption of chow intake was determined by subtract-
ing the weight of the amount of food offered from that 
not ingested. Body weight was monitored several times 
per week throughout the study. All behavioral test-
ing occurred during the light portion of the cycle. At 
approximately 20 weeks of life, the rats were sacrificed 
by rapid decapitation, see Schema 1 for experimental 
design. The brains were processed for further bio-
chemical analysis of protein markers. All experiments 
were approved by the Quinnipiac University Institu-
tional Animal Use and Care Committee and were con-
ducted in accordance with the National Institutes of 
Health (NIH) Guide for the Care and Use of Laboratory 
Animals. 

Drugs
BBP (benzyl butyl phthalate, cat. 308501 Sigma Aldrich, 
St. Louis, MO) stock solutions prepared by dissolving it 
in acetone (Sigma Aldrich, St. Louis, MO) and tap water 
containing 2% saccharin (Sigma Aldrich, St. Louis, 
MO) and were administered in the drinking water at 
doses of 5.0 ppm and 10.0 ppm which are equivalent to 
the concentrations 5 μg/mL and 10 μg/mL respectively. 
Fresh solutions were prepared every two days. Vehicle 
(VEH) solutions contained 2% saccharin dissolved in 
tap water.

Exposure to BPP in drinking water 
Duration of exposure
BBP exposure began at the start of the experiment at 
Post Natal Day (PND) 40 and lasted until the end of 
the experiment, PND 140. Once the BBP solutions were 
prepared, animals were presented with BBP in place of 
their normal drinking water so that BBP dosed water 
provided the only source of hydration throughout 
the exposure period. The BBP solutions were placed 

in 16 ounce (473 mL) clean glass water bottles with 
standard rubber stoppers and protected from ambient 
light exposure. The entire chronic oral exposure period 
was 100 days. Solutions were completely replaced after 
48 hours and excess BBP was properly disposed of and 
considered environmental waste.

Consumption measures
In a separate cohort of 24 male 12 week old Sprague-
Dawley rats, pilot data was gathered related to BBP 
consumption over a 24 hour period. The procedures for 
BBP preparation were identical to above. To generate 
the average daily dose of BBP, we weighed the bottles 
and divided the consumption values by the total body 
weight of the animals in the cage and accounted for the 
concentration of BBP.

Chemical analysis of BBP
In order to ensure that BBP did not degrade in the 
drinking water, we used gas chromatography to detect 
its presence over a series of time points. Chemical 
analyses of water containing BBP samples were per-
formed using an Agilent Technologies Model 6850 Gas 
Chromatograph attached to an Agilent 5973N Mass 
Spectrometric Detector (GC-MSD). An Agilent Tech-
nologies HP-5MS, 20 m × 0.25 μm capillary column 
equipped with a Merlin High Pressure Septum (Supelco 
Co., 24816-U) was used for analyte separation.  Experi-
mental conditions were: initial temperature of 110 °C 
with a ramp of 5 °C/minutes, to 250 °C, and a total run 
time of 40 minutes. Extraction of all water samples 
were performed using a polydimethylsiloxane divinyl-
benzene fiber (65 μm) with a fused silica core (Supelco 
Inc., 57346-U) solid phase microextraction assembly 
(Supelco Inc., 57330U) that was capable of specific 
adsorption of BBP in the water.

Behavioral tests
Open field testing for gross motor deficits
This behavioral test was performed on PND 99 in a 
large Plexiglass™ open field arena (113 × 113 × 44 cm). 
The floor beneath the Plexiglass™ was painted black 
with white lines marking 23 cm intervals forming a 

Open Field (PND 99) 
Social Testing (PND 132) 
Fear Conditioning (PND 133-4)

