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Abstract

Rationale—The contribution of norepinephrine on the different phases of spatial memory
processing remains incompletely understood. To address this gap, this study depleted
norepinephrine in the brain and then conducted a spatial learning task with multiple phases.

Methods—Male and female Wistar rats were administered 50 mg/kg/i.p. of DSP-4 (N-(2-
chloroethyl)-N-ethyl-2-bromobenzylamine) to deplete norepinephrine. After 10 days, rats were
trained on a 20-hole Barnes maze spatial navigation task for 5 days. On the fifth day, animals were
euthanized and HPLC was used to confirm depletion of norepinephrine in select brain regions.

In Experiment 2, rats underwent a similar Barnes maze procedure that continued beyond day 5

to investigate memory retrieval and updating via a single probe trial and two reversal learning
periods.

Results—Rats did not differ in Barnes maze acquisition between DSP-4 and saline-injected
rats; however, initial acquisition differed between the sexes. HPLC analysis confirmed selective
depletion of norepinephrine in dorsal hippocampus and cingulate cortex without impact to other
monoamines. When retrieval was tested through a probe trial, DSP-4-improved memory retrieval
in males but /mpaired it in females. Cognitive flexibility was transiently impacted by DSP-4 in
males only.

Conclusions—Despite significantly reducing levels of norepinephrine, DSP-4 had only a
modest impact on spatial learning and behavioral flexibility. Memory retrieval and early reversal
learning were most affected and in a sex-specific manner. These data suggest that norepinephrine
has sex-specific neuromodulatory effects on memory retrieval with a lesser effect on cognitive
flexibility and no impact on acquisition of learned behavior.
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Introduction

Although spatial memory is necessary for the survival of all organisms, a static
representation of the outside world is insufficient. To be able to adapt, organisms need

to “update” their spatial memory representations. By updating and revising the integrated
knowledge and rerouting behavior in response to changing circumstances, this flexibility
improves chances of survival (Osorio-Gomez et al. 2023). The processing capacity needed
for spatial memory updating must be able to compare brand-new interoceptive and
extrasensory stimuli with an existing representation and create a new memory if there is

a discrepancy. Though the neurophysiological mechanisms necessary for memory updating
continue to be studied (Mau et al. 2020), recent work has suggested that spatial memory
updating is affected by the neuromodulator norepinephrine (NE) from the locus coeruleus
(LC) (Breton-Provencher et al. 2021; Grella et al. 2021). Specifically, some have argued
that it is the responsibility of LC-NE to toggle between retrieval of existing information and
encoding of new information (Grella et al. 2021).

With only about 3000 neurons, the LC possesses broad and divergent projections throughout
the brain, including the hippocampus (Poe et al. 2020). The function of the LC system is
often studied in the context of arousal (Chu and Bloom 1973) and stress (Hermans et al.
2011); however, the LC has also been implicated in cognitive behaviors (Arnsten 2000;
Aston-Jones and Cohen 2005; Bouret and Sara 2005; Sara and Bouret 2012). Changes

in spatial learning task demands require dynamic updating. These changes place the LC

in phasic activity mode, demonstrated by a burst firing pattern. However, when cognitive
demand necessary to complete spatial learning tasks declines, the LC is placed in tonic
impulse mode. (Aston-Jones and Cohen 2005). Therefore, the LC is engaged differentially
when there is a need to shift attention or behavioral strategy. Behavioral evidence for this
notion has been mixed, however, in a contextual freezing task, Murchison et al. (2004)
found that knockout mice for dopamine beta-hydroxylase, a key metabolic enzyme for

