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Abstract

Stress is a major risk factor for the development and exacerbation of mood and anxiety disorders,
and recent studies have suggested inflammatory contributions to the pathogenesis of depression.
Interestingly, pharmacological inhibition of cyclooxygenase-2 (COX-2) has shown promise in the
treatment of affective disorders in small scale clinical studies; however, the mechanisms by which
COX-2 inhibition affects behavioral domains relevant to affective disorders are not well
understood. Here, we examined the effects of pharmacological inhibition of COX-2 with the
highly selective inhibitor Lumiracoxib (LMX) on anxiety-like behavior and /in vivo basolateral
amygdala (BLA) neural activity in response to acute restraint stress exposure. In male mice,
pretreatment with LMX prevented the increase in BLA calcium transients induced by restraint
stress and prevented anxiogenic behavior seen after restraint stress exposure. Specifically, acute
injection of LMX 5mg kg™ reduced anxiety-like behavior in the light-dark box (LD) and elevated-
zero maze (EZM). In addition, /n vivo fiber photometry studies showed that acute stress increased
calcium transients and the predicted action potential frequency of BLA neurons, which was also
normalized by acute LMX pretreatment. These findings indicate pharmacological inhibition of
COX-2 can prevent acute stress-induced increase in BLA cellular activity and anxiety-like
behavior and provides insights into the neural mechanisms by which COX-2 inhibition could
affect anxiety domain symptoms in patients with affective disorders.
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1. Introduction

Stress is a major risk factor for the development and exacerbation of mood and anxiety
disorders (Galatzer-Levy et al., 2018; McEwen, 2004), and recent studies have proposed
inflammation as a mechanism by which stress can contribute to depression and anxiety
(Fleshner et al., 2017). Interestingly, some clinical studies have shown efficacy of COX-2
inhibitor augmentation in patients with depression (Sethi et al., 2019), and studies using
rodent models show inhibition of COX-2 decreases anxiety-like and depressive-like
behaviors (Gamble-George et al., 2016; Morgan et al., 2019; Myint et al., 2007; Wang et al.,
2018). Despite these data, the mechanisms by which COX-2 inhibition affects behavioral
domains relevant to affective disorders are not well understood.

In the CNS, COX-2 acts to generate pro-inflammatory prostaglandins (PGs) from free
arachidonic acid (AA). COX-2 is constitutively expressed in the CNS at low levels
(Kaufmann et al., 1996; Yamagata et al., 1993), and typically localizes postsynaptically to
dendrites and dendritic spines (Cristino et al., 2008; Yamagata et al., 1993), but is also found
in astrocytes, microglia, and endothelial cells (Tzeng, 2005). Anatomical data indicate basal
expression of COX-2 in the brain is high within stress-related regions, including the
amygdala (Breder et al., 1995; Kaufmann et al., 1996), a brain region crucially involved in
processing and repsonding to stress (Janak and Tye, 2015). In clinical populations,
improvement seen following pharmacological and psychological interventions for anxiety
and stress-related disorders is associated with reduced activity in the amygdala, and it has
been suggested that reduced amygdala activity may be a final common pathway for
successful therapeutic interventions (Fredrikson and Faria, 2013).

Here, we report the effects of pharmacological inhibition of COX-2 on BLA cellular activity
and anxiety-like behavior induced by acute restraint stress in mice. Pretreatment with the
COX-2 inhibitor LMX prevented an increase in calcium transients in the BLA observed
during restraint stress and prevented anxiogenic behavior seen immediately following stress
exposure in male mice. These findings indicate pharmacological inhibition of COX-2 can
prevent acute stress- induced increases in BLA cellular activity and the subsequent
expression of anxiety-like behavior, providing insight into the neural mechanisms by which
COX-2 inhibition could affect anxiety domain symptoms in patients with affective disorders.