PND 35 BBP on PND 140 

Sacrifice 

Acclimation 
5 days Oral BBP treatment 15 weeks 

MeCP2 
ERK 1/2  
ERα Analysis 

Organ and Serum 
Harvest 

Schema 1. The experimental design.
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5 × 5 grid pattern on the floor. Rats were placed in 
a corner of the open field (placement was random-
ized) and allowed to freely explore for the duration of 
the test session (5 minutes). All testing was done in a 
dark room; the chamber was illuminated by a red light. 
Behavior was recorded by a trained observer, who was 
unaware of the experimental conditions. For horizon-
tal locomotion, a single activity count was defined as a 
complete crossing from one black square to another, at 
the end of which the animal had both hind-paws com-
pletely over the white line. Rearing and grooming was 
recorded simultaneously. Rearing was counted every 
time the animal stood up with both forepaws in the air 
or against the wall. Grooming was counted every time 
the animal cleaned themselves.

Aberrant sociability analysis via anosmia
A 5% zinc sulfate (Sigma Aldrich, St. Louis, MO) 
solution was administered intranasally with a beveled 
plastic syringe to gender and age matched naive rats 
in order to inactivate smell on PND 132. This model 
renders an animal “passive” by destroying the olfac-
tory epithelium with intranasal lavage of zinc sulfate to 
produce anosmia. After one hour they were allowed to 
socialize with BBP treated rats in a sociability chamber 
(30.5 × 41.9 cm) for 5 minutes. The social chamber con-
sisted of a box with a removable partition separating 
the box into two chambers. After a 1 minute habitua-
tion period, the partition was removed, both the anos-
mic and BBP treated rats were allowed to interact and 
observed for the remainder of 4 minutes. The chamber 
was wiped with 70% isopropyl between trials. All test-
ing occurred in a quiet sound attenuated cubicle with 
dim red lights. Scoring consisted of recording sniff-
ing, fighting, mounting, approaching, and grooming 
in proximity of the anosmic rat and was recorded by 
an observer who was blind to the experimental treat-
ments. We further defined these behaviors into contact 
(fighting and mounting), non-contact (approaching 
and sniffing), and self-directed contact (grooming).

Fear conditioning
In this test, rats learn to associate the context (altered 
environment) or a cue (auditory tone) with a foot shock. 
Fear conditioning training (hereafter referred to as 
Day 1) was conducted on PND 133 in a dark and quiet 
operant box (Coulbourn Instruments) with standard 
grid floors wiped with 70% ethanol. The training con-
sisted of a two minute habituation period followed by a 
three 30-second tones co-terminating with a 2-second, 
0.5 mA foot shock pairing. The tones, the conditioned 
stimulus (CS) was an environmental stimulus that was 
originally neutral, but acquired salience and eventually 
predicted the aversive shock, the unconditioned stimu-
lus (US). The inter-trial interval (ITI) between pairings 
was 2 minutes. Animals were removed from the box 
2 minutes after the last foot shock and immediately 
returned to their home cage. Rats were in the oper-

ant box for a total of 10.5 minutes. Twenty four hours 
following fear conditioning training and on PND 134, 
animals were placed in the same box but with differ-
ent context with different floors, ceilings and olfactory 
cues, for reactivation training (hereafter referred to as 
Day 2). Reactivation training consisted of 3 CS tones 
with no concurrent shock, the US. The conditioned 
response (CR), freezing, was measured for the dura-
tion of the session (9.5 minutes) on Day 2. This was 
done to ensure specificity to the effect of the memory 
for the CS, not the context, and to shift more towards 
activation of amygdala-dependent learning. The cham-
ber was wiped with 70% isopropyl between trials. 

Molecular analysis
17-β estradiol ELISA 
To quantify the effects of chronic oral BBP on blood 
serum estrogen in the biologically active form of 17-β 
estradiol, we collected trunk blood during sacrifice at 
PND 140. Blood was allowed to clot and discarded. 
Serum was removed and then centrifuged (10,000 revo-
lutions per minute for 10 minutes), extracted and stored 
at –20 °C until use. Once defrosted, a diethyl ether 
liquid-liquid extraction was performed and serum was 
analyzed by ELISA (Enzo Life Sciences; ADI-900-174) 
following standard protocols. 

