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Abstract

Alterations in circulating thyroid hormone concentrations are associated with several
psychological and behavioral disorders. In humans, behavioral disorders such as anxiety,
depression, and attention-deficit hyperactivity disorder can be associated with thyroid disease. The
Tpo-Cre;Prkar1a™XfloX - Epac1~~ (R1A-Epac1KO) mice, originally bred to investigate the role of
exchange protein directly activated by cAMP (Epacl) in follicular thyroid cancer, displayed self-
mutilating and aggressive behaviors during casual observation. To assess these atypical responses,
behavioral testing was conducted with the R1A-Epac1KO mice, as well as their single knockout
counterparts, the thyroid-specific Prkarla”~ and global £pac1™~ mice. Mice of all three
genotypes demonstrated increased aggressive behavior against an intruder mouse. In addition,
Epacl™~ mice increased response to an auditory stimulus, and the PrkarIa™~ and R1A-EpaclKO
mice increased swimming behavior in the Porsolt forced swim test. Interestingly, both Prkaria™~
mice and R1A-EpaclKO mice have increased circulating thyroxine and corticosterone
concentrations. Although hyperthyroidism has not been previously associated with aggression,
increased thyroid hormone signaling might contribute to the increased aggressive response to the
intruder mouse, as well as the increased swimming response. Mice with a genetic background of
Tpo-Cre;Prkarla™XfloX-Epac1~~ are aggressive, and both the thyroid-specific knockout of
Prkarlaand global knockout of Epacl likely contribute to this aggressive behavior. This study
supports the hypothesis that altered thyroid signaling and aggressive behavior are linked.
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Introduction

Hyperthyroidism has long been associated with psychiatric symptoms. In humans with
hyperthyroidism, comorbidity with affective disorders, including anxiety, depression, and
attention-deficit hyperactivity disorder (ADHD) is often reported (Thomsen and Kessing,
2005; Grabe et al., 2005). Thyrotoxicosis induced by consumption of ground beef
contaminated by bovine thyroid tissue induced aggression and fire-setting in a 4 year-old
boy (Bhatara et al., 2009). Thyroid receptors are expressed throughout the adult brain,
including regions involved in affective behavior such as the prefrontal cortex and the
amygdala (Lechan et al., 1993). Therefore, alterations in thyroid hormone signaling are
likely to affect behavior. Indeed, pharmacological induction of hyperthyroidism in rodents
can cause an array of behavioral effects, including changes in locomotor activity, muscle
strength, motor coordination, learning, memory, and affective behaviors (Yu et al., 2015;
Bitiktas et al., 2016; Rakov et al., 2016). Behavioral effects differ based on the specific
pharmacological or genetic induction of elevated thyroid function. Thyroid-specific deletion
of Prkarla causes hyperthyroidism in mice Pringle et al., 2012), but their behavior remains
unspecified.

The thyroid-specific PrkarZa”~ mouse (R1A) was developed to investigate the tumorigenic
role of PRKARIA in the thyroid gland, a cAMP-responsive tissue (Pringle et al., 2012).
PRKARIA encodes the typela regulatory subunit of protein kinase A (PKA), and mutations
of this gene have been implicated in both inherited and sporadic cases of thyroid cancer
(Sandrini et al., 2002). Over 40% of R1A mice develop follicular thyroid cancer (FTC) by
one year of age, and R1A mice have hyperthyroidism (Pringle et al., 2012). Increased
thyroid stimulating hormone (TSH) concentrations are associated with human thyroid
cancer. PKA signals downstream of TSH through the production of cAMP (Hargadine et al.,
1970; Haymart et al., 2008), however, because of the pervasive effects of cCAMP, therapies
attempting to target cAMP signaling can cause a large number of side effects (Saunders et
al., 1997; Propper et al., 1999). Therefore, increasing focus has been on understanding
downstream targets of CAMP signaling and targeting those pathways instead (Pringle et al.,
2014).

Exchange protein directly activated by cAMP (Epac) presents a potential alternative
therapeutic target. Epac is an intracellular sensor, in addition to PKA, that mediates the
effects of CAMP to activate downstream Rapl (Kawasaki et al., 1998; de Rooij et al., 1998),
in many tissues including the thyroid (Ribeiro-Neto et al., 2004). Epac regulates Rap
activity, both in concert with PKA and independently, and the effects, whether stimulatory or
inhibitory, seem to be dependent on cell type and context, as well as the type of stimuli
(Almaharig, et al. 2013; Cheng, et al. 2008; de Rooij et al. 1998; Tsygankova et al. 2001).
Epac plays an important role in cell migration and invasion in other cancers (Grandoch et al.,
2009). EpacI™~ mice are viable and fertile, with no obvious thyroid gland defects.
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Therefore, the R1A mice were crossed with £pac1™~ mice, generating 7po-
Cre,Prkar1a™ox/flox-Epac1~~ (R1LA-Epac1KO) mice to investigate the role of £pacl in FTC.

