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Abstract: The GluN2B subunit of NMDA receptors represents a perspective therapeutic target
in various CNS pathologies, including epilepsy. Because of its predominant expression in the
immature brain, selective GluN2B antagonists are expected to be more effective early in postnatal
development. The aim of this study was to identify age-dependent differences in the anticonvulsant
activity of the GluN2B-selective antagonist Ro 25-6981 and assess the safety of this drug for the
developing brain. Anticonvulsant activity of Ro 25-6981 (1, 3, and 10 mg/kg) was tested in a
pentylenetetrazol (PTZ) model in infantile (12-day-old, P12) and juvenile (25-day-old, P25) rats.
Ro 25-6981 (1 or 3 mg/kg/day) was administered from P7 till P11 to assess safety for the developing
brain. Animals were then tested repeatedly in a battery of behavioral tests focusing on sensorimotor
development, cognition, and emotionality till adulthood. Effects of early exposure to Ro 25-6981
on later seizure susceptibility were tested in the PTZ model. Ro 25-6981 was effective against
PTZ-induced seizures in infantile rats, specifically suppressing the tonic phase of the generalized
tonic—clonic seizures, but it failed in juveniles. Neither sensorimotor development nor cognitive
abilities and emotionality were affected by early-life exposure to Ro 25-6981. Treatment cessation
did not affect later seizure susceptibility. Our data are in line with the maturational gradient of the
GluN2B-subunit of NMDA receptors and demonstrate developmental differences in the anti-seizure
activity of the GluN2B-selective antagonist and its safety for the developing brain.

Keywords: development; GluN2B-selective antagonist; Ro 25-6981; anti-seizure effects; motor perfor-

mance; memory; immature rats

1. Introduction

Epilepsy is the most common neurological disorder in children. Epidemiological
studies show that seizures and epilepsy affect infants and neonates more than any other
age group. Early life epilepsies are frequently associated with a broad spectrum of cogni-
tive, behavioral, and mental health comorbidities. Likely, a common pathophysiological
substrate is responsible for both epilepsy and comorbidities and targeting of the underlying
mechanisms can effectively treat both these conditions [1].

Pharmacological intervention with antiepileptic drugs (AEDs) is the mainstay of treat-
ment of childhood epilepsies. However, it is important to recognize that many classical
AEDs have serious adverse effects that can exacerbate epilepsy comorbidities in pediatric
patients. In addition, when administered to pregnant women, some of them can affect nor-
mal brain development and result in temporary and permanent functional alterations [2].
As suggested by experimental studies, anti-seizure as well as the adverse effects of AEDs
can be dependent on the developmental stage of the brain and vary with age. Thus, the
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safety and efficacy of AEDs is a major concern of clinicians taking care of children with
epilepsy. Despite this, the only limited attempt has been made to develop age-specific
AEDs, and possible adverse effects of clinically used AEDs on brain development are only
rarely assessed [3,4].

Recent literature documents that the immature brain differs considerably from the
adult brain in the generation, propagation, and termination of seizures, in their EEG, and in
their behavioral features and consequences (for reviews, see [5,6]), as well as in the mecha-
nisms underlying the development of epilepsy. The neonatal period is the time of high risk
for seizures, and numerous experimental studies have documented an increased seizure
propensity. Animal experiments have demonstrated increased excitability of neurons and
neuronal networks in the neonatal and infantile brain. On one side, increased excitability
substantially contributes to activity-dependent synaptogenesis and brain wiring, on the
other side, it predisposes the immature brain to seizures. The enhanced excitability of the
immature brain is related to the sequential development of the essential neurotransmitter
signaling pathways—glutamatergic and GABAergic. Glutamate is the principal excitatory
transmitter in the brain, and it excites target neurons via ionotropic receptors (N-methyl-
D-aspartate (NMDA), a-amino-3-hydroxy-5-methylisoxazole-4-proprionic acid (AMPA),
and kainite receptors). At the early stages of postnatal development, glutamatergic exci-
tation is enhanced due to an overabundance of NMDA receptors. Due to their high Ca®*
permeability, voltage dependence, and slow kinetics, these receptors play a crucial role in
neuroplasticity and the development of neuronal networks. Whereas excessive activation
of NMDA receptors at early stages of development results in seizures and neuronal loss,
their antagonists exhibit a potent anticonvulsant action. Unfortunately, many previously
tested NMDA antagonists also produce undesirable side effects at doses within their thera-
peutic range. Both acute adverse effects on brain functions and long-lasting adverse effects
on brain development have been reported.

NMDA receptors are heterotetramers with two obligatory type 1 subunits (GluN1)
and two other subunits. The most frequent composition is made from two GluN1 and
two GluN2 subunits that contribute substantially to the functional diversity of the NMDA
receptors. The GluN2 subunits are classified as the A-D types, with GluN2A and GluN2B
being more common than the other two. Individual subtypes of the GluN2 subunits are dis-
tinctly expressed during development and among the brain regions. The GluN2B subunit
predominates at the early stages of postnatal development in rats. The representation of
the GluN2A subunit gradually increases during the first three postnatal weeks, becoming
the dominant subunit in mature receptors [7-9]. Thus, subunit-selective antagonists and
modulators targeting the different GluN2 subunits might provide an opportunity to find
age-specific antiepileptic drugs. As documented previously, ifenprodil, a noncompetitive
antagonist, working on the GluN2B subunit [10,11], is effective in various seizure models
in adults [12-15] as well as in developing rats [16,17]. A study on the adverse effects of
ifenprodil has shown mild motor impairment within 30 min after administration in both
infantile and juvenile rats [16].

In our previous study, PEAQX, a GluN2A-preferring antagonist of NMDA receptors,
exhibited anti-seizure activity in infantile rats [18]. Selectivity of PEAQX to GluN1/GIuN2A
receptors vs. GluN1/GIuN2B receptors is relatively low and PEAQX in high doses ef-
fectively suppressed seizures also in juvenile P25 animals. Ro 25-6981 [4-((1R,25)-3-(4-
benzylpiperidin-1-yl)-1-hydroxy-2-methylpropyl)phenol] is a highly potent and selec-
tive blocker of the GluN2B subunit containing NMDA receptors [19,20]. The in vivo ef-
ficacy of Ro 25-6981 was confirmed in many studies in which neuroprotective [21], an-
tidepressant [22], and anti-nociceptive [23] effects have been demonstrated. Knowledge
concerning the anti-seizure effects of Ro 25-6981 and their age-dependent changes are,
however, limited.

The aim of the present study was to determine the anticonvulsant potential of the
GluN2B blockade and its age-dependence in developing rats together with its safety for
developing brain. In the first part of the present study, we aimed to assess the acute
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anticonvulsant effects of Ro 25-6981 in two age groups, 12-day-old (P12), and 25-day-old
(P25) rats. The possible adverse effects of a single dose of Ro 25-6981 on memory were
tested in P25 rats. The second part of this study was designed to determine the possible
deteriorating effects of early exposure to Ro 25-6981 on seizure susceptibility, development
of sensorimotor functions, motor coordination, emotional behavior, and cognitive abilities.
In this part of the study, Ro 25-6981 was administered for five consecutive days between P7
and P11, and animals were repeatedly tested in a battery of behavioral tests from postnatal
day 12 to early adulthood (P60). Additional groups of animals were used to determine the
effects of early exposure to Ro 25-6981 on memory in juvenile animals (P25) and on seizure
susceptibility of infantile and juvenile rats (P12 and P25).

2. Materials and Methods
2.1. Animals

Experiments were performed on male Wistar albino rat pups (n = 261, Institute of
Physiology of the Czech Academy of Sciences). The day of birth was defined as day 0, and
animals were weaned at postnatal day (P) 21. Rats were housed in a controlled environment
(temperature 22 + 1 °C, humidity 50-60%, lights on 6 am—6 pm) with free access to food
and water. During experiments with P12 pups, the temperature in Plexiglas cages was
maintained at 32 &+ 2 °C using an electric heating pad connected to a digital thermometer,
placed on the bottom of cages, to compensate for the immature thermoregulatory func-
tioning at this age. Before experiments, animals were transferred from animal room to the
special rooms located in the same corridor and adapted to the novel environment for at
least 30 min.

