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Abstract

Age-associated cognitive impairments affect an individual’s quality of life and are a growing
problem in society. Therefore, therapeutic strategies to treat age-related cognitive decline are
needed to enhance the quality of life among the elderly. Activation of the Nr4a family of
transcription factors has been closely linked to memory formation and dysregulation of these
transcription factors is thought to be associated with age-related cognitive decline. Previously, we
have shown that Nr4A transcription can be activated by synthetic bis-indole derived compounds
(C-DIM). C-DIM compounds enhance synaptic plasticity and long-term contextual fear memory
in young healthy mice. In this study, we show that activation of Nr4a2 by 1,1-bis(3’-Indolyl)-1-(p-
chlorophenyl) methane (C-DIM12), enhances long-term spatial memory in young mice and
rescues memory deficits in aged mice. These findings suggest that C-DIM activators of Nrda
transcription may be suitable to prevent memory deficits associated with aging.
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Introduction

Aging is associated with a decline in cognitive ability. These deficits are particularly
noticeable in hippocampus-dependent spatial and episodic memory (Gallagher et al., 2010;
Wimmer et al., 2012). Studies using rodent models have demonstrated that age-associated
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cognitive decline may be due to deficits in transcriptional activity within the hippocampus
that typically follows learning (Kwapis et al., 2019; Spiegel et al., 2014). Transcription is
required for memory consolidation as well as the long-term stability and maintenance of
hippocampal memories (Alberini and Kandel, 2014; Peixoto and Abel, 2013). Age-related
impairments in transcription may prevent newly learned events from being stored properly
as long-term memory and may explain some of the cognitive deficits that accompany aging.
The Nrda family of transcription factors are among the genes whose expression is
downregulated in aged mice (Kwapis et al., 2018; Kwapis et al., 2019; Rowe et al., 2007).
The Nrda family of transcription factors consists of three members: Nr4al/Nur77/HZF-3,
Nr4a2/Nurrl/NGFI-B, and Nr4a3/NOR-1/TEC (Maxwell and Muscat, 2006), Nr4al and
Nr4a2 are critical for hippocampus-dependent long-term memory (Hawk and Abel, 2011;
Hawk et al., 2012; McNulty et al., 2012; Pena de Ortiz et al., 2000). Further, restoring the
expression level of Nrdal or Nr4a2 is sufficient to prevent memory deficits in aged mice
(Kwapis et al., 2019).

The members of the Nrda family are orphan receptors lacking endogenous ligands (Hawk
and Abel, 2011), but para-phenyl substituted diindolylmethane analogs—or ‘C-DIM’
compounds have been designed to specifically and selectively activate members of the Nr4a
family (Bridi et al., 2017; Hammond et al., 2018; Li et al., 2012). C-DIMS5, an activator of
Nr4al, has been found to increase long-term fear memory in young adult mice and enhance
hippocampal synaptic plasticity (Bridi et al., 2017). A recently developed Nr4a ligand, 1,1-
bis(3’-indolyl)-1-(p-chlorophenyl)methane (C-DIM12/ DIM-C-pPhCI), predominantly
activates Nrda2, but also shows some affinity towards Nr4al (Hammond et al., 2018).
Although the cognitive enhancing effects of Nr4A activation have been demonstrated in
young mice (Bridi et al., 2017), the question remains as to whether the select activation of
endogenous Nr4a in aged mice would be sufficient to rescue memory deficits. In this study,
we administered the Nr4a2 selective agonist, C-DIM12, via oral gavage to young and aged
mice, resulting in enhanced long-term memory in a spatial object recognition task (SOR).

Materials and Methods

Animals:

Mice were maintained under standard conditions consistent with National Institute of Health
guidelines and approved by the Institutional Animal Care and Use Committee of the
University of lowa. Mice were individually housed and kept on a 12 h light/12 h dark cycle.
Food and water were available ad libitum, and all experiments performed during the light
cycle between zeitgeber time (ZT) 0 to 3. Young male C57BL/6J (2-4 months old) were
from Jackson Labs and aged male C57BL/6NIA (20-22 months old) were provided by the
National Institute of Aging. Male mice were used for all experiments to aid in the
interpretation of the results from published literature. Each mouse was handled for 2 minutes
and habituated to oral gavage with corn oil in the experimental room for 5 days prior to the
training day. Handling and gavage habituation were performed between ZT0 to ZT2.
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C-DIM12/ DIM-C-pPhCl was synthesized in Dr. Stephen Safe’s laboratory at Texas A&M
University. For behavioral experiments using oral gavage on young mice, C-DIM12 was
dissolved in corn oil (Sigma) and administered to a final dose of 10, 35 or 100 mg/kg for
dose response analysis. For aged mice, C-DIM12 was prepared at a concentration of 7mg/ml
and injected at a dose of 35 mg/kg. The dose and timepoint of C-DIM12 administration was
estimated based on previous publication (Hammond et al., 2018).

