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Abstract: Cognitive flexibility refers to the ability to adapt flexibly to changing circumstances. In
laboratory mice, we investigated whether cognitive flexibility is higher in pubertal mice than in adult
mice, and whether this difference is related to the expression of distinct NMDA receptor subunits.
Using the attentional set shifting task as a measure of cognitive flexibility, we found that cognitive
flexibility was increased during puberty. This difference was more pronounced in female pubertal
mice. Further, the GluN2A subunit of the NMDA receptor was more expressed during puberty than
after puberty. Pharmacological blockade of GluN2A reduced the cognitive flexibility of pubertal mice
to adult levels. In adult mice, the expression of GluN2A, GluN2B, and GluN2C in the orbitofrontal
cortex correlated positively with performance in the attentional set shifting task, whereas in pubertal
mice this was only the case for GluN2C. In conclusion, the present study confirms the observation
in humans that cognitive flexibility is higher during puberty than in adulthood. Future studies
should investigate whether NMDA receptor subunit-specific agonists are able to rescue deficient
cognitive flexibility, and whether they have the potential to be used in human diseases with deficits in
cognitive flexibility.

Keywords: adolescence; attentional set shifting task; cognitive flexibility; NMDA receptor subunits;
orbitofrontal cortex; puberty

1. Introduction

Cognitive flexibility is defined as the ability to adapt behavior to changes in the
environment [1]. It is considered to be one of the processes of executive functions and
is mediated by different subregions of the frontal cortex [2]. Different neuropsychiatric
and neurological disorders, such as schizophrenia, attention deficit hyperactivity disorder,
or Alzheimer’s disease, but also healthy aging, are associated with impaired cognitive
flexibility [3–5].

In laboratory rodents, cognitive flexibility can be measured by the attentional set
shifting task (ASST) [6,7]. The ASST is based on discrimination learning, first simple and
later compound discrimination, in which a second stimulus dimension must be ignored.
This is followed by reversal phases, in which the contingencies of the reward-associated
stimuli are changed, as well as intra- and extra-dimensional shifts, in which stimulus
exemplars are changed and the new reward-indicating stimulus comes either from the
same stimulus dimension as before or from the previously ignored stimulus dimension,
respectively [8].

Studies in humans and laboratory rodents have shown that cognitive flexibility is
sensitive to pharmacological interventions targeting the NMDA receptor. NMDA receptor
antagonists such as phencyclidine, dizocilpine, or ketamine impair cognitive flexibility, e.g.,
as measured by the ASST [9,10], whereas NMDA receptor agonists such as D-cycloserine
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improve cognitive flexibility [11]. These effects are most likely mediated by NMDA re-
ceptors in the frontal cortex, as altered NMDA receptor signaling in the frontal cortex has
been found in conditions of impaired cognitive flexibility [12,13]. Of note, NMDA receptor
signaling is determined in part by the composition of its subunits [14]. Indeed, NDMA
receptors are tetramers composed of two GluN1 and two GluN2 (or GluN3) subunits. A
reduction or loss of GluN2A or GluN2B, for example, leads to deficits in cognitive flex-
ibility [15,16]. In schizophrenia patients, reduced expression of GluN2A, hypofunction
of the NMDA receptor, and impaired cognitive flexibility are found [3,17]. While these
data emphasize an important role of particular NMDA receptor subunits in conditions of
impaired cognitive flexibility, less is known whether NMDA receptor subunits also play a
role in conditions of high cognitive flexibility.

In humans, high cognitive flexibility is observed during puberty [18,19]. In laboratory
rodents, the findings are inconsistent [20], with some studies reporting higher cognitive
flexibility during puberty or adolescence [21,22], while others find lower cognitive flex-
ibility [23–25]. Interestingly, puberty is also the phase when the expression of different
NMDA receptor subunits such as GluN2A, GluN2B, and GluN2C reaches a plateau or even
a peak [26]. Whether and how NMDA receptor subunit expression is related to altered
cognitive flexibility during puberty is not yet known.

The present study examined whether cognitive flexibility changes in female and male
mice during puberty compared with adulthood and whether such changes are related to
altered NMDA receptor subunit expression (GluN2A, GluN2B, GluN2C) in the orbitofrontal
cortex (OFC), a region crucial for cognitive flexibility [13,16,27]. Subsequently, such a
potential relation should be tested by pharmacological intervention. The present findings
show increased cognitive flexibility, as measured by the ASST, in adolescent mice. This
effect was more pronounced in female mice. In naive mice, expression of GluN2A but
not GluN2B and GluN2C was increased in the OFC during puberty. Treatment with
the GluN2A-specific antagonist PEAQX impaired ASST performance in pubertal mice.
Together, these data indicate that GluN2A expression in the OFC is associated with higher
cognitive flexibility during puberty.

2. Materials and Methods
2.1. Animals

For the experiments, we used female and male C57BL/6J mice from the institute’s own
breeding colony (original breeding stock from Charles River, Sulzfeld, Germany). Mice were
housed in unisex groups under controlled conditions of humidity (50–55%), temperature
(22 ± 2 ◦C) and 12:12 light/dark cycle (lights-on: 6:00–18:00). All experiments were
conducted during the lights-on period. Tap water and normal rodent chow were provided
ad libitum; however, before and during the attentional set shifting task, food restriction was
performed (see below). The experiments were performed according international guidelines
of animal care and use for experimental procedures (2010/63/EU) with confirmed ethical
approval (Landesverwaltungsamt Sachsen-Anhalt, Az.42502-2-1618 Uni MD).

2.2. Substance

PEAQX (NVP-AAM077) tetrasodium hydrate (MedChemExpress via Hölzel Diag-
nostika GmbH, Cologne, Germany), an antagonist of the GluN2A subunit of N-methyl-D-
aspartate (NMDA) receptors [28], was dissolved in saline. Mice received i.p. injections of
either 32 mg PEAQX/kg body weight or saline (injection volume: of 10 µL/g body weight)
20 min before the experiment started. The used dose, injection volume, administration
route and time was based on literature [29–31].

2.3. Attentional Set Shifting Task (ASST)

In the ASST, mice were trained to differentiate a pair of relevant cues, one of them
predicting a reward in a small bowl, and to ignore a pair of irrelevant cues. These cues
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were either visual/haptic (filling medium of the bowl) or olfactory (odorants, put on a filter
paper at the outside of the bowl).

2.3.1. Setup and Material

The ASST box (41 cm × 22 cm × 24 cm; custom-made, University of Magdeburg, Ger-
many) consisted of a waiting compartment and two choice compartments separated from
each other by a transparent wall. Between the waiting compartment and the choice com-
partments, there were transparent sliding doors that could be opened by the experimenter.
In each of the compartments, a bowl (5 cm diameter, 2.5 cm height) was placed. In the
waiting compartment, one bowl was filled with water, while in the choice compartments,
the bowls were filled with medium and the reward (chocolate rice, ca. 20 mg, Nordgetreide
GmbH & Co. KG, Lübeck, Germany).

As filling media six different exemplars were used: M1: big green beads, M2: small
green beads, M3: big grains (grains = deco gravel), M4: small grains, M5: big clay granulate,
M6: small clay granulate. The exemplars of the odors were 30 µL of different odorants (1:20
dissolved in paraffin oil): O1: citral, O2: eucalyptol, O3: R-(+)-carvone, O4: valeric acid,
O5: R-(-)-carvone, O6: 2-phenylethanol (all odorants were purchased from Sigma-Aldrich,
Darmstadt, Germany).