Western blotting
Bilateral amygdala was dissected from fresh frozen 
brains in 1 mm punches (ASI Instruments). Tissue 
punches were homogenized in 1% sodium dodecyl 
sulfate (SDS) in distilled water with 1:100 phosphatase 
inhibitor cocktails I and II (Sigma Aldrich, St. Louis, 
MO). Following homogenization, the samples were 
assayed for protein concentration using the BCA kit 
(Pierce Protein Research). Equal amounts of cell lysate 
protein extracts (15 μg) were subjected to 10–20% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), fol-
lowed by transferring to nitrocellulose membrane. The 
membrane was immunoblotted with different antibod-
ies: ERK1/2 (1:2000 Cell Signaling Technology), p50 
(1:1000; Santa Cruz Biotechnology), p65 (1:1000; Santa 
Cruz Technology) ERα (1:1000; Enzo Life Sciences, 
ADI-SRA-1010) and MeCP2 (1:1000, Cell Signal-
ing Technology). The housekeeping protein, GAPDH 
(Glyceraldehyde-3-phosphate dehydrogenase), was 
used as the endogenous loading control (1:1000; Cell 
Signaling Technology) for protein normalization. For 
immunoblot imaging, chemiluminesence (Cell Sig-
naling Technology) was performed following primary 
and secondary antibody incubation. Relative protein 
expression was identified using densitometry (Kodak 
Image Station) and quantified using ImageJ (NIH) or 
Image Studio Lite (Licor Inc.). The expression of each 
protein band was normalized to GAPDH for individual 
samples. For each gel, bands were further normalized 
to the average of VEH-treated groups to control for 
between gel variations.
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Statistical analysis 
Western blots and ELISA
For Western Blots, statistical analysis was done by 
expressing ratios of protein levels to GAPDH. Data 
were expressed as the average of the normalized data 
+/– standard error of the mean (SEM) as compared to 
controls. For both Western Blot and ELISA, one way 
ANOVA was used to determine significant differences 
between groups, with significant differences considered 
p<0.05. Statistical outliers were excluded from analyses, 
and identified using standard criteria of greater than 2 
standard deviations from the mean. 

Statistical analysis for behavior
Behavioral and physiological dependent variables were 
analyzed for group effects by means of Students t tests, 
one-way, multivariate or repeated measures ANOVA 
and expressed as treatment group averages +/– the 
SEM. Fisher’s Least Significant Difference test or simple 
t-tests were used to make post hoc comparisons. Body 
weight during the maintenance phase (after 14 weeks of 
age) was analyzed in intervals consisting of 4–7 day bins 
to smooth daily variations using a repeated measures 
and multivariate ANOVA. This is a standard analysis in 
toxicology studies.

RESULTS
BPP in drinking water
Consumption of BPP in drinking water
In the authors’ hands, 12 week old adult male rats typi-
cally consume on average 80 mL of fluid per day. Over 
the course of the pilot period, the average BBP doses 
observed were 2.0 mg/kg/day for the rats consum-
ing a concentration of 5.0 μg/mL (5.0 ppm dose) and 
4.0 mg/kg/day for the rats consuming a concentration 
of 10.0 μg/mL (10.0 ppm dose). We have observed no 
evidence of a difference in preference for BBP treated 
water versus non-treated water (F(2,21)=0.18; p=n.s.) in 
a one-way ANOVA analysis for dose x fluid consumed.

Detection of BBP in drinking water
The VEH solutions (1% saccharin and tap water) con-
tained no traceable amounts of BBP. Our high dose, 
10.0 ppm, contained approximately twice the absolute 
amount of our moderate dose, 5.0 ppm (see Table 1) 
after 48 hours of shelf life. We determined that it was 
optimal to change BBP solutions after 48 hours to pre-
vent degradation.