All procedures involving animals and their care were conducted according to the
ARRIVE guidelines https://www.nc3rs.org.uk/the-3rs/ (accessed on 9 April 2021) in
compliance with national (Act No 246/1992 Coll.) and international laws and policies (EU
Directive 2010/63/EU for animal experiments and the National Institutes of Health guide
for the care and use of Laboratory animals NIH Publications No. 8023, revised 1978). The
experimental protocol was approved by the Animal Care and Use Committee of the Czech
Academy of Sciences (Approval No. 15/2018).

2.2. Drugs

Ro 25-6981 maleate ((aR, S)-o-(4-hydroxyphenyl)-f-methyl-4-(phenylmethyl)-1-
piperidinepropanol maleate) was purchased from Tocris Biosciences (# 1594/1, Bristol,
England) and dissolved in physiological saline in the concentration of 3 mg/mL and in-
jected intraperitoneally. Controls received a corresponding volume of solvents (i.e., saline)
instead of Ro 25-6981 solution. Pentylenetetrazol (PTZ, Sigma # P6500, St. Louis, MO, USA)
was dissolved in distilled water in the concentration of 50 or 30 mg/mL to inject always a
volume of 2 mL/kg.

Solutions were always freshly prepared before the injection.

2.3. Experimental Design

The present study consists of two parts. The first part aimed to assess the anticon-
vulsant as well as adverse effects of Ro 25-6981 administered acutely in a single dose to
infantile and juvenile animals. The second part focused on the effects of early life sub-
chronic exposure to Ro 25-6981 on further development, seizure susceptibility, and brain
functions later in life.

2.3.1. Acute Effects of Ro 25-6981
Anticonvulsant Effects

Acute anticonvulsant effects of Ro 25-6981 in three doses 1, 3, and 10 mg/kg were
assessed using a PTZ model in infantile (P12) and juvenile (P25) rats. PTZ in a dose of
100 mg/kg was injected subcutaneously 30 min after Ro 25-6981 administration. Controls
received physiological saline. At this dose, PTZ elicits two types of convulsive seizures,
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which differ by developmental profile, seizure generator, and pharmacological sensitivity.
The appearance of minimal (mS, mostly clonic convulsions involving head and forelimbs
muscles with preserved righting reflexes) seizures is age-dependent. In the PTZ model,
minimal seizures occur in animals older than 15 days, but not in younger rats [24], whereas
generalized tonic—clonic seizures (GTCS), starting with a short running phase and accom-
panied by a loss of righting reflexes, can be induced in all age groups of rodents starting at
P1[25].

After PTZ injection, animals were individually placed in Plexiglas cages and observed
by an experienced observer for 30 min. Incidence and latency of both seizure types (mS and
GTCS) and other behavioral phenomena (e.g., isolated myoclonic jerks) and abnormalities
were also recorded. To assess the severity of the epileptic phenomena, animals were
assigned a score for the most severe behavioral characteristics as follows [18].

0—no changes;

0.5—abnormal behavior (e.g., automatisms, increased orienting reaction);

1—isolated myoclonic jerks;

2—typical minimal seizures or some parts of their symptomatology;

3—clonic seizures (mS) involving head and forelimb muscles with preserved righting
reflexes (older term minimal metrazol seizures);

4—generalized seizures without the tonic phase (GCS);

5—complete generalized tonic-clonic seizures (GTCS).

Individual dose groups consisted of 8 animals except for the 10 mg/kg group (n = 10
in P12 and n = 9 in the P25 group). The animals used for this experiment originated from
at least eight litters.

Adverse Side Effects on Passive-Avoidance Responding

P25 rats received Ro 25-6981 in doses of 3 and/or 10 mg/kg intraperitoneally (1 = 9),
30 min before the 1st exposure. Control animals (n = 8) received saline. The animals were
subjected to a three-trial, step-through, passive-avoidance paradigm. The apparatus (Ugo
Basile, Gemonio, Italy) was a rectangular Plexiglas cage (52 cm x 30 cm x 35 cm) consisting
of two boxes separated by a sliding door, one being lit, while the other dark. At the training
(1st trial), the rat was placed in the light box for 60 s, then the door was opened, and the rat
escaped to the dark box. The door was shut closed, and a 2.0 mA foot shock was delivered
for 5 s. Retention of the experience (without shock) was determined by repeating the test
and recording the latency to step through after 1 and 24 h (2nd and 3rd trial, respectively).

2.3.2. Effects of Early-Life Exposure to Ro 25-6981 on Brain Functions and Seizure
Susceptibility

This experiment aimed to detect possible adverse effects of early brain exposure to
Ro 25-6981 persisting after treatment cessation. Ro 25-6981 was administered in doses
1 or 3 mg/kg/day starting at P7 till P11 (i.e., for five consecutive days). Body weight
was checked daily from P6 to P13 to assess the possible effects of repeated administration
of Ro 25-6981 on weight gain. These data were used to calculate relative body weight
(body weight at P6 was taken as 100%) to minimize variability in individual groups. The
difference in relative body weights between two consecutive days was used as a measure
of weight gain.

Twelve litters of animals were used for this experiment. Pups in each litter (n = 10)
were randomly divided into three treatment groups, and all treatments were represented
proportionally (3:3:4) to have 8 to 10 rats in each age and dose group.

Long-Term Effects on Seizure Susceptibility

Possible changes in seizure susceptibility were assessed using a model of PTZ-induced
seizures (Figure 1). PTZ was injected at P12 and P25 in the dose of 60 mg/kg and/or
100 mg/kg. The following groups of animals were constituted: control (n = 8); 1 mg/kg
(n =8); 3 mg/kg (n = 10), respectively. For the PTZ at the dose of 100 mg/kg, the following
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Ro 25-6981

groups of animals were constituted: control (1 = 10); 1 mg/kg (n = 8), and/or 3 mg/kg of
Ro 25-6981 (n = 8). Tests were performed as described above.

PTZ 100mg/kg s.c. PTZ 100mg/kg s.c.
saline (n=10) saline (n = 10)
1 mgkg (n=10) 1 mg/kg (n=8)
3 mgrkg (n=10) 3mgkg (n=8)

vV VY VoV oy
--------------------- 3 > I P

PTZ 60mg/kg s.c. PTZ 60mg/kg s.c.
saline (n = §) saline (n=10)
1 mg/kg (n = 8) 1 mg/kg (n = 8)
3 mgtkg (n=11) 3mg/kg (n=8)

Figure 1. Design/time diagram of seizure susceptibility assessment. Scheme of Ro 25-6981 administration and used doses
are shown in the left part of the diagram. Ro 25-6981, dissolved in saline, was administered in two doses, 1 and/or 3 mg/kg
i.p. for five consecutive days (P7-P11). Controls received saline in corresponding volume instead of Ro 25-6981 solution.

Seizure susceptibility was assessed in two age groups, P12 and P25 animals; i.e., 1 and 14 days after treatment cessation.

Seizures were induced with PTZ in either dose 100 and/or 60 mg/kg s.c. only once; i.e., separate groups of animals were

used for each age and dose group of animals.

Long-Term Effects on Passive Avoidance Responding

Possible long-term effects on passive avoidance responding were assessed in P25
animals in the procedure described above (controls (n = 10); 1 mg/kg (n = 10); and 3 mg/kg
(n =9)) (Figure 2). This test was performed in a separate group of animals.

Ro 25-6981
(ip)
saline (n=10)
1 mg/kg (n=10)
3 mgrkg (n = 9) passive avoidance

VY vy ¥
-------------------- 23

Figure 2. Design/time diagram of the passive avoidance test. Animals were tested at P25, and they
were not used for any other test. Other details as in Figure 1.