2.3.2. Food Restriction

On day one of the experiment, mice were handled, their basal bodyweight was
recorded and moderate food restriction began until the end of the experiment (see Figure 1).
Adult mice were food restricted to maintain 90–95% of their free feeding body weight.
Pubertal mice underwent very moderate food restriction with the goal of maintaining their
body weight. The amount of food was based on the actual individual body weight of the
mice and was given to the mice every day after the behavioral experiment.
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Figure 1. Experimental procedures of the three experiments. For details see main text. Abbreviations:
bowl hab, habituation to bowl and setup; CD, compound discrimination; EDS, extra-dimensional
shift; IDS, intra-dimensional shift; gr/si hab, group and single habituation; handl, handling; PD,
postnatal day; Rev, reversal; SD, simple discrimination.
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2.3.3. Habituation to the Bowls and the Reward

On the second day, the habituation to the bowls and reward started. Two reward-
containing bowls were placed in their home cage. Choco rice was distributed in the cage,
but also at the top and bottom of the bowls, which were filled with bedding material.
Usually, mice learn within hours to eat the reward and to dig for it in the testing bowls.

After a break of 2 days, we went on with the habituation in the testing box.

2.3.4. Group Habituation

On the third experimental day, all mice of one cage were put into the ASST box
(containing three bowls, two of them with reward, one of them with water) and had
30–45 min time to explore the box and learn to dig in the bowls.

2.3.5. Single Habituation

One hour later, the mice were put alone into the ASST box. This time, only one of
the two testing bowls contained the reward. In the first four trials, the reward was placed
on top of the bedding material in the bowl; in the next four trials the reward was placed
gradually deeper in the bowl until the reward was placed on the bottom of the testing bowl
in the last four trials. After successful trials (finding and eating a reward), the reward was
replaced. Usually, mice learned with 30–60 min to find the rewards. Of note, the unbaited
bowl was sprinkled with Choco Rice powder to prevent the mice from using the smell to
retrieve the reward.

2.3.6. Test Days

The actual ASST is composed of 7 phases performed on 4 consecutive days:

• Day 1, simple discrimination (SD): In this phase, only cues of one dimension were
presented, either medium or odor. The goal of this phase was that mice learn which
of the two media or odors, respectively, is associated with the reward. For example,
big green beads (M1) indicated the reward while small green beads (M2) were not
associated with reward.

• Day 2, compound discrimination (CD) and reversal (Rev1). Importantly, cues of the
second dimension were added. However, still the cues of the SD phase indicate the
reward, i.e., the cues of the second dimension were irrelevant. For example, the big
green beads (M1) were still rewarded, but were either presented with citral (O1) or
eucalyptol (O2). In the Rev1 phase, the previously not rewarded cue was now the
rewarding one (in our example the small green beads (M2)).

• Day 3, intra-dimensional shift (IDS) and reversal (Rev2). All cue exemplars were
exchanged but the relevant cue dimension stayed the same. For example, big grains
(M3) were rewarded, while small grains (M4) were not. Irrelevant since not associated
with the reward were the new odorants valeric acid (O3) and R-(+)-carvone (O4). In
Rev2, contingencies changed and the small grains (M4) were rewarded.

• Day 4, extra-dimensional shift (EDS) and reversal (Rev3). Again, new cue exemplars
were used. However, now the relevant cue dimension changed, i.e., the odorants be-
came relevant. For example, R-(-)-carvone (O5) predicted the reward, 2-phenylethanol
(O6) not. The new filling media big clay granulate (M5) and small clay granulate (M6)
were irrelevant. In Rev3, the contingency of the two odors changed, so 2-phenylethanol
(O6) was rewarded.

At the beginning of each trial, the mouse was in the waiting compartment. Then, the
choice compartments were equipped with the bowls that were previously prepared outside
the box. The side of the rewarded bowl as well as the combinations of filling media and
odorants changed from trial to trial in a pre-defined pseudo-randomized order. When the
sliding doors opened, the mouse had the opportunity to explore both choice compartments
with the two bowls. When the mouse started to dig, the sliding doors were closed and the
choice of the mouse was recorded.
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Of note, there were four “free trials” at the beginning of the SD, CD and IDS phases,
in which the mice could correct their decision, i.e., leaving the wrong choice compartment
after starting to dig. This was to make sure that the mouse had enough time exploring the
cue exemplars. We considered a phase as successfully completed if the mouse made six
consecutive correct trials. For each of the phase, the number of trials and the number of
errors until the mouse reached the criteria of six consecutive correct choices was noted.
Within and between the different groups (age, sex, treatment), the starting cue dimensions
(medium, odor) as well as the starting cue was pseudo-randomized.

2.4. Collecting Brain Samples and Molecular Analyses
2.4.1. Brain Sample Preparation

Mice were anesthetized with isoflurane (CP-Pharma, Burgdorf, Germany) and decapi-
tated. In the case of mice with previous behavioral experiments, this was done immediately
after completing the last phase of the ASST. Whole brains were quickly extracted and coro-
nal brain dissection (1 mm thick) was performed using the mouse coronal brain slicer matrix
(RBM-2000C; ASI-instrument, Warren, MI, USA). The brains were dissected on ice into
different regions; for the present study, the OFC was used. Samples were stored at −80 ◦C
until used for Western blot analysis.

2.4.2. Crude Synaptosomal Membrane Preparation

The crude synaptosomal fraction was extracted from the orbitofrontal cortex. Samples
were homogenized in ice-cold 0.32 M sucrose solution containing 5mM HEPES pH 7.4,
protease inhibitors (cOmplete™ Protease Inhibitor Cocktail, Roche #04693132001; Merck,
Darmstadt, Germany), and phosphatase inhibitors (PhosSTOP™, Roche #04906837001;
Merck, Darmstadt, Germany). The homogenate was prepared using glass potter S (Sar-
torius, Göttingen, Germnay) with a Teflon pestle (B. Braun AG, Melsungen, Germany) at
1000 rpm. The homogenate was centrifuged at 1000× g for 5 min at 4 ◦C, the P1 pellet
consisting of nuclei was discarded and the supernatant (S1) was further centrifuged at
12,000× g for 20 min at 4 ◦C. The supernatant (S2) was discarded and the pellet (p2) was
resuspended in sodium dodecyl sulfate (SDS). Protein quantification was measured using
amido black protein assay.

2.4.3. Western Blot Analysis

Automated Western blot analysis was performed using Jess™ Simple Western (Pro-
tein simple; Biotechne, Wiesbaden, Germany). Samples were diluted to 0.2 mg/mL us-
ing 0.1x sample buffer (Protein simple, #042-195; Biotechne, Wiesbaden, Germany) and
5 µL were loaded to each well in the 12-230kDa Jess separation module (protein simple,
#SMW004; Biotechne, Wiesbaden, Germany). Antibodies used in this study were as follows:
Anti-NMDAR2A (1:50, #AB1555P; Millipore, Darmstadt, Germany), anti-NMDAR2B (1:50,
#ab93610; Abcam, Berlin, Germany), anti-NMDAR2C (1:25, #NB300-107; Novus, Gudens-
berg, Germany). Secondary anti-rabbit (Protein simple, #DM-001; Biotechne, Wiesbaden,
Germany) and secondary anti-mouse (Protein simple, #DM-002; Biotechne, Wiesbaden,
Germany) antibodies in addition to luminol-peroxidase mix were used according to the
manufacturer’s instruction. The expression level of each protein was normalized to the total
protein using the Replex™ module (Protein simple, #RP-001) and the total protein detection
module (Protein simple #DM-TP01; Biotechne, Wiesbaden, Germany). Data analysis was
performed with Compass SW software (Protein simple; Biotechne, Wiesbaden, Germany).

2.5. Experiments
2.5.1. Experiment 1: ASST Performance during Puberty and Adultness

Pubertal and adult mice were tested in ASST according to the protocol described
above. Pubertal mice started the ASST on postnatal day 28 (PD28), the adult mice at an age
of 8 weeks (Figure 1).
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2.5.2. Experiment 2: NMDA Receptor Subunits Expression

To assess the expression of the GluN2A, GluN2B and GluN2C subunits of the NM-
DAR, brains of naive mice were collected on PD21, PD29 and PD43-45 (before, during,
and after puberty; Figure 1). In addition, the brains of the mice in experiment 1 were
collected immediately after the last ASST phase. Then, the brain samples were analyzed as
described above.