Physiological responses to BBP
BBP treated animals did not show fluctuations in body 
weight during the growth phase (F(2,21)=1.18; p=n.s.) 
by repeated measures ANOVA, see Figure 1A. There 
was no interaction between dose and time in this 
phase (F(14,147)=1.35; p=n.s.). A repeated measures 
ANOVA for the maintenance phase showed no signifi-
cant effect of dose (F(2,20)=1.56; p=n.s.) or interaction 
between dose and time (F(4,40)=0.61; p=n.s.). How-
ever, given that 5.0 ppm BBP-exposed rats appeared to 
have not gained as much weight as control rats in the 
maintenance phase and in light of literature suggesting 
non-monotonic relationships for low dose endocrine 
disruptors (Fagin 2012) we performed further analysis. 
To examine non-linear trends we found a significant 

A B C

Fig. 1. Physiological responses to BBP exposed rats. Fig 1A and 1B show body weight measures through juvenile and adult phase of rats 
exposed to BBP at 6.5 weeks until approximately 20 weeks of age. Rats showed no difference in body weight during their growth phase 
but showed slight differences in the maintenance phase in the 5.0 ppm group. Fig 1C shows food consumption remained the same 
throughout both phases of growth. Data represent group means ± SEM; †p<0.09 

Tab. 1. Demonstration that BBP is detectable in BBP treated water 
after 48 hours.

Sample (5min) Trial 1
Avg Peak Area (Hz)

Trial 2
Avg Peak Area (Hz)

VEH Negligible Negligible

5.0 ppm 1.45 e^6 1.38 e^6

10.0 ppm 2.42 e^6 2.07 e^6

Samples of BBP spiked water were subjected to gas 
chromatography attached to a mass spectrometric detector. 
Samples without BBP showed negligible amounts of BBP whereas 
the 5.0 ppm and 10.0 ppm detected the presence of BBP using the 
average peak area in the correct ratio.
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quadratic interaction of dose and time (F(2,20)=3.31; 
p=0.057) and a significant interaction by multivariate 
ANOVA (F(4,38)=2.72; p<0.05). Pairwise comparisons 
showed that the treatment group, 5.0 ppm, bordered on 
significance with a trend effect for lower body weight 
(p<0.10). Lastly, student t-tests displayed statistically 
significant or trend differences between VEH and 
5.0 ppm at each body interval (p<0.05; p=0.09; p=0.07), 
see Figure 1B. Food intake across the entirety of the 
study was not significantly different in daily variations, 
(F(2,9)=0.55; p=n.s.) by repeated measures ANOVA, 
see Figure 1C. There was no interaction between dose 
and time in food consumption (F(22,99)=1.48; p=n.s.). 
There were no statistical differences between BBP 
treated animals and controls with circulating 17-β 
estradiol (F(2,21)=0.6; p=n.s.) by one-way ANOVA, see 
Figure 5A.

Behavioral data after BBP administration
Open field activity and the impact of BBP
BBP treated animals did not display any gross motor 
or exploration deficits. There were no statistical differ-
ences by one-way ANOVA in activity in the outer por-
tion (F(2,21)=0.26; p=n.s.) or inner portion (F(2,21)=0.34; 
p=n.s.) of the open field arena, see Figure 2A. During 
this test we also assessed grooming and rearing and 
there were no statistical differences via one-way 
ANOVA (F(2,21)=0.28; p=n.s.) and (F(2,21)=0.87; p=n.s.) 
respectively, see Figure 2B.

