1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Neurol Sci. Author manuscript; available in PMC 2022 July 01.

Published in final edited form as:
Neurol Sci. 2021 July ; 42(7): 2911-2919. doi:10.1007/s10072-020-04910-8.

GLP-1R activation alters performance in cognitive tasks in a sex-
dependent manner

Taylor S. Trammell, Natalie L. Henderson, Haley S. Madkour, Gregg D. Stanwood", Devon L.
Graham”

Department of Biomedical Sciences and Center for Brain Repair, Florida State University College
of Medicine, Tallahassee, FL 32306

Abstract

Rationale: The activation of the glucagon-like peptide-1 receptor (GLP-1R) has been purported
to have antidepressant-like and cognitive-enhancing effects. Many people suffering from major
depressive disorder (MDD) also experience deficits in cognition. While currently approved
antidepressant pharmacotherapies can alleviate the mood symptoms in some patients, they do not
treat the cognitive ones.

Objectives: We tested whether systemic administration of a GLP-1R agonist would alter
location discrimination, a cognitive task that is diminished in humans with MDD.

Methods: Male and female laboratory mice (6—8 weeks old, N=6-14/sex) were trained in a
touchscreen operant task of location discrimination. Upon reaching baseline criterion, mice were
administered vehicle or a GLP-1R agonist, Exendin-4, systemically prior to testing in probe trials
of varying difficulty.

Results: Following GLP-1R activation, males showed modest yet non-significant performance in
the location discrimination task. Females, however, showed enhanced performance during the
most difficult probe tests following Exendin-4 administration.
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Conclusions: GLP-1R activation appears to enhance overall performance in the location
discrimination task and does so in a sex- and difficulty-dependent manner. These preliminary yet
impactful data indicate that GLP-1R agonists may be useful as an adjunctive pharmacotherapy to
treat cognitive deficits associated with MDD and/or multiple neurological disorders.
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INTRODUCTION

Drugs targeting the glucagon-like peptide-1 receptor (GLP-1R) are integral in treating type
Il diabetes and obesity due to its long-lasting effects on both peripheral and central actions
on the receptor. GLP-1R activation decreases food [1] and drug [2,3] reward as well as
enhances cognitive function. For instance, Grieg and colleagues have shown that GLP-1R
agonists attenuate traumatic brain injury-induced memory deficits [4], while systemic
activation or hippocampal overexpression of GLP-1R enhances learning and memory [5].
Chronic GLP-1R agonist administration improves reference memory [6] and attenuates
spatial memory deficits induced by intrahippocampal lipopolysaccharide injections [7].

Cogpnitive dysfunction, while debilitating in and of itself, is often concomitantly manifested
with other diseases, such as major depressive disorder (MDD) and multiple neurological
conditions. Depression-induced cognitive decline or dysfunction is a serious health problem,
affecting 35-45% of patients diagnosed with MDD [8]. Pharmacotherapies are only
moderately effective for the mood components, with only one-third of patients undergoing
remission after one round of antidepressant treatment. Another form of therapy, cognitive
behavioral therapy (CBT), has been found to be even more effective in some patients [9].
The efficacy of CBT is dependent upon cognitive function [10]. However, as MDD is often
concomitant with deficits in cognitive function, the likelihood of success with CBT is
diminished, and some data suggest that neither antidepressant treatment nor disease
remission improve this memory loss [8,11].

Furthermore, (sub)chronic administration of GLP-1R agonists decreased immobility time in
the forced swim test (FST)—a possible indicator of antidepressant potential—in rodents
[6],,. Similar to antidepressant drugs, GLP-1R activation also stimulates neurogenic marker
expression [4] and neurogenesis [12] within the dentate gyrus (DG) [13]. On the contrary,
GLP-1R activation can be anxiogenic [14]. It is hypothesized that this is a consequence of
GLP-1-mediated HPA axis dysfunction at the level of the central nucleus of the amygdala
[14]. Given that cognitive function worsens concomitantly with HPA axis dysfunction [15],
the specific neuronal subsets of GLP-1R affected by a pharmacological treatment must be
considered. To that end, GLP-1R modulation is an intriguing and novel target for both rapid
and chronic therapeutic efficacy in mood disorders and cognitive function [16].

