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Abstract
Norepinephrine and Dopamine Contribute to Distinct Repetitive Behaviors Induced by Predator
Odor Stress

By Joyce Liu

Exposure to stressful stimuli, such as novel environments or shock, elicits repetitive and
defensive behaviors in mice, many of which are mediated by the catecholamine
neurotransmitters norepinephrine (NE) and dopamine (DA). Dbh -/- mice lack the enzyme
dopamine-beta-hydroxylase (DBH), which converts DA to NE. Thus, these mice lack NE and
have elevated levels of DA as compared to NE-competent controls. We investigated the
repetitive behavioral responses of Dbh -/- mice and their NE-competent littermates (Dbh +/-) to
predator odor exposure. We found that while Dbh +/- mice engage in vigorous defensive burying
in the presence of predator odor but not water, Dbh -/- show higher levels of grooming,
regardless of the environment, and very little defensive burying in the presence of predator odor.
Pharmacological blockade of NE neurotransmission through alpha-1, alpha-2, and beta
adrenoreceptors decreased defensive burying in Dbh +/- mice, while blockade of DA
neurotransmission through D1 receptors decreased grooming in Dbh -/- mice. Together, these
results suggest that NE transmission is required for predator odor stress-induced defensive
burying, while DA transmission through D1 receptors facilitates grooming. These results shed
light on the neurochemistry that contributes to innate responses to psychological stress and may
help identify neurotransmitters and circuits that underlie repetitive behaviors that are exacerbated
by stress, as seen in neuropsychiatric disorders like Tourette’s syndrome, obsessive-compulsive

disorder, and autism spectrum disorder.
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1. Introduction

Psychological stress from noxious or unfamiliar stimuli, such as novel environment, tail
pressure, or foot shock, alters norepinephrine (NE) and dopamine (DA) signaling in mice (Finlay
et. al., 1995; Shanks et. al., 1991; Miura et. al., 2002; Berridge et. al., 1999). Alterations in the
transmission of these catecholamines play a role in the mouse’s behavioral response to such
stressors. For example, inhibition of the noradrenergic system in mice that were repeatedly
exposed to foot shock reduced aggressive behavior (Olson et. al., 2011). Additionally,
attenuating NE release reduced exploratory behavior in mice after restraint stress (Berridge and
Dunn, 1989). Foot shock and restraint stress have also been shown to alter DA neuron firing rate,
which was correlated with higher locomotor activity after amphetamine administration (Valenti
et. al., 2011).

Psychological stressors also elicit repetitive, defensive, and risk assessment behaviors in
mice that include defensive burying, immobility, and flat-back approach (Garbe et. al., 1993;
Kemble and Bolwahnn, 1997). Certain defensive behaviors such as defensive burying in the
marble burying test are facilitated by NE transmission (den Hartog et. al., 2020; Lustberg et. al.,
2020a). Mice also engage in passive, non-defensive behavior such as grooming, which is
facilitated by DA transmission (Blackburn et. al., 1992; Murray and Waddington, 1989). While
these innate, repetitive stress responses can be adaptive for self-soothing or survival in mice (De
Boer et. al., 1990; Korte et. al., 1992), they can also reflect a model of pathological stress-
induced or stress-exacerbated repetitive behaviors and tics seen in neuropsychiatric disorders,
including obsessive-compulsive disorder (OCD), Tourette’s syndrome, and autism spectrum
disorder (ASD). For example, the Sapap 3 -/- mouse model of OCD, which displays excessive

grooming, is associated with abnormalities in DA receptor expression (Welch et. al. 2007, Wood



et. al., 2018). Additionally, administration of prazosin, an alpha-1 adrenoreceptor, has been
shown to reduce tics in a mouse model of Tourette’s syndrome (Nordstrom et. al., 2015). While a
mouse model certainly cannot reflect the full complexity of these neuropsychological disorders,
understanding the neurochemistry underlying stress-induced repetitive behaviors in mice can
shed light on the contributions of NE and DA signaling to similar symptoms in these disorders.

Dopamine-beta-hydroxylase (DBH) converts DA to NE in noradrenergic neurons, and
DBH knockout (Dbh -/-) mice lack NE and have elevated levels of DA (Bourdélat-Parks et. al.,
2005; Thomas et al., 1998; Thomas et al., 1995). Therefore, they are a useful tool in helping us
understand the relative contributions of NE and DA to stress-induced behaviors. These mice lack
species-typical behavioral responses to innate stressors such as novel environments and cage
change (Lustberg et. al., 2020a, Lustberg et. al., 2020b), and they show higher levels of
grooming than NE-competent littermates in the presence of novelty stress (Lustberg et. al.,
2022).