NE, display impaired memory acquisition. Hamlett et al. (2020) found no deficits in

spatial memory acquisition when inhibiting LC-NE release using chemogenetic techniques.
Khakpour-Taleghani et al. (2009) found that intra-LC lidocaine immediately before training
resulted in impaired spatial memory acquisition. Previous research reports LC perturbation
at acquisition (Aston-Jones et al. 1997; Hansen 2017), probe (Hou et al. 2019; Kempadoo et
al. 2016), or reversal (Glennon et al. 2019; Kelberman et al. 2022; Uematsu et al. 2015). It’s
possible that manipulation of LC NE at only one of these phases allows for compensatory
mechanisms to occur that may affect other stages of spatial learning. Therefore, we have
effectively knocked down NE transmission throughout all stages of this spatial learning
paradigm. Second, there is a lack of studies investigating the role of LC-NE in cognitive
tasks in both sexes. The reports available have only examined the sex differences mediated
by the LC in acoustic startle (Hormigo et al. 2017), and inflammatory pain (Cardenas et
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al. 2021). Hormigo et al. (2017), for instance, found that DSP-4 treatment decreases LC
neuron density equally in both sexes, but behavioral impairments were more prevalent in
males. Taken together, the question of whether the LC’s contribution to spatial memory is
sex-dependent remains elusive. As such, it is critical to include female subjects in studies to
address this historically neglected area of research.

To address the role of LC-NE in cognitive tasks while considering biological sex, we
depleted NE levels in female and male rats using the selective neurotoxin DSP-4 (N-(2-
chloroethyl)-N-ethyl-2-bromobenzylamine) before subjecting the rats to a Barnes maze
spatial learning task. Mechanistically, DSP-4 reduces NE by passing through the blood-brain
barrier and cyclizes to form a reactive aziridinium derivative at NE nerve terminals via

the NE transporter (Ross and Stenfors 2015). This leads to irreversible inhibition of the

NE transporter, which causes NE depletion over time by inhibiting normal recycling and
promoting NE metabolism (Ross and Stenfors 2015), effectively removing the primary
source of NE that innervates the brain. In two complementary experiments, we studied the
role of NE depletion on spatial memory acquisition, retrieval, and reversal learning using the
Barnes maze. Additionally, we measured NE, dopamine and serotonin levels concurrently,
ensuring that the depletion was NE-specific. We hypothesized that DSP-4 treatment would
not affect initial spatial learning (acquisition) but would impair memory during a retrieval
task (probe trial) and the use of cognitive flexibility when updating is required (reversal
learning), and that this impairment would be less pronounced in females (Hormigo et al.
2017).

Materials and methods

Experiment 1

Subjects and housing conditions—Adult male (300-400 g; /7= 16; n= 8 saline; n=
8 DSP-4) and female (200-250 g; 7= 16; n= 8 saline; 7= 8 DSP-4) Wistar rats (Charles
River Laboratories, Wilmington, MA) were purchased, and upon arrival pair-housed by sex
for the remainder of this investigation. Rats had ad libitum access to standard rat chow (Lab
Rodent Diet 5001, PMI Nutrition International INC., Brentwood, MO) and water throughout
the study except while on the Barnes maze. The rats were kept on a reverse 12:12 light/dark
cycle upon arrival and given 5 days acclimation before the initiation of experiments. Male
and female rats were kept separate from one another in isolator cages in a ventilated and
climate-controlled vivarium to limit odor, contact, and interaction between sexes. Two of
the females died unexpectedly early in the experiment and were not retained in the analysis
(female 7= 14 for analyses). This study was approved by the WSU Institutional Animal
Care and Use Committee, which adheres to principles, policies, and procedures outlined in
the Guide for the Care and Use of Laboratory Animals (Council, N. R. Guide for the Care
and Use of Laboratory Animals: Eighth Edition 2011).

Barnes maze apparatus—The Barnes maze, shown in Fig. 1, consisted of a 20-hole
custom-made round plastic platform that was elevated 90 cm above the ground (maze
diameter 122 cm; hole diameter 11 cm; Formtech Plastics, Oak Park, MI). One of the 20
holes possessed a hidden goal box below the maze where the rat could escape and hide. The
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rats were motivated to find the hidden platform via aversive stimuli in the forms of a bright
overhead light and an 80 dB sound. These stimuli are both anxiogenic and were removed
upon successful completion of the Barnes maze procedure. All rats spent 30 s under an
opaque start box (21cm length, 21 cm width, 32 cm height) that was placed in the center of
the maze prior to trial (and aversive stimuli) initiation.