The deficits in patients with MDD suffer from are particularly focused on episodic memory
[10,17], a domain that is highly dependent upon the hippocampus [18]. Pattern separation is
one key feature of episodic memory. Pattern separation is a process in which the
hippocampus must form a distinct output (memory) from inputs that are very similar
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[19,20]. At its core, pattern separation occurs when the output firing patterns of a network
are less similar to one another than the input firing patterns. The dorsal DG of the
hippocampus, specifically, is required for spatial pattern separation to occur [19].
Interestingly, patients with MDD show significant deficits in pattern separation tests and DG
activity, with depression severity negatively correlated to the ability to distinguish between
similar patterns [21]. Moreover, cells and circuits within the hippocampus highly express
GLP-1Rs [22]. In rodents, specific touchscreen-based operant tasks have been developed to
allow assessment of pattern separation, also referred to as location discrimination, by
comparing performance in a dissimilar condition (large physical separation of images) with
that in a similar condition (small physical separation of images) [23]. Using this location
discrimination task, we hypothesized that systemic administration of a GLP-1R agonist
would enhance performance in mice.

METHODS

Animals:

Male and female C57BI/6J (6—8 weeks, Jackson Laboratories, Bar Harbor, ME) were housed
2-5/cage when possible and were provided with rodent chow and tap water ad /ibitum. Mice
were housed in a temperature- and humidity-controlled AAALAC-approved facility that is
maintained on a 12:12 h light:dark cycle. Following at least a week of habituation to the
facility, mice were individually housed and food deprived. Mice were weighed daily and
given gradually decreasing amounts of regular chow (4, 3.5, 2.5, 2 g) until mice were 85—
90% of their starting weight. The initial body weights were 24.6 g+0.5 g for males and 19.5
g+0.3 g for females. As mice at this age are still growing, we reassessed weight goals
weekly using growth curves for C57BI/6J mice by adding the expected weight gain to the
weight goal each week (Jackson Laboratories). During testing, mice were fed after the
completion of the day’s testing. All protocols were approved by the local Institutional
Animal Care and Use Committee, and all studies were performed in accordance with the
recommendations in the National Institute of Health’s Guide for the Care and Use of
Laboratory Animals.

Location Discrimination Task:

Upon reaching the goal weight, mice were trained and tested in the location discrimination
task in Bussey/Saksida operant chambers with some modifications (Lafayette Instruments,
Lafayette, IN) [23]. Testing occurred 5-7 days per week during the animals’ light cycle
(usually between 10 AM-2 PM) with approximately 24 hrs between each session. On days in
which mice were not tested, they were fed the appropriate amount of chow to maintain body
weight. The chambers are trapezoidal in shape with a touchscreen on one end and a liquid
reward dispenser on the other. The screen was covered by an insert with two horizontal rows
of 6 squares each; only the bottom row was used here and is referred to as squares 1-6. Mice
were trained in the apparatus through a series of progressively more difficult stages in order
to receive a vanilla milkshake reward (33% Ensure™). Mice were given access to Vanilla
Ensure™ for the last 2 days of food restriction prior to testing. Mice performed one session
per day. Mice are first habituated to the chamber, whereby 1500 uL of diluted Ensure was
delivered upon entry, and then 30 pL (the standard amount delivered for the remainder of the
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experiment) was delivered every 10 sec once the mouse inserted its head into the lit reward
tray. Upon completing 30 trials over 20 min, mice progressed through several stages of
training, attaining a set criterion before moving to the next, more difficult stage. In Stage 1,
Initial Touch, one of the six squares on the touchscreen was lit randomly, and a reward
(along with a tone and illumination of the reward tray light) was delivered every 10 sec. If
the mouse touched the lit square, the milkshake reward was tripled. Next, they entered Stage
2, Must Touch, whereby the same procedure was followed as in Initial Touch, only the
reward was not delivered until the mouse pressed the lit square. Stage 3, Must Initiate, was
similar to Stage 2 except mice must start the trial by nosepoking the reward delivery tray
(signaled by a light within the tray) before a random square was lit on the screen. Following
the same procedure as the preceding stage, Stage 4, Punish Incorrect, incorporated a 5 sec
time out along with illumination of the overhead house light for blank screen touches (i.e.,
touching a non-lit square). In Stage 5, One Choice Reversal, two boxes of intermediate
distance (boxes 2 and 5) were illuminated. Mice were randomly assigned a default “correct”
side (left or right, counterbalanced across groups). Mice must press the “correct” side/box
before receiving the milkshake reward. However, after correct touches on 7 of 8 consecutive
trials, the “correct” side was reversed. Mice were evaluated by the number of reversals per
session. Stage 5, One Choice Reversal, was the baseline session, and mice were maintained
at this level until the Probe Trials, which varied in difficulty (Stages 6 and 7). At the start of
the Probe Trials, mice were tested in the Easy Probe Trial (Stage 6), which is identical to
Stage 5, One Choice Reversal, except there are large separations between the lit squares
(boxes 1 and 6). This was followed by Stage 7 (Hard Probe Trial), which is the exact same
procedure as Stage 6, Easy Probe Trial, except boxes 3 and 4 (small separation) were lit.
These probe trials were 120 min in length and included reversals (i.e., correct side alternated
every 7 of 8 correct trials). The number of reversals per probe test were assessed.