2.5.3. Experiment 3: GluN2A Blockade during ASST in Pubertal Mice

Based on the findings of experiment 1 and 2, we pharmacologically blocked the
GluN2A subunit of the receptor to characterize its importance for the ASST-performance.
Thus, only pubertal mice were tested, with half of them having a receptor blockade and the
other half not. The mice received an injection on each day of the ASST, 20 min before the
start of the experimental session (Figure 1).

2.6. Statistical Analyses

In addition to the number of trials and the number of errors until the criterion of
six consecutive correct trials, we also classified the errors in the reversal phases into
perseverative and regressive types. Using logistic regression, we calculated the number
of trials after which the mice made correct decisions with a probability greater than 50%.
Errors before this trial were defined as perseverative, i.e., the mouse still followed the old
rule. Errors after this trial were defined as regressive, i.e., the mouse was already in the
process of acquiring the new rule [32].

Data analysis was performed using SYSTAT 13 (Systat Software GmbH, Düsseldorf,
Germany.) and Prism 8.0 (GraphPad Software Inc., La Jolla, CA, USA). Analysis of variance
(ANOVA) was performed, followed by post hoc multiple comparisons using the two-stage
linear step-up procedure of Benjamini, Kriger and Yekutieli.

3. Results
3.1. Experiment 1: ASST Performance during Puberty and Adultness

Behavioral performances in the ASST, i.e., number of trials to the criterion of six
consecutive correct trials (Figure 2a–c), were analyzed with a multi-factorial ANOVA using
sex and age of the mice as between-subject factors and phase of the ASST as within-subject
factors. As expected, the performance of the mice differed in the different ASST phases
(factor phase: F6,126 = 13.05, p < 0.001). The Rev1 and Rev2 was generally more difficult
than the phases before (post hoc comparisons: ps < 0.04), and the EDS was more difficult
than the IDS (p = 0.45). Of note, the factor phase did not interact with the other factors
(Fs < 0.91, ps > 0.45). Importantly, ASST performance was improved in pubertal mice (factor
age: F1,21 = 27.86, p < 0.001; Figure 2a). This effect was more pronounced in the female
mice than in male mice (interaction age x sex: F1,21 = 4.94, p = 0.037), however, sex had no
main effects (F1,21 = 0.09, p = 0.77). Post hoc comparisons showed that puberty improved
all phases in female mice except the SD phase (ps < 0.05; Figure 2b) while in male mice only
the IDS phase was significantly improved (p = 0.02; Figure 2c).

The analysis of the errors to criterion confirmed the beneficial effects of puberty
(F1,21 = 17.36, p < 0.001; Figure 2d–f). Sex did not interact with age (F1,21 = 2.84, p = 0.11)
and had no main effects (F1,21 = 0.11, p = 0.74; Figure 2d). However, post hoc comparisons
revealed that the effects of puberty were more pronounce in females (p < 0.05 in Rev1,
IDS, EDS, Rev3; Figure 2e) than in males (p = 0.01 in IDS; Figure 2f). For the reversal
phases, we also analyzed the number of perseverative and regressive errors (Figure 2g–j).
During puberty, there was only a trend for a reduction in perseverative errors (F1,21 = 2.97,
p = 0.099; Figure 2g,h), while regressive errors were significantly decreased (F1,21 = 9.46,
p = 0.006; Figure 2i,j). Again, the effects of puberty were more pronounced in female mice
(ps < 0.04 in Rev 2, Rev 3).



Cells 2023, 12, 1212 7 of 15

Cells 2022, 11, x FOR PEER REVIEW 7 of 15 
 

 

there was only a trend for a reduction in perseverative errors (F1,21 = 2.97, p = 0.099; Figure 

2g–h), while regressive errors were significantly decreased (F1,21 = 9.46, p = 0.006; Figure 

2i–j). Again, the effects of puberty were more pronounced in female mice (ps < 0.04 in Rev 

2, Rev 3). 

 

Figure 2. ASST performance in pubertal (n = 12) and adult mice (n = 13). (a) Overall trials to criterion 

were decreased in pubertal female mice but not in males. (b) This beneficial effect of puberty was 

observed in all ASST phases except SD in female mice. (c) In male mice, performance was only sig-

nificantly improved in IDS. (d) This was mainly confirmed by the analysis of the errors to criterion; 

however, age did not interact with sex this time. (e) Nevertheless, in pubertal female mice, the errors 

were reduced in the Rev1, IDS, EDS, and Rev3 phases. (f) In pubertal male mice, improvements 

were only observed in IDS. (g–h) An error type analysis revealed that pubertal and adult mice did 

not differ in the number of perseverative errors. (i–j) However, regressive errors were reduced in 

pubertal female mice but not in male mice. ** p < 0.01, * p < 0.05, post hoc comparisons as indicated, 

after significant ANOVA effects. 

3.2. Experiment 2: NMDA Receptor Subunits Expression before, during and after Puberty 

Figure 3 depicts the expression of the NMDA receptor subunits GluN2A, GluN2B, 

and GluN2C (horizontal panels) in the OFC from experimentally naive mice before, dur-

ing, and after puberty (first vertical panel), and from ASST-experienced mice, i.e., the mice 

of experiment 1 (second vertical panel). Further, the association of the expression levels 

with the overall ASST performance is shown for pubertal and adult mice (third or fourth 

vertical panel, respectively). For the sake of clarity and since we did not find any interac-

tions of the factor sex with the other factors, we pooled the data, but indicated the sex of 

the mouse for each individual measure. 

SD CD Rev1 IDS Rev2 EDS Rev3

0

5

10

15
Males: All phases

phase

n
u
m

b
e
r 

o
f 
e
rr

o
rs

 [
+

 S
E

M
]

✱✱

SD CD Rev1 IDS Rev2 EDS Rev3

0

5

10

15
Females: All phases

phase

n
u
m

b
e
r 

o
f 
e
rr

o
rs

 [
+

 S
E

M
]

✱

✱

✱✱ ✱

female male

0

5

10

15

Errors to criterion
Overall mean

sex

n
u
m

b
e
r 

o
f 
e
rr

o
rs

 [
+

 S
E

M
]

✱✱

SD CD Rev1 IDS Rev2 EDS Rev3

0

10

20

30

Males: All phases

phase

n
u
m

b
e
r 

o
f 
tr

ia
ls

 [
+

S
E

M
]

✱

puberty
adult

female male

0

10

20

30

Trials to criterion
Overall mean

sex

n
u
m

b
e
r 

o
f 
tr

ia
ls

 [
+

S
E

M
]

✱✱

SD CD Rev1 IDS Rev2 EDS Rev3

0

10

20

30

Females: All phases

phase

n
u
m

b
e
r 

o
f 
tr

ia
ls

 [
+

S
E

M
]

✱✱

✱✱

✱

✱✱
✱✱

✱✱

puberty
adult

ASST performance in pubertal and adult mice

(a) (b) (c)

(d) (e) (f)

Rev1 Rev2 Rev3

0

2

4

6

8

Perseverative errors
Females

phase

n
u
m

b
e
r 

o
f 
e
rr

o
rs

 [
+

 S
E

M
]

Rev1 Rev2 Rev3

0

2

4

6

8
Males

phase

n
u
m

b
e
r 

o
f 
e
rr

o
rs

 [
+

 S
E

M
]

Rev1 Rev2 Rev3

0

2

4

6

8

Regressive errors
Females

phase

n
u
m

b
e
r 

o
f 
e
rr

o
rs

 [
+

 S
E

M
]

✱✱
✱

Rev1 Rev2 Rev3

0

2

4

6

8
Males

phase

n
u
m

b
e
r 

o
f 
e
rr

o
rs

 [
+

 S
E

M
]

(g) (h) (i) (j)

Figure 2. ASST performance in pubertal (n = 12) and adult mice (n = 13). (a) Overall trials to criterion
were decreased in pubertal female mice but not in males. (b) This beneficial effect of puberty was
observed in all ASST phases except SD in female mice. (c) In male mice, performance was only
significantly improved in IDS. (d) This was mainly confirmed by the analysis of the errors to criterion;
however, age did not interact with sex this time. (e) Nevertheless, in pubertal female mice, the errors
were reduced in the Rev1, IDS, EDS, and Rev3 phases. (f) In pubertal male mice, improvements were
only observed in IDS. (g,h) An error type analysis revealed that pubertal and adult mice did not
differ in the number of perseverative errors. (i,j) However, regressive errors were reduced in pubertal
female mice but not in male mice. ** p < 0.01, * p < 0.05, post hoc comparisons as indicated, after
significant ANOVA effects.