Spatial object recognition (SOR) task:

To test spatial memory enhancement in young mice, weak SOR learning protocols are
typically used which do not result in long-term memory (McQuown and Wood, 2011;
Stefanko et al., 2009). On the training day, one hour following C-DIM12 or vehicle
administration, we performed the weak training protocol. Training consisted of one three-
minute habituation to the open field arena without any objects, followed by three 3-minute
training trials where the mice could explore two distinct glass objects in the arena. There
was an intersession interval of 3-4 minutes, during which mice were returned to their home
cage. Between each trial, objects were wiped with 70% ethanol. Testing was performed
either 1 hour or 24 hours after training in the same arena, but with one object displaced to a
new location (displaced object, DO), while the other object remained in its previous location
(Non displaced object, NDO). As aging is accompanied with cognitive decline, even strong
training protocols do not lead to memory in aged mice (Wimmer et al., 2012). Therefore, we
used a strong training protocol for drug treatment in aged mice as reported previously by our
group (Wimmer et al., 2012). For aged mice, C-DIM12 was delivered once daily via oral
gavage for 5 consecutive days including the day of training. Strong training consisted of one
10 minute habituation to the open field arena without objects, followed by three 10 mins
sessions with two distinct glass objects. Exploration was recorded during training and
testing, and object exploration was scored by an experimenter blind to the treatment groups.
The relative exploration time was recorded and expressed by percent discrimination towards
the displaced object (percent discrimination=time with DO - time with NDO)/(time with DO
+ time with NDO) x 100. From the habituation sessions, the open-field arena was quantified
as two equal sections, outer edge from the walls (outer zone) and the center square (inner
zone). Distance travelled, and time spend in each zone were measured using Ethovision
software (Noldus Instruments).

Statistical analysis:

Statistical analyses conducted as indicated in text and figure legends using Prism 8
(Graphpad) were performed using either two-tailed Student’s t-test or two-way ANOVA
followed by Sidak’s multiple comparisons post hoc tests. Two-way ANOVAs had factors of
Session (Training and Test) and Treatment. Training was analyzed as the mean across all the
three training trials. In all cases, differences were considered significant when p < 0.05.
Error bars in all figures represent £SEM.
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To test whether Nr4a activation by C-DIM12 enhances memory in young adult mice (2 to 4
months old) using a weak SOR protocol, we administered C-DIM12 or vehicle via oral
gavage one hour prior to SOR training (Fig 1A). We examined the efficacy of C-DIM12
using a dose response analysis (10 mg/kg, 35 mg/kg or 100 mg/kg) to assess the impact on
long-term memory. Vehicle-treated animals failed to show any discrimination towards the
DO during the test session compared to the training session (Fig 1B, % discrimination=
-0.11 (Training) and —5.93 (Test)) confirming that the weak learning protocol does not
result in long-term retention. Mice administered 10 mg/kg C-DIM12 failed to show memory
enhancement (Fig 1B, % discrimination=-0.77 (Training) and +8.42 (Test)). However, mice
administered 35 mg/kg or 100 mg/kg C-DIM12 showed significant discrimination towards
the DO in the test session compared to the training session (Fig 1B, % discrimination with
35 mg/kg C-DIM12= -3.06 (Training) and +18.86 (Test) and % discrimination with 100
mg/kg C-DIM12= -3.66 (Training) and +15.74 (Test)) and showed significant enhancement
in long-term memory compared to the vehicle-treated animals (Fig 1B). Importantly, all the
groups of mice showed similar exploration towards the objects during the test session (Fig
1C). 35 mg/kg dose of C-DIM12 was selected for all subsequent experiments. We next
investigated the effect of Nr4A activation by C-DIM12 on short-term retention. Like the
long-term memory experiment, we administered C-DIM12 or vehicle to young adult mice
one hour prior to training with the weak learning SOR paradigm. Short-term retention was
assessed one hour following the last training session (Fig 1D). C-DIM12 treated mice failed
to show memory enhancement during the 1-hour test session compared to the vehicle-treated
mice (Fig 1E, % discrimination during test= +11.2 (Mehicle) and +5.9 (C-DIM12)). In
conjunction with the long-term memory findings, these results indicate that C-DIM12
selectively enhances long-term memory in young mice. Both groups of animals showed
similar exploration of objects during the one hour test session (Fig 1F).