Fear conditioning and the Impact of BBP
We assessed learning and memory in BBP treated rats by 
using the fear conditioning paradigm. Freezing during 
training sessions on Day 1 was examined via video and 
behavior between controls and BBP treated were indis-

A B

C D

* *

Fig. 2. Behavioral testing in rats chronically exposed to oral BBP. In Fig. 2A-2B, rats exposed to BBP displayed no gross motor deficits, 
exploration or changes in rearing and grooming in the Open Field test. Fig. 2C shows freezing behavior on Day 2 after rats were returned 
to the chamber. Rats exposed to 10.0 ppm BBP displayed decreased expression of fear (freezing) during the ITI and Cue phase of fear 
conditioning. Fig. 2D shows rats treated with chronic BBP during a social test displayed increased sniffing and approaching (non-contact 
behavior). ITI = inter trial interval. Data represent group means ± SEM; *p<0.05
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tinguishable (data not shown). Twenty four hours after 
training on Day 2, rats that were chronically exposed 
to BBP displayed a decreased freezing behavior in both 
ITI (F(2,21)=5.1; p<0.05) and cue (F(2,20)=3.8; p<0.05) 
phases of fear conditioning by one-way ANOVA, see 
Figure 2C. Post-hoc tests demonstrated that 10.0 ppm 
BBP treated rats display decreased rates of freezing 
compared to 5.0 ppm or VEH (p<0.05). 

Social investigative behaviors and the Impact of BBP
We assessed social and approach behavior by in BBP 
treated rats by using the anosmia model of social behav-
iors. Figure 2D depicts the increased social interaction 
with the passive anosmic rat via sniffing and approach-
ing “non-contact” after BBP treatment (F(2,21)=3.0; 
p=0.07) and 10.0 ppm treated rats showing the highest 
increase (p<0.05). 

Biochemical effects of BBP administration
We observed a considerable change in protein levels 
of MePC2 (F(2,21)=9.28; p<0.001) in the amygdala of 
animals exposed to both 5.0 ppm (p<0.01) 10.0 ppm 
(p<0.0001) of BBP by one-way ANOVA and post-hoc 
analysis, see Figure 3A. This was also inversely cor-
related with anosmic tests of sociability (p<0.01). We 
observed a considerable decrease in ERK1/2 in the 
amygdala (F(2,21)=3.33; p<0.05) by one-way ANOVA 
but this was only significant at the highest dose 10.0 
ppm (p<0.05), see Figure 3B. We observed no change 
in stress reactive proteins related to NFkB such as p65 
(F(2,21)=0.22; p=n.s.) and p50 (F(2,21)=0.47; p=n.s.) by 
one-way ANOVA, see Figure 4A and 4B. Lastly, there 
were alterations in amygdalar expression of the estro-
gen receptor α (ERα) (F(2,21)=7.08; p<0.005) with an 
increase in the 5.0 ppm (p<0.05) and a decrease in 

A

C D

B

VEH   5ppm  10ppmVEH   5ppm  10ppm

GAPDHGAPDH
37 kD

75 kDMeCP2ERK1/2 44 kD
42 kD

37 kD

*

Fig. 3. Chronic BBP treatment can alter protein expression of MeCP2 and ERK1/2 in rats. Fig 3A shows a decrease in amygdalar MeCP2 
following BBP treatment. This decrease is inversely correlated aberrant social behavior (p<0.05). Fig 3B shows a decrease in amygdalar 
ERK1/2 following BBP treatment and is correlated with freezing behavior (p<0.05). All bands were normalized to GAPDH and 
representative bands from the blots are below the graphical quantification. Data represent group means ± SEM; *p<0.05
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10.0 ppm (p<0.05) by one-way ANOVA and post-hoc 
analysis.

DISCUSSION
These data presented here are the first to demonstrate 
that chronic exposure to phthalates can alter the appro-
priate behavioral response to fear conditioning and 
social interaction without affecting general activity 
levels, gross locomotor activity or exploration habits. 
BBP treated animals also showed abnormalities in pro-
tein expression of amygdalar MeCP2, ERα and ERK1/2 
but not NFkB subunits.