3.2. Experiment 2: NMDA Receptor Subunits Expression before, during and after Puberty

Figure 3 depicts the expression of the NMDA receptor subunits GluN2A, GluN2B,
and GluN2C (horizontal panels) in the OFC from experimentally naive mice before, during,
and after puberty (first vertical panel), and from ASST-experienced mice, i.e., the mice of
experiment 1 (second vertical panel). Further, the association of the expression levels with
the overall ASST performance is shown for pubertal and adult mice (third or fourth vertical
panel, respectively). For the sake of clarity and since we did not find any interactions of the
factor sex with the other factors, we pooled the data, but indicated the sex of the mouse for
each individual measure.
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Figure 3. Expression of GluN2 in the OFC, in naive mice before (n = 8), during (n = 8) and after
(n = 9) puberty and in pubertal (n = 11–13) and adult mice (n = 6–8) after ASST experience. The values
for the individual mice are indicated by symbols (females = red circles; males = blue diamonds).
(a) In naive mice, GluN2A expression was higher in pubertal mice than in adult mice. (b) This was
opposite in ASST-experienced mice, i.e., GluN2A expression was higher in adult mice. Compared
with naive mice, ASST experience decreased GluN2A expression in pubertal mice and increased it
in adult mice. (c) In pubertal mice, GluN2A expression was not associated with ASST performance.
(d) In adult mice, higher GluN2A expression was associated with lower trials to criterion, i.e., better
ASST performance. (e) GluN2B expression decreased with age in naive mice, with lower expression
in adult mice than before puberty. (f) In ASST-experienced mice, age had no effects on GluN2B
expression. However, compared with naive mice, GluN2B expression was increased in adult mice.
(g) In pubertal mice, GluN2B expression was not associated with ASST performance. (h) In adult
mice, GluN2B expression positively correlated with ASST performance. (i) In naive mice, GluN2C
expression was not affected by puberty. (j) The same was observed after ASST. However, compared
with naive mice, GluN2C expression was generally increased. (k) GluN2C expression was correlated
with better performance in pubertal mice. (l) In adult mice, higher GluN2C expression also led to less
trials to criterion, i.e., better performance. ** p < 0.01, * p < 0.05, comparisons as indicated.



Cells 2023, 12, 1212 9 of 15

The expression of GluN2A in experimentally naive mice was affected by the factor
age (F2,19 = 4.42, p = 0.03; Figure 3a). In detail, expression in adult mice was signifi-
cantly lower than during puberty (t = 2.91, p = 0.03). The sex of the mice had no effects
and did not interact with age (Fs < 3.20, ps > 0.09). In ASST-experienced mice, the ef-
fect of age was opposite, i.e., adult mice expressed more GluN2A than pubertal mice
(F1,16 = 5.58, p = 0.03; Figure 3b). Last, linear regression analysis using the individual mean
ASST performance (trials to criterion) and the individual GluN2A expression in the OFC
was performed. There was no correlation in pubertal mice (r2 = 0.02, p = 0.63; Figure 3c)
but a negative correlation in adult mice (r2 = 0.59, p = 0.03; Figure 3d). The more GluN2A
in adult mice were expressed, the fewer trials to criterion were needed, i.e., the better
ASST performance.

The effect of age on GluN2B expression was different. In naive mice, expression
was also affected by age (F2,21 = 5.84, p = 0.01; Figure 3e). GluN2B expression was
highest before puberty and then decreased. After puberty, there was significantly lower
GluN2B expression than before puberty (t = 4.82, p = 0.007). Generally, there was higher
GluN2B expression in male mice (F1,21 = 5.59, p = 0.03) but sex did not interact with age
(F1,21 = 1.33, p = 0.29). In ASST-experienced mice, expression did not differ between puber-
tal and adult mice (F1,16 = 2.61, p = 0.13; Figure 3f) but expression was higher in female than
in male mice (F1,21 = 6.99, p = 0.02; interaction: F1,21 = 2.75, p = 0.12). In pubertal mice, the
individual GluN2B expression was not correlated with the ASST performance (r2 = 0.01,
p = 0.67; Figure 3g) but in adult mice, increased GluN2B expression was associated with
fewer trials to criterion, i.e., better ASST performance (r2 = 0.76, p = 0.005; Figure 3h).

GluN2C expression was not affected by age, neither in naive mice (F2,21 = 0.16,
p = 0.85; Figure 3i), nor in ASST-experienced mice (F1,21 = 0.02, p = 0.89; Figure 3j). There
was no effect of sex in naive mice (F1,21 = 0.57, p = 0.57). However, female ASST-experience
mice had much higher GluN2C expression than male mice (F1,13 = 53.73, p > 0.0001). In
both pubertal and adult mice, higher GluN2C expression was associated with fewer trials
to reach the criterion, i.e., increased performance (pubertal mice: r2 = 0.616, p = 0.004;
Figure 3k; adult mice: r2 = 0.67, p = 0.048; Figure 3l).

3.3. Experiment 3: GluN2A Blockade during ASST in Pubertal Mice

As in the previous behavioral experiment, an ANOVA was conducted with sex and
treatment as between-subject factors and ASST phase as within-subject factor. Analysis of
the trials to criterion (Figure 4a–c) revealed an effect of ASST phase (F6,96 = 48.65, p < 0.0001)
and no interactions of phase with the other factors (Fs < 0.88, ps > 0.18). Performance in
Rev1 and Rev2 was significantly worse than in the previous phases and EDS was more
difficult than IDS (ps < 0.001). Treatment with the GluN2A-specific antagonist PEAQX
significantly increased the number of trials (F1,16 = 104.40, p < 0.001). This effect was not
specific to an ASST phase (interaction treatment x phase: F6,96 = 0.41, p = 0.87) or sex
(interaction treatment x sex: F1,16 = 0.07, p = 0.79). The latter was confirmed by post hoc
comparisons, which revealed significantly more trials to criterion after PEAQX treatment
in five phases of ASST in both sexes (females: p < 0.02 for SD, CD, Rev1, IDS, Rev2;
males: p < 0.05 for CD, Rev1, IDS, Rev2, EDS). In addition, there was a main effect of sex
(F1,16 = 11.26, p = 0.004), i.e., female mice (Figure 4b) generally required less trials to criterion
than male mice (Figure 4c).

Analysis of the error to criterion (Figure 4d–f) fully confirmed these effects of PEAQX.
There was an increase in errors after PEAQX treatment (F1,16 = 79.32, p < 0.001) that
was neither phase (interaction treatment x phase: F6,96 = 1.28, p = 0.27) nor sex specific
(interaction treatment x sex: F1,16 = 0.06, p = 0.81). In addition, PEAQX increased both
perseverative (F1,16 = 30.24, p < 0.001; Figure 4g,h) and regressive errors (F1,16 = 35.20,
p < 0.001; Figure 4i,j).
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Figure 4. Effects of the GluN2A-specific antagonist PEAQX on the ASST performance in pubertal mice
(vehicle: n = 9, PEAQX: n = 11). (a) Overall trials to criterion were increased after PEAQX treatment in
pubertal female mice and male mice. (b) The PEAQX effect was observed in all ASST phases except
EDS and Rev3 in female mice. (c) In male mice, performance was significantly decreased in Rev1,
IDS, and Rev2. (d) These PEAQX effects were confirmed by the analysis of the errors to criterion, i.e.,
errors were increased in female and male mice. (e) In pubertal female mice, the errors were increased
in all ASST phases except EDS and Rev3. (f) In pubertal male mice, increased errors were observed in
REV1, IDS, and Rev2. (g,h) The error type analysis revealed that perseverative errors were increased
by PEAQX, in female mice only in Rev1, in male mice in Rev1 and Rev2. (i,j) Similar effects were
observed on regressive errors. They were increased in Rev1 and Rev2 of pubertal female mice and
in Rev2 in male mice. ** p < 0.01, * p < 0.05, post hoc comparisons as indicated, after significant
ANOVA effects.