Barnes maze acquisition protocol—See Fig. 1 for a procedural timeline of
Experiments 1 and 2. Ten days before behavioral training, rats were either given a single
intraperitoneal injection of 50 mg/kg DSP-4 or 0.9% sterile saline. DSP-4 was obtained
from Sigma (CAS No 40416-75-9) and dissolved in 0.9% sterile saline. On each day of the
Barnes maze acquisition training, rats were transported one sex at a time from the vivarium
to the adjacent behavioral suite where the Barnes maze apparatus was located. Animals were
habituated to the behavioral room for ~30 min before testing with males and females kept
separate to restrict interaction. The behavioral suite and equipment were cleaned with 70%
ethanol in water solution prior to the other sex being tested. Additionally, experimenters
changed lab coats between male and female cohorts to avoid sex-specific olfactory cues.

In acquisition training, one of the 20 possible escape holes of the Barnes maze harboring

a goal box installed beneath it with all other holes covered. On day 1, rats were allowed

to freely explore the maze. If a rat did not find the hidden zone before 90 s had elapsed,

the experimenter guided the animal to the zone and allowed the remainder of the trial to
conclude (total trial time 180 s). This was done so that all rats had some experience with

the Barnes maze apparatus and the goal box. On days 2 through 5, an 80 dB white noise
and a 120-watt bright light were introduced when the animal was placed under the start box.
These aversive stimuli were maintained until the animal entered the goal box then the sound
was stopped. The trial was then concluded, and the rat was placed back into its home cage.
The maze, the goal box, and the start box were cleaned with 70% ethanol in water solution
immediately following each trial.

Each animal underwent 3 trials/day on days 2-5 to find the hidden location and the trial
ended on these days when either the hidden zone was entered or 180 s had elapsed. The
intertrial interval (ITI) was ~5 min. Ninety minutes following the last trial on day 5, all

rats were euthanized via rapid decapitation. Brains were extracted, frozen using dry ice,
and stored at —80 °C until preparation for monoamine analysis via high pressure liquid

chromatography (HPLC).

HPLC analysis of brain tissue for NE levels—HPLC analysis was performed as
described previously in our laboratory to quantify whole tissue levels of NE, dopamine and
serotonin (Davidson et al. 2022; Lisieski et al. 2019). Common metabolites (DOPAC, HVA,
3MT, and 5-HIAA) were concurrently quantified alongside their monoamine counterparts.
Punches were taken from coronal sections (2 mm) containing the cingulate cortex (CG; 3.2
mm from bregma; 1-mm diameter punch), Dorsal Striatum (dStr; 1.2 mm from bregma;
2-mm diameter punch), and Dorsal Hippocampus (dHip; —2.8 mm from bregma; 2-mm
diameter punch) stored in 1.5-mL tubes at —80 °C until all samples were ready for analysis.
Each punch was weighed, homogenized by sonication in 50 uL 0.2 N perchloric acid
(PCA) for 3-5 s (Misonix XL-2000), centrifuged at ~10,000 g for 10 min at ~4 °C, and
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the supernatant was collected. A 20-ul aliquot of each sample was collected from the
supernatant and placed into a conical HPLC vial, capped with a septum, and placed into

an autosampler of the Dionex Ultimate 3000 HPLC system (ThermoFisher Scientific) and
held at 5 °C. A series of external standards for NE, dopamine, serotonin and metabolites
were prepared fresh daily through serial dilution corresponding to 10, 5, 1, 0.5, or 0.1 ng,

or PCA (vehicle). The standards were run prior to and following the unknown samples to
ensure consistency of measure across the analysis. Standards and unknown samples (10 pl)
were injected onto a reverse-phase column (Hypersil™ BDS C18 column, ThermoFisher
Scientific) at 25 °C with a flow rate at 0.6 mL/min (~250 bar). After passing through the
column, the sample passed through a guard cell (ESA model 5011A) set to 350 mV (2.1/3.0
mm ID, ThermoFisher Scientific). Electrochemical (coulometric) detection was achieved via
an ultra-analytical dual electrode cell (ThermoFisher Scientific) with a reference electrode
set at —175 mV and a working electrode at 300 mV (gain = at 100 pA for both).