Long-Term Effects on Sensorimotor Performance and the Open-Field Behavior

In total, 30 animals (controls (n = 10), 1 mg/kg (n = 10), and 3 mg/kg (n = 10)) from
three litters were used for this experiment. The animals were tested repeatedly at the age
of 12,15,18, 21, 25, 31, and 60 days. The tests were chosen according to the sensorimotor
development at individual ages (for details, see Figure 3) and in the open-field test. The
sequence of tests was always the same. All animals were tested first in the open field.
The animal was placed into the center of the field (40 cm x 40 cm X 15 cm) and distance
traveled, the velocity of walking, and the frequency of the center visit and time spent in
the center of the field as an index of anxiety-like behavior were evaluated with EthoVision
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Ro 25-6981
(i.p.)

saline (n = 10)

1mg/kg (n=10)
3mgkg (n=10)

YV v oy

software (Noldus Information Technology, Wageningen, The Netherlands). The following
sensorimotor tests were performed: surface righting reflex, negative geotaxis, and bar
holding in the 12- to 21-day-old groups, rotarod in 25-day-old rats, and the ladder rang
walking test from 21-day-old rats (Figure 1). The time to cross the entire length of the
ladder (100 cm) was assessed in two trials, the first with regular gaps and the second with
irregular gaps. For the regular arrangements, the rungs were spaced at 2 cm intervals.
For the irregular pattern, the distance of the rungs varied from 1 to 5 cm. In addition, the
mean number of foot slips in foot placement was calculated. A detailed description of the
individual tests was published previously [26,27].

| P12 | P15 [ P18 | P2t | P25 | P31 o Péo |

open field + + + + + + +
righting reflex + + + + + + +
horizontal bar + + + + + + +
negative geotaxis + +

ladder walking + + + +
rotorod +

Figure 3. Design/time diagram of the sensorimotor tests: The upper left part of diagram shows the scheme of drug

administration, used doses, and number of animals in each dose group. The upper right part of the diagram indicates ages

at testing. Animals were tested repeatedly, starting at P12 till P60, using the battery of behavioral tests listed in the lower

part of the diagram. Other details as in Figure 1.

2.4. Statistics

The sample size was determined in advance according to previous experience with
the given tests and followed the principles of the three R’s (Replacement, Reduction,
and Refinement; https://www.nc3rs.org.uk/the-3rs, accessed on 9 April 2021). Outcome
measures and statistical tests were prospectively selected. At the beginning of the study,
simple randomization was used to assign each animal to a particular treatment group.
Data acquisition and analysis were done blinded to the treatment. Data were analyzed
using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA) software. Using
the D’ Agostino—Pearson normality test, all the data sets were first analyzed to determine
whether the values were derived from a Gaussian distribution. Data sets that did not meet
strict normality criteria were analyzed using a Kruskal-Wallis test. One-way ANOVA
and two-way repeated-measures ANOVA were used to identify the main effect of the
drugs. In the presence of a significant main effect but without interaction between factors,
simple effects were considered. Whenever a significant interaction was identified, the data
were subjected to Tukey’s post-hoc test for multiple comparisons and the False Discovery
Rate (FDR) was calculated to correct the p-value. Seizure severity or latency between two
groups of controls receiving either 60 or 100 mg/kg of PTZ were compared with either
a Mann-Whitney or an unpaired t-test. Incidence of individual seizure phenomena was
compared first with x>-test for trends and subsequently the control and individual dose
groups using a Fisher exact test. Mixed effect analysis was used instead of a two-way
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repeated measure ANOVA if there were missing values; p-value < 0.05 was required for
significance and g < 0.05 was taken as discovery.

3. Results
3.1. Acute Effects of Ro 25-6981
3.1.1. Anticonvulsant Effects

Subcutaneous administration of PTZ in a dose of 100 mg/kg reliably evoked gen-
eralized tonic—clonic seizures in the P12 controls. All vehicle-pretreated rats developed
generalized tonic—clonic seizures (GTCS). In this age group, administration of PTZ does
not induce minimal, predominantly clonic seizures with preserved righting reflexes [24].
Ro 25-6981 administered 30 min before PTZ exhibited prominent anticonvulsant effects in
all three tested doses (Figure 4). In the controls, PTZ produced an average seizure score of 5,
and Ro 25-6981 in all three tested doses significantly decreased seizure severity, as revealed
with Kruskal-Wallis test (H = 18.98, p < 0.0001) (Figure 4A). Predominantly, Ro 25-6981
protected against the tonic phase of GTCS and in doses 3 and 10 mg/kg decreased its
incidence as revealed with a Fisher’s test (p = 0.007 and p < 0.0001) (Figure 4C). In addition,
Ro 25-6981 prolonged the latency to GTCS (F3 35 = 8.00, p = 0.004) and this effect was
driven by increased latency in 3 and 10 mg/kg groups (Figure 4B).

Effects of acute administration of Ro25-6981 on PTZ-induced seizures

P12
A B C
Latency Incidence
Seizure severity Generalized seizures Generalized seizures
* ok s %
e B * EE
5 @ == " 800 * . 100 — = GTCS
4 - " 1 GCS
] - 600 T
o 34 ' 60
S EEE  saline 400 -
@ 24 mm 1mgkg 40 |
mmm  3mgkg 200 5
17 mm 10 mgkg % & 5
07— 0- o= T
c 1 3 10 c 1 3 10 c 1 3 10

mglkg

Figure 4. Effects of Ro 25-6981 on pentylenetetrazole (PTZ)-elicited seizures in P12 pups (experimen-
tal groups consisted of 8-10 animals). (A) Ro 25-6981 in all tested doses significantly decreased the
seizure severity expressed as a score (y axis). This effect was driven mainly by suppressing the tonic
phase (TF) of generalized seizures (GS). (B) Administration of Ro 25-6981 in doses 3 and 10 mg/kg i.p.
significantly extended latencies (in seconds, y axis) to GS onset. (C) In the highest dose of 10 mg/kg
Ro 25-6981 completely abolished TF, but the total incidence of GS was not affected by pretreatment
with Ro 25-6981 in any tested dose. The percentage of animals exhibiting complete generalized
tonic—clonic seizures (green) and generalized seizures without tonic phase, i.e., generalized clonic
seizures (white) is on the y axis. Asterisks denote a significant difference in comparison with the
controls. The x axis in all three graphs presents the control and three groups with different doses
(1, 3, and 10 mg/kg) of Ro 25-6981. Data in graphs (A,B) are presented as box plots (the sample
median and the first and third quartiles) with whiskers (min and max). Circles mark individual
values. Asterisk denotes significant difference compared to controls.

In vehicle-treated P25 controls, PTZ in a dose of 100 mg/kg induced both generalized
and minimal seizures in all animals in the group (Figure 5). Complete GTSC were observed
in 8 of 8 control animals. Neither seizure severity (H = 3.554, p = 0.3138, Kruskal-Wallis)
nor latency to GTCS (F (4,31) = 1.718, p = 0.6329, ANOVA) differ across groups (Figure 5).
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There was a near-significant effect of drug treatment on the incidence of the tonic phase of
GTCS (x? test for trends (3.561,1, p = 0.0592), Figure 5C1) driven by the effect of the highest
dose of 10 mg/kg. Pretreatment with Ro 25-6981 had no significant effect on minimal,
predominantly clonic seizures with preserved righting reflexes (Figure 5).

Effects of acute administration of Ro25-6981 on PTZ-induced seizures

P25
A B1 C1
Latency Incidence
Seizure severity Generalized seizures Generalized seizures
5 @ s 1500 % 100 — == GTCS
T & 1 GCS
80
4 -
1000
® 60 —
8 39
» 40 4
500
L e E s 0- e
c 1 3 10 c 1 3 10 c 1 3 10
mglkg
B2 C2
Latency Incidence
Minimal seizures Minimal seizures
EEE  saline 400 - %100
== Imgkg S _
mmm 3mgkg 80 [ ]
mmm 10 mg/kg Ly
60
200
40
100 20 _
0- 0 I | I I
c 1 3 10
mg/kg

Figure 5. Effects of Ro 25-6981 on PTZ-elicited seizures in P25 pups (experimental groups consisted of 8-10 animals). None
of the evaluated parameters of GS, i.e., seizure severity (A), latency (B1), and incidence of GS or separate TF (C1), was
affected by administration of Ro 25-6981. Ro 25-6981 in all three doses tended to shorten latencies to minimal seizures,
but differences did not reach a level of significance (B2). The incidence of this seizure type remained unchanged (C2). All
details and symbols as in Figure 4.