4. Discussion

The importance of NMDA receptors for cognitive processes is undisputed. Disease- or
age-related NMDA receptor dysfunction or downregulation, as well as pharmacological
antagonism are associated with or lead to cognitive deficits [33,34]. This makes the NMDA
receptor an attractive target for drugs designed to rescue impaired cognitive function [35].
However, the biology of the NMDA receptor is complex and far from fully understood [36].
This also includes its role in cognitive flexibility. There is no doubt that impaired cogni-
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tive flexibility is related to NMDA receptor dysfunction [12,13]. The usual approach to
investigating the role of a receptor in cognition is to examine its role under conditions of
cognitive deficits. However, the present study took the approach to focus on a condition
of high cognitive flexibility, i.e., puberty [18–22], and investigated the role of the different
NMDA receptor subunits in high cognitive flexibility during this developmental stage.

In our first experiment, we submitted pubertal and adult mice to the ASST. The ASST
was prepared by a phase of food restriction, habituation, and pre-training, lasting together
four days. After a weekend break, the four remaining days of the ASST followed. For the
pubertal mice, habituation started immediately on the day after weaning (PD21), i.e., the
ASST was performed from PD28 to PD31. This means that the ASST was performed for
both female and male mice during the phase of puberty, which is defined by the rise in
sex hormones at the onset and sexual maturity at the completion [20,37]. The adult mice
in our study were approximately 8 weeks (56 days) old at the start of the ASST, which is
well after the offset of puberty (PD35-PD40) and adolescence (PD40-50 [37]). We found
that ASST performance of pubertal mice was significantly better than that of adult mice
(Figure 2). This effect was more pronounced in female mice than in male mice. Of note,
we analyzed ASST performance not only by the number of trials and the number of errors
until the criterion of six consecutive correct trials was reached, but also categorized the
types of error made by the mice. Logistic regression analyses were used to calculate the
trial number above which the probability of a correct decision was higher than 50%. Errors
made before this trial were defined as perseverative, while errors made after this trial
were defined as regressive [32]. While age had no effects on the number of perseverative
errors, the number of regressive errors was increased in adults compared with pubertal
mice, mainly driven by the female mice. This increase in regressive errors in adult mice
resulted in a balanced number of perseverative and regressive errors, whereas pubertal
mice made approximately twice as many perseverative as regressive errors. Such a bias to
perseverative errors were already reported for laboratory rodents with cocaine or ethanol
exposure during adolescence [38,39] but also generally for female mice [40].

Our findings that cognitive flexibility is higher during puberty than during adulthood
are only partially consistent with published data. Two of the published studies investigating
cognitive flexibility in pubertal, juvenile or adolescent, respectively, mice used only male
mice [21,24] whereas one study investigated both sexes [23]. The latter study found
decreased cognitive flexibility in male adolescent mice compared with adult mice but no
differences in females, while the two studies with male mice found both increased [21]
and decreased [24] cognitive flexibility in juvenile or adolescent mice. In all three studies,
the mice were approximately one week older than the mice of the present study, which
is very likely after puberty. This small age difference may be crucial, as human studies
have shown that cognitive flexibility gradually declines with age [18] and the present study
shows a decrease in GluN2A levels after puberty (Figure 3). However, as mentioned in the
introduction, highest cognitive flexibility in humans is found during puberty (12–14 years)
as well as during early childhood (4 years) [18,19]. Regarding sex differences, there are very
few human studies that have examined this topic, and they found no difference or rather
lower cognitive flexibility in female pubertal participants compared to male subjects [18,41].
Similar data have been published from laboratory rodent, where females, for example, are
more sensitive to the impairing effects of stress on cognitive flexibility [42]. Taken together,
the present study demonstrated, in contrast to some published findings, higher cognitive
flexibility in pubertal mice compared with adult mice. This effect of puberty was more
pronounced in female mice.

The aim of the second experiment was to evaluate whether the increased cognitive
flexibility during puberty was associated with changes in the expression of distinct NMDA
receptor subunits (GluN2A, GluN2B, GluN2C) in the orbitofrontal cortex (OFC). The OFC is
a frontal cortex region crucial for cognitive flexibility, especially reversal learning [13,16,27].
We decided to focus our molecular analyses on the OFC since puberty had very pronounced
effects in reversal learning. To analyze the expression of NMDA receptor subunits, we
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used Jess™ Simple Western, i.e., automated capillary-based protein separation and im-
munodetection, with a very high specificity [43]. The first analyses were performed in
naive mice, before, during, and after puberty. We found that GluN2A expression peaks
during puberty and that there is significantly different expression in the OFC between
puberty and adultness (Figure 2). For GluN2B, we observed a decline in expression from
before via during until after puberty. However, there was no difference in its expression
between during and after puberty. Further, there were no obvious changes in GluN2C.
Next, we analyzed the expression of NMDA receptor subunits in the mice of experiment 1,
i.e., pubertal and adult mice that were submitted to ASST. For GluN2A, we measured lower
expression in ASST-experienced pubertal mice than in adult mice, whereas GluN2B and
GluN2C expression did not differ.

When comparing the expression levels in naive and ASST-experienced pubertal mice,
it appears at first glance that the ASST experience affected the expression of NMDA receptor
subunits. GluN2A seems to be down-regulated in ASST-experienced mice, while GluN2C
seems to be upregulated in ASST-experienced mice. However, the study design does
not allow such comparisons since naive mice were really experimentally naive, whereas
ASST-experienced mice did not only had the ASST experience with several cognitive
challenges, but were also handled, had several habituation procedures (setup, reward),
were food-deprived, and got tasty rewards. Both, the cognitive challenges but also the
other mentioned procedures can affect the expression of NMDA receptor subunits [44–47].

To better understand how ASST performance and NMDA receptor subunit expression
are associated, we further investigated whether the expression of the different NMDA
receptor subunits is correlated with ASST performance. For GluN2A and GluN2B, we
found no correlation in pubertal mice, but higher expression of both subunits in the OFC of
adult mice was positively correlated with better ASST performance. For GluN2C, such a
correlation was found in both pubertal and adult mice. Together, these findings indicate
that, at least in adult mice, a high expression of GluN2A, GluN2B, and GluN2C in the
PFC is beneficial for cognitive flexibility. This is in line with previously published studies
that found, for example, a correlation between GluN2B expression in the frontal cortex
and spatial learning [48]. Interestingly, also reversal learning was investigated in the latter
study, but it was not analyzed whether there was an association between expression levels
and reversal learning performance. Of note, we did not see a correlation of expression
levels of all NMDA receptor subunits with ASST performance in pubertal mice. Only for
GluN2C, there was such a positive correlation, but this could be caused by sex-dependent
effects of ASST experience on GluN2C expression.