We have shown that aged mice have long-term memory deficits in SOR following a strong
training protocol (Wimmer et al., 2012). Therefore, we explored the possibility of memory
rescue in aged mice (20-22 months old) by activating Nr4a proteins using C-DIM12. C-
DIM12 was administered for 5 consecutive days to have a stronger effect in aged mice,
which otherwise might have weaker sensitivity towards the memory enhancing drug due to
reduced expression of Nrda2 (Kwapis et al., 2019). Long-term memory was assessed 24
hours after the last training trial (Fig 2A). Five consecutive days of C-DIM12 administration
did not induce any alterations in locomation or anxiety as evidenced by total distance
travelled (Fig 2B) and time spent in the inner or outer zone of the open-field during
habituation (Fig 2C). Vehicle-treated aged mice failed to discriminate the displaced object
during the test session (Fig 2D, black bars, Mean % discrimination= +4.05 (Training) and
+4.1 (Test)), whereas C-DIM12-treated aged mice showed significant long-term memory
retention (Fig 2D, green bars, Mean % discrimination= +4.07 (Training) and +29.63 (Test)).
Both groups of mice showed equal amounts of exploration during the test session (Fig 2E).
This finding indicates that C-DIM12-treated aged mice show significant memory rescue at
the 24-hour test compared to vehicle-treated aged mice. C-DIM12 treatment had no impact
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on short-term memory in aged mice (Supplementary Fig 2A). Both vehicle and C-DIM12
treated mice performed similarly during the one-hour test (Supplementary Fig 2B and 2C).

Discussion

Our main finding is that C-DIM12 enhances long-term memory, but not short-term memory,
in young and aged mice. This result is consistent with our earlier work demonstrating that
Nrd4a transcription is a critical regulator of long-term memory (Bridi et al., 2017; Hawk et
al., 2012). Even though we do not have direct evidence that the memory enhancement by C-
DIM drugs are due directly to activation of Nr4a transcription factors /n vivo, previous
studies show that C-DIM compounds activate Nr4a mediated transcription (Hammond et al.,
2018; Hedrick et al., 2019; Li et al., 2012). Electrophysiological studies show that Nr4a
dominant negative mouse model have impaired synaptic plasticity, which C-DIM drugs fail
to rescue (Bridi and Abel, 2013; Bridi et al., 2017). Notably, C-DIM12 fails to activate Nr4a
downstream gene expression following Nr4a2 knockdown in cultured cell lines (Hammond
et al., 2015; Inamoto et al., 2008; Li et al., 2012). Additionally, /n vitro reporter assays and
computational modeling further support the idea that C-DIM12 directly activates Nrda
(Hammond et al., 2018; Inamoto et al., 2008). Finally, C-DIM compounds fail to enhance
synaptic plasticity in an Nrda dominant negative mouse model, which otherwise are
impaired in synaptic plasticity.

Age-related memory decline is linked with Nrda dysregulation (Kwapis et al., 2018; Kwapis
et al., 2019), and in humans, aging is accompanied by reduced expression of Nr4a2 (Chu et
al., 2002). A recent study showed that overexpression of Nr4al or Nr4a2 is sufficient to
rescue memory decline in aged mice (Kwapis et al., 2019). Nrdal and Nr4a2 dysregulation
has also been observed in diseases associated with memory loss including Alzheimer’s
disease (Chatterjee et al., 2018; Montarolo et al., 2016; Moon et al., 2015), Parkinson’s
disease (Montarolo et al., 2016) and schizophrenia (Buervenich et al., 2000; Corley et al.,
2016; Xing et al., 2006). Therefore, Nrda could be controlling critical pathways during
memory consolidation that are otherwise downregulated in cognitive impairment. Previous
reports (Kwapis et al., 2019) showed memory rescue by increasing Nr4a using viral
approaches, while the pharmacological approach used here to activate Nr4a function offers a
novel and non-invasive strategy to treat age-related cognitive deficits. Additionally,
pharmacological activation of Nr4al may also rescue memory in aged mice as the Nr4al
activator C-DIM5 enhances memory and synaptic plasticity in young mice (Bridi et al.,
2017).