Epac genes are expressed in both developing and adult brains; however, Epacl is more
highly expressed during development whereas EpacZ2is more prevalent in adults (Kawasaki
et al., 1998; Murray and Shewan, 2008). Developmental expression of EPAC proteins
promotes CAMP-dependent axon growth and regeneration (Murray and Shewan, 2008), and
are located throughout the hippocampus, the prefrontal cortex, cerebellum, and the
suprachiasmatic nucleus of the hypothalamus (Nikolaev et al., 2004; Dwivedi et al., 2006;
O’Neill et al., 2008). EPAC proteins have also been linked with behavioral changes. Epac2
deletion, but not Epac deletion, in mice altered anxiety-like behaviors, hyperactivity, and
depressive-like responses (Zhou et al., 2016). Both EpacI™~ and Epac2™~ mice display
normal cognitive functions such as LTP and spatial learning, whereas mice lacking both
isoforms display deficits in these tasks (Yang et al., 2012), suggesting a redundant role for
the proteins. Epacl has been implicated in causing deficits in sensorimotor gating (Kelly et
al., 2009), which is associated with many psychiatric disorders (Geyer, 2006).

Inadvertent behavioral alterations are often induced by genetic modifications of mice
generated for other purposes. While working with the R1A-Epac1KO mice, behavioral
abnormalities were observed that warranted further behavioral phenotypic investigation.
This mouse model presents a unique opportunity to investigate the roles of Prkarlaand
Epacl in behavior, as well as the reciprocal effect of the double KO. Considering the
Prkarlaknockout is thyroid-specific, behavioral alterations are likely the result of
downstream effects of the deletion, such as alterations in thyroid hormone signaling. Here,
we characterize the behavioral phenotype of all three genotypes, R1A, Epac1KO, and R1A-
Epac1KO mice. We investigated sensorimotor function, memory, locomotor function,
affective behaviors, and aggressive behavior to provide a relatively complete behavioral
assessment. All three genotypes showed a dramatic increase in aggression towards an
intruder mouse along with other alterations in affective behavior. This study is, to our
knowledge, the first to implicate hyperthyroidism in murine aggressive-like behaviors, and
provides insight into additional roles for Prkarlaand Epacl in affective and aggressive
behaviors.

Male adult mice comprising four genotypes were maintained in a sterile environment under
a 12-hour light/dark cycle with access to ad /ibitum food (Harlan Teklad 8640; Madison, WI,
USA) and filtered tap water, except when noted below. Prior to behavioral testing, all mice
were group housed with littermates. Mice selected for behavioral testing were then separated
and single-housed, allowing 3 weeks to acclimate prior to the initiation of the first test.
Cages were kept on ventilated racks in a temperature- and humidity-controlled vivarium at
The Ohio State University. 7PO-cre; Prkar1al®*/IoxP (Pringle et al., 2012) were mated with
Epac1 KO mice (Suzuki et al., 2010), provided kindly by the Ishikawa group at Yokohama
City University, Japan, to produce a double knockout, R1A-Epac1KO. All experiments were
performed in a C57BL/6 CBA and FVB mixed background. All experimental mice were
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derived from the same parents of origin and inbred to produce each of the four genetic
models: TPO-cre; Prkar1al®P/1ox0 (R1A), TPO-cre; Prkarla’®P1oxX0- Epaci~~ (R1A-
Epacl1KO), Prkar1aloxP/loxp: £paci~~ (Epac1KO), and Prkarlal®P/oxe (WT Control).
Twelve animals from each of the four genotypes were included in the behavioral study.
Animals were between 6-10 months of age at the onset of testing, and were coded with
random experimental numbers to ensure the experimenter remained uninformed of the
experimental groups. All behavioral testing was conducted during the animal’s light phase,
between the hours of 1000 and 1800 h EST, and mice were acclimatized to the room for 30
minutes prior to testing. The rooms used for behavioral testing and acclimatization were at
approximately the same light level as in the animal housing room. Behavioral testing was
conducted in the order of least to most stressful over 40 days, with at least one day between
tests (see Table 1). For tests which required multiple days, mice were divided into two
groups, with each genotype equally represented in both groups. Testing was not conducted
on days in which cage changes occurred. All experiments were conducted with approval
from the Ohio State University Institutional Animals Care and Use Committee and were
consistent with the NIH regulations.

2. Initial Assessment

An initial assessment of each mouse was conducted to ensure behavioral differences did not
arise from gross deficits. Body weight was measured and length was measured from the tip
of the nose to the base of the tail. Vibrissae were visually assessed and assigned a score from
0-4; mice with all whiskers present and un-barbered were assigned a score of 0, mice with
no whiskers were given a score of 4, and scores of 1, 2, and 3 were assigned for mice with
conditions between the two extremes. Eye appearance was assessed visually for
discrepancies in size, shape, and condition, with a score of 0 assigned for normal, a score of
1 for mild abnormalities, and a score of 2 was given for mice with severe abnormalities.
Muscle tone was assessed by handling each animal, allowing him to climb on the examiner’s
fingers, using the 0-2 scale described for eye appearance. Ear appearance was scored using a
0-2 scale where 0 indicated both ears were normal, 1 indicated one ear pinna was
malformed or missing, and a 2 indicated both ear pinna were malformed or missing.