3.1.2. Adverse Side Effects on Passive Avoidance Responding

The effects of Ro 25-6981 alone on performance in the passive avoidance test were
studied only in juvenile (P25) animals. As revealed with two-way ANOVA performance of
animals in this test was not affected by acute pretreatment with Ro 25-6981 at any interval
(effect of treatment F(p 24y = 0.65, p = 0.52). This result indicates that the drug did not affect
fear-related memories (effect of interval F 5 24y = 79.56, p < 0.0001). (Figure 6).
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Passive avoidance P25
Acute effects of Ro25-6981

# # # # # # EEE  saline
S ﬂ mmm 10 mg/kg
100
w804 b
>
e 60
2
8 40
20 © %
e fa o
0 | — 1 T ? T
1 24 0 124 0 1 24
Interval (h)
saline 3 mg/kg 10 mg/kg

Figure 6. Effects of a single administration of Ro 25-6981 on performance in the passive avoidance
test. The drug was administered in two doses (3 or 10 mg/kg i.p.) to P25 animals 30 min before
the 1st exposure (interval 0; x axis) and the test was repeated two times—1 and 24 h after the 1st
exposure. Experimental groups consisted of 8-9 animals. Neither tested dose of Ro 25-6981 affected
latencies to step through (in seconds; y axis). # denotes the significant difference in latencies to step
through between the 1st and repeated tests. All details and symbols as in Figure 4.

3.2. Effects of Early Life Exposure to Ro 25-6981 on Brain Functions and Excitability

Effect of daily administration (P7-P11) of Ro 25-6981 on body weight was determined
between P7 and P13. Absolute body weight increased, whereas relative weight gain
decreased with age in all treatment groups (effect of age F(7 47, = 3062, p < 0.0001 and
F(3,47)=7.539, p = 0.0008, respectively). Neither absolute body weight nor relative weight
gain between two consecutive days was affected by repeated drug exposure, as revealed
by the mixed effect analysis (Figure 7).

Body weight
during repeated administration of Ro25-6981

40 - :

-o- saline
= 30 -©- 1mglkg
% -~ 3mglkg
‘o 204
=

10 -
Ro025-6981 administration
0 I I 1 I I I I
7 8 9 10 1 12 13
age (days)

Figure 7. Effects of repeated administration of Ro 25-6981 on body weight. Ro 25-6981 was adminis-
tered daily at P7-P11 (x axis) in two doses of 1 and 3 mg/kg i.p. Body weight was checked daily till
P13. Body growth (in grams, y axis) was not affected by drug exposure.

3.2.1. Long-Term Effects on Seizure Susceptibility

We next determined whether repeated administration of Ro 25-6981 at P7-P11 affects
seizure susceptibility at two intervals after treatment cessation (Figure 1). At P12 or P25 rats
were subcutaneously injected with PTZ in two different doses (60 mg/kg or 100 mg/kg).
In vehicle-treated animals, both doses of PTZ-induced seizures of the same severity at
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P12 (U =33, p = 0.6078) as well as at in P25 (U =29.5, p = 0.1192). In P12 rats, latency
to generalized seizures was shorter numerically but not statistically (¢ = 2.031, df = 16,
p =0.0592). In addition, latency to minimal seizures in P25 tended to shorten with an
increased dose of PTZ (t = 1.934, df = 13, p = 0.0752). The incidence of generalized seizures
was 40% higher in P25 animals receiving PTZ in a 100 mg/kg dose compared to 60 mg/kg.
However, the difference was not significant (p = 0.1490).

Early exposure to Ro 25-6981 had little effect on seizure susceptibility assessed with a
PTZ test later in life. The severity of the seizures induced by either dose of PTZ did not
differ between the controls and treated animals in P12 (H = 0.841, p = 0.6566 and H = 4.143,
p = 0.1260, respectively) or P25 animals (H = 0.1099, p = 0.9466 and H = 1.600, p = 0.4493,
respectively). No effect of early drug exposure on latency to generalized seizures was
observed after either dose of PTZ in P12 (H = 0.9393, p = 0.625, and H = 0.5412, p = 0.7629,
respectively) or P25 (H = 0.2573, p = 0.3637, and H = 0.2481, p = 0.2481, respectively).
Latencies to minimal seizures in P25 were not affected in animals receiving PTZ in a dose of
60 mg/kg (H =1.581, p = 0.4862), but repeated exposure to Ro 25-6981 in a dose of 3 mg/kg
significantly shortened latency to minimal seizures after administration of 100 mg/kg PTZ
(H=6.382, p =0.0411).

3.2.2. Long-Term Effects on Memory

Effects of early-life exposure to Ro 25-6981 on memory were determined using the pas-
sive avoidance test performed in P25 animals (Figure 8). Neither short-term nor long-term
memory was affected by repeated drug administration (effect of treatment F 5 = 2.480,
p = 0.1033). Animals of all dose groups remembered the negative experience in the black
box in the 1st test and stayed significantly longer in the white box in both the 2nd and 3rd
test (effect of interval F, 6) = 161.3, p < 0.0001).

Passive avoidance P25
Effects of early life administration (P7-P11) of Ro25-6981
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Figure 8. Effects of early life administration of Ro 25-6981 on performance in the passive avoidance
test. The drug was administered as described above at P7-P11 in dose 1 and 3 mg/kg i.p. Animals
(experimental groups consisted 9-10 animals) were tested at P25; i.e., 14 days after treatment cessation,
and the test was repeated three times (for details, see Figure 6). None of the tested doses influenced
the performance of animals in this test, suggesting that early life exposure to Ro 25-6981 does not
impair cognitive abilities later in maturation. All details and symbols as in Figures 4 and 6.

3.2.3. Long-Term Effects on Sensorimotor Development and Behavior in the Open Field

Effects of repeated exposure to Ro 25-6981 on sensorimotor functions and their devel-
opment was assessed in a battery of motor tests selected according to the developmental
stage of the animals (Figure 3). Repeated administration of Ro 25-6981 did not affect
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latency to righting at any interval after treatment cessation, and all animals returned in
their normal upright position in less than 1 s.

Interestingly, in the negative geotaxis test, two-way repeated measure ANOVA re-
vealed a significant effect of interval (F(,27) = 4.167, p = 0.0461) and a treatment X inter-
val interaction (F(p »7) = 3.727, p = 0.0305) and showed that repeated administration of
3 mg/kg Ro 25-6981 resulted in a significant shortening of latency to turn at P15 (g = 0.0140)
(Figure 9).

Negative geotaxis
Effects of early life administration (P7-P11) of Ro25-6981
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Figure 9. Effects of early life exposure to Ro 25-6981 on performance in the negative geotaxis test.
Ro 25-6981 in two doses, 1 and 3 mg/kg, was administered intraperitoneally for five consecutive
days, starting at P7 till P11. Each group consisted of 10 animals, and animals were tested after
treatment cessation at P12 and P15 (x axis). In the 2nd test at P15, animals exposed to Ro 25-6981 in
both doses managed to turn 180° in a significantly shorter time than the controls (y axis). All details
and symbols as in Figure 4.

In the rotarod test, the performance of rats was determined at P25 as the latency to
fall from the rod. Performance in this test did not differ between the controls and treated
animals (F(y, 27y = 1.255, p = 0.3011). Performance in the horizontal bar test expressed as
latency to stay on the bar was determined repeatedly from P12 till P60. Latency peaked
between P18 and P25 and the repeated-measures ANOVA revealed significant effects of
interval after treatment cessation (Fg 27) = 13.62, p < 0.0001) and a treatment x interval
interaction (F(12,27) = 1.918, p = 0.0356). Performance in this test was not affected by
repeated drug administration during early development (F(y 27 = 0.5980, p = 0.5570).