In conclusion, our results show that pharmacological activation of Nr4a can rescue cognitive
deficits observed in aged mice. These results are consistent with the literature and indicate
that activation of the Nrda pathway is a potential therapeutic approach to treat age-associated
memory decline and cognitive impairment associated with neurodegenerative and
neuropsychiatric disorders. As the Nr4a family of transcription factors regulate downstream
gene expression following learning, future experiments seeking to identify downstream
targets of Nrda would increase our understanding of the mechanism of memory
enhancement by C-DIM related Nr4a ligands. Future studies should seek to investigate the
dose response to the C-DIM drug in aged mice to find the optimal dose required to reverse
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memory deficits as well as extending our study to other hippocampus and non-hippocampus
dependent memory tasks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Pharmacological activation of Nr4a using C-DIM drugs enhance long-term
memory in young mice

. C-DIM drug reverses long-term memory deficits in aged mice
. Nr4a could be a potential therapeutic target to treat age-related cognitive
impairment.
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Figure 1. Activation of Nr4a transactivation by C-DIM12 enhances hippocampus-dependent
long-term memory in young adult mice.

Preference for the displaced object (DO) in a weak-learning spatial object recognition (SOR)
task in young mice receiving either vehicle (n=16) or different doses of C-DIM12 drug (10
mg/kg n=10, 35 mg/kg n=14, and 100 mg/kg n=10) is shown as % discrimination for the
displaced object compared to the non-displaced object. (A) Long term memory was assessed
24-hours after initial training, with C-DIM12 or vehicle administered one hour before
training. (B) Mice treated with 35 mg/kg and 100 mg/kg C-DIM12 displayed higher %
discrimination for the displaced object, while vehicle or 10 mg/kg C-DIM12 treated mice
showed no apparent preference (Two way ANOVA: Significant Treatment x Session
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interaction F(3, 46)= 4.155, p=0.011, Sidak’s post-hoc tests, **p < 0.01 comparing 35
mg/kg C-DIM12 train and test, *p < 0.05comparing 100 mg/kg C-DIM12 train and test,
*** < 0.001 comparing vehicle test and C-DIM12 35 mg/kg test, *p < 0.05 comparing
vehicle test and C-DIM12 100 mg/kg test. (C) Total exploration for both objects during the
24 hr test session (D) Assessment of short-term retention following C-DIM12 administration
in young mice. (E) Short-term retention assessed 1-hour after the training revealed no
significant memory enhancement by C-DIM12 (n=11) compared to vehicle (n=13)
treatment. (Two way ANOVA: no significant Treatment x Session interaction, F (1, 22) =
1.784, p=0.1954). (F) Total exploration for both objects during the 1 hr test session (t22)=
t=0.1204, p= 0.9053).
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Figure 2. C-DIM12 mediated activation of Nr4a rescues long-term memory deficits in aged mice.
(A) Strong memory procedure to test memory rescue by C-DIM12 (n=10) compared to

vehicle (n=11) in aged mice, with C-DIM12 drug delivery 4 days preceding training and on
the training day. (B) Total distance travelled in the open-field during habituation
(t(19=0.8397, p=0.4115). (C) Total time spent in inner and outer zones of the open-field
during habituation session (Two-way ANOVA: Treatment x zones interaction F (1, 19) =
0.1406, p=0.7119. (D) Preference for displaced object (DO) in a strong-training SOR task in
aged mice receiving either vehicle or C-DIM12 drug is shown as % discrimination for the
displaced object compared to the non-displaced object. Long-term memory was assessed 24-
hours after initial training, and aged mice in the C-DIM12 treatment group showed greater
discrimination for the displaced object, whereas the vehicle treated mice displayed nearly no
% discrimination for the displaced object (Two-way ANOVA: Treatment x Sessions
interaction F (1 19) = 6.716, p= 0.0179, Sidak’s post-hoc tests: **p = 0.01 comparing C-
DIM12 Vs vehicle during the 24hr test, **p < 0.01 comparing C-DIM12 training Vs C-
DIM12 24hr test). (E) Total exploration was similar during the test for both the groups (t
(19)= 0.3681, p=0.7168).
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