Physiological and stress responses in BBP treated rats 
Rodent toxicology studies suggest that administra-
tion of endocrine disruptors produces dysfunctional 
reproductive and endocrine related responses (Ryan & 
Vanderbergh 2006). Here, we administered BBP in the 
drinking water for approximately 15 weeks to juvenile 

rats. In this experiment, we observed decreases in body 
weight with no concurrent change in food consump-
tion, indicating that there was a homeostatic imbalance 
in BBP treated animals. We did not observe changes in 
adrenal weights, testicular fat or liver weights at the time 
of sacrifice (data not shown). It is likely that the specific 
time points of our administration of BBP did not affect 
the previously developed organs or circulating levels of 
estrogen. Serum analysis of 17-β estradiol in animals 
that were administered BBP showed no significant 
difference. During development, males are extremely 
sensitive to levels of estrogen; increases in these levels 
during development can have permanent effects on the 
development of both reproductive structures leading 
to a feminization of males and on neuronal develop-
ment. Future studies will examine the effects of BBP on 
progeny since changes in estrogen levels during female 
development can have prolonged effects. Future stud-
ies should also examine developmental exposure to 
phthalates in a temporal fashion. We also observed no 
protein level changes in NFkB, see Figure 4A and 4B, a 
critical mediator of stress and depressive behavior (Koo 
et al. 2010). Nevertheless, mechanisms underlying the 
effects of BBP on stress using corticosterone levels or 
other physiological markers should be further investi-
gated. Relatively few studies have investigated the link 
between phthalate exposure and stress. 

Use of anosmia as a model of sociability 
Rats as a species are social creatures. Two unfamiliar 
rodents placed together will display several species typi-
cal behaviors including sniffing, approaching, contact, 
and anogenital sniffing (Crawley 2007). A complex task 
for modeling social behavior and potential aggression 
is to manipulate the olfactory capacity between unfa-
miliar rats placed in a neutral setting. Our data demon-
strates that after an anosmic and intact BBP treated rat 
are placed in an arena together, BBP treated rats show 
dysfunctional responses to the anosmic, passive, rat and 
display no signs of aggression. Zinc sulfate produces a 
long lasting, but reversible, anosmic state that is charac-
terized by impaired olfactory discrimination but not the 

A B

A B

*

*

Fig. 4. Proteins related to stress are not affected by chronic BBP 
treatment in rats. Fig. 4A and 4B show no changes in amygdalar 
protein expression blotted for p65 and p50 (NFkB subunits) 
following BBP treatment. There were no significant differences 
across doses (p=n.s.). Data represent group means ± SEM.

Fig. 5. Fig 5A indicates an 
increase in amygdalar 
estrogen α receptor in 
the 5.0 ppm dose and 
a decrease in the 10.0 
ppm dose. There were 
no changes in circulating 
serum 17-β estradiol at 
the time of sacrifice, Fig. 
5B. Data represent g roup 
means ± SEM; *p<0.05
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ability to sniff. BBP treated rats sniffed and approached 
the anosmic rats more than control rats. An increase in 
exploration could explain this result however in tests 
of open field activity, adult male rats exposed to BBP 
showed no differences in general ambulation, inner 
arena crossing, peripheral arena crossings, grooming or 
rearing. Taken together, this could indicate the rats have 
an altered sense of novelty seeking or potential anxious 
state (Crawley 2007). BBP treatment and more sophis-
ticated anxiety testing, such as elevated plus maze, 
should be performed. Future studies will examine BBP 
treatment and Crawley’s (2007) three chamber sociabil-
ity and preference for social novelty protocol. While it 
is possible that we eliminated most of the odors ema-
nating from the anosmic rats it is possible that the BBP 
treated rats could still respond to the pheromone pro-
duction of urine (Calvo-Torrent et al. 1997). To date, 
no studies have examined post natal BBP exposure and 
social responding. There is strong evidence that the 
epigenetic actions of endocrine disruption can account 
for behavioral and molecular changes including social 
behaviors (Dessi-Fulgheri et al. 2002; Porrini et al. 
2005; Cox et al. 2010), learning and anxiety (Carr et al. 
2003; Patisaul and Bateman 2008; Xu et al. 2010), sex 
differences (Farabollini et al. 2002; Monje et al. 2009), 
and molecular changes (Tando et al. 2007; Tanida et al. 
2009; Smith et al. 2011). Therefore, future studies will 
examine in utero exposure to BBP.