In this study, we sought to expand our understanding of the role of NE and DA signaling
in stress response to predator odor. While previously tested stressors such as novelty represent
moderate stressors, predator odor is a severe, ethologically relevant stressor. Given previously
demonstrated behavioral indifferences of Dbh -/~ mice to species-typical stressors (Lustberg et.
al., 2020b; Lustberg et. al., 2022, Tillage et. al., 2021), we hypothesized that predator odor stress
would elicit different behavioral responses in Dbh -/- and Dbh +/- mice. In this study, we
investigated repetitive exploratory (light digging), defensive (defensive burying), and non-
defensive consummatory (grooming) behaviors in Dbk -/- mice and NE-competent Dbh +/-
controls while exposed to predator odor. We then sought to parse the contributions of NE and

DA signaling to these repetitive behaviors. We used pharmacological manipulation to investigate



NE transmission through alpha-1, alpha-2, and beta adrenoceptors as well as DA transmission
through D1 and D2 receptors in Dbh +/- and Dbh -/- mice. Alpha-1 adrenoceptors are coupled to
Gq proteins, while beta adrenoceptors are coupled to Gs proteins, and upon binding of NE, both
receptors will elicit downstream excitatory functions (Wu et. al., 1992; Arriza et. al., 1992).
Alpha-2 receptors are coupled to Gj proteins, leading to inhibitory functions upon binding of NE
(Chabre et. al., 1994). D1 receptors are coupled to excitatory Gs proteins, and D2 receptors are
coupled to inhibitory G;j proteins (Neve, 2013). Because these receptors are all so widely
expressed throughout the central nervous system as well as in the body periphery (Kuhar et. al.,
1999; Neve, 2013), we hope to more clearly delineate precise functions of each receptor and

understand the neurocircuitry underlying specific stress-induced repetitive behaviors.



2. Methods
2.1 Mice

Dbh —/— mice were maintained on a mixed 129/SvEv and C57BL/6 J background, as
previously described (Thomas et al., 1998; Thomas et al., 1995). Dbh -/- males were bred to Dbh
+/- females. Norepinephrine is required for embryonic development, so pregnant Dbh +/— dams
were administered drinking water containing the B-adrenergic receptor (AR)
agonist isoproterenol and the a1 AR agonist phenylephrine (20 pg/ml each; Sigma-Aldrich) with
vitamin C (2 mg/ml) from E9.5-E14.5, and the synthetic NE precursor L-3,4-
dihydroxyphenylserine (DOPS; 2 mg/ml; Lundbeck, Deerfield, IL) + vitamin C (2 mg/ml) from
E14.5-parturition to prevent embryonic lethality resulting from complete Dbh deficiency
(Mitchell et al., 2008; Thomas et al., 1995). Dbh —/— mice are easily distinguished from their
NE-competent littermates by their visible delayed growth and bilateral ptosis phenotypes.

A total of 35 mice (4-10 months of age) was used for all experiments. The groups consisted
of 19 Dbh +/- mice (n = 8§ male, n = 11 female) and 16 Dbh -/- mice (n = 10 male, n = 6 female).
Dbh +/— littermates were used as controls because their behavior and catecholamine levels are
indistinguishable from wild-type (Dbh+/+) mice (Bourdélat-Parks et al., 2005; Szot et al.,

1999; Thomas et al., 1998).

Because no sex differences in stress-induced digging or grooming have been reported in past
literature (Londei et. al., 1998; Smolinsky et. al., 2009; Dixit et. al., 2020) or were observed in
pilot experiments from this study, male and female mice from the same Dbh genotype were
evenly distributed across drug treatment groups, and data were pooled between sexes. All animal
procedures and protocols were approved by the Emory University Animal Care and Use

Committee in accordance with the National Institutes of Health guidelines for the care and use of



laboratory animals. Mice were maintained on a 12 h/12 h light/dark cycle (7:00/19:00 h) with
access to food and water ad libitum except during behavioral testing. Behavioral testing was
conducted under standard lighting conditions during the light cycle (ZT5-ZT8) in the same room

where the mice were housed to minimize the stress of cage transport on test days.