Possible effects of repeated early life administration of Ro 25-6981 on motor coordi-
nation were assessed in the ladder walking test with regular rungs and irregular rungs
arrangement. In all treatment groups, latency to cross both regular and irregular lad-
der improved with age and significantly depended on interval after treatment cessation
(F@,27) =13.21, p < 0.0001 and F 3 57y = 29.65, p < 0.0001, respectively) and was not affected
by early drug exposure (F(y, 27) = 0.3096; p = 0.7363, and F 57 = 1.380, p = 0.2698). Indepen-
dently of treatment, some animals did not cross the ladder, particularly on the 1st day of
the test (i.e., at P21). The percentage of P21 animals capable of crossing the regular ladder
tended to be higher than the irregular ladder. The difference was not significant and was
not affected by repeated administration of Ro 25-6981 (50 vs. 30% in the controls, 70 vs.
50% in the 1 mg/kg group, and 60 vs. 30% in 3 mg/kg group successfully passed the test).
The number of errors in both regular and irregular ladder trials decreased with a time inter-
val after treatment cessation (significant effect of time F(; 655 40,26) = 53.37, p < 0.0001 and
F(1,872,44,92) = 28.99, p < 0.0001, respectively) and was not affected by early drug exposure.
In all treatment groups, the number of errors was significantly higher in P21 compared to
P60 rats in both test modifications.
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In the open field test, locomotor activity increased with age in all treatment groups.
ANOVA revealed significant effects of time after treatment cessation on the distance to
move (F 27) = 27.48, p < 0.0001) as well as on velocity (F, 7y = 27.38, p < 0.0001). The
frequency of visits to the center and time spent in it was considered an index of anxiety.
Both parameters were dependent on time interval after treatment cessation; i.e., on the
age of the animals during the open-field exposure (frequency of center visit Fg 57, = 13.53,
p < 0.0001 and time spent in the center F4 7) = 5.371, p = 0.0003). Neither frequency nor
time spent in the center was affected by early exposure to Ro 25-6981 (F(y 27y = 0.194,
p =0.8247 and F 5 77, = 0.5861, p = 0.534, respectively).

4. Discussion

In agreement with our expectations, the acute anticonvulsant effects of a selective
GluN2B subunit-containing receptor antagonist, Ro 25-6981, were highly age-dependent. In
line with our previous study with a less potent antagonist, ifenprodil [17], Ro 25-6981 exhib-
ited more powerful anticonvulsant effects in the PTZ model in infants compared to juvenile
rats. In contrast to previous classes of non-specific NMDA blockers, the anticonvulsant
action of selective GluN2B antagonists has been studied to a limited extent. In preclinical
studies, anticonvulsant effects are routinely tested only in adult animals, and the activity of
these drugs in models of reactive seizures in adults is only limited. Pretreatment with ifen-
prodil was found to decrease the incidence and severity of lindane-induced seizures [28],
and Ro 25-6981, in contrast to ifenprodil, was found to suppress MES in adult rats [29]. The
available data revealed the superior anti-seizure efficacy of selective GluN2B antagonist
in infantile animals compared to older age groups [30]. We previously demonstrated that
both ifenprodil and Ro 25-6981 are effective against electrically induced cortical afterdis-
charges in immature rats. Both drugs were more effective in infantile compared to juvenile
rats [16,31]. In infant rats, the acute anti-seizure effects of Ro 25-6981 were also reported in
a model of bacterial meningitis [32]. Pronounced anti-seizure activity in this age group of
rats is consistent with the change in the amount and distribution of GIuN2B subunit during
development. In rats, GluN2B-containing NMDA receptors prevail until the second and
third week of life, whereas expression of the GIuN2A subunit progressively increases and
replaces the GIluN2B subunit in NMDA receptor assembly with maturation (for a review,
see [33]). It has to be mentioned that immature pharmacokinetics can also participate in
age-related differences observed in anti-seizure activity [34]. In infantile rats, many systems
involved in drug biotransformation or excretion are less active than in adults [35]. This,
together with higher permeability of the blood-brain barrier [36], decreased expression,
and a lower activity of efflux transporters [37] can result in higher brain levels of Ro 25-6981
in infant rats and consequently in higher anti-seizure activity. In addition to the age-specific
profile of anticonvulsant activity, the efficacy of Ro 25-6981 was also highly seizure-specific.
In P12 pups, pretreatment with a single dose of Ro 25-6981 resulted in a significant decrease
in seizure severity, which was driven mainly through suppression of the tonic phase of
generalized seizures. In adult animals, specific suppression of the tonic phase of GTCS
by the very high dose of Ro 25-6981 (100 mg/kg) was documented previously in a model
of maximal electroshock seizures, which is widely used to screen for anti-seizure drugs
active against GTCS [38]. In our study’s dose range, Ro 25-6981 was ineffective against
this seizure type in P25 animals. Furthermore, pretreatment with Ro 25-6981 did not affect
any measured parameters of minimal seizures except the tendency to shorten the latencies
of these seizures. Minimal seizures differ from GTCS by their development course [24],
their site of origin, and by pharmacological sensitivity. As suggested by experiments in
animals with a brainstem transection, minimal clonic seizures are generated in the basal
forebrain [39]. Using the brainstem transection, we previously confirmed this statement
also in immature animals. In the same experiments, we demonstrated that generalized
tonic—clonic seizures could be induced by PTZ in the transected animals [40]. According to
their pharmacological sensitivity, PTZ-induced minimal seizures are with some limitations
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accepted as a suitable screening model for drugs effective against absence and myoclonic
seizures [41].

Early exposure to Ro 25-6981 in doses that significantly decrease seizure severity had
no effects on seizure susceptibility within two weeks after treatment cessation, suggesting
that anticonvulsant effects do not persist after the end of therapy. At the same time, abrupt
treatment termination did not result in the development of seizures or increased seizure
susceptibility. These findings suggest that, in contrast to some other anticonvulsant drugs,
abrupt interruption of Ro 25-6981 administration does not induce withdrawal in infantile
animals [42].

The GluN2B subunit was found to govern various cognitive functions. Numerous
studies have shown that inactivating or overexpressing GluN2B, either systemically or
in specific forebrain regions, alters various cognitive abilities (for reviews, see [43,44]).
Preclinical studies indicate that drugs specifically targeting the GluN2B subunit offer
therapeutic benefits without or with only minimal adverse effects (for a review, see [33]).
Selective GluN2B antagonists, such as Ro 25-6981, have been found to deteriorate some
specific cognitive processes as behavioral flexibility or extinction of memory destabilization
in adult animals [45,46]. High perinatal expression of the GluN2B subunit has been taken
as evidence for the important role of this subunit in brain development, circuit formation,
and maturation of various brain functions [47]. This raises the clinically relevant question
of whether pharmacological blockade of the GluN2B subunit during a highly sensitive
perinatal period can alter brain functions later in life. Negative functional consequences of
early exposure to anti-seizure drugs have been well documented by numerous experimental
studies before. Anti-seizure drugs that are routinely used to treat seizures in newborns,
such as barbiturates and benzodiazepines, have been found to alter the cognitive, social,
and emotional behavior over a long term after treatment cessation [48-50]. Similarly, early
exposure of developing rats to MK-801, a non-specific antagonist of NMDA, significantly
impaired their cognitive abilities in adolescence and adulthood [51,52]. However, data on
the possible unwanted consequences of early pharmacological manipulation of the GluN2B
subunit for further brain functions and their development are very limited. To determine
whether exposure to Ro 25-6981 in the developmental period, which corresponds with the
perinatal period in humans, affects brain development and functions, we used a battery
of behavioral tests covering all developmental stages until adulthood. The comparability
of the developmental stages across species is very complicated. Based on the timing of
growth sprout, synaptogenesis, course of myelination, and maturation of neurotransmitter
systems, the overall consensus translates the human day of birth to P10-12 rats (for reviews,
see [53,54]).

As mentioned above, the detrimental effects on cognitive abilities reported before
in animals exposed to non-specific NMDA antagonists early in life represent the major
limitation in therapeutic use of these compounds. Early exposure to non-selective NMDA
antagonist MK-801 resulted in neurodegeneration [55] and persisting behavioral abnormal-
ities, including cognitive impairment [56,57]. Unlike MK 801, Ro 25-6981 did not exhibit
neurotoxic effects in P7 mice and administration of a dose of 10 mg/kg did not induce cas-
pase3 and HSP70 expression [58]. In our study, neither acute nor repeated administration
of Ro 25-6981 prevented the juvenile animals to recall the association between the context
and the foot shock in the passive avoidance test. As reported previously, three-week-old
rats successfully handle this test, and they can still recall the association between the
context and the foot shock 24 h after the first exposure [59]. Thus, our study suggests that
neither the short-term memory nor the long-term retention of juvenile rats is affected by
the administration of Ro 25-6981.