Values from the detector were captured and analyzed using Chromileon 7.2.10 software
(Dionex) to quantify peak height representing levels of monoamines and metabolites.

A detection threshold of three times the average baseline values was used, such that

only samples with signals exceeding this were included. Standard curve equations using
Microsoft Excel for all monoamines were constructed to calculate monoamine levels

and verify stability of the instrument. The standard curves for all components indicated
sufficient stability for all monoamines (/2 = 0.9995). Tissue levels of monoamines were
calculated based on the regression line supplied by standard curves. Absolute values of the
samples’ peak heights were adjusted to compensate for differences in tissue weight (ng
monoamine/mg wet tissue; ng/mg).

Experiment 2

Subjects and Barnes maze protocol—Thirty-two additional adult male (7= 16; n

= 8 saline; n= 8 DSP-4) and female (n7=16; n= 8 saline; 7= 8 DSP-4) Wistar rats

were obtained and kept in conditions identical to Experiment 1. The Barnes maze protocol
conducted for Experiment 2 was identical to Experiment 1 with two exceptions: (1) to
increase learning difficulty, rats only received 2 trials per day, and (2) on day 5, rats

were placed back into their home cages and remained undisturbed for 2 consecutive days.
Following this delay, all rats underwent a single probe trial to test retrieval memory (day 8)
and then a first (days 9 and 10) and a second (days 11 and 12) reversal training period (see
timeline in Fig. 1). For the probe trial, the original location of the hidden zone was closed,
and no escape hole was available. For reversal trials, the hidden zone location was moved
90° (Reversal 1) and 180° (Reversal 2) from the original open-hole location, respectively.
All rats were euthanized 90 min following the second reversal’s final trial.

Statistical analyses—Noldus EthoVision XT software was used to quantify behavioral
outcome measures, including the number of hidden zone entries (i.e., frequency of visits)
and time spent in specified maze locations (e.g., prior trained locations). A camera mounted
above the Barnes maze collected the visual data.
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Barnes maze Acquisition (Experiments 1 and 2) data were run using a 3-way Mixed Model
ANOVA with session (days 1-5) as the repeated factor with condition (DSP-4 vs. saline)
and sex (male vs. female) as the between-subject factor. HPL C data (Experiment 1) were
analyzed using separate t-tests for each monoamine and region with condition (DSP-4 vs.
saline) as the between-subject factor. No corrections were applied, and a = 0.05 was used
for all analyses. Memory retrieval (probe trial Experiment 2) was assessed via duration and
frequency of visits to the prior location was analyzed using an ordinary one-way ANOVA
with condition (DSP-4 vs. saline) as the independent variable. Reversal trials (Experiment
2) were analyzed separately (Reversal 1 and Reversal 2) using mixed effects analysis with
reversal day (days 1 and 2) as the repeated factor and condition (DSP-4 vs. saline) and sex
(male and female) as the between-subject factors.

Results

Experiment 1 findings

All rats quickly learn the location of the hidden platform—Over the 5 days of
training, both male and female rats learned the location of the hidden platform. A 3-way
RM-ANOVA, showed a significant interaction between day and sex [F(4, 232) = 6.62, p<
0.001] with females effectively showing quicker rate of acquisition. DSP-4 was not found

to be a significant main effect (> 0.05) or to interact with the other variables (o > 0.05).
Two separate 2-way ANOVAs were performed for female or male rats revealed a main effect
of session (days) [F(1.625, 22.75) = 27.37, p< 0.001 (males), F(1.387, 16.64) = 63. 15, p

< 0.001 (females)] as presented in Fig.2. DSP-4 did not impair Barnes maze acquisition in
females or males relative to saline-controls.