2.2 Behavioral Analysis

Mice were removed from their home cages and placed individually into a clean standard
mouse cage with a cotton nestlet square pre-soaked with either 1 mL of deionized water
(odorless control) or a predator odor (bobcat urine; Maine Outdoor Solutions, LLC, Hermon,
Maine). A clear plexiglass cover was placed on top of the cages to prevent odor dispersal and
mouse escape during the experiment. The first 10 min of each mouse’s exposure to either
predator odor or water were filmed using a front-facing digital camera in order to assess active
and passive coping behaviors. Mice were returned to their home cages after the exposure task.
Time spent in defensive burying, light digging, and grooming was manually scored by a trained
observer blind to genotype and treatment using digital stopwatches. Defensive burying was
defined as vigorous and directed displacement of bedding material, involving both front and back
paws, often towards the nestlet with the odor stimulus. Light digging behavior was defined as
casual, non-directed displacement of the bedding material, involving only the front paws and/or
nose. Grooming behavior was defined as repetitive licking or scratching of the paws, tail, or

body.

2.3 Drugs



The following drugs were administered i.p. to dissect the relative contributions of NE and
DA receptor signaling to behavior: prazosin (0.5 mg/kg, alpha-1 adrenergic receptor antagonist)
(Sigma-Aldrich, St. Louis, MO); propranolol (5 mg/kg, beta-adrenergic receptor antagonist)
(Sigma-Aldrich); atipamezole (1 mg/kg, alpha-2 adrenergic receptor antagonist) (Sigma-
Aldrich), flupentixol (0.25 mg/kg, nonspecific DA receptor antagonist) (Sigma-Aldrich); SCH-
23390 (0.003 mg/kg, D1 receptor antagonist) (Sigma-Aldrich); L-741,626 (10 mg/kg, D2
receptor antagonist) (Sigma-Aldrich). All drugs were dissolved in bacteriostatic saline except
prazosin and L-741,626. Prazosin was first dissolved in 1.5% DMSO and 1.5% Cremophor EL
before being added to saline, and L-741,626 was first dissolved in 10% ethanol and 1.5%
Cremophor EL before being added to saline. All drugs were administered 30 min before
behavioral testing. Bacteriostatic saline was used for all mice as a vehicle and control for

injection stress.

2.4 Statistical Analysis

The effects of the water vs predator odor on repetitive behaviors in Dbh +/- and Dbh -/-
mice were compared using 2-way ANOVA (genotype x odorant), with post hoc Tukey tests for
multiple comparisons where appropriate. The effects of drugs vs vehicle on time spent engaged
in repetitive behaviors were assessed using paired sample t-tests, where each mouse was tested in
both control and drug conditions. Although we were not sufficiently powered to detect sex
differences, unpaired sample t-tests were used for preliminary analyses. No significant sex
differences were detected (data not shown), and male and female data were pooled within each

genotype and treatment group.



3. Results

3.1 Dbh -/- mice exhibit decreased digging and increased grooming in response to predator odor.

We first assessed the responses of Dbh -/- and NE-competent Dbh +/- mice to predator odor
and water by quantifying 3 behaviors: light digging that reflects exploratory behavior (Fig. 1A),
aggressive digging that signifies defensive burying/tunneling (Fig. 1B), total digging that
combines the times spent in light digging and defensive burying behavior (Fig. 1C) and auto-
grooming (Fig. 1D) (Lustberg et. al., 2022). Control animals displayed modest levels of light
digging and grooming following water exposure, and no defensive burying. Predator odor
dramatically increased defensive burying and total digging but had no impact on light digging or
grooming. By contrast, Dbh -/- mice displayed high levels of grooming in response to water, and
were indifferent to predator odor (no emergence of defensive burying and no change in grooming
or total digging). For light digging, there was a trend for a main effect of genotype that did not
reach statistical significance [F(1,24) =4.06, p = 0.056], and no main effect of odorant [F(1,24)
=2.61, p=0.12] or an odorant x genotype interaction [F(1,24) = 0.89, p = 0.36]. This indicated
that light digging behavior did not differ between genotypes or the odorant presented. For
defensive burying, there were main effects of genotype [F(1,24) = 15.96, p = 0.0005], odorant
[F(1,24) = 15.96, p = 0.0005], and odorant x genotype interaction [F(1,24) = 15.96, p = 0.0005].
Post hoc analysis revealed that Dbh +/- mice showed significantly increased defensive burying
(p <0.0001) in the predator odor condition as compared to water, and they also engaged in
significantly more defensive burying (p < 0.0001) than the Db/ -/- mice in the predator odor
condition (Fig. 1B). Specifically, neither genotype of mice engaged in defensive burying in the
water condition, but control mice engaged in defensive burying in the presence of bobcat odor

while Dbh -/- mice did not. For total digging, there was a main effect of genotype [F(1,24) =