In line with previous studies [58], early exposure to Ro 25-6981 did not affect any
evaluated parameter in the open field test, including exploration in the center of the open
field box. Furthermore, the increase in frequency or duration of the center visits is taken
as a risk behavior, whereas a decrease in these parameters suggests an increased level
of anxiety [60]. Taken together, the results of our study suggest that repeated, early life
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administration of Ro 25-6981 does not substantially alter selected cognitive or emotional
abilities later in life. However, this assumption is based only on a limited number of
tests. Thus, it is impossible to draw a conclusion concerning the safety of Ro 25-6981 for
the development of cognitive abilities and emotional reactivity based only on the results
obtained in the present study.

Because behavioral tests typically measure motor responses to sensory informa-
tion [61], assessing sensorimotor abilities is critical for proper interpretation of animal
performance in these tests. In the present study, animals were exposed to an extensive
battery of sensorimotor tests covering different developmental stages and motor func-
tions [62-64]. Adverse effects of NMDA antagonists in immature animals have been
studied only to a limited extent. We previously showed that a single administration of
non-specific NMDA antagonists, such as MK-801, CGP 40116, and memantine, compro-
mises sensorimotor performance already in doses effective against acquired seizures in
both infantile and juvenile rats [17,27]. In contrast, a single dose of ifenprodil resulted only
in mild deficits in sensorimotor performance that quickly faded away [17]. The long-term
effects of repeated perinatal administration of these drugs on sensorimotor development
were not yet assessed. Our data show that early exposure to Ro 25-6981 does not disturb
sensorimotor performance at any time interval after treatment cessation. Even the most
demanding motor skills test, such as bar holding [65], was not affected by repeated Ro
25-6981 in any tested dose. In addition, Ro 25-6981 exposure did not alter the coordination
of juvenile animals in the rotarod test or the capability of fine-tuning stepping in the ladder
rang walking test. These results demonstrate that the selective GIuN2B antagonist does not
disturb the sensorimotor performance or locomotion development.

5. Conclusions

In line with the developmental profile of the GluN2B subunit, anti-seizure activity
of a single dose of Ro 25-6981 was detected in infantile but not in juvenile rats. At the
same time, repeated administration of Ro 25-6981 in doses effective against PTZ-induced
seizures to neonatal rats did not deteriorate the sensorimotor abilities and their postnatal
development. Early-life exposure to this drug did not interfere with emotionality or
cognitive abilities. Due to the limited number of behavioral tests used in this study, the
results have to be confirmed in future studies. Taking together our previous [20] and
recent data, we can conclude that GluN2B-preferring or selective antagonist drugs exhibit
promising anti-seizure and safety profiles in models of early life seizures.

Author Contributions: PM. and H.K. conceived and designed the experiments; A.M. selected and
validated the used behavioral tests; PM. performed the experiments and analyzed the data; L.K.
participated in behavioral tests. All authors have read and agreed to the published version of
the manuscript.

Funding: The research leading to these results has received funding from the European Union’s Hori-
zon 2020 programme under Grant Agreement No. 777554 and was supported by grants of the Czech
Science Foundation 19-11931S, ERDF/ESF project “PharmaBrain” (No. CZ.02.1.01/0.0/0.0/16_025/
0007444) and by support for long-term conceptual development of research organization RVO:
67985823.

Institutional Review Board Statement: All procedures involving animals and their care were con-
ducted according to the ARRIVE guidelines (https://www.nc3rs.org.uk/arrive-guidelines, accessed
on 9 April 2021) in compliance with national (Act No 246/1992 Coll.) and international laws and
policies (EU Directive 2010/63/EU for animal experiments and the National Institutes of Health
guide for the care and use of Laboratory animals NIH Publications No. 8023, revised 1978). The
experimental protocol was approved 4 June 2018 by the Ethical Committee of the Czech Academy of
Sciences (Approval No. 15/2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.


https://www.nc3rs.org.uk/arrive-guidelines

Pharmaceutics 2021, 13, 1482 15 0f 17

Acknowledgments: The authors would like to thank Irina Nesev for excellent technical assistance.

Conflicts of Interest: Authors declare no conflict of interest.

References

1. Hernan, A.E.; Holmes, G.L. Antiepileptic drug treatment strategies in neonatal epilepsy. Prog. Brain Res. 2016, 226, 179-193.
[CrossRef] [PubMed]

2. Meador, K.J. Neurodevelopmental effects of antiepileptic drugs. Curr. Neurol. Neurosci. Rep. 2002, 2, 373-378. [CrossRef]
[PubMed]

3. Kim, ].S.;; Kondratyev, A.; Tomita, Y.; Gale, K. Neurodevelopmental impact of antiepileptic drugs and seizures in the immature
brain. Epilepsia 2007, 48 (Suppl. 5), 19-26. [CrossRef]

4. Marsh, E.D.; Brooks-Kayal, A.R.; Porter, B.E. Seizures and antiepileptic drugs: Does exposure alter normal brain development?
Epilepsia 2006, 47, 1999-2010. [CrossRef]

5. Holmes, G.L. Drug Treatment of Epilepsy Neuropsychiatric Comorbidities in Children. Paediatr. Drugs 2021, 23, 55-73. [CrossRef]

6.  Wasterlain, C.G.; Gloss, D.S.; Niquet, J.; Wasterlain, A.S. Epileptogenesis in the developing brain. Handb. Clin. Neurol. 2013, 111,
427-439. [CrossRef]

7. Cull-Candy, S.; Brickley, S.; Farrant, M. NMDA receptor subunits: Diversity, development and disease. Curr. Opin. Neurobiol.
2001, 11, 327-335. [CrossRef]

8. Monyer, H.; Burnashev, N.; Laurie, D.]J.; Sakmann, B.; Seeburg, PH. Developmental and regional expression in the rat brain and
functional properties of four NMDA receptors. Neuron 1994, 12, 529-540. [CrossRef]

9.  Szczurowska, E.; Mares, P. NMDA and AMPA receptors: Development and status epilepticus. Physiol. Res. 2013, 62 (Suppl. 1),
S521-S38. [CrossRef]

10. Gallagher, M.].; Huang, H.; Pritchett, D.B.; Lynch, D.R. Interactions between ifenprodil and the NR2B subunit of the N-methyl-D-
aspartate receptor. J. Biol. Chem. 1996, 271, 9603-9611. [CrossRef]

11.  Williams, K. Ifenprodil discriminates subtypes of the N-methyl-D-aspartate receptor: Selectivity and mechanisms at recombinant
heteromeric receptors. Mol. Pharmacol. 1993, 44, 851-859.

12.  McAllister, K.H. N-methyl-D-aspartate receptor antagonists and channel blockers have different effects upon a spinal seizure
model in mice. Eur. ]. Pharmacol. 1992, 211, 105-108. [CrossRef]

13.  Wang, X.M.; Bausch, S.B. Effects of distinct classes of N-methyl-D-aspartate receptor antagonists on seizures, axonal sprouting
and neuronal loss in vitro: Suppression by NR2B-selective antagonists. Neuropharmacology 2004, 47, 1008-1020. [CrossRef]

14.  Yen, W,; Williamson, J.; Bertram, E.H.; Kapur, J. A comparison of three NMDA receptor antagonists in the treatment of prolonged
status epilepticus. Epilepsy Res. 2004, 59, 43-50. [CrossRef] [PubMed]

15.  Yourick, D.L.; Repasi, R.T.; Rittase, W.B.; Staten, L.D.; Meyerhoff, ] L. Ifenprodil and arcaine alter amygdala-kindling development.
Eur. J. Pharmacol. 1999, 371, 147-152. [CrossRef]

16. Mares, P. Age and activation determines the anticonvulsant effect of ifenprodil in rats. Naunyn Schmiedebergs Arch. Pharmacol.
2014, 387, 753-761. [CrossRef] [PubMed]

17.  Mares, P; Mikulecka, A. Different effects of two N-methyl-D-aspartate receptor antagonists on seizures, spontaneous behavior,
and motor performance in immature rats. Epilepsy Behav. 2009, 14, 32-39. [CrossRef]

18.  Mares, P; Tsenov, G.; Kubova, H. Anticonvulsant Action of GluN2A-Preferring Antagonist PEAQX in Developing Rats. Pharma-
ceutics 2021, 13, 415. [CrossRef]

19. Fischer, G.; Mutel, V,; Trube, G.; Malherbe, P.; Kew, ].N.; Mohacsi, E.; Heitz, M.P.; Kemp, J.A. Ro 25-6981, a highly potent and
selective blocker of N-methyl-D-aspartate receptors containing the NR2B subunit. Characterization in vitro. J. Pharmacol. Exp.
Ther. 1997, 283, 1285-1292.