DSP-4 reduces NE levels in the cingulate cortex and dorsal-hippocampus of
female and male rats—Figure 3 shows the amount of NE measured in the CG, dHip and
dStr of rats treated with DSP-4 or saline. Male rats treated with DSP-4 had significantly
less NE in their CG compared to those injected with saline [t(12) = 2.77, p< 0.01 (Fig. 3a)
and dHip t(13) = 2.33, p< 0.01 (Fig. 3b)]. This finding was also seen in females within
the CG [t(10) = 2.17, p< 0.05 (Fig. 3d)] and dHip [t(11) = 3.24, p< 0.01 (Fig. 3e)].
Surprisingly, NE was not significantly impacted in the dStr of either sex (o> 0.05; Fig. 3c,
f). Dopamine, serotonin, and associated metabolites (DOPAC, HVA, 3-MT, and 5-HIAA)
were not different between the treatment groups in any of the 3 regions with one exception
that females given DSP-4 had decreased serotonin in the CG (p < 0.01 vs. saline; data not
shown).

Experiment 2 findings

Male rats treated with DSP-4 have augmented memory and females show
attenuated retrieval memory on probe day—~Figure 1b shows the results for Barnes
maze acquisition for Experiment 2, which generally replicated the results demonstrated

in Experiment 1 that there was an interaction between day and sex without a significant
impact of DSP-4 exposure. The only difference between the two acquisition paradigms were
three training sessions per day for Experiment 1 and two sessions per day for Experiment

2. Figure 4 shows the assessment of the probe trial, which focused on retrieval memory
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as measured by duration and number of visits to the previous hidden zone location from
acquisition training. An ordinary one-way ANOVA using sex and condition as factors found
a significant impact for frequency of visits [F(3, 28) = 6.67, p< 0.01] and a trending but
non-significant impact on duration [F(3, 28) = 2.48, p= 0.082]. Follow up analysis of
frequency revealed significant differences between saline and DSP-4 in males (o < 0.05)
and females (p < 0.05). Interestingly, the direction of impact between the sexes are in
different directions with the DSP-4 group in males, demonstrating an increased number of
visits, and the DSP-4 group in females, demonstrating a lower number of visits. Further
analysis revealed significant differences between male and female rats that received saline
(p < 0.05), and males and females that received DSP-4 (p < 0.01). Planned comparisons
between treatment groups within each sex for duration confirmed the omnibus findings with
both males (p = 0.059) and females (p> 0.99) failing to demonstrate a significant impact of
DSP-4.

Male rats treated with DSP-4 show a deficit in locating the hidden platform

on the first reversal test, but not the second reversal test with no discernable
impact to female rats—Rats in Experiment 2 were provided with an opportunity to
locate the hidden platform in a new location rotated 90° (Reversal 1) and then 180°
(Reversal 2) from its original location as shown in Fig. 1 to test the role of NE in behavioral
flexibility of spatial learning. Reversal 1 analysis revealed a significant interaction between
sex and condition with reversal day [F(3, 26) = 4.27, p < 0.05]. Multiple comparisons
revealed significant differences on Reversal 1 Day 1 but not Reversal 1 Day 2. On Reversal
Day 1, female and male saline-treated (o < 0.01), but not DSP-4-treated (p = 0.744), rats
were significantly different. Within males, there was a significant impact of DSP-4 (p <
0.05), with DSP-4 demonstrating an increased latency compared to saline. This finding was
not found in females (p= 0.076). These observations are similar to the retrieval findings
with the direction of impact being opposite between the sexes (see Figs. 4 and 5). Analysis
of Reversal 2 showed a significant main effect of reversal day [F(1, 27) = 7.38, p< 0.05],
but the interaction was not significant (o = 0.270). Planned comparisons confirmed no
significant differences between any groups (p > 0.416).