Fear conditioning and amygdalar changes in ERK1/2, 
ERα and MeCP2 following BBP treatment 
Here, a fear memory was established in rats by pairing 
an environmental stimulus, CS, with a salient aversive 
US event, foot shock in the fear conditioning para-
digm. The strength of this memory was determined by 
evaluating the CR, freezing, in subsequent tests after 
retrieval of the original memory event. Our objective 
was to use this well-established fear conditioning para-
digm to understand effects of BBP administration and 
associative learning. Our data demonstrates that BBP 
treatment decreases freezing behavior in both the ITI 
and cue phases of fear conditioning indicating that 
these rats fail to learn to associate the environment or 
cue with the shock. Although it is possible that BBP 
could have altered sensory or pain thresholds, this 
explanation is unlikely given that freezing on Day 1 
training was indistinguishable. Future studies should 
examine extinction learning after fear conditioning ses-
sions since this is considered a new learning process. A 
testing sequence such as this would lend insight to the 
flexibility of their learning ability after BBP treatment. 

The neural substrates of fear learning have been well 
characterized. The amygdalar complex plays a critical 
role in this defensive behavior, freezing, and has been 
implicated in the formation of emotional memories. 
Different sub-nuclei within the amygdala coordinate 
the expression and execution of fear. It is well known 
that disruption of the basolateral amygdala affects both 

acquisition and expression of fear via sensory input 
(LeDoux et al. 1990). It is also generally accepted that 
the amygdala is critical for learning about both contex-
tual and cued information in the environment (Phil-
lips & LeDoux 1992). Estrogens effects are mediated by 
ERα and estrogen receptor beta (EBβ) and the amyg-
dala contains a high degree of ERα and there is a strong 
degree of anatomical distribution of receptor expres-
sion between species (Östlund 2003). For this reason, 
we dissected the amygdala for our biochemical studies. 
Our results provide further evidence to suggest that 
estrogens may exert their influence on fear within the 
amygdala as seen by a decrease in ERα protein coupled 
with a decrease in freezing behavior in animals exposed 
to 10.0 ppm BBP. 

Future studies should examine the contribution of 
phthalates exposure and fear circuitry on the hippo-
campus. We cannot rule out hippocampal contribution 
in our studies. Although we shifted our context in Day 
2 of the fear conditioning paradigm, our freezing data 
does have contextual, or hippocampal, components to 
it. Additionally, adult ERα knockout mice have hippo-
campal dependent memory deficits suggesting that ERα 
expression is important learning and memory (Foster 
et al. 2008). Nevertheless, this work may reveal a novel 
and important role of memory processes and ERK1/2 
regulation in the amygdala following phthalates expo-
sure. ERK1/2 is a part of the mitogen activated protein 
kinases (MAPs) family and is a signaling molecules 
related to learning and plasticity. Additionally, it has 
been shown that MAPs in the amygdala are required 
for memory consolidation in fear conditioning. Block-
ade of ERK1/2 or MAP activation in the lateral amyg-
dala impairs fear memory consolidation (Schafe et al. 
2000) and long term potentiation (Schafe et al. 2008). 
It is possible that long term exposure to phthalates may 
dampen this signal cascade and contribute to altera-
tions in memory formation. There is a growing body 
of work in the literature to showing that activity depen-
dent gene expression mechanisms and epigenetics 
surrounding memory formation, representation and 
expression (Nudelman et al. 2010; Tronson & Taylor 
2007). We demonstrate significantly decreased protein 
levels of ERK1/2 after chronic BBP administration, and 
it is important to further explore this interaction and 
other synaptic plasticity changes in relation to phthalate 
exposure and fear learning.