Based on the finding that pubertal and adult mice only differ in GluN2A expression,
we performed a third experiment, in which we treated pubertal mice with the GluN2A-
specific antagonist PEAQX. Treatment with PEAQX impaired ASST performance in female
and male pubertal mice and this effect was not specific to any of the ASST phases. With
PEAQX treatment, pubertal mice actually showed an ASST performance very similar
to those of adult mice (cf. Figure 1). In addition, there was a main effect of sex in this
experiment, i.e., female mice performed better than male mice. This is in line with our
first experiment and previous studies of our group with adult mice, in which often rather
improved ASST performance in female mice was found [49,50]. Of note, the sex difference
in this experiment with only pubertal mice reached statistical significance, whereas in our
first experiment there was no sex difference in pubertal mice (p = 0.15) and a trend toward
a sex difference in adult mice (p = 0.08). Furthermore, the bias for perseverative errors
that we observed in the first experiment was not present in this third experiment. Thus,
the PEAQX treatment had similar effects on both error types in both sexes. Future studies
should address this inconsistency in sex differences and error bias.

To the best of our knowledge, this is the first time that the effects of a GluN2A-
specific antagonist were tested in the ASST. In several other cognitive tests in adult mice,
PEAQX (also named AAM-077) had minor or decreasing effects on learning performance
and reversal learning was impaired [51,52]. Therefore, we would expect similar effects
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of PEAQX in adult mice than in the pubertal mice of the present study. In addition, it
is of interest whether GluN2A-specific agonists are able to rescue impaired cognitive
flexibility. To our knowledge, such an agonist has not been found so far. However, in rats,
the unspecific partial NMDA receptor agonist D-cycloserine rescued pharmacologically
induced deficits in the attentional set shifting task [11] and improved reversal learning [53].

5. Conclusions

The present study supports the previous observation in humans that cognitive flexi-
bility is higher in puberty than in adulthood. Furthermore, our data show that cognitive
flexibility is related to the expression of the NMDA receptor subunits GluN2A, GluN2B,
and GluN2C in the orbitofrontal cortex and that subunit-specific pharmacological interven-
tions (here, GluN2A) affect cognitive flexibility. Future studies should investigate whether
subunit-specific agonists are able to rescue deficient cognitive flexibility and whether they
have the potential to be used in human diseases with deficits in cognitive flexibility.

Author Contributions: Conceptualization, D.C.D. and M.F.; Formal analysis, L.S., E.S. and M.F.;
Funding acquisition, D.C.D. and M.F.; Investigation, L.S. and E.S.; Methodology, E.S.; Resources,
D.C.D. and M.F.; Supervision, M.F.; Visualization, L.S. and M.F.; Writing—original draft, L.S., E.S.
and M.F.; Writing—review and editing, L.S., E.S., D.C.D. and M.F. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by Deutsche Forschungsgemeinschaft (SFB1436/A01; project ID
42589994).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
European regulations for animal experiments (2010/63/EU) and approved by the Ethics Committee
of the Landesverwaltungsamt Sachsen-Anhalt (Az.42502-2-1618 Uni MD; approval date: 9 June 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors would like to thank Kathrin Freke, Evelyn Kahl, and Dana Maier
for technical assistance, Uwe Disterheft for designing and building the ASST setup, and Samia Afzal
for helpful comments on the manuscript. Furthermore, the senior author would like to thank the
initiators and organizers of the SFB1436 Writing Retreat in December 2022, where large parts of this
manuscript were written.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dajani, D.R.; Uddin, L.Q. Demystifying cognitive flexibility: Implications for clinical and developmental neuroscience. Trends

Neurosci. 2015, 38, 571–578. [CrossRef]
2. Logue, S.F.; Gould, T.J. The neural and genetic basis of executive function: Attention, cognitive flexibility, and response inhibition.

Pharmacol. Biochem. Behav. 2014, 123, 45–54. [CrossRef] [PubMed]
3. Thoma, P.; Wiebel, B.; Daum, I. Response inhibition and cognitive flexibility in schizophrenia with and without comorbid

substance use disorder. Schizophr. Res. 2007, 92, 168–180. [CrossRef] [PubMed]
4. Roshani, F.; Piri, R.; Malek, A.; Michel, T.M.; Vafaee, M.S. Comparison of cognitive flexibility, appropriate risk-taking and reaction

time in individuals with and without adult ADHD. Psychiatry Res. 2020, 284, 112494. [CrossRef]
5. Robbins, T.W.; James, M.; Owen, A.M.; Sahakian, B.J.; Lawrence, A.D.; McInnes, L.; Rabbitt, P.M. A study of performance on tests

from the CANTAB battery sensitive to frontal lobe dysfunction in a large sample of normal volunteers: Implications for theories
of executive functioning and cognitive aging. Cambridge Neuropsychological Test Automated Battery. J. Int. Neuropsychol. Soc.
1998, 4, 474–490. [CrossRef]

6. Tait, D.S.; Bowman, E.M.; Neuwirth, L.S.; Brown, V.J. Assessment of intradimensional/extradimensional attentional set-shifting
in rats. Neurosci. Biobehav. Rev. 2018, 89, 72–84. [CrossRef]

7. Bissonette, G.B.; Powell, E.M. Reversal learning and attentional set-shifting in mice. Neuropharmacology 2012, 62, 1168–1174.
[CrossRef] [PubMed]

8. Young, J.W.; Powell, S.B.; Geyer, M.A.; Jeste, D.V.; Risbrough, V.B. The mouse attentional-set-shifting task: A method for assaying
successful cognitive aging? Cogn. Affect. Behav. Neurosci. 2010, 10, 243–251. [CrossRef] [PubMed]

https://doi.org/10.1016/j.tins.2015.07.003
https://doi.org/10.1016/j.pbb.2013.08.007
https://www.ncbi.nlm.nih.gov/pubmed/23978501
https://doi.org/10.1016/j.schres.2007.02.004
https://www.ncbi.nlm.nih.gov/pubmed/17399952
https://doi.org/10.1016/j.psychres.2019.112494
https://doi.org/10.1017/s1355617798455073
https://doi.org/10.1016/j.neubiorev.2018.02.013
https://doi.org/10.1016/j.neuropharm.2011.03.011
https://www.ncbi.nlm.nih.gov/pubmed/21439304
https://doi.org/10.3758/CABN.10.2.243
https://www.ncbi.nlm.nih.gov/pubmed/20498348


Cells 2023, 12, 1212 14 of 15

9. Rodefer, J.S.; Murphy, E.R.; Baxter, M.G. PDE10A inhibition reverses subchronic PCP-induced deficits in attentional set-shifting in
rats. Eur. J. Neurosci. 2005, 21, 1070–1076. [CrossRef]

10. Nikiforuk, A.; Golembiowska, K.; Popik, P. Mazindol attenuates ketamine-induced cognitive deficit in the attentional set shifting
task in rats. Eur. Neuropsychopharmacol. 2010, 20, 37–48. [CrossRef]

11. Siddik, M.A.B.; Fendt, M. D-cycloserine rescues scopolamine-induced deficits in cognitive flexibility in rats measured by the
attentional set-shifting task. Behav. Brain Res. 2022, 431, 113961. [CrossRef] [PubMed]

12. McQuail, J.A.; Beas, B.S.; Kelly, K.B.; Hernandez, C.M., 3rd; Bizon, J.L.; Frazier, C.J. Attenuated NMDAR signaling on fast-spiking
interneurons in prefrontal cortex contributes to age-related decline of cognitive flexibility. Neuropharmacology 2021, 197, 108720.
[CrossRef] [PubMed]

13. Thompson, J.L.; Yang, J.; Lau, B.; Liu, S.; Baimel, C.; Kerr, L.E.; Liu, F.; Borgland, S.L. Age-dependent D1-D2 receptor coactivation
in the lateral orbitofrontal cortex potentiates NMDA receptors and facilitates cognitive flexibility. Cereb. Cortex 2016, 26, 4524–4539.
[CrossRef] [PubMed]

14. Sanz-Clemente, A.; Nicoll, R.A.; Roche, K.W. Diversity in NMDA receptor composition: Many regulators, many consequences.
Neuroscientist 2013, 19, 62–75. [CrossRef]

15. Marquardt, K.; Saha, M.; Mishina, M.; Young, J.W.; Brigman, J.L. Loss of GluN2A-containing NMDA receptors impairs extra-
dimensional set-shifting. Genes Brain Behav. 2014, 13, 611–617. [CrossRef]