Discussion

Despite published studies probing the NE system in learning and memory tasks, the role of
NE and the implication of potential sex differences in spatial memory acquisition, retrieval,
and reversal learning as a measure of behavioral flexibility remains unclear. To elucidate the
role of NE on spatial learning and spatial memory updating, female and male Wistar rats
were treated with DSP-4, and after 10 days of incubation to allow for NE-depletion, animals
were subjected to one of two experimental paradigms. In Experiment 1, rats underwent 5
days of acquisition training on a 20-hole Barnes maze and were euthanized thereafter to
quantify brain NE levels. In Experiment 2, animals underwent the same 5 days of acquisition
training and returned to their home cages. Two days later, animals were subjected to a single
probe trial to test retrieval and to subsequent days of two reversal learning assessments.
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Memory acquisition
The hippocampus is a critical brain region putatively thought to be involved in spatial/
episodic memory (Moser et al. 2017) and our results here as well as a previous
report (Jackisch et al. 2008) show diminished NE in the hippocampus is correlated
with neurobehavioral effects. Although we cannot conclude if the diminished NE in
the hippocampus caused the behavioral effects, as DSP-4 is known to cause brain-wide
reductions in NE (Nowak 2016), two of which we confirmed (CG and dHip) here. HPLC
analysis confirmed depletion of NE in both sexes of the DSP-4 treated rats in dHip and
CG, and while this treatment did not affect the acquisition of spatial learning, it did affect
retrieval and reversal learning. This finding was consistent with our hypothesis and a recent
study showing the role of NE in recognition memory and reversal learning in a spatial task
(Hamlett et al. 2020). The use of DSP-4 in animals performing spatial memory acquisition
tasks have generally provided consistent results (Ross and Stenfors 2015; Sirvio et al. 1991).
Using a Cogitat hole board, male rats administered DSP-4 have intact working and reference
memory (Hauser et al. 2012; Sontag et al. 2011) and similarly do not have deficits in
acquisition learning in the Morris water maze (Sirvio et al. 1991). One study did however
report that direct reversible infusion of lidocaine into the LC diminished reference and
working memory acquisition on the Morris water maze (Khakpour-Taleghani et al. 2009).

Though all of these studies differed in drug dose, type of administration (systematically

vs. CNS) and behavioral tasks used, lidocaine infusions into the LC provide an especially
challenging approach given the small size of the nuclei (size), and in the absence of any
secondary staining to confirm the LC and the known fact that lidocaine diffuses in the brain
from the target area could have resulted in off-target effects of the previous study, leading to
an impairment of acquisition. DSP-4 can also have off-target or indirect effects of NE. This
is an unlikely occurrence in this study however, as we did not find a reduction in dopamine
or serotonin levels in the dHip of rats treated with DSP-4.

It is unclear why females performed better at acquisition. Previous work has reported
inconsistent findings related to sex differences on acquisition of spatial memory (Locklear
and Kritzer 2014; Saucier et al. 2008). In some of our previous work, our lab has shown
that fentanyl conditioned place preference for females can be predicted based on the rat
cycle being in non-estrus phases (Gaulden et al. 2021). However, in this study and our
lavage analysis from Experiment 1 looking at cytological characteristics of the vaginal
epithelium did not suggest that the females were clustered in any given hormonal cycle,
rather they were in all categories. Future investigations using intact (naturally cycling) and
ovariectomized subjects should be used to further explore, and ultimately, support or refute
our findings related to sex differences in spatial memory.

Memory retrieval and reversal

The contribution of the LC-NE system to spatial memory retrieval has received

sparse attention with sometimes contradictory results. Pharmacological agonists for -
adrenoreceptors, NE re-uptake inhibitors, as well as optogenetic stimulation of the LC have
been shown to impair spatial memory during retrieval (Grella et al. 2021; Swift et al. 2018;
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Walling et al. 2016). However, lidocaine infusions directly into the LC did not cause deficits
in Morris water maze probe test (Khakpour-Taleghani et al. 2009).