2. Materials and Methods

Male and female ICR (CD-1) mice were used for all behavioral experiments (Envigo;
Indianapolis, IN). All studies were carried out in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and were approved by the
Vanderbilt University Institutional Animal Care and Use Committee (#M1600213-01).
Elevated-plus and- zero mazes (EPM and EZM), Open-field test (OFT), and Light-dark box
(LD) were performed exactly as described previously (Morgan et al., 2019). To examine the
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effects of COX-2 inhibition on stress-induced anxiety-like behaviors, we utilized the
selective and well-characterized COX-2 inhibitor LM X, which has been shown to reduce
PGE; levels in human plasma (Mangold et al., 2004). Moreover, within the dose ranges of
LMX used here (5-10 mg kg™1), LMX has been shown to inhibit peripheral PGE, synthesis
in rodents (Esser et al., 2005) and reduce brain levels of PGE5 in transgenic neuronal COX-2
overexpressing mice (Morgan et al., 2018). Data were analyzed via 2-way ANOVA followed
by Sidaks post hoc multiple comparisons tests. F-scores andp-values for ANOVASs and post
hoc tests are shown in relevant panels and graphs. Detailed methods can be found in the
supplementary materials.

3. Results

In order to determine the effects of COX-2 inhibition on acute stress-induced anxiety-like
behavior, we utilized an acute restraint stress paradigm (see Fig. S1). Acute LMX (5 and 10
mg kg™1) did not affect baseline anxiety-like behaviors in naive male mice in the EPM or LD
box compared to vehicle (Fig. S2), consistent with previous studies indicating little effect of
COX-2 inhibition on anxiety-like behaviors under basal conditions (Morgan et al., 2019).
We next examined the effects of COX-2 inhibition on anxiety-like behavior after acute stress
exposure in male mice. Acute restraint stress exposure led to a significant reduction in total
distance, % light distance, % light time, and light side entries in the LD box assay (Fig. 1 A-
E). Importantly, pretreatment with acute LMX 5 mg kg~ prevented these effects (Fig. 1 A-
E). Similar effects were observed in the EZM. Acute restraint stress reduced total distance,
% open arm distance, % open arm time, and open arm entries in the EZM (Fig. 1 F-J), while
pretreatment with LMX prevented these anxiogenic-like effects of acute restraint stress (Fig.
1 F-J). Following restraint stress exposure and EZM testing, blood samples were
immediately collected to analyze circulating corticosterone (CORT) levels. Restraint stress
caused a significant increase in plasma CORT, but this was unaffected by LMX pretreatment
(Fig. S3). We also examined the effects of LMX on locomotor activity in male mice using
the open field test. LMX did not affect total distance travelled in the open field in control or
stress-exposed mice (Fig. S4). Interestingly, LMX was unable to reduce acute restraint-
induced anxiety-like behavior in female mice in the LD Box, suggesting a degree of sex-
specificity, although future studies are clearly needed to confirm this hypothesis (Fig. S5).

Our behavioral data indicate pretreatment with LMX 5 mg kg~1 prevents anxiogenic effects
of restraint stress in male mice; however, the mechanisms by which COX-2 affects anxiety-
related behaviors are not well understood. Amygdala activity has been linked to anxiety-
related behavioral and emotional responses in humans and mice, and COX-2 is expressed
within amygdala pyramidal neurons ((Breder et al., 1995; Kaufmann et al., 1996) and Fig.
S6). In addition, we have shown, using ex vivo electrophysiological approaches that LMX
can normalize the increase in excitatory drive to anterior BLA neurons observed after
chronic corticosterone treatment (Morgan et al., 2019). Based on these data, we tested the
hypothesis that acute restraint stress exposure would increase the activity of BLA neurons /in
vivo, and that LMX pretreatment would normalize this increase. To this end, we utilized
fiber photometry-based calcium measurements using the calcium indicator GCaMP7f
expressed in BLA neurons of male mice (Fig. 2).
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The MLspike algorithm was used in MATLAB to estimate the number of action potentials
(i.e., spikes) responsible for generating observed calcium transients (Deneux et al., 2016;
Harris et al., 2018). Representative data of raw (top) and processed calcium signals (bottom)
from vehicle and LMX-treated mice are shown in Figure 2A-B. Clear increases in the
frequency of transients, as well as predicted spikes (see Supplementary Methods) are
observable during the restraint stress period relative to the pre-stress period in vehicle-
treated mice (Fig. 2A). This increase was significantly reduced in LMX-pretreated mice
(Fig. 2B). Two-way repeated measures ANOVA revealed a significant main effect of LMX
pretreatment for both spike frequency and AUC (Fig. 2 C-D). Post-hoc Holm-Sidak
comparisons showed differences in BLA calcium signals between vehicle and LMX-treated
mice during the stress, but not post-stress, period (Fig. 2 C-D). A representative
photomicrograph of GCaMP7f expression in the BLA is shown in Fig. 2 E.