About 30 min prior to each probe trial, mice were administered (ip) saline or 30 pg/kg
Exendin-4 (Ex-4; Bachem Americas Inc., Torrance, CA), a GLP-1R agonist. Mice were
treatment-naive until this point, and received only one dose of either Ex-4 or saline prior to
each probe test. Treatments were counterbalanced evenly across the sexes. Mice were first
tested with the easy probe trial. Following a minimum 5 day washout, mice were retested in
the more difficult probe trial but administered the other drug. For our initial cohort, male and
female mice were run through each probe trial twice such that the easy and difficult probe
trials were repeated using the opposite drug as the previous sessions after a 10 day washout.
Our final cohort (all females) were tested in each probe trial once. The baseline session
(Stage 5, One Choice Reversal) was performed periodically between probe sessions to assess
performance. To account for crossover effects due to retesting as well as to normalize the
data from different cohorts, data from each probe trial were normalized to that of the
corresponding saline x sex group. In total, 6 males and 14 females were used.

Statistical Analysis:

Data were analyzed using GraphPad Prism 8 (GraphPad Software, San Diego, CA) and
presented as means + standard error of the means (SEM). Statistical significance was set at
p<0.05. Student’s t-test and analysis of variances (1- and 2-way ANOVASs) were utilized
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where applicable and subjected to Sidak’s post hoc analyses. Main effect variables included
Sex, Treatment, and Difficulty level (easy vs. hard probes), where applicable.

Task Acquisition:

Male and female mice acquired the location discrimination task similarly in the initial
stages. However, females took fewer days to learn compared to males in the later training
phases (Fig. 1; main effect of Sex, F(1, 90)=4.128). Due to this significant main effect of
Sex, probe test analyses were performed separately in males and females.

Probe Testing: Once mice maintained baseline criterion at the One Choice Reversal stage,
they were subdivided into treatment groups (saline or Ex-4) and tested in the easy then more
difficult probe tests. It was found that males and females administered Ex-4 exhibited
hypoactivity (Fig. 2), which was especially pronounced in females. As a result, Ex-4-treated
mice performed fewer trials and reversals per session compared to vehicle-treated mice (Fig.
3, data combined across Difficulty level as no significant differences were found). In fact,
two mice (one male and one female) treated with Ex-4 during the difficult probe test did not
perform any reversals at all due to inactivity and were removed from analyses. To eliminate
this potential bias, we compared the number of reversals relative to the number of trials
performed (reversals/total trials) as the primary output, followed by normalization to the
respective sex x saline group to account for cohort effects (i.e., saline values should
approximately equal 1). It should be noted that despite the differences in locomotor activity
between the treatments, there was no significant difference in activity when comparing the
difficulty levels within sexes (Easy vs. Hard; males: t(21)=0.8907, p=0.3832; females:
t(37)=0.1557, p=0.8748; data not shown). Furthermore, when comparing locomotor activity
for the Treatment x Difficulty groups within sex (e.g., SAL x Easy vs. SAL x Hard and Ex-4
x Easy vs. Ex-4 x Hard groups), post hoc analyses revealed no significant differences
between these groups (data not shown). Males administered Ex-4 systemically had
performed better than controls during the probe trials, although this value did not reach
statistical significance (Fig. 4a; Treatment: F(1, 19)=3.962, p=0.0611). On the contrary,
there were significant main effects of Difficulty (F(1, 35)=9.563, p<0.01) and Treatment
(F(1, 35) =5.194, p<0.05) in the females (Fig. 4b). A significant interaction of Difficulty x
Treatment (F(1, 35)=9.563, p<0.01) revealed that Ex-4-treated females outperformed
controls in the more difficult probe trial (Fig. 4b, p<0.01).