Experimental manipulations that augment NE and test for spatial memory have also
provided some inconsistent results. A human study using yohimbine (an a2 adrenergic
receptor antagonist) in a virtual spatial memory task found no difference compared to

the control (Chae et al. 2019). While rats injected with the (non-depleting) NE reuptake
inhibitor desipramine showed diminished memory retention when tested 4 h, but importantly
not at 24 h, after the last day of acquisition (Walling et al. 2016). Our probe day results
testing for memory retrieval in males are consistent with these previous reports but do

not extend the findings to females (Fig. 4). In fact, we find that memory retrieval was
impaired in female rats injected with DSP-4. It is worth mentioning that the referenced
studies exclusively studied male rats, and only a single study measuring spatial learning
reported using both males and females administered DSP-4 (Chalermpalanupap et al. 2018).
However, that study was not sufficiently powered to detect sex differences. Therefore, our
results are the first to indicate a sex-specific regulation of NE during retrieval of spatial
learning using DSP-4.

A surprising twist to the story of LC-hippocampus circuity comes from a study where an
optogenetic augmentation of the LC-hippocampus pathway resulted in enhanced acquisition
and retention of Barnes maze memory (Kempadoo et al. 2016). However, the authors
conclusively demonstrate that the effects are being driven by dopamine, not NE. Our HPLC
results show that dopamine levels are unaffected by DSP-4 in the dorsal-hippocampus of
female or male rats (data not shown). Nevertheless, our results clearly show that normal NE
levels are not required for memory acquisition and may enhance retrieval memory in males,
but this effect appears to be sex-dependent with females given DSP-4 having a modest
deficit in retrieval learning as measured by frequency of visits but not duration.

Consistent with our hypothesis, rats had an initial deficit when required to update their
learning (Reversal 1 Day 1). This effect was seen in male, but not female rats treated with
DSP-4, and it was transient, as the rats were performing at comparable levels to controls on
all other reversal day sessions. It is not clear why this effect was transient. One possibility

is that the task we used to measure behavioral flexibility may have been too simple and in

a familiar environment such that NE is not required. This idea is consistent with previous
work in both rodent olfactory memory (Shakhawat et al. 2015) and human visual memory
(Segal et al. 2012) showing that NE is needed for complex pattern separation tasks (e.g.,
storing similar experiences as separate memories). Thus, future work should use a more
difficult reversal task. Interestingly, the pattern of behavior on the day 1 of reversal learning
appeared very similar to the pattern of behavior on probe day for retrieval memory. Another
possibility is the lack of novelty in the reversal phase; our previous work has shown that
novelty can increase both NE levels in several brain regions and the number of Fos-positive
cells in the LC (Lisieski et al. 2019). Rats had several days of experience with the Barnes
maze; they were tested at the same time of day, required to perform the same task (forage for
an escape platform), and presented with the same local/distal cues for acquisition, retrieval
and reversal phases of the experiment. Therefore, rotating the location of the escape platform
may not have been novel enough or sufficiently difficult to require NE. Lastly, the use
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of number of visits to the prior location is a proxy measure for recall and may not fully
encapsulate the complexity of this feature of memory. Our findings should be tempered
in light of these alternative explanations and limitations with further studies conducted

that incorporate other measures of recall to support, refute or likely further nuance our

interpretations.

Sex difference

In our study, male, but not female, rats treated with DSP-4 surprisingly displayed heightened
memory retrieval during the single probe trial on both latency and frequency of visits.
Females showed impaired retrieval as measured by the frequency of visits. Though this work
is one of the first to identify sex-dependent effects of NE depletion on spatial memory
retrieval, previous studies have found sexually dimorphic effects in LC structure and
function, NE system modulation, attention, and stress response (Bangasser et al. 2016; Beck
and Luine 2010; Mei et al. 2021). The female rat LC has more NE neurons, longer dendrites
(Bangasser et al. 2016) but when injected with DSP-4, compensatory receptor upregulation
in both a and p-adrenoreceptor numbers have been observed in males more than in females
(Hormigo et al. 2017). Future work should explore the mechanistic underpinnings of this
sex effect; probing the influence of sex hormones (e.g., estradiol) on spatial learning and
retrieval may prove beneficial, as ovarian hormones may impact NE synthesis, release, and
metabolism (Berridge and Waterhouse 2003; Pau et al. 2000).