4. Discussion

The main findings of this study are that pharmacological inhibition of COX-2 with LMX
prevented avoidance behavior measured using the LD Box and EZM assays, without
affecting locomotor activity, following acute restraint stress in male mice. Importantly, LMX
had no effect on behavior in the absence of stress, which is consistent with previous findings
(Gamble-George et al., 2016; Morgan et al., 2019). We also found that increases in BLA
activity during restraint stress can be prevented by pharmacological inhibition of COX-2
with LMX. These data are consistent with previous data demonstrating LMX can normalize
the increase in excitatory postsynaptic current frequency onto anterior BLA neurons
observed after chronic corticosterone treatment (Morgan et al., 2019). These data are also in
line with previous work demonstrating that another COX-2 inhibitor, LM-4131, reduced the
intrinsic excitability of BLA neurons ex vivo and BLA single unit activity in vivo
specifically when mice transition out of the closed arms of the EPM (Gamble-George et al.,
2016). Taken together, these data suggest COX-2 inhibition can reduce amygdala activity
and stress-induced avoidance behavior, and support the notion that COX- 2 inhibition could
represent a novel approach to the treatment of anxiety domain symptoms in patients with
affective disorders.

Understanding the mechanisms subserving the conditional efficacy of COX-2 inhibition may
have significant clinical implications, as a recent study clinical study suggested the
therapeutic effect of the COX-2 inhibitor Celecoxib for the treatment of depression may be
related to the degree of gliosis observed in patients (Attwells et al., 2020). We have
previously noted the conditional efficacy of COX-2 inhibition to reduce anxiety-like
behaviors only in stressed, but not naive, male mice. Specifically, we have shown LMX has
no effect on anxiety-like behavior under basal conditions; however, LMX does decrease
anxiety-like behavior after footshock stress and chronic corticosterone treatment (Gamble-
George et al., 2016; Morgan et al., 2019). Here, we again show LMX had no effect on
anxiety-like behavior in unstressed mice but prevented restraint stress-induced increases in
anxiety-like behavior in the EZM and LD Box. The reduction in avoidance behavior and
normalized calcium signaling seen with LMX treatment were not likely attributable to a
reduction in systemic stress response, as LMX did not affect corticosterone levels after
restraint stress, consistent with previous studies (Madrigal et al., 2003). Our previous studies

Brain Behav Immun. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morgan et al.

Page 5

examined the effects of COX-2 inhibition hours or days after acute stress or chronic
corticosterone treatment, which suggested the possibility that increased COX-2 expression
induced by stress could explain the conditional efficacy of COX-2 inhibition in these models
(Gamble-George et al., 2016; Morgan et al., 2019). However, in the current study, behavioral
measures were taken 30 minutes after stress onset, which is not sufficient time for COX-2
protein upregulation. These data therefore suggest the conditional efficacy may be related to
the role of COX-2 and related PG signaling in the regulation of stress-induced BLA
glutamatergic transmission and/or neuronal activity, which may only become relevant under
conditions of increased BLA excitation which can occur even during acute stress exposure
(see Fig. 2).

Although previous clinical studies have utilized the FDA approved COX-2 inhibitor
Celecoxib, we used LMX for our experiments as Celecoxib has poor brain penetration in
humans (Dembo et al., 2005) and rodents (Paulson et al., 2000), and we have previously
reported LMX is detected at high levels in brain after i.p. administration at 5mg kg™t
(Morgan et al., 2018). Moreover, LMX has 500-fold selectivity for COX-2 over COX-1
(Tannenbaum, 2004), and we have shown LMX 5mg kg~ reduces levels of PGE, in whole
brain of transgenic neuronal COX-2 overexpressing mice (Morgan et al., 2018). In our
recent work using a chronic stress model, both acute and repeated injections of 5mg kg™ of
LMX in male ICR mice prevented anxiety-like behavior and prevented stress-driven
increases in excitatory glutamatergic signaling in the BLA (Morgan et al., 2019).
Furthermore, LMX at doses between 0.3 and 10 mg kg™ is antiinflammatory in several
rodents models (Esser et al., 2005). These data support the notion that behavioral and
neuronal activity modulating effects of LMX occur within dose ranges shown to have
peripheral anti-inflammatory effects, further supporting the potential therapeutic relevance
of our pharmacological experiments. Future studies comparing diverse COX-2 inhibitors
could further establish COX-2 as a relevant molecular target for the treatment of affective
and stress- related disorders.