35.46, p <0.0001], odorant [F(1,24) = 7.98, p = 0.0094], and an odorant x genotype interaction
[F(1,24) = 25.34, p <0.0001]. Post hoc analysis revealed that Dbh +/- mice showed significantly
increased total digging (p < 0.0001) in the predator odor condition as compared to water, and
they also engaged in significantly more total digging (p < 0.0001) than the Db/ -/- mice in the
predator odor condition (Fig. 1C). For grooming, there was a main effect of genotype [F(1,24)
=18.82, p = 0.002], but no main effect of odorant [F(1,24) =0.7293, p = 0.40] or odorant x

genotype interaction [F(1,24) = 0.57, p = 0.46].

3.2 Adrenergic antagonists suppress predator odor-induced digging behavior in control animals.

The lack of defensive burying in the Dbh -/- mice suggested that NE is required for
defensive burying in response to predator odor. To determine whether this is true in normal mice
and which receptors are involved, we next assessed the effects of adrenergic receptor (AR)
antagonists on the predator odor responses of Dbh +/- mice. The compounds tested included
prazosin (0.5 mg/kg, a1 AR antagonist), propranolol (5 mg/kg, BAR antagonist), a mix of
prazosin (0.5 mg/kg) and propranolol (5 mg/kg), and atipamezole (1 mg/kg, a2AR antagonist).
Comparing the drug-treated mice to those treated with saline vehicle, propranolol [t(7) = 3.13, p
=0.017] (Fig. 2B) and the prazosin + propranolol cocktail [t(6) = 2.80, p = 0.031] (Fig. 2C)
significantly reduced light digging, while prazosin [t(7) = 1.43, p = 0.20] (Fig. 2A) and
atipamezole [t(6) = 1.68, p = 0.15] (Fig. 2D) had no effect. These results indicate that BARs, but
not aARs, promote this exploratory behavior. All compounds tested significantly reduced
defensive burying (prazosin: t(7) = 2.46, p = 0.044; propranolol: t(7) = 2.85, p = 0.025; prazosin
+ propranolol: t(6) = 4.00, p = 0.0072; atipamezole: t(6) = 3.38, p = 0.015) (Fig. 3) and total

digging (Fig. 4) with the exception of prazosin, which showed a strong trend (prazosin: t(7) =



2.35, p = 0.051; propranolol: t(7) = 3.41, p = 0.011; prazosin + propranolol: t(6) = 7.89, p =
0.0002; atipamezole: t(6) = 2.85, p = 0.029]. These results suggest that a1 AR, a2AR, and BAR
activation all contribute to predator odor-induced defensive burying. Prazosin was the only
compound that attenuated grooming in control mice (Fig. 5) (propranolol: t(7) = 0.85, p = 0.43;
prazosin: t(7) = 3.03, p = 0.019; prazosin + propranolol: t(6) = 0.17, p = 0.87; atipamezole: t(6) =
0.74, p = 0.49). Overall, these results indicated that defensive burying and total digging were the

predator odor-induced behaviors most sensitive to blocking NE transmission.

3.3 D1, but not D2 antagonists attenuate excessive grooming in Dbh -/- mice in the presence of

predator odor.

Because the AR antagonists recapitulated the decrease in predator odor-induced burying but
not the increase in grooming observed in the Dbh -/- mice, we suspected that the grooming was
the result of excessive DA transmission from noradrenergic neurons in the knockouts, and
assessed the effects of DA receptor antagonists on predator odor response in Dbk -/- mice. The
drugs tested included flupentixol (0.25 mg/kg, nonselective DA receptor antagonist), SCH-23390
(0.003 mg/kg, D1 receptor antagonist), L.-741,626 (10 mg/kg, D2 receptor antagonist), and a
mixture of SCH-23390 (0.003 mg/kg) and L-741,626 (10 mg/kg). Flupentixol [t(12) = 2.76, p =
0.0037] (Fig. 9A), SCH-23390 [t(6) = 5.89, p = 0.0011] (Fig. 9B), and the SCH-23390 +
L741,626 cocktail 626 [t(6) = 7.50, p = 0.0003] (Fig. 9D) all significantly reduced grooming in
Dbh -/- mice in the presence of predator odor, while L.-741,626 alone had no effect [t(7) = 0.75, p
= 0.48] (Fig. 9C). There were no significant effects of any drug on light digging (Fig. 6),
defensive burying (Fig. 7), or total digging (Fig. 8), with the exception that L-741-626 increased