20. Lynch, D.R; Shim, S.S.; Seifert, K.M.; Kurapathi, S.; Mutel, V.; Gallagher, M.].; Guttmann, R.P. Pharmacological characterization of
interactions of RO 25-6981 with the NR2B (epsilon2) subunit. Eur. J. Pharmacol. 2001, 416, 185-195. [CrossRef]

21. Dong, F; Yao, R.; Yu, H.; Liu, Y. Neuroprotection of Ro 25-6981 Against Ischemia/Reperfusion-Induced Brain Injury via Inhibition
of Autophagy. Cell. Mol. Neurobiol. 2017, 37, 743-752. [CrossRef] [PubMed]

22.  Yellepeddi, VK.; Zhudeva, M.Y.; Movahedi, F; Vo, A.; Phan, J.; Kirsh, R.D.; Rawlins, D.B.; Talbot, ].N. Biopharmaceutical
Characterization and Oral Efficacy of a New Rapid Acting Antidepressant Ro 25-6981. ]. Pharm. Sci. 2018, 107, 2472-2478.
[CrossRef]

23. Boyce, S.; Wyatt, A.; Webb, ].K.; O’Donnell, R.; Mason, G.; Rigby, M.; Sirinathsinghji, D.; Hill, R.G.; Rupniak, N.M. Selective
NMDA NR2B antagonists induce antinociception without motor dysfunction: Correlation with restricted localisation of NR2B
subunit in dorsal horn. Neuropharmacology 1999, 38, 611-623. [CrossRef]

24. Velisek, L.; Kubova, H.; Pohl, M.; Starikova, L.; Mares, P.; Schickerovd, R. Pentylenetetrazol-induced seizures in rats: An
ontogenetic study. Naunyn Schmiedebergs Arch. Pharmacol. 1992, 346, 588-591. [CrossRef] [PubMed]

25. de Casrilevitz, M.; Engelhardt, E.; Esberard, C.A. Maturation of convulsogenic activity induced by leptazol in the albino rat. Br. J.
Pharmacol. 1971, 42, 31-42. [CrossRef] [PubMed]

26. Brozickova, C.; Mikuleckd, A.; Otahal, J. Effect of 7-Nitroindazole, a Neuronal Nitric Oxide Synthase Inhibitor, on Behavioral and

Physiological Parameters. Physiol. Res. 2014, 63, 637-648. [CrossRef]


http://doi.org/10.1016/bs.pbr.2016.03.011
http://www.ncbi.nlm.nih.gov/pubmed/27323943
http://doi.org/10.1007/s11910-002-0013-6
http://www.ncbi.nlm.nih.gov/pubmed/12044257
http://doi.org/10.1111/j.1528-1167.2007.01285.x
http://doi.org/10.1111/j.1528-1167.2006.00894.x
http://doi.org/10.1007/s40272-020-00428-w
http://doi.org/10.1016/b978-0-444-52891-9.00046-4
http://doi.org/10.1016/S0959-4388(00)00215-4
http://doi.org/10.1016/0896-6273(94)90210-0
http://doi.org/10.33549/physiolres.932662
http://doi.org/10.1074/jbc.271.16.9603
http://doi.org/10.1016/0014-2999(92)90269-A
http://doi.org/10.1016/j.neuropharm.2004.07.036
http://doi.org/10.1016/j.eplepsyres.2004.03.004
http://www.ncbi.nlm.nih.gov/pubmed/15135166
http://doi.org/10.1016/S0014-2999(99)00183-1
http://doi.org/10.1007/s00210-014-0987-z
http://www.ncbi.nlm.nih.gov/pubmed/24807824
http://doi.org/10.1016/j.yebeh.2008.08.013
http://doi.org/10.3390/pharmaceutics13030415
http://doi.org/10.1016/S0014-2999(01)00868-8
http://doi.org/10.1007/s10571-016-0409-5
http://www.ncbi.nlm.nih.gov/pubmed/27456026
http://doi.org/10.1016/j.xphs.2018.05.005
http://doi.org/10.1016/S0028-3908(98)00218-4
http://doi.org/10.1007/BF00169017
http://www.ncbi.nlm.nih.gov/pubmed/1470230
http://doi.org/10.1111/j.1476-5381.1971.tb07084.x
http://www.ncbi.nlm.nih.gov/pubmed/5104003
http://doi.org/10.33549/physiolres.932781

Pharmaceutics 2021, 13, 1482 16 of 17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Mikuleckd, A.; Mare$, P. NMDA receptor antagonists impair motor performance in immature rats. Psychopharmacology 2002, 162,
364-372. [CrossRef]

Hrnci¢, D.; Rasi¢-Markovi¢, A.; Susi¢, V.; Djuri¢, D.; Stanojlovi¢, O. Influence of NR2B-selective NMDA antagonist on lindane-
induced seizures in rats. Pharmacology 2009, 84, 234-239. [CrossRef]

Burket, J.A.; Cannon, W.R.; Jacome, L.F.,; Deutsch, S.I. MK-801, a noncompetitive NMDA receptor antagonist, elicits circling
behavior in the genetically inbred Balb/c mouse strain. Brain Res. Bull. 2010, 83, 337-339. [CrossRef]

Tsuda, M.; Suzuki, T.; Misawa, M. Age-related decrease in the antiseizure effect of ifenprodil against pentylenetetrazole in mice.
Brain Res. Dev. Brain Res. 1997, 104, 201-204. [CrossRef]

Szczurowska, E.; Mare$, P. Different action of a specific NR2B/NMDA antagonist Ro 25-6981 on cortical evoked potentials and
epileptic afterdischarges in immature rats. Brain Res. Bull. 2015, 111, 1-8. [CrossRef]

Kolarovd, A.; Ringer, R.; Tauber, M.G.; Leib, S.L. Blockade of NMDA receptor subtype NR2B prevents seizures but not apoptosis
of dentate gyrus neurons in bacterial meningitis in infant rats. BMC Neurosci. 2003, 4, 21. [CrossRef]

Loftis, ].M.; Janowsky, A. The N-methyl-D-aspartate receptor subunit NR2B: Localization, functional properties, regulation, and
clinical implications. Pharmacol. Ther. 2003, 97, 55-85. [CrossRef]

Klinger, W. Developmental pharmacology and toxicology: Biotransformation of drugs and other xenobiotics during postnatal
development. Eur. J. Drug Metab. Pharm. 2005, 30, 3-17. [CrossRef] [PubMed]

Kato, R.; Takanaka, A. Effect of phenobarbital on electron transport system, oxidation and reduction of drugs in liver microsomes
of rats of different age. J. Biochem. 1968, 63, 406—408. [PubMed]

Schmitt, G.; Parrott, N.; Prinssen, E.; Barrow, P. The great barrier belief: The blood-brain barrier and considerations for juvenile
toxicity studies. Reprod. Toxicol. 2017, 72, 129-135. [CrossRef]

Soares, R.V.; Do, TM.; Mabondzo, A.; Pons, G.; Chhun, S. Ontogeny of ABC and SLC transporters in the microvessels of
developing rat brain. Fundam. Clin. Pharmacol. 2016, 30, 107-116. [CrossRef]

Burket, J.A.; Mastropaolo, J.; Rosse, R.B.; Katz, E.U.; Deutsch, S.I. NMDA NR2B subtype-selective receptor antagonists fail to
antagonize electrically-precipitated seizures and elicit popping in mice. Eur. Neuropsychopharmacol. 2010, 20, 207-210. [CrossRef]
Browning, R.A.; Nelson, D.K. Modification of electroshock and pentylenetetrazol seizure patterns in rats after precollicular
transections. Exp. Neurol. 1986, 93, 546-556. [CrossRef]

Mares, P; Kubova, H. What is the role of neurotransmitter systems in cortical seizures? Physiol. Res. 2008, 57 (Suppl. 3), S111-5120.
[CrossRef]