Interestingly, the present study also found no effect of LMX on stress-induced avoidance
behavior in female mice. However, we have previously reported inhibition of COX-2 was
able to prevent anxiety-like behavior after stress in female mice, in the novelty-induced
hypophagia (NIH) test (Gamble-George et al., 2016), suggesting a complex interaction
between COX-2 inhibition and sex in the regulation of emotional behavior as a function of
behavior, type of stressor and duration of stress. Interestingly, one study has reported sex-
dependent effects of COX-2 gene deletion on systemic inflammation and inflammatory pain
(Chillingworth et al., 2006). Furthermore, previous studies have shown sex-dependent
differences in stress-induced neurotransmitter level changes in the BLA of rats (Mitsushima
et al., 2006), and electrophysiological studies have shown sex-and estrus-dependent
alterations in excitation and inhibition patterns of BLA neurons related to fear learning
(Blume et al., 2017). Future studies should be aimed at determining the mechanisms
underlying potential sex-dependent differences in neuronal and behavioral responses to
COX-2 inhibition.

One limitation of our work is related to the route of administration of LMX. Although we
have shown direct effects of LMX on amygdala neuron physiology (Gamble-George et al.,
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2016; Morgan et al., 2019) and BLA neuron activity /n vivo (Fig. 2), the effects of systemic
LMX on multiple interconnected brain regions likely contributes to our observed behavioral
effects. Indeed, although COX-2 is basally expressed at high levels in the BLA, it is
expressed in other stress-responsive brain regions, including the hippocampus and parts of
the prefrontal cortex (See Fig. S6 and (Breder et al., 1995; Yamagata et al., 1993)),
suggesting multiple sites of action may subserve the behavioral effects of LMX on stress-
induced avoidance behaviors. Future studies examining the effects local BLA infusions of
COX-2 inhibitors could be used to address this important issue.

In conclusion, our results indicate acute LMX pretreatment prevents avoidance behavior
induced by acute restraint stress. Our fiber photometry data indicate acute restraint stress
increases neuronal activity in the BLA, which is also prevented by LMX treatment. Taken
together, these findings provide insight into the neural mechanisms by which COX-2
inhibition could affect anxiety-like avoidance behavior and exert anxiolytic effects in
patients with mood and anxiety disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1. COX-2 inhibition reduced restraint-stress induced avoidance behavior in male
mice

2. COX-2 inhibition reduced amygdala calcium transients during restraint stress
exposure

3. COX-2 inhibition did not affect locomotor activity
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Figure 1. LMX prevents anxiety-like behavior after acute restraint stress in male mice.
Effects of LMX 5mg kg~ or DMSO vehicle on behavior in male mice the Light-Dark box

(a-e) and Elevated Zero Maze (f-j) immediately after restraint stress. F-scores below graphs
represent main effects or interactions from Two-Way ANOVAs. p-values (above bars)
represent significance levels of post-hoc Holm-Sidak pairwise comparisons. Data presented
as individual values and Mean + SEM, with number of subjects per group as follows: LD
box, Vehicle-No Stress n=33, LMX-No Stress n=41, Vehicle-Stress n=34, LMX-Stress
n=38. In EZM: Vehicle-No Stress n=23, LMX-No Stress n=23, Vehicle-Stress n=23, LMX-
Stress n=23. Track maps show total distance traveled in the (e) LD box and (j) EZM.
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Figure 2. LMX prevents increased BLA activity during acute restraint stress in male mice.
Representative traces showing changes in AF/F calcium signaling as a function of time in

the BLA before, during, and immediately after acute restraint stress, in mice treated with
vehicle (a top) or LMX (b top). Representative traces of filtered calcium signals and
calculated action potentials underlying recorded calcium fluorescence (blue tick marks),
generated using MATLAB MLspike algorithm, are shown in (a-b bottom), (c-d) Effects of
LMX 5mg kg1 on normalized spike frequency and total peak AUC as a function of time
before, during, and after acute stress, (¢) GCaMP7f expression in the BLA (in green, 5x
magnification). Data were normalized to pre-stress time periods for all mice (baseline value
of 1). P-values represent significance levels obtained via Holm-Sidak pairwise comparisons
test after Two-way repeated measures ANOVA (F values shown above panels), with number
of subjects per group as follows: Vehicle n=6 mice, LMX n=6 mice.
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