total digging in the Dbh -/- mice by ~10 sec over the course of the 10 min test [t(7) =2.81,p =
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0.026] (Fig. 8C). It is worth noting that mice administered SCH-23390 either alone or in
combination with L-741,626 ceased nearly all movement but were responsive to gentle prodding
and regained normal mobility upon being returned to their home cages. These results suggest that

excessive grooming in Dbh -/- mice is mediated by D1, but not D2 transmission.

3.4 o1 AR blockade has no effect on behavioral response to predator odor in Dbk -/- mice.

Our data indicated that NE transmission was responsible for digging behaviors, while DA
promoted grooming. However, because we saw a significant reduction in grooming in the Dbh
+/- mice treated with prazosin, and DA can signal through a1 ARs (Paladini et. al., 2001; Cilz et.
al., 2014; Ozkan et. al., 2017), we speculated that some of the excessive grooming observed in
Dbh -/- mice might be driven by DA-mediated a1 AR transmission. To test this hypothesis, we
administered prazosin (0.5 mg/kg) to Dbh -/- mice in the presence of predator odor but failed to
observe a drug effect on any behavior including grooming (Fig. 10). Combined with the
outcomes from the DA receptor antagonist experiments, these results suggest the while ol ARs
modestly contribute to predator odor-induced grooming in normal mice, they are not required for

the excessive grooming response of Dbh -/- mice, which appears to be mediated by D1 receptors.

3.5 D1 receptor blockade induces behavioral arrest in Dbh +/~ control mice.

To determine whether SCH-23390-induced suppression of all behavior was unique to Dbh -/-
mice or was a general effect of the drug in the presence of predator odor, we administered SCH-
23390 (0.003 mg/kg) to predator odor-exposed Dbh +/- mice and found a significant decrease in
light digging [t(6) = 3.85, p = 0.0085] (Fig. 11A), defensive burying [t(6) = 4.64, p = 0.0035]

(Fig. 11B), total digging [t(6) = 4.89, p = 0.0027] (Fig. 11C), and grooming [t(6) = 3.47,p =
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0.013] (Fig. 11D). While Dbh +/- mice treated with SCH-23390 were qualitatively more mobile
than the Dbh -/- mice treated with SCH-23390, they remained mostly still until returned to their
home cage. These results indicate that an interaction between predator odor and D1 blockade

induces behavioral arrest in both normal and Db -/- mice.
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4. Discussion

In this study, we investigated the effects of manipulating catecholamine transmission on
innate, repetitive behavioral responses to predator odor-induced stress in mice by comparing Dbh
-/- mice, which lack NE and instead produce DA in their “noradrenergic” neurons, to their Dbh
+/- littermates that have normal catecholamine content. We also used pharmacological
manipulation to target NE and DA signaling, allowing us to assess the effects of both chronic
and acute catecholamine manipulation.

Predator odors such as bobcat urine are ethologically relevant psychological stressors that
elicit intense, innate behavioral responses in mice (Ferrero et. al., 2011, Janitzky et. al., 2015).
Stress results in modulation of catecholamine levels (Irwin et. al., 1986), which in turn alters
behavioral reactivity to stress (Olson et. al., 2011). In our study, we assessed light digging,
defensive burying, and grooming behaviors in the presence of bobcat urine.

In behavioral experiments where mice have substrate to dig through, light digging is
interpreted as an exploratory behavior but not necessarily an active stress coping mechanism
because it is not stress-specific (Londei et. al., 1998). In support of this idea, light digging was
similar in control mice exposed to either water or bobcat urine, with a reduction in Dbh -/- mice
regardless of exposure type. In our pharmacology experiments, we found that blockade of NE
signaling through beta, but not alpha-1 or alpha-2 ARs, decreased light digging. This is
consistent with our previous findings that Dbk -/- mice show reduced exploratory activity in
novel environments that are not inherently dangerous (Lustberg et. al., 2020b).