Loscher, W. Animal Models of Seizures and Epilepsy: Past, Present, and Future Role for the Discovery of Antiseizure Drugs.
Neurochem. Res. 2017, 42, 1873-1888. [CrossRef] [PubMed]

Kubova, H.; Mares, P. Partial agonist of benzodiazepine receptors Ro 19-8022 elicits withdrawal symptoms after short-term
administration in immature rats. Physiol. Res. 2012, 61, 319-323. [CrossRef] [PubMed]

Chazot, P.L. The NMDA receptor NR2B subunit: A valid therapeutic target for multiple CNS pathologies. Curr. Med. Chem. 2004,
11, 389-396. [CrossRef]

Kumar, A. NMDA Receptor Function During Senescence: Implication on Cognitive Performance. Front. Neurosci. Switz. 2015, 9.
[CrossRef] [PubMed]

Dalton, G.L.; Wu, D.C.; Wang, Y.T.; Floresco, S.B.; Phillips, A.G. NMDA GluN2A and GluN2B receptors play separate roles in the
induction of LTP and LTD in the amygdala and in the acquisition and extinction of conditioned fear. Neuropharmacology 2012, 62,
797-806. [CrossRef]

Radiske, A.; Gonzalez, M.C.; Noga, D.A.; Rossato, ]J.I.; Bevilaqua, L.R.M.; Cammarota, M. GluN2B and GluN2A-containing
NMDAR are differentially involved in extinction memory destabilization and restabilization during reconsolidation. Sci. Rep.
2021, 11, 186. [CrossRef]

Kutsuwada, T.; Sakimura, K.; Manabe, T.; Takayama, C.; Katakura, N.; Kushiya, E.; Natsume, R.; Watanabe, M.; Inoue, Y.; Yagi, T.;
et al. Impairment of suckling response, trigeminal neuronal pattern formation, and hippocampal LTD in NMDA receptor epsilon
2 subunit mutant mice. Neuron 1996, 16, 333-344. [CrossRef]

Bhardwaj, S.K.; Forcelli, P.A.; Palchik, G.; Gale, K.; Srivastava, L.K.; Kondratyev, A. Neonatal exposure to phenobarbital
potentiates schizophrenia-like behavioral outcomes in the rat. Neuropharmacology 2012, 62, 2337-2345. [CrossRef]

Mikuleck, A.; Subrt, M.; Pafizkova, M.; Mares, P,; Kubova, H. Consequences of early postnatal benzodiazepines exposure in rats.
II. Social behavior. Front. Behav. Neurosci. 2014, 8, 169. [CrossRef]

Mikulecka, A.; Subrt, M.; Stuchlik, A.; Kubové, H. Consequences of early postnatal benzodiazepines exposure in rats. L
Cognitive-like behavior. Front. Behav. Neurosci. 2014, 8, 101. [CrossRef]

Furuie, H.; Yamada, K.; Ichitani, Y. Differential effects of N-methyl-D-aspartate receptor blockade during the second and third
postnatal weeks on spatial working and reference memory in adult rats. Brain Res. 2019, 1721, 146339. [CrossRef] [PubMed]
McLamb, R.L.; Williams, L.R.; Nanry, K.P.; Wilson, W.A_; Tilson, H.A. MK-801 impedes the acquisition of a spatial memory task
in rats. Pharmacol. Biochem. Behav. 1990, 37, 41-45. [CrossRef]

Clancy, B.; Darlington, R.B.; Finlay, B.L. Translating developmental time across mammalian species. Neuroscience 2001, 105, 7-17.
[CrossRef]

Workman, A.D.; Charvet, C.J.; Clancy, B.; Darlington, R.B.; Finlay, B.L. Modeling transformations of neurodevelopmental
sequences across mammalian species. J. Neurosci. 2013, 33, 7368-7383. [CrossRef]


http://doi.org/10.1007/s00213-002-1122-2
http://doi.org/10.1159/000238055
http://doi.org/10.1016/j.brainresbull.2010.08.014
http://doi.org/10.1016/S0165-3806(97)00140-5
http://doi.org/10.1016/j.brainresbull.2014.11.001
http://doi.org/10.1186/1471-2202-4-21
http://doi.org/10.1016/S0163-7258(02)00302-9
http://doi.org/10.1007/BF03226403
http://www.ncbi.nlm.nih.gov/pubmed/16010857
http://www.ncbi.nlm.nih.gov/pubmed/4299573
http://doi.org/10.1016/j.reprotox.2017.06.043
http://doi.org/10.1111/fcp.12175
http://doi.org/10.1016/j.euroneuro.2009.11.008
http://doi.org/10.1016/0014-4886(86)90174-3
http://doi.org/10.33549/physiolres.931605
http://doi.org/10.1007/s11064-017-2222-z
http://www.ncbi.nlm.nih.gov/pubmed/28290134
http://doi.org/10.33549/physiolres.932343
http://www.ncbi.nlm.nih.gov/pubmed/22816377
http://doi.org/10.2174/0929867043456061
http://doi.org/10.3389/fnins.2015.00473
http://www.ncbi.nlm.nih.gov/pubmed/26732087
http://doi.org/10.1016/j.neuropharm.2011.09.001
http://doi.org/10.1038/s41598-020-80674-7
http://doi.org/10.1016/S0896-6273(00)80051-3
http://doi.org/10.1016/j.neuropharm.2012.02.001
http://doi.org/10.3389/fnbeh.2014.00169
http://doi.org/10.3389/fnbeh.2014.00101
http://doi.org/10.1016/j.brainres.2019.146339
http://www.ncbi.nlm.nih.gov/pubmed/31326402
http://doi.org/10.1016/0091-3057(90)90038-J
http://doi.org/10.1016/S0306-4522(01)00171-3
http://doi.org/10.1523/JNEUROSCI.5746-12.2013

Pharmaceutics 2021, 13, 1482 17 of 17

55.

56.
57.
58.
59.
60.
61.
62.
63.
64.

65.

Ikonomidou, C.; Bosch, F.; Miksa, M.; Bittigau, P.; Vockler, J.; Dikranian, K.; Tenkova, T.I.; Stefovska, V.; Turski, L.; Olney, ].W.
Blockade of NMDA receptors and apoptotic neurodegeneration in the developing brain. Scienice 1999, 283, 70-74. [CrossRef]
[PubMed]

Kawabe, K. Effects of chronic forced-swim stress on behavioral properties in rats with neonatal repeated MK-801 treatment.
Pharmacol. Biochem. Behav. 2017, 159, 48-54. [CrossRef]

Uehara, T.; Sumiyoshi, T.; Seo, T.; Itoh, H.; Matsuoka, T.; Suzuki, M.; Kurachi, M. Long-term effects of neonatal MK-801 treatment
on prepulse inhibition in young adult rats. Psychopharmacology 2009, 206, 623-630. [CrossRef]

Lima-Ojeda, ].M.; Vogt, M.A.; Pfeiffer, N.; Dormann, C.; Kéhr, G.; Sprengel, R.; Gass, P.; Inta, D. Pharmacological blockade of
GluN2B-containing NMDA receptors induces antidepressant-like effects lacking psychotomimetic action and neurotoxicity in the
perinatal and adult rodent brain. Prog. Neuropsychopharmacol. Biol. Psychiatry 2013, 45, 28-33. [CrossRef] [PubMed]

Myslivecek, J.; Hassmannova, ]. Step-down passive avoidance in the rat ontogeny. Acta Neurobiol. Exp. 1991, 51, 89-96.

Prut, L.; Belzung, C. The open field as a paradigm to measure the effects of drugs on anxiety-like behaviors: A review. Eur. |.
Pharmacol. 2003, 463, 3-33. [CrossRef]

Crawley, ].N. Behavioral phenotyping strategies for mutant mice. Neuron 2008, 57, 809-818. [CrossRef]

Altman, J.; Sudarshan, K. Postnatal development of locomotion in the laboratory rat. Anim. Behav. 1975, 23, 896-920. [CrossRef]
Geisler, H.C.; Westerga, J.; Gramsbergen, A. Development of posture in the rat. Acta Neurobiol. Exp. 1993, 53, 517-523.
Gramsbergen, A. Posture and locomotion in the rat: Independent or interdependent development? Neurosci. Biobehav. Rev. 1998,
22