Examining each probe trial separately, Ex-4-treated males performed better, albeit non-
significantly, than controls in the easy probe trial (Fig. 5a; t(10)=2.003, p=0.0729). There
was no difference in performance in the more difficult trial (Fig. 5b; t(9)=1.372, p=0.2034).
On the contrary, females, regardless of treatment, performed similarly in the easy trial (Fig.
5¢; t(18)=0.7892, p=0.4403). However, Ex-4 administration resulted in enhanced
performance during the difficult probe trial for females (Fig. 5d; t(17)=3.080, p<0.01).
Interestingly, Ex-4-treated males and females were equally as accurate as their control
counterparts in both types of probe tests, as indicated by the correct percentage (Fig. 6).
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DISCUSSION

Patients with MDD often suffer from other ailments related to the primary diagnosis.
Cognitive impairment is one such condition and is in fact one of the nine criteria for
diagnosing MDD in the current Diagnostic and Statistical Manual of Mental Disorders
(DSM-5). In some studies, up to half of all participants with MDD suffer from significant
cognitive deficits [8,24], and no FDA-approved pharmacotherapies are available to
specifically treat MDD-related cognitive decline [25]. Even after the mood symptoms remit,
many patients still suffer from the cognitive deficits [8], and this can impede a patient’s
recovery. A recent longitudinal study using 3 different monoamine reuptake inhibitors
demonstrated no improvement in cognitive impairment in patients after remission of mood
symptoms [11], indicating the necessity for treatment options that target cognitive
impairment in MDD. Because one of the more effective non-pharmacological treatments,
CBT, is dependent upon cognitive integrity, its usefulness is minimized in affected patients
[10]. Thus, adjunctive therapies that do not hinder the mood-enhancing effects of current
MDD pharmacotherapies yet also boost cognitive health are needed. Here, we tested
whether a GLP-1R agonist, Ex-4, could improve performance in a location discrimination
task, which tests a cognitive domain negatively affected by MDD in humans.

Our data indicate that acute administration of Ex-4 enhances execution of the LD task in a
sex-dependent manner, with females benefitting most from the Ex-4 treatment. GLP-1R
activation increased the number of reversals during the easy task in males following
normalization, although this value did not reach significance. While performance in females
did not differ between groups in the easier probe task, Ex-4 administration significantly
improved performance in the more difficult task in females, indicating that GLP-1R
activation affects cognitive function in a sex-dependent manner. Based on these results, this
effect may be contingent upon cognitive load. Many studies have noted that there are
significant sex differences in learning and memory as well as learning strategies [for an in-
depth review, see [26]]. Generally, males tend to outperform females in hippocampus-
dependent tests [27], including the more difficult phases of pattern separation [28]. There is,
however, some evidence that females outperform males in some cognitive tasks (object-
location binding memory test) when the cognitive load or difficulty increases [29]. These
GLP-1R-specific sex-dependent effects warrant additional examination with larger groups
sizes and dose-response studies, but the current data indicate a potentially impactful and
novel mechanism to treat MDD-related cognitive impairment.

One implication is that sex hormones contribute to these differences, as has been suggested
previously [26]. In rats, neurogenesis within the DG is greater in females undergoing
proestrous, when estrogen levels peak, compared to males or females in the estrous or
diestrous stages [30]. However, some data indicate that there is no significant sex difference
in neurogenesis in mice [31], while others demonstrate that males have increased neurogenic
response, both basally and following stress, compared to females [32]. These findings are
key, as ablation of hippocampal neurogenesis in female mice diminishes performance in the
difficult probe test in location discrimination task [19]; it is not clear how this manipulation
alters performance in males. Moreover, there is evidence to suggest that chronic stress is
more detrimental to cognitive processes in males than females, who tend to perform better
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following stress [for review see [33]]. Whether the moderate yet chronic food restriction is
stressful has yet to be determined, but it is unlikely that this would improve performance in
females, as food restriction may worsen learning and memory in females rodents [34].
Unfortunately, we did not assess the estrous cycles of the females during testing, nor did we
measure cortisol or hormone concentrations afterwards. In the future, we will assess these
outcomes as well as measure neurogenic markers in the brain following testing.