16. Marquardt, K.; Josey, M.; Kenton, J.A.; Cavanagh, J.F.; Holmes, A.; Brigman, J.L. Impaired cognitive flexibility following
NMDAR-GluN2B deletion is associated with altered orbitofrontal-striatal function. Neuroscience 2021, 475, 230–245. [CrossRef]

17. Yamamoto, H.; Hagino, Y.; Kasai, S.; Ikeda, K. Specific roles of NMDA receptor subunits in mental disorders. Curr. Mol. Med.
2015, 15, 193–205. [CrossRef]

18. Gopnik, A.; O’Grady, S.; Lucas, C.G.; Griffiths, T.L.; Wente, A.; Bridgers, S.; Aboody, R.; Fung, H.; Dahl, R.E. Changes in cognitive
flexibility and hypothesis search across human life history from childhood to adolescence to adulthood. Proc. Natl. Acad. Sci.
USA 2017, 114, 7892–7899. [CrossRef]

19. Crone, E.A.; Dahl, R.E. Understanding adolescence as a period of social-affective engagement and goal flexibility. Nat. Rev.
Neurosci. 2012, 13, 636–650. [CrossRef]

20. Lin, W.C.; Wilbrecht, L. Making sense of strengths and weaknesses observed in adolescent laboratory rodents. Curr. Opin. Psychol.
2022, 45, 101297. [CrossRef]

21. Johnson, C.; Wilbrecht, L. Juvenile mice show greater flexibility in multiple choice reversal learning than adults. Dev. Cogn.
Neurosci. 2011, 1, 540–551. [CrossRef] [PubMed]

22. Westbrook, S.R.; Hankosky, E.R.; Dwyer, M.R.; Gulley, J.M. Age and sex differences in behavioral flexibility, sensitivity to reward
value, and risky decision-making. Behav. Neurosci. 2018, 132, 75–87. [CrossRef] [PubMed]

23. Shepard, R.; Beckett, E.; Coutellier, L. Assessment of the acquisition of executive function during the transition from adolescence
to adulthood in male and female mice. Dev. Cogn. Neurosci. 2017, 28, 29–40. [CrossRef] [PubMed]

24. Ciampoli, M.; Scheggia, D.; Papaleo, F. Automatic intra-/extra-dimensional attentional set-shifting task in adolescent mice. Front.
Behav. Neurosci. 2021, 15, 704684. [CrossRef]

25. Newman, L.A.; McGaughy, J. Adolescent rats show cognitive rigidity in a test of attentional set shifting. Dev. Psychobiol. 2011, 53,
391–401. [CrossRef]

26. Wenzel, A.; Fritschy, J.M.; Mohler, H.; Benke, D. NMDA receptor heterogeneity during postnatal development of the rat brain:
Differential expression of the NR2A, NR2B, and NR2C subunit proteins. J. Neurochem. 1997, 68, 469–478. [CrossRef] [PubMed]

27. McAlonan, K.; Brown, V.J. Orbital prefrontal cortex mediates reversal learning and not attentional set shifting in the rat. Behav.
Brain Res. 2003, 146, 97–103. [CrossRef]

28. Auberson, Y.P.; Allgeier, H.; Bischoff, S.; Lingenhöhl, K.; Moretti, R.; Schmutz, M. 5-Phosphonomethylquinoxalinediones as
competitive NMDA receptor antagonists with a preference for the human 1A/2A, rather than 1A/2B receptor composition.
Bioorganic Med. Chem. Lett. 2002, 12, 1099–1102. [CrossRef]

29. Green, T.L.; Burket, J.A.; Deutsch, S.I. Age-dependent effects on social interaction of NMDA GluN2A receptor subtype-selective
antagonism. Brain Res. Bull. 2016, 125, 159–167. [CrossRef]

30. Hu, M.; Sun, Y.-J.; Zhou, Q.-G.; Auberson, Y.P.; Chen, L.; Hu, Y.; Luo, C.-X.; Wu, J.-Y.; Zhu, D.-Y.; Li, L.-X. Reduced spatial learning
in mice treated with NVP-AAM077 through down-regulating neurogenesis. Eur. J. Pharmacol. 2009, 622, 37–44. [CrossRef]

31. Mares, P.; Tsenov, G.; Kubova, H. Anticonvulsant action of GluN2A-preferring antagonist PEAQX in developing rats. Pharmaceu-
tics 2021, 13, 415. [CrossRef] [PubMed]

32. Snyder, K.P.; Barry, M.; Valentino, R.J. Cognitive impact of social stress and coping strategy throughout development. Psychophar-
macology 2015, 232, 185–195. [CrossRef]

33. Gilmour, G.; Dix, S.; Fellini, L.; Gastambide, F.; Plath, N.; Steckler, T.; Talpos, J.; Tricklebank, M. NMDA receptors, cognition
and schizophrenia–testing the validity of the NMDA receptor hypofunction hypothesis. Neuropharmacology 2012, 62, 1401–1412.
[CrossRef] [PubMed]

34. Avila, J.; Llorens-Martín, M.; Pallas-Bazarra, N.; Bolós, M.; Perea, J.R.; Rodríguez-Matellán, A.; Hernández, F. Cognitive decline
in neuronal aging and Alzheimer’s disease: Role of NMDA receptors and associated proteins. Front. Neurosci. 2017, 11, 626.
[CrossRef] [PubMed]

https://doi.org/10.1111/j.1460-9568.2005.03937.x
https://doi.org/10.1016/j.euroneuro.2009.08.001
https://doi.org/10.1016/j.bbr.2022.113961
https://www.ncbi.nlm.nih.gov/pubmed/35691513
https://doi.org/10.1016/j.neuropharm.2021.108720
https://www.ncbi.nlm.nih.gov/pubmed/34273386
https://doi.org/10.1093/cercor/bhv222
https://www.ncbi.nlm.nih.gov/pubmed/26405054
https://doi.org/10.1177/1073858411435129
https://doi.org/10.1111/gbb.12156
https://doi.org/10.1016/j.neuroscience.2021.07.028
https://doi.org/10.2174/1566524015666150330142807
https://doi.org/10.1073/pnas.1700811114
https://doi.org/10.1038/nrn3313
https://doi.org/10.1016/j.copsyc.2021.12.009
https://doi.org/10.1016/j.dcn.2011.05.008
https://www.ncbi.nlm.nih.gov/pubmed/21949556
https://doi.org/10.1037/bne0000235
https://www.ncbi.nlm.nih.gov/pubmed/29481101
https://doi.org/10.1016/j.dcn.2017.10.009
https://www.ncbi.nlm.nih.gov/pubmed/29102727
https://doi.org/10.3389/fnbeh.2021.704684
https://doi.org/10.1002/dev.20537
https://doi.org/10.1046/j.1471-4159.1997.68020469.x
https://www.ncbi.nlm.nih.gov/pubmed/9003031
https://doi.org/10.1016/j.bbr.2003.09.019
https://doi.org/10.1016/S0960-894X(02)00074-4
https://doi.org/10.1016/j.brainresbull.2016.06.017
https://doi.org/10.1016/j.ejphar.2009.09.031
https://doi.org/10.3390/pharmaceutics13030415
https://www.ncbi.nlm.nih.gov/pubmed/33808912
https://doi.org/10.1007/s00213-014-3654-7
https://doi.org/10.1016/j.neuropharm.2011.03.015
https://www.ncbi.nlm.nih.gov/pubmed/21420987
https://doi.org/10.3389/fnins.2017.00626
https://www.ncbi.nlm.nih.gov/pubmed/29176942


Cells 2023, 12, 1212 15 of 15

35. Collingridge, G.L.; Volianskis, A.; Bannister, N.; France, G.; Hanna, L.; Mercier, M.; Tidball, P.; Fang, G.; Irvine, M.W.; Costa, B.M.;
et al. The NMDA receptor as a target for cognitive enhancement. Neuropharmacology 2013, 64, 13–26. [CrossRef]