Previous studies have shown that other proteins 
aside from ERK1/2, including MeCP2, a chromosomal 
protein, in the amygdala is required for normal learn-
ing and memory related behaviors (Adachi et al. 2009). 
Several lines of evidence have recently linked MeCP2 
function to Rett syndrome, a neurodevelopmental dis-
order caused by loss of functions in this gene (Amir et 
al. 1999; Chahrour et al. 2008; Monteggia et al. 2009; 
Berger-Sweeney 2011). However, its precise role is not 
fully understood. Rett syndrome and other psychiatric 
disorders such as autism and Fragile X syndrome are 
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associated with low levels of social interaction. These 
disorders are being assessed for translational pheno-
types at increasing rates. Knocking down MeCP2 in 
adult mice produces anxiogenic behavior and cue-
dependent fear-conditioning deficits (Adachi et al. 
2009). Reduced MeCP2 expression is found in the 
frontal cortex of individuals with autism (Nagarajan et 
al. 2006). In animal studies, MeCP2 is responsible for 
organizing juvenile social behavior and disruption with 
small interfering RNA (siRNA) of MeCP2 specifically 
in the amygdala during sexual differentiation decreased 
social play in male rats (Kurian et al. 2008). MeCP2 
null mice, a model of Rett syndrome, display abnor-
mal social responding with other mice (Gemelli et al. 
2006). Gain of MeCP2 function has also been shown to 
impair learning and memory and alter synaptic trans-
mission (Na et al. 2012). MeCP2 has been indicated as 
an important contributor during the critical time of 
brain development due to its role in promoting neuro-
nal growth and maturation. It has been observed that 
MeCP2 null mice have a decreased brain volume and 
shorter, underdeveloped dendrite branching compared 
to controls that may be attributed to an overall decrease 
in neuronal size (Stearns et al. 2007). In the future it 
would be worth studying the effects of BBP on neuronal 
growth and maturation in a developing brain to deter-
mine if it results in cognitive or learning deficiencies. 
These lines of evidence point to MeCP2 as a critical 
mediator of social organization in the brain and its tem-
poral and regional patterns remain uncertain. The com-
plex phenotype associated with Rett syndrome and the 
nature of the therapeutic window for intervention has 
yet to be elucidated (Berger-Sweeney 2011). Here, we 
demonstrate that chronic administration of BBP (10.0 
ppm) decreases fear conditioning and it is tightly cor-
related with decreases in amygdalar MeCP2, ERα and 
ERK1/2. Taken together, administration of phthalates 
and endocrine disruption is implicated in hormonal 
dysregulation which has both behavioral and molecular 
consequences on the fear and social neurocircuitry.

CONCLUSIONS
Our results indicate an important relationship between 
aberrant social interactions, fear conditioning (asso-
ciative learning), and amygdalar MeCP2, ERα and 
ERK1/2, following BBP administration. Across a range 
of doses, BBP administration can lead to inappropri-
ate social interaction and disruption of normal main-
tenance of associative learning. It is highly likely that 
humans and animals, at all stages of development and 
beyond, are exposed to phthalates resulting in both 
behavioral and molecular effects. Given that extensive 
literature does not exist, it is highly significant to report 
that phthalate exposure can alter behaviors related to 
sociability and fear conditioning and that MeCP2, ERα 
and ERK1/2 in the amygdala may regulate some of 
these processes. MeCP2-associated disorders, although 

can be considered distinct, all share core social deficits 
(Samaco et al. 2005) and phthalate exposure should be 
studied more closely. Taken together, our results sug-
gest BBP exposure has both behavioral and molecular 
signature. A greater understanding of the consequences 
of phthalate exposure will translate into more effective 
interventions for avoidance of this chemical during 
critical developmental time points. It is possible that 
multiple mechanisms, multiple routes of exposure and 
combinations of phthalates together can contribute to 
the underlying mechanism of social disorders such as 
autism, Rett syndrome or other psychiatric conditions. 
The epigenetics surrounding endocrine disruption has 
yet to be fully elucidated (Wolstenholme et al. 2011) and 
studies such as this play an important role in charac-
terizing the effects of endocrine disruption on the fully 
developed brain and behavior.
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