One of the caveats of this study was that systemic GLP-1R activation induced hypoactivity,
particularly in the females. Similarly, Ex-4-treated mice performed a fewer number of trials
based on the raw data. There was not, however, a statistically significant decrease in the
number of reversals, despite a slight downward trend in females, nor did it alter performance
accuracy. Furthermore, there were no differences in activity levels between hard vs. easy
probe trials within each treatment group, indicating that despite the increased distance
between targets during the easy trials, locomotor activity did not contribute to the overall
changes in performance. These data indicate that despite decreased activity levels, systemic
GLP-1R activation does not overtly diminish performance or produce the sex-dependent
effects at the two difficulty levels. Others have shown that GLP-1R agonist administration
decreases locomotor activity in rodents [1,35] while antagonizing the receptor induces a
hyperactive phenotype [36]. However, two of the more well-known outcomes of GLP-1R
activation are satiety and decreased food intake, which could be related to decreased food
reward [1], outcomes which has been exploited by pharmaceutical companies to treat obesity
[37]. It is also feasible that the decreased number of trials due to GLP-1R agonist
administration may be due to satiety and/or decreased food-motivated behavior. To reconcile
this caveat, determining which specific subsets of the GLP-1R modulate this cognitive
enhancement yet does not interfere with its role in food intake and satiety is crucial. This
study used systemic administration, potentially activating both central and peripheral
GLP-1Rs. Location discrimination, or pattern separation, is associated with the hippocampal
DG, specifically the dorsal subsection [19,20]. GLP-1R is expressed in this region [22].
Interestingly, GLP-1R activation within the ventral hippocampus does indeed alter food
intake in rodents by modulation of NMDA receptors within the medial prefrontal cortex
[38]. As the downstream circuits of the dorsal and ventral hippocampus are generally
segregated [39], it is not known whether injection into the dorsal region will alter food intake
yet simultaneously enhance task execution. While these data indicate a role for GLP-1R
activation in this task, it is unclear to what extent DG GLP-1Rs plays in location
discrimination, if these effects are due to directly GLP-1R stimulation or upstream effects, or
if these alterations are due to off-target effects entirely. Current research is underway to
examine the specific role of this GLP-1R-associated subset in location discrimination and
the circuitry associated with it. Likewise, future studies utilizing a range of doses to further
implicate GLP-1R’s role in this cognitive domain as well as to elucidate the potential sex
differences are necessary to draw further conclusions on the current data set.

Additional therapeutic targets that alleviate both the mood and cognitive aspects of MDD are
greatly needed. GLP-1R activation has been shown to have an antidepressant-like effect in
rodents [6], and these current data indicate that a GLP-1R agonist enhances MDD-related
cognitive measures as well. As more women are affected by MDD than men [40], these
findings indicate a potential sex-specific therapeutic target for treatment. Because GLP-1R
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ligands are currently approved for treatment of diabetes and obesity, these preliminary yet
impactful findings could quickly translate into new clinical applications for MDD-related
cognitive deficits.
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Fig. 1.

Females took significantly less time overall than males to complete training in the location
discrimination task (p<0.05). Data are shown as the cumulative number of days to achieve
criterion for each stage. N=6-14/group
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Ex-4 treatment resulted in a hypoactive phenotype during probe testing. Control males
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ambulated more than Ex-4-treated males in the easy (a; t(10)=1.925, p=0.0831) and difficult
(b; 1(9)=2.079, p=0.0677) probes, although these did not reach the level of significance.
Females administered Ex-4 moved significantly less than saline-treated females in both the
easy (c; t(18)=4.292, p<0.001) and difficult (d; t(17)=4.878, p<0.001) probe trials. T p<0.1;

*** p<0.001
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Males (a; t(21)=1.970, p=0.0698) and females (c; t(37)=5.

Salrine Ex-4

074, p<0.0001) administered Ex-4

during probe trials completed fewer trials than their respective controls, although this
reached significance only in females. The GLP-1R agonist did not alter the total number of
reversals in probe trials in males (b; t(21)=0.6041, p=0.5522) but did non-significantly
decrease the number of reversals in females (d; t(37)=1.939, p=0.0603). T p<0.1; ****

p<0.0001
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During probe testing, Ex-4 treatment in males (a) enhanced performance overall but not to a
level of significance (p=0.06). Ex-4 treatment did significantly enhance task execution,
specifically in the more difficult trial, in females (b). N=5-10/group
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Fig. 5.

Fc?llowing normalization, males treated with Ex-4 performed better than controls in the easy
probe (a), but this did not reach statistical significance (p=0.07). Ex-4 did not alter
performance for males in the difficult trial (b). On the contrary, treatment did not alter task
execution for females in the easy trial (c), but Ex-4 improved performance in the difficult
phase. T p<0.1; ** p<0.01
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Fig. 6.
Ex-4 administration did not alter the accuracy of performance in either sex, regardless of the

difficulty level of the probe trial. N=5-10/group
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