3. Sensorimotor Tests

Several sensorimotor tests were conducted to detect any deficits that could potentially affect
other behaviors. The visual placing testwas used to detect visual impairment. Each mouse
was held by the tail and lowered slowly towards the edge of the table. A positive score was
assigned when the mouse extended its forepaws prior to touching the table on at least 2 of 3
trials. Contact placing and orientation to touch of vibrissae was conducted to detect deficits
in sensory function of vibrissae. In a dimly lit room (3 lux of red light), each mouse with
vibrissae was lowered slowly towards the edge of a table until its vibrissae touched the edge.
The reaction to touch was evaluated and scored on a scale of 1-3. A score of 1 indicated no
response, and a score of 3 indicated maximal response. The average of three trials was used
for analysis. A mouse lacking vibrissae was assigned a score of 0. Limb clasping was
assessed for each mouse by suspending the mouse by its tail about 30 cm above a table for 5
seconds. A score of 0 was given if all of the limbs were held against the body (clasped), a
score of 3 was assigned if all of the limbs were extended out. Scores of 1 and 2 were
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assigned for stages between the two extremes. The limb-clasping score was the sum of three
trials.

The time to find a hidden cookie in their home cage was tracked to test olfactory senses. A
miniature peanut butter sandwich cookie (2—-3g) was placed in the corner of each mouse’s
cage and covered with 3-6 cm of bedding. The mouse was replaced into his cage, and the
time required to locate the cookie was recorded. The test was terminated if the cookie was
not located within 10 minutes. Awuditory function was assessed by sounding a clicker 15 cm
behind the mouse’s head. A positive score was recorded when the animal turned its head
towards the sound on 2 of 3 trials. Each mouse’s forelimb grip strength was measured using
a grip strength meter (Columbus Instruments). Each mouse was placed onto the pull bars,
gently pulled, and the peak force was recorded by the meter. Three trials were averaged for
each mouse. The rotating rod testwas used to assess each mouse’s motor function. Each
mouse was placed onto a rota-rod treadmill (Med Associates Inc. #ENV-577M) at 4 rpm.
The rod slowly increased its turning rate to 40 rpm over a 5 minute interval. Each animal
was tested three times, with at least 5 minutes between trials. The time until the mouse fell
off the rod or failed to remain on the top of the rod for two revolutions was recorded and
averaged for the three trials.

4. Memory Tests

Y-Maze spontaneous alternation test was used to measure spatial working memory.
Spontaneous alternation is the tendency to choose a different option than the one previously
chosen. Mice tend to explore the arms of the Y-maze that they have explored less than others
(Deacon and Rawlins, 2006). Therefore, this task is a sensitive measure of spatial memory
(Wolf et a., 2016). Each mouse was placed in the center of the Y-maze and recorded for 5
minutes. The maze was cleaned with 70% ethanol between each mouse. The number of
alternating three choice sequences over the total chances to alternate between arms was
scored to provide the percentage of alternations.

5. Affective Behavioral Tests

The gpen field testwas used to assess anxiety-like behaviors and locomotor activity in a
novel environment. Each mouse was placed into an open arena and tested for 20 minutes as
previously described (Fonken et al., 2009). Central tendency was measured for anxiety-like
responses by calculating the proportion of time spent in the center of the open field. We
assessed central tendency during the first 5 min of testing. as well as the total duration of
testing. Locomotor activity was measured separately as the total number of beam breaks
during the duration of testing.

We also tested anxiety-like behaviors using the efevated-plus maze and assessing the time
spent in the open arms vs. time in the enclosed arms. Thirty minutes after open field testing,
each mouse was placed in the center of the elevated plus maze with two enclosed arms
(50cm x 10cm x 40cm) and two open arms (50cm x 10cm). The maze was elevated 40 cm
off the ground. Mice were allowed to freely explore for 5 minutes and recorded on video.
The recorded behavior was then scored using Observer software (Noldus, Leesburg, VA) for
the number of entries in the open arms and the percentage of time spent in the open arms.
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We tested for depressive-like behaviors using two tests, the Porsolt forced-swim test and the
sucrose preference test. In the Porsolt test, the time spent floating, or immobile is interpreted
as behavioral despair and is reversible with antidepressant treatment (Porsolt et al., 1978;
Crawley, 1999). Each mouse was placed into a cylindrical beaker (diameter = 24 ¢cm, height
=53 cm) filled with room temperature (22 + 2°C) water approximately 17 cm deep. Each
mouse was recorded for 5 minutes, removed from the water, dried, and returned to his cage.
The video was subsequently scored using Observer software for latency to first float, the
number of floating bouts, and the total time floating.

Rodents typically prefer sweetened water, and a lack of preference indicates anhedonic
behavior (Willner et al., 1987). Mice were acclimated to the removal of their water and the
addition of two water bottles in their cage for three days with access to water in their new
water bottles ad /ibitum. The bottles were weighed and refilled twice per day, within 1 hour
of the onset of dark phase, and within 2 hours after the light phase. On the fourth day, one
water bottle was randomly switched to one containing a 3% sucrose solution for two days.
The bottles were rotated on day 2 to control for side preference. The total percent preference
was calculated by dividing the volume of sucrose consumed by the volume of water
consumed over the two days of testing.