By contrast, defensive burying is considered an active coping strategy in response to stress,
in which the mouse attempts to remove or avoid aversive stimuli. In the shock probe defensive

burying test, mice will use bedding to bury electrified prods and remove the source of shock pain
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(Tillage et. al., 2020). Rats who engage in this defensive burying behavior in response to an
electrified shock prod have been shown to have lower hypothalamic-pituitary-adrenal (HPA)
axis activation as compared to rats who are forced to freeze in the presence of the shock prod,
indicating that defensive burying is an active stress-coping strategy by lowering circulating
corticosterone levels (De Boer et. al., 1990; Korte et. al., 1992). The marble burying test has also
demonstrated that defensive burying is stress-sensitive, with stressed mice burying more marbles
than unstressed mice (Kedia and Chattarji, 2014), and we have shown that Db -/- mice bury
fewer marbles than controls (Lustberg et. al., 2020a).

We found that both Dbh -/- and Dbh +/- mice engage in similarly low levels of defensive
burying when exposed to a novel cage with a water-soaked cotton nestlet, indicating that this
environment is not particularly stressful. Dbh +/- mice, but not Dbh -/- mice, show increased
defensive burying when exposed to predator odor as compared to water. Our pharmacology
experiments demonstrated that blocking NE signaling in Dbh +/- mice through alpha-1 and beta
ARs decreased defensive burying and total digging. These results confirm that predator odor
elicits behavioral stress responses that are dependent on NE, and are consistent with our past
work that shows NE signaling through these receptors is required for novel odorant stress-
induced repetitive digging (Lustberg et. al., 2022). Blockade of NE signaling through alpha-1
ARs has been previously shown to decrease defensive behavior in the presence of a traumatic
cue in rats (Ketenci et. al., 2020). Additionally, antagonism of beta ARs was reported to block
cocaine withdrawal-induced defensive burying in rats (Harris and Aston-Jones, 1993). Based on
these data, we expected that increasing NE transmission via blockade of autoinhibitory alpha-2
ARs on the locus coeruleus (Aghajanian and VanderMaelen, 1982) would facilitate stress

responses, but instead atipamezole also attenuated defensive burying and total digging. Alpha-2
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ARs are also expressed by neurons targeted by noradrenergic innervation (Timmermans and van
Zwietan, 1982), so it is possible that the effects of atipamezole on digging behavior were
mediated by these post-synaptic receptors. Another possible explanation is that the increase in
NE release from noradrenergic neurons after atipamezole administration led to an increase in
other stress responses that we did not measure, such as freezing, which could have occluded
digging. For example, atipamezole has been shown to cause higher levels of freezing in mice
after footshock stress (Murchison et. al., 2004). Altogether, the results from our genetic and
pharmacological experiments suggest that noradrenergic dysregulation of any kind through
alpha-1, alpha-2, and beta ARs is detrimental to active stress coping response through defensive
burying in mice. Future pharmacological experiments, such as administering norepinephrine to
Dbh -/- mice, can help confirm the role of norepinephrine in defensive burying in response to
predator odor exposure.

Tying our work into neurocircuitry, past work by other members in our lab has shown that
several regions innervated by the locus coeruleus (LC), the major noradrenergic nucleus in the
brain, show higher neuronal activity (as measured by c-fos protein induction) following predator
odor exposure in Dbh +/- mice than Dbh -/- mice. These include the anterior cingulate cortex
(ACC), the dorsal bed nucleus of the stria terminalis ({BNST), the periaqueductal gray (PAG),
and the lateral septum (LS). These regions receive noradrenergic innervation through alpha-1,
alpha-2, and beta ARs and have been implicated in predator response (Daniel and Rainnie, 2015;
Endres and Fendt, 2008; Janitzky et. al., 2015; Jhang et. al., 2018. They represent possible
regions where NE signaling mediates digging behavior and are candidates for site-specific