36. Hansen, K.B.; Yi, F.; Perszyk, R.E.; Furukawa, H.; Wollmuth, L.P.; Gibb, A.J.; Traynelis, S.F. Structure, function, and allosteric
modulation of NMDA receptors. J. Gen. Physiol. 2018, 150, 1081–1105. [CrossRef] [PubMed]

37. Schneider, M. Adolescence as a vulnerable period to alter rodent behavior. Cell Tissue Res. 2013, 354, 99–106. [CrossRef]
38. Pope, D.A.; Boomhower, S.R.; Hutsell, B.A.; Teixeira, K.M.; Newland, M.C. Chronic cocaine exposure in adolescence: Effects on

spatial discrimination reversal, delay discounting, and performance on fixed-ratio schedules in mice. Neurobiol. Learn. Mem. 2016,
130, 93–104. [CrossRef]

39. McMurray, M.S.; Amodeo, L.R.; Roitman, J.D. Effects of voluntary alcohol intake on risk preference and behavioral flexibility
during rat adolescence. PLoS ONE 2014, 9, e100697. [CrossRef]

40. Delevich, K.; Hall, C.D.; Piekarski, D.; Zhang, Y.; Wilbrecht, L. Prepubertal gonadectomy reveals sex differences in approach-
avoidance behavior in adult mice. Horm. Behav. 2020, 118, 104641. [CrossRef]

41. Overman, W.H. Sex differences in early childhood, adolescence, and adulthood on cognitive tasks that rely on orbital prefrontal
cortex. Brain Cogn. 2004, 55, 134–147. [CrossRef] [PubMed]

42. Grafe, L.A.; Geng, E.; Corbett, B.; Urban, K.; Bhatnagar, S. Sex- and stress-dependent effects on dendritic morphology and spine
densities in putative orexin neurons. Neuroscience 2019, 418, 266–278. [CrossRef] [PubMed]

43. Lück, C.; Haitjema, C.; Heger, C. Simple Western: Bringing the Western blot into the twenty-first century. In Proteomic Profiling:
Methods and Protocols; Posch, A., Ed.; Springer: New York, NY, USA, 2021; pp. 481–488. [CrossRef]

44. Kennard, J.T.T.; Guévremont, D.; Mason-Parker, S.E.; Abraham, W.C.; Williams, J.M. Increased expression, but not postsynaptic
localisation, of ionotropic glutamate receptors during the late-phase of long-term potentiation in the dentate gyrus in vivo.
Neuropharmacology 2009, 56, 66–72. [CrossRef]

45. Baez, M.V.; Oberholzer, M.V.; Cercato, M.C.; Snitcofsky, M.; Aguirre, A.I.; Jerusalinsky, D.A. NMDA receptor subunits in the adult
rat hippocampus undergo similar changes after 5 minutes in an open field and after LTP induction. PLoS ONE 2013, 8, e55244.
[CrossRef] [PubMed]

46. Stamatakis, A.; Toutountzi, E.; Fragioudaki, K.; Kouvelas, E.D.; Stylianopoulou, F.; Mitsacos, A. Selective effects of neonatal
handling on rat brain N-methyl-D-aspartate receptors. Neuroscience 2009, 164, 1457–1467. [CrossRef] [PubMed]

47. Mottarlini, F.; Bottan, G.; Tarenzi, B.; Colciago, A.; Fumagalli, F.; Caffino, L. Activity-based anorexia dynamically dysregulates the
glutamatergic synapse in the nucleus accumbens of female adolescent rats. Nutrients 2020, 12, 3661. [CrossRef]

48. Zamzow, D.R.; Elias, V.; Shumaker, M.; Larson, C.; Magnusson, K.R. An increase in the association of GluN2B containing
NMDA receptors with membrane scaffolding proteins was related to memory declines during aging. J. Neurosci. 2013, 33, 12300.
[CrossRef]

49. Durairaja, A.; Fendt, M. Orexin deficiency modulates cognitive flexibility in a sex-dependent manner. Genes Brain Behav. 2021,
20, e12707. [CrossRef]

50. Durairaja, A.; Steinecke, C.S.; Fendt, M. Intracerebroventricular infusion of the selective orexin 1 receptor antagonist SB-334867
impairs cognitive flexibility in a sex-dependent manner. Behav. Brain Res. 2022, 424, 113791. [CrossRef] [PubMed]

51. Kumar, G.; Olley, J.; Steckler, T.; Talpos, J. Dissociable effects of NR2A and NR2B NMDA receptor antagonism on cognitive
flexibility but not pattern separation. Psychopharmacology 2015, 232, 3991–4003. [CrossRef]

52. Cadinu, D.; Grayson, B.; Podda, G.; Harte, M.K.; Doostdar, N.; Neill, J.C. NMDA receptor antagonist rodent models for cognition
in schizophrenia and identification of novel drug treatments, an update. Neuropharmacology 2018, 142, 41–62. [CrossRef] [PubMed]

53. George, S.A.; Rodriguez-Santiago, M.; Riley, J.; Abelson, J.L.; Floresco, S.B.; Liberzon, I. D-cycloserine facilitates reversal in an
animal model of post-traumatic stress disorder. Behav. Brain Res. 2018, 347, 332–338. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.neuropharm.2012.06.051
https://doi.org/10.1085/jgp.201812032
https://www.ncbi.nlm.nih.gov/pubmed/30037851
https://doi.org/10.1007/s00441-013-1581-2
https://doi.org/10.1016/j.nlm.2016.01.017
https://doi.org/10.1371/journal.pone.0100697
https://doi.org/10.1016/j.yhbeh.2019.104641
https://doi.org/10.1016/S0278-2626(03)00279-3
https://www.ncbi.nlm.nih.gov/pubmed/15134848
https://doi.org/10.1016/j.neuroscience.2019.08.026
https://www.ncbi.nlm.nih.gov/pubmed/31442567
https://doi.org/10.1007/978-1-0716-1186-9_30
https://doi.org/10.1016/j.neuropharm.2008.07.044
https://doi.org/10.1371/journal.pone.0055244
https://www.ncbi.nlm.nih.gov/pubmed/23383317
https://doi.org/10.1016/j.neuroscience.2009.09.032
https://www.ncbi.nlm.nih.gov/pubmed/19778590
https://doi.org/10.3390/nu12123661
https://doi.org/10.1523/JNEUROSCI.0312-13.2013
https://doi.org/10.1111/gbb.12707
https://doi.org/10.1016/j.bbr.2022.113791
https://www.ncbi.nlm.nih.gov/pubmed/35151793
https://doi.org/10.1007/s00213-015-4008-9
https://doi.org/10.1016/j.neuropharm.2017.11.045
https://www.ncbi.nlm.nih.gov/pubmed/29196183
https://doi.org/10.1016/j.bbr.2018.03.037
https://www.ncbi.nlm.nih.gov/pubmed/29580893

	Introduction 
	Materials and Methods 
	Animals 
	Substance 
	Attentional Set Shifting Task (ASST) 
	Setup and Material 
	Food Restriction 
	Habituation to the Bowls and the Reward 
	Group Habituation 
	Single Habituation 
	Test Days 

	Collecting Brain Samples and Molecular Analyses 
	Brain Sample Preparation 
	Crude Synaptosomal Membrane Preparation 
	Western Blot Analysis 

	Experiments 
	Experiment 1: ASST Performance during Puberty and Adultness 
	Experiment 2: NMDA Receptor Subunits Expression 
	Experiment 3: GluN2A Blockade during ASST in Pubertal Mice 

	Statistical Analyses 

	Results 
	Experiment 1: ASST Performance during Puberty and Adultness 
	Experiment 2: NMDA Receptor Subunits Expression before, during and after Puberty 
	Experiment 3: GluN2A Blockade during ASST in Pubertal Mice 

	Discussion 
	Conclusions 
	References