6. Compulsive Behavior Tests

The digging testand marble burying testwere used to assess compulsive behaviors. The
digging test was conducted over a 3 minute duration by filling a cage with approximately 5
cm of corncob bedding, which was lightly tamped down to make a flat, even surface. The
latency to first digging, total number of digging bouts, and total duration of digging was
recorded. In the marble burying test, home cages were filled with approximately 1.5 inches
of corncob bedding and lightly tamped down. Sixteen marbles were placed on top of the
bedding, and the mouse was placed into the cage for 20 minutes. The number of marbles
buried to 100% depth, 50% depth, and the total number of marbles buried was recorded. The
marbles were cleaned with soapy water, rinsed with 70% ethanol, and dried between
animals.

7. Pain Tolerance Test

The hot plate testwas used to measure pain tolerance in mice. Each mouse was habituated to
the hot plate (Life Sciences Series 8 Model PE34) surface at room temperature for 30
seconds prior to testing. The surface of the plate and surrounding walls were wiped with
70% ethanol between animals. Each mouse was then placed onto the heated plate (55°C) and
the latency to a reaction was recorded. Reaction behaviors included lifting the front or rear
paws, licking the paws, or jumping. The mouse was removed as Soon as a response was
observed.

8. Aggression Tests

The offensive aggression against an intruder in the home cage paradigm was used to test for
aggressive behaviors (Miczek, 1987; Hilakivi-Clarke and Lister, 1992). The home cage was
not changed within one week prior to testing. A stimulus male mouse (8-week old male

Swiss-Webster) was introduced into each mouse’s home cage. The latency to the first attack
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by the resident mouse was recorded. In addition, the number of attacks, bites, pursuits, and
tail rattles displayed by the resident mouse were also noted. The animals were recorded, and
the recordings were scored for total duration of fighting. The stimulus mouse was removed
from the cage after 10 minutes, or if visibly injured. Stimulus mice were used only one time
per day of testing, and testing was conducted over two consecutive days. Although intruder
mice were not age- or size-matched to the resident mice, the intruder mice were all of
similar size and age.

9. Corticosterone and Thyroid Hormone Assays

Blood was collected from a separate cohort of mice to assess serum corticosterone
concentration. Blood was obtained via cardiac puncture from 10 animals per genotype and
centrifuged for 20 minutes at 4°C to separate the serum from whole blood. Serum
corticosterone concentration was measured using a Corticosterone Enzyme Immunoassay
Kit (Arbor Assays) according to the manufacturer’s protocol. The intra-assay coefficient of
variation for this immunoassay is 5.175%; the inter-assay variability is 7.93%. Cross
reactivity of Desoxycorticosterone has been reported as 12.3% cross reactivity, while no
other related steroid compounds exceeded 1% cross reactivity. Thyroxine (T4) concentration
was assessed using blood from an additional cohort of mice (n=10). Serum from 12 mice per
genotype was collected as above and shipped on dry ice to the Hormone Assay and
Analytical Services Core at Vanderbilt University Medical Center for analysis using double
antibody radioimmunoassay (RIA). The T4 RIA was developed in the laboratories of the
Division of the Diabetes, Endocrinology and Metabolism, Department of Medicine and
Vanderbilt University Medical Center. Cross reactivity to diiodo-L-tyrosine and moniodo-L-
tyrosine <0.01%, D-Thyoxine 100% and 3,3,5-Triiodo-L-thyronine (T3) 3%. The inter-assay
variability for this assay is 5.9%. The intra-assay coefficient of variation for this assay is
2.65%); the inter-assay variability is 8.47%. The primary anti-L thyroxine antibody was
developed in rabbit and purchased from Sigma Aldrich (T2652), and the T4 1125 and T4
standards were purchased from MP Biomedicals. The sensitivity of the assay is 0.5 ng/mL.

10. Data Analyses

All parametric pairwise comparisons were conducted using a 1-way ANOVA with genotype
as the independent variable. Significant ANOVA results were followed with a multiple
comparison Dunnett’s test with all comparisons to the wild-type control group. We also
estimated the effect size using eta? for ANOVA results and Cohen’s d for the results of the
post hoc multiple comparisons between each genotype relative to the WT group. Data failing
to meet the assumptions of parametric testing were first transformed. If assumptions
remained unmet, then the nonparametric Kruskall-Wallis test was used. A significant result
was followed by Dunn’s test, comparing each group to the wild-type control group.
Categorical data was compared using Fisher’s exact test, followed by pairwise multiple
comparisons with Bonferroni correction.
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Results

1. Initial Assessment

Statistically significant differences in body weights were observed between groups

(F3 48=3.35, p<0.03, n1=0.186). R1A-Epac1KO mice weighed significantly less
(29.71+1.17g) than WT animals (33.55+0.58g, p<0.02, d=1.606) (Figure 1a). Body length
also differed between groups (F3 48=3.01, p=0.04, n=0.168). Body lengths of R1A-
Epacl1KO mice were significantly shorter (9.74+0.13cm) than WT mice (10.09+0.10cm,
p=0.049, d=0.833) (Figure 1b). Initial assessments of vibrissae, eye appearance, muscle
tone, and ear appearance showed no differences between groups (p>0.05).

2. Sensorimotor Tests

All of the groups exhibited similar visual ability; all mice were able to extend their paws to
the same degree when lowered toward the edge of the table (p = 0.10). No significant
differences were observed when visual cues were removed by lowering the animals toward
the table in dim red light, indicating similar ability in sensing using vibrissae (p = 0.08).
Assessment of olfactory function revealed no significant differences between genotypes (p =
0.82); all groups required a similar amount of time to find a cookie hidden beneath their
bedding.

Tests of limb function indicated that all genotypes have similar limb function as shown in
their ability to clasp their limbs when suspended in the air (p = 0.70). However, grip strength
was significantly different among genotypes (H=13.699, p = 0.003), but the post hoc test did
not show any group mean was significantly different than WT (Table S1). Overall locomotor
ability did not differ between genotypes (p = 0.40, Table S1); all groups remained on a
rotating rod for a similar length of time.

Auditory function was assessed by observing a mouse’s response to a clicking noise behind
his head on at least 2 of 3 trials. Genotypes differed in this task (p < 0.001) such that
EpaclKO (p = 0.001) and R1A-Epac1KO mice (p = 0.003) turned toward the click more
frequently when compared with WT mice (Figure 2a).

3. Memory Tests

Deficits in spatial memory tested using the Y-maze were not detected for any genotype when
compared with wild-type control mice. There were neither differences detected in the
percent of alternation (p=0.21, Table S1), nor in the number of total alternations (p=0.31,
Table S1).

4. Affective Behavioral Tests

Anxiety-like behavioral responses were tested using the elevated-plus maze and the open
field test. Mice did not exhibit anxiety-like behavior in either test. In the elevated plus maze,
mice from each genotype spent a similar duration of time in the open arm (p=0.60, Table S1)
and made an equivalent number of entries into the open arm (p=0.74, Table S1) throughout
the duration of the test. Likewise, mice of each genotype spent a similar amount of time in
the center of the open field both in the first 5 minutes (p=0.84, Table S1) and throughout the

Horm Behav. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Russart et al. Page 9

full 20 minute duration of testing (0.99, Table S1). In addition, mice of each genotype reared
a similar number of times throughout testing (p=0.20, Table S1).

Depressive-like behaviors were tested using the sucrose preference test and Porsolt forced
swim test. None of the genotypes displayed a difference in the total percent preference of
sucrose (p=0.20, Table S1). In the forced swim test, there were no differences in the number
of floating bouts (p=0.64), however there was a significant difference in the duration of
floating (F3 42=3.66, p=0.02, n=0.224, Figure 2b). Dunnett’s test shows the R1A-Epac1KO
genotype (52.63+13.79 sec) floats significantly less than WT mice (100.17+11.26 sec,
p=0.03, d=1.075).The EpaclKO (p=0.94, d=0.034) and R1A (p=0.057, d=0.866) genotypes
were not significantly different from the WT group. Total locomotor activity was measured
in the open field test to determine whether the difference in floating duration might be due to
a difference in overall locomotion. There were no significant differences between genotypes
in total locomotor activity as measured in the open field test (F3 47=1.00, p=0.40, Figure 2c).

5. Compulsive Behavior Tests

Compulsive behaviors were tested with a digging and marble burying test. Neither test
revealed a significant difference between genotypes. Mice of each genotype dug for a similar
duration (p=0.97, Table S1), a similar number of bouts (p=0.50), and the latency to dig was
also similar (p=0.33). In the marble burying test, the number of marbles buried to 100%
coverage was not different between genotypes (p=0.79, Table S1), but the number buried to
just 50% depth was significantly different between groups (F3 4g=3.01, p=0.04,
d=0.173,Table S1). Dunnett’s post hoc test, comparing each genotype with WT, does not
show a significant difference. Visual inspection of the data indicates the Epac1KO may bury
more marbles than the R1A group, however this comparison was not included in the post
hoc analysis. The total number of marbles buried, including those buried to 50% and 100%
depth, did not differ among genotypes (p=0.09, Table S1).

6. Allodynia Tests

Allodynia was measured using the hot plate test. The duration of time until the mouse began
lifting or licking his paws was not significantly different among genotypes (p=0.10, Table
S1).

7. Aggression Tests

Aggressive behaviors were observed using the intruder in a home-cage paradigm. The
latency to the first aggressive encounter was significantly different between genotypes
(F3.41=3.71, p=0.02, 1=0.316). Mice of R1A (58.94+1.65 sec, p=0.050, d=1.130), Epac1KO
(52.07+1.61 sec, p=0.02, d=1.446), and R1A-Epacl1KO (52.61+1.52 sec, p=0.04, d=1.374)
genotypes all displayed a significantly shorter duration of time until the initiation of an
attack compared with WT mice (159.78+2.11sec) mice (Figure 3a). The total number of
aggressive encounters, including attacks, bites, pursuits, and tail rattles, was significantly
different between genotypes (H=7.83, p=0.0497, Figure 3b). Mice of the R1A (45.20+8.01)
genotype had a significantly greater number of aggressive encounters compared with WT
mice (20.75+3.59, p=0.04). When the specific aggressive behaviors are separated, the
number of attack behaviors was significantly different between genotypes (F3 41=4.29,
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p=0.01, n=0.258). R1A (23.74+1.27, p=0.01, d=1.264), Epac1KO (18.87+1.22, p=0.04,
d=0.920), and R1A-EpaclKO (21.74+1.26, p=0.04, d=1.086) all displayed a greater number
of attack behaviors compared with WT (9.53+0.88) mice (Figure 3c). However, the number
of bites (p=0.13), pursuits (p=0.25), and tail rattles (p=0.87) were not significantly different.
The total duration of aggressive encounters was also significantly different between
genotypes (F3 41=4.757, p=0.01, n =0.284, Figure 3d). Again, mice of the R1A genotype
(53.73+9.50 sec) had a longer duration of aggression compared with WT mice (20.34+3.54
sec, p=0.01, d=1.392).

8. Corticosterone and Thyroid Hormone Assays

Serum corticosterone was measured as a proxy for stress levels. Corticosterone
concentrations were significantly different (F3 40=4.74, p=0.01, n=0.253). Mice of both the
R1A (111.59£37.21 ng/ml, p=0.03, d=1.622) and the R1A-Epac1KO (168.23+52.39 ng/ml,
p=0.01, d=22.50) genotype had higher concentrations of corticosterone than WT mice
(28.88+9.63 ng/ml) (Figure 4a). Plasma T4 concentration was measured as an indicator of
hyperthyroidism. T4 concentrations were significantly different between groups (H=15.63,
p=0.001). Mice of both the R1A (181.45+37.84 ng/ml, p=0.04) and R1A-EpaclKO
(202.33£35.12 ng/ml, p=0.005) genotypes had higher concentration of T4 than WT mice
(47.72+3.74 ng/ml) (Figure 4b).

Discussion

R1A-Epac1KO mice were hyperthyroid and had a significant increase in aggression
compared with their counterpart control mice. These mice were generated to better
understand molecular mechanisms involved in FTC. However, atypical behaviors were
observed which presented the opportunity to investigate behavioral alterations induced by
these genetic modifications. To verify that the increase in aggressiveness did not represent
nonspecific traits such as sensorimotor skills, a complete behavioral assessment was
conducted.

In addition to aggression, the R1A-Epac1KO mice were shorter in length and weighed less
than WT mice, whereas mice of the R1A or Epac1KO genotype did not differ from WT in
morphology (Fig. 1a and b). The reduced weight of the R1LA-Epac1KO mice is likely to be
due, at least in part, to their hyperthyroid state. None of the genotypes had abnormalities in
their eyes, ears, or vibrissae; therefore, variation in gross sensory anatomy does not
contribute to behavioral differences.

Several sensorimotor tasks were assessed, and none of the genotypes had impaired visual,
locomotor, vibrissae, olfactory, or limb function. Grip strength differed between groups, but
the Dunnett’s post hoc test, which compares each group with WT, did not reveal any group
as different from WT mice. Visual inspection of the data indicates the Epac1KO mice might
differ from the R1A-Epac1KO mice, but this contrast was not included in the post hoc
comparisons (Table S1). R1A-Epacl1KO mice weigh slightly less, which could contribute to
a decrease in musculature and therefore grip strength. In a test for auditory function, the
EpaclKO and R1A-EpaclKO mice turned toward a click sounded behind their heads more
often than WT mice (Fig. 1d). Although this could indicate heightened auditory processing,
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it is more likely an indicator of an increased startle response, or hyper-responsiveness to the
stimulus. In this test, positive scores were given when a mouse turned his head toward the
click on at least 2 of 3 trials. Each mouse turned toward at least one of the clicks; therefore
WT mice did not have impaired hearing. Instead, it is possible that the WT mice became
accustomed to the noise, and no longer responded after the first click, whereas the Epac1KO
and R1A-Epac1KO mice remained responsive. One consequence of reduced cCAMP
signaling through Epac is deficits in sensorimotor gating (Kelly et al., 2009). Reduced Epacl
in these mice could cause a reduced ability to modify their startle reflex during successive
auditory stimuli.

Affective behaviors were tested using the open field test, the elevated plus maze, sucrose
preference test, and the Porsolt forced swim test. None of the genotypes tested displayed
anxiety-like or depressive-like behaviors compared with WT mice. Although Epacl was
previously associated with anxiety and depression in human twin studies (Middeldorp et al.,
2010), experimental studies indicate that Epac2KO, but not Epac1KO, is associated with an
increase in anxiety- and depressive-like behaviors (Zhou et al., 2016). Mice of the R1A-
EpaclKO genotype and, marginally, the R1A genotype, floated less, and conversely swam
more, than WT mice in the Porsolt forced swim test (Fig. 2a). Total locomotor activity
assessed in the open field test did not differ between genotypes, and therefore increased
swimming is not simply a difference in overall locomotion. This increase in swimming is
instead likely represents a hyper-vigilant state.

Excessive grooming and barbering were observed while working with the mice, specifically
the R1A-Epac1KO genotype, and the behavior was proposed to be due to a compulsive-like
behavior. Barbering can represent a compulsive behavior (Garner et al., 2004), or result as a
response to stress (Van den Broek et al., 1993). The Epac1KO mice had a marginal increase
in marble-burying behavior compared with WT, which might indicate slight compulsion. An
additional explanation for the behavior arose from Epac proteins’ role in hyperalgesia
(Eijkelkamp et al., 2010); knockout of Epac could decrease sensitivity to pain. As a result,
the lack of Epacl could be contributing to the excessive barbering in which the mice did not
cease barbering when it became painful. However, there were no differences in pain
tolerance among the three genotypes. It is likely the observed barbering was less a
compulsive behavior and more a response to stress.

Epac proteins are important for memory consolidation and retrieval (Ouyang et al., 2008;
Ma et al., 2009; Yang et al., 2012), however, the majority of studies do not separate the
effects of Epacl and Epac2. Memory was assessed using the spontaneous alternation Y-
maze test. When placed in a Y-maze, mice have a strong tendency to explore each arm
alternately. Spontaneous alternation behavior relies on limbic and non-limbic pathways of
memory (Lalonde, 2002). This test is therefore a simple measure of memory retention. The
EpaclKO mice tested here, as well as the R1A and R1A-EpaclKO mice, did not show
memory deficits in the Y-maze test of spontaneous alternation. Enhanced Epac signaling
improves memory formation (Ma et al., 2009); deletion of both Epacl and Epac2 impairs
memory (Yang et al., 2012). However, knockout of Epacl or Epac2 individually does not
alter memory retrieval (Yang et al., 2012). Therefore, the role of Epacl and Epac2 in
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memory appears redundant, and therefore Epac2 likely preserved memory function in these
mice.

These mice were observed to not only self-harm, but also, littermate males had a tendency to
fight if group housed. The intruder mouse in the home cage paradigm was used to assess
aggressive behavior. Previous studies have suggested that differences in aggressive behavior
are associated with differences in body weight. However, studies vary in this conclusion.
Wild house mice selected specifically for their increased aggressive behavior did not differ
in body weight from mice selected as less aggressive (Veenema et al., 2003). Other studies
indicate that resident mice that are smaller than the intruder mouse are less aggressive
(Hilakivi-Clarke and Lister, 1992). Epac1KO and R1A mice did not differ in body weight
from WT, and therefore body weight does not explain differences in aggression between
these two genotypes and WT mice. The R1A-Epac1KO mice were slightly smaller than WT
mice, which could potentially indicate these mice would be less aggressive than the WT
mice. However, here, mice of all three genotypes were more aggressive than WT mice. Mice
of all three genotypes initiated aggression towards the intruder mouse more quickly and
initiated more attacks compared with WT mice (Fig. 3a and c). Specific aggressive
behaviors including attacks, bites, pursuits, and tail rattles were counted, and mice of the
R1A genotype had a greater number of total aggressive behaviors than WT mice (Fig. 3b).
R1A mice also displayed aggressive behavior for a greater duration of the 10 minute testing
period than WT mice (Fig. 3d); some of these mice attacked nearly continuously for the
entire testing period.

The aggressive behavior displayed by Epac1KO mice could be a consequence of the mice
being hyper-responsive to stimuli. Many studies indicate a role for cAMP pathways in
neuronal function, but the canonical pathway via PKA has been of focus. However, reduced
cAMP signaling decreases signaling to Epac, and one behavioral outcome is a deficit in
sensorimotor gating (Kelly et al., 2009), which is associated with numerous psychiatric
disorders including schizophrenia (Geyer, 2006). Both Epac1KO and R1A-EpaclKO mice
had an increased response to auditory stimulus, which could indicate deficits in sensorimotor
gating. The stimulus of the intruder mouse could induce a hyper-responsive aggressive
reaction. Therefore, the elimination of Epaclsignaling likely contributes to increased
aggression.

The R1A mice are also significantly more aggressive than WT mice. R1A mice might be
more aggressive than EpalKO and R1A-EpaclKO mice since R1A mice have a higher total
number of aggressive encounters and longer duration of aggression compared with WT
mice. The number of aggressive encounters included tail rattles, bites, and pursuits along
with the number of attacks. The R1A mice displayed all of these behaviors more frequently
than WT mice, whereas Epac1KO and R1A-Epac1KO mice only attacked more frequently
than WT. Tail rattles and pursuits take more time than a short attack while passing the
intruder mouse, which could contribute to the increase in total duration of aggression.

R1A mice have previously been identified as having hyperthyroidism (Pringle et al., 2012),
and indeed, both the R1A and R1A-EpaclKO mice were confirmed as having elevated T4
levels (Fig. 4b). Hyperthyroidism can affect many behavioral responses including anxiety,
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depression, hyperactivity, impaired learning, and spatial memory (Yu et al., 2015; Bitiktas et
al., 2016; Rakov et al., 2016). However, hyperthyroidism has not been definitively associated
with aggression. One study noted observations of increased aggression in hyperthyroid pigs
(Noszczyk-Nowak et al., 2007), but this was not substantiated with systematic behavioral
testing. Additionally, a few case studies of thyrotoxicosis and hyperthyroidism in humans
have associated the increase in thyroid hormones with aggressive behaviors (Bhatara et al.,
2009). R1A and R1A-Epacl1KO mice increased swimming behavior in the Porsolt forced
swim test compared with wild type mice, which indicates an increased responsiveness. An
overactive thyroid can also activate the HPA axis, increasing circulating corticosterone
(Steinetz and Beach, 1963; Kamilaris et al., 1991; Nikolopoulou et al., 2015). Serum
corticosterone concentrations were elevated in both R1A and R1A-Epacl1KO mice,
suggesting that indeed, the HPA axis is activated in these genotypes. Corticosterone is
important for the regulation of social and emotional behavior (Condren et al., 2002; Van
Honk et al., 2010; Montoya et al., 2012), and either low or high activity of the HPA can
induce aggression (Walker et al., 2016). Therefore, HPA activity is a second potential
mechanism behind the increased aggressive behavior in R1A and R1A-Epac1KO mice.

Conclusions

Overall, mice of Epac1KO, R1A, and R1A-Epac1KO genotypes are hyper-responsive and
aggressive. However, although we do not definitively determine the mechanism of increased
aggression in each genotype, it is likely different in the Epac1KO and R1A mice, because
the single-knockout mice performed differently in some behavioral tests and circulating
hormone concentrations are different between these genotypes. A deficit in sensorimotor
gating is a potential source of these behavioral abnormalities in Epac1KO mice based on
both our results and previous studies, whereas the overactive thyroid and resulting activation
of the HPA are potential culprits in R1A mice. The R1A-Epac1KO mice carry both
mutations, and thus have a behavioral phenotype induced by both. Very limited investigation
of hyperthyroidism and aggressive behavior exists, and this may be an interesting area of
research requiring further study.
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Highlights

. Thyroid-specific knockout of Prkariaand global Epacl knockout induce
aggression.

. Prkarlaknockout causes hyperthyroidism, leading to hyper-responsiveness to
stimuli.

. Epac1™~ also causes hyper-responsiveness, likely due to sensorimotor gating
deficits.

. Both mutations contribute to aggression in 7po-Cre,Prkar1a™™/foX -Epac1~~
mice.
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Figure 1.
Initial morphological and behavioral assessment of Epac1™~ (Epac1KO), Prkarla™~ (R1A),

Tpo-Cre, Prkar1al™¥/flox-Epac1~~ (R1A-Epac1KO) mice. RLA-Epac1KO mice weigh less
(F=3.35, p=0.03) (a) and are shorter in length than wild-type (WT) mice (F=2.99, p=0.04)
(b). Data are presented as mean + SEM, n=12/group, * p<0.05.
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Figure 2.
Affective behavior in Epac1™~ (EpaclKO), Prkarla™ (R1A), Tpo-

Cre,Prkar1a™X/flox-Epac1~~ (R1A-Epac1KO) mice. a) Mice of Epac1KO and R1A-
EpaclKO genotypes turned toward an auditory stimulus more frequently than WT mice
(Fisher’s exact test, p<0.001) b) R1A-Epac1KO mice floated less than WT mice in the
Porsolt forced swim test (F3 4,=3.66, p=0.02). c) Total locomotor activity, measured by total
beam breaks in the open field test, was not significantly different between genotypes
(F3,47=1.00, p=0.40). Data are presented as mean = SEM, n=8-12/group, * p<0.05.
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Figure 3.
Aggression against an intruder mouse in the home cage. a) Mice of Epacl™~ (Epac1KO),

Prkarla™~ (R1A), Tpo-Cre;Prkar1a/fox -Epac1~~ (R1A-Epac1KO) genotypes had a
shorter latency to attack an intruder mouse when compared with WT mice (F=3.71, p=0.02).
b) R1A mice had a greater number of aggressive encounters with the intruder mouse than
WT mice (Mann-Whitney, X2=7.83, p=0.0497). ¢) EpaclKO, R1A, and R1A-EpaclKO
mice had a greater number of attacks against the intruder mouse compared with WT mice
(F=4.29, p=0.01). d) R1A mice displayed aggression for a greater duration of the 10 minute
test compared with WT mice (F=4.76, p=0.01). Data are presented as mean + SEM, n=8-12/
group, * p<0.05.
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Figure 4.
Serum corticosterone and thyroxine (T,) concentrations in Epac1™~ (EpaclKO), Prkaria™~

(R1A), Tpo-Cre,Prkar1a™X/flox-Epac1~~ (R1A-Epacl1KO) mice. a) Serum corticosterone
was elevated in R1A and R1A-EpacKO mice compared with WT mice (F=4.74, p=0.01). b)
T4 is also higher in R1A and R1A-EpacKO mice compared with WT mice (Mann-Whitney,
p=0.001). Data are presented as mean = SEM, n=10/group, * p<0.05.
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Table 1
Order and timing of behavioral tests.
Day Behavioral Test
1 Initial Assessment

3 Visual Placing, Contact Placing, Limb Clasping, and Auditory Function Tests, Grip Strength Test

5-6 Find the Hidden Cookie Test

8 Open Field and Elevated Plus Maze
11-12 Marble Burying Test

17 Rotorod Test
19-23 Sucrose Anhedonia Test

25 Y-maze

28 Digging Test

30 Porsolt Forced Swim Test
33-34 Aggression Against and Intruder Test

39 Hot Plate Test

Horm Behav. Author manuscript; available in PMC 2019 February 01.

Page 22



	Abstract
	Introduction
	Methods
	1. Animals
	2. Initial Assessment
	3. Sensorimotor Tests
	4. Memory Tests
	5. Affective Behavioral Tests
	6. Compulsive Behavior Tests
	7. Pain Tolerance Test
	8. Aggression Tests
	9. Corticosterone and Thyroid Hormone Assays
	10. Data Analyses

	Results
	1. Initial Assessment
	2. Sensorimotor Tests
	3. Memory Tests
	4. Affective Behavioral Tests
	5. Compulsive Behavior Tests
	6. Allodynia Tests
	7. Aggression Tests
	8. Corticosterone and Thyroid Hormone Assays

	Discussion
	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1