infusions of drugs that manipulate adrenergic signaling.
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Grooming, unlike digging, has not been considered a stress coping response, as mice will
groom in situations of both comfort and stress (Smolinsky et. al., 2009). Repetitive, purposeless
self-grooming is often observed in animal models of obsessive-compulsive disorder (OCD),
Tourette’s syndrome, and autism spectrum disorder (Nordstrom and Burton, 2002; Welch et. al.,
2007; Lewis, 2011). Pharmacological stimulation of D1 receptors has been shown to induce
stereotyped self-grooming in rats, whereas stimulation of D2 receptors did not (Berridge and
Aldridge, 2000). Another study also found that D1, but not D2 receptor signaling is necessary for
novelty-induced grooming in mice (Drago et. al., 1999). We found that Dbh -/- mice groom more
than Dbh +/- mice regardless of the odorant presented. Because of these and other studies
implicating the role of increased DA signaling in excessive grooming behavior, we suspected
that it was mediated by the ectopic DA rather than the lack of NE in Dbk -/- mice. Indeed, our
pharmacology experiments revealed that DA signaling through D1, but not D2, receptors is
necessary for excessive grooming behavior in Dbk -/- mice in the presence of predator odor. We
also previously showed that Db/ -/- mice groom more than Dbh +/- mice in the presence of a
novel odorant, and this excessive grooming was reduced by administration of the non-selective
DA receptor antagonist flupentixol (Lustberg et. al., 2022). Therefore, the results from our
genetic and pharmacological experiments suggest that the neurochemistry and circuity that drive
grooming in response to predator odor is similar to the circuitry for grooming in other situations,
including novel odors and/or environments.

Interestingly, specifically blocking D1 receptors with SCH-23390 administration resulted in
a universal suppression of movement in both the Dbh +/- mice and Dbh -/- mice, indicating that
D1 signaling contributes to a variety of predator odor-induced behaviors in mice, including

general locomotion. Another study using SCH-23390 also showed that it can induce catalepsy in
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mice, which is defined as cessation of movement regardless of external stimuli (Chinen and
Frusa-Filho, 1999), although at a much higher dose (0.1 mg/kg) than the one we used (0.003
mg/kg). Nevertheless, other studies have indicated that D1 receptor signaling is required for
many aspects of locomotor activity, including cocaine-induced hyperactivity in mice (Cabib et.
al., 1991) and rearing in rats placed in a novel cage (Dreher and Jackson, 1989). Importantly,
suppression of activity caused by SCH-23390 was specific to the novel cage change with
predator odor, as the mice returned to mostly normal levels of locomotor activity immediately
upon return to the home cage, indicating an interaction between predator odor presence and/or
the novel environment with the drug action. Although this result alone confounds the
interpretation that D1 receptors are specifically important for grooming in the Dbk -/- mice,
when combined with our data that flupentixol (D1 + D2 antagonist) suppresses grooming but not
general locomotion, while L741-626 (D2 antagonist) has no effect, it strongly implicates the D1
receptor. In the future, site-specific infusions of D1-acting drugs into various target areas that
mediate responses to predator odor stress can likely untangle the circuits for general locomotor
activity and grooming. Past work by other members in our lab has shown that the medial
amygdala (MeA) shows higher neuronal activity (as measured by c-fos protein induction)
following predator odor exposure in Dbh -/- mice than Dbh +/- mice. Therefore, the MeA is a
possible region where DA signaling mediates grooming behavior, particularly due to its
connections to the olfactory bulb (Winans and Scalia, 1970; Scalia and Winans, 1975).
Additionally, we found that blockade of alpha-1 AR signaling in Dbh +/- mice decreased
grooming. Given that DA is important for grooming behavior, and previous reports that DA can
activate alpha-1 ARs under some conditions (Paladini et. al., 2001; Cilz et. al., 2014; Ozkan et.

al., 2017), we hypothesized that prazosin might be suppressing grooming by blocking DA



17

signaling through the alpha-1 AR. However, we found that prazosin had no effect on grooming
or any other behavioral responses in Dbh -/- mice, refuting this idea. This is consistent with our
previous finding that prazosin had no effect on the increased locomotor response to amphetamine
in Dbh -/- mice (Weinshenker et. al., 2002). A previous study showed that centrally acting
terazosin, which is also an alpha-1 antagonist, inhibited motor activity in mice in a novel cage
(Stone et. al., 1999). It is possible that prazosin acted similarly to suppress overall motor activity,
resulting in the decrease in grooming and digging in the Dbh +/- mice. Site-specific infusion of
prazosin or terazosin into discrete brain regions may be required to determine the specific
contribution of alpha-1 ARs to grooming vs digging in response to predator odor.

Our results indicate that NE signaling governs both exploratory and defensive
burying/digging behaviors. Specifically, NE signaling through beta ARs contributes to light
digging, while NE signaling through alpha-1, alpha-2, and beta ARs contributes to defensive
burying. Our results also suggest that DA signaling through D1, but not D2, receptors contributes
to excessive grooming.