Considerations and conclusions

Despite our best efforts, some potential confounds exist, and some parsimonious
explanations could explain our results. For example, we did not directly measure NE levels
in Experiment 2, relying on the results from Experiment 1 as confirmatory. Experiment

1 results suggest that NE depletion occurs at least 15 d post-DSP-4 injection. It is

unlikely, but possible, for these effects to be reversed 17-day (Experiment 2 probe trial)
post-injection; however, several findings exclude this possibility. First, we used a reportedly
high dose of DSP-4 (50mg/kg; Ross and Stenfors 2015). Additionally, Wolfman et al.
(1994) demonstrated longevity of the DSP-4 effect, with a sustained 50% reduction of NE
remaining even after 90 days following injection. We did not conduct a dose-response
curve for DSP-4 or test other administration patterns; therefore, our results are not
generalizable beyond the current dose and behavioral paradigm and unable to fully explain
our observations related the role of NE in spatial learning concomitantly with the impact

of sex as a biological variable on this role. Although numerous investigators have shown
DSP-4 treatment to downregulate NE as shown here in Fig. 3 (Ross and Stenfors 2015;
Sirvio et al. 1991), a recent report (lannitelli et al. 2022) has shown that DSP-4 may lead to
compensatory mechanisms that cause NE hyperactivity via augmentation of NE turnover,
which was defined as an increase in MHPG:NE ratio with MHPG being the primary
metabolite of NE. Considering this recent report, we cannot conclude that the remaining
NE observed in our HPLC analysis was not hyperactive as we did not measure MHPG levels
nor calculate a turnover ratio.
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In conclusion, despite significantly reducing levels of NE, but not dopamine or serotonin,

in dHip and CG, the neuromodulator-depleting effect of DSP-4 only had a modest impact
on specific aspects of spatial learning and behavioral flexibility. Memory retrieval was

most affected and changed in a sex-specific manner with males showing increased while
females displaying decreased retrieval memory after reducing NE in the brain. These data
suggest that NE has sex-specific modulator effects on memory retrieval with lesser effect on
flexibility and no impact on acquisition of simple learned behavior.
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Fig. 2.
Fegmale and male rats administered DSP-4 acquire spatial learning compared to saline-
controls in a Barnes maze task. Both sexes were given 50 mg/kg DSP-4 by i.p.-injection 10
days before Barnes maze testing. Acquisition of Barnes maze spatial learning occurred for 5
consecutive days. A three-way repeated measures mixed model ANOVA found a significant
day by sex interaction (p < 0.001) with females effectively acquiring the task quicker. Given
this interaction, the current data and future graphs are presented separately by sex with
males on the left (represented by blue squares) and females on the right (represented by pink
circles)
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Fig. 3.

Levels of NE for female and male rats administered DSP-4 or Saline in the Cingulate (CG),
Dorsal Hippocampus (dHip), or Dorsal Striatum (dStr): Brains were taken from Experiment
1 to quantify NE levels in particular regions with males presented as blue squares in the top
row (Panels a—c) and females presented as pink circles on bottom (Panels d—f). Levels of NE
were confirmed to be depleted for both sexes in the CG and dHip, but not in the dStr
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DSP-4 increases memory retrieval in male rats but decreases retrieval in females. Duration
of the visits to the hidden platform area and frequency of visits to the hidden platform on
probe day are presented with males on the left of each graph (shown as blue squares) and
females on the right (shown as pink circles). Post-hoc planned comparisons demonstrated
female rats administered DSP-4 showed significantly different number of visits to the
previous hidden zone, however, in opposing directions further demonstrating a sex related
impact of NE on retrieval memory
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Decreased task performance on Reversal 1 but not Reversal 2 in only male rats given

DSP-4. Results from the two reversal periods are presented individually with the males (blue
squares) and females (pink circles) presented separately. Planned comparisons demonstrated
that female and male saline injected rats had significantly different number of visits to

the previous hidden zone and that those administered DSP-4 showed significantly greater
number of visits to the previous hidden zone compared to male rats given saline. This effect
was transient and only observed on day 1 of Reversal learning. A single male in the saline
group was removed from this analysis due to being 3 standard deviations beyond the mean
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