Results from our study may have clinical implications, such as for Toxoplasma gondii
infection. As a parasite that reproduces in cats as part of its life cycle, 7. gondii impairs rodents’
innate fear of cat odor, increasing the chance that the parasite reaches its host (Kannan et. al.,
2010). Our results are consistent with this finding, indicating that loss of normal DBH function,
as well as blockade of NE signaling, lead to a suppression of defensive behaviors that might
increase a mouse’s chance of escaping a predator. Early studies of 7. gondii infection found
decreased NE and increased DA in chronically infected animals (Stibbs, 1985). Infection by T.
gondii has been shown to downregulate DBH in rats, resulting in chronic NE deficiency and

excessive DA (Alsaady et. al., 2019). Humans can also be latently infected with 7. gondii, and
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individuals with schizophrenia and other neuropsychiatric disorders have been found to have
higher levels of latent 7. gondii infection than the general population (Torrey and Yolken, 2003).
Altogether, our findings suggest that suppression of DBH might underlie the aberrant responses
of rodents to predator threats; the loss of NE would remove the fearful/defensive responses, and
the increased DA could even make predator odor pleasant or appetitive. We suggest further study
of drugs that target NE and DA signaling as possible target therapies for Toxoplasma infection.
Additionally, although exposure to predator odor is not a full model of neuropsychiatric
disorders such as obsessive-compulsive disorder, (OCD), Tourette’s syndrome, and autism
spectrum disorder (ASD), it may provide clues about the neurochemistry and neurocircuitry
underlying repetitive behaviors that can be exacerbated by stress that are common in these
disorders (Conelea and Woods, 2008; Adams et. al., 2018, Rodgers et. al., 2012, Gritti et. al.,
2003). Integrating our results with our previous results and past literature, we propose that
stressful situations activate LC neurons and increase NE transmission, exacerbating repetitive
behaviors in people with TS, OCD, and ASD, and that anti-adrenergic drugs should be explored

as potential therapeutics (Lustberg et. al., 2022).
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Figure 1. Effect of predator odor compared to water in a novel environment. Shown is time
spent engaged in light digging (A), defensive burying (B), and total digging (C), which is the
sum of light digging and defensive burying times. Shown is time spent engaged in grooming in
(D). n = 14. Shown is mean £ SEM. *** p<(0.001, ****p<0.0001.
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Table 1: Comparison of Dbh +/- and Dbh -/- mice behavior in presence of predator odor vs.

20

water
Dbh +/- Dbh -/-
Water Bobcat Water Bobcat

Light Digging — — — —
Defensive — ) — —
Burying

Total Digging — 1 — —
Grooming — — 1 1
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Figure 3. Effect of adrenergic receptor antagonists on defensive burying in the presence of
predator odor in Dbh +/- mice. Shown is (A) aul AR antagonist prazosin, (B) BAR antagonist
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mean + SEM. *p<0.05, ***p<0.001.
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Figure 7. Effects of dopamine receptor antagonists on defensive burying in Dbh -/- mice in
the presence of predator odor. Shown is (A) the non-selective DA receptor antagonist
flupenthixol, (B) the D1 antagonist SCH-23390, C) the D2 antagonist L-741,626, and (D)
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Figure 8. Effects of dopamine receptor antagonists on total digging in Dbh -/- mice in the
presence of predator odor. Shown is (A) the non-selective DA receptor antagonist
flupenthixol, (B) the D1 antagonist SCH-23390, C) the D2 antagonist L-741,626, and (D)

SCH-23390 + L-741,626. Shown is mean £ SEM. *p<0.05.
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Figure 9. Effects of dopamine receptor antagonists on grooming in Db/ -/- mice in the
presence of predator odor. Shown is (A) the non-selective DA receptor antagonist
flupenthixol, (B) the D1 antagonist SCH-23390, (C) the D2 antagonist L.-741,626, and (D)
SCH-23390 + L-741,626. Shown is mean £ SEM. **p<0.01, ***p<0.001.
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mice in the presence of predator odor. Shown is time spent (A) light digging, (B) defensive
burying, (C) total digging, and (D) grooming. Shown is mean + SEM.
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presence of predator odor. Shown is time spent (A) light digging, (B) defensive burying, (C)
total digging, and (D) grooming. *p<0.05, **p<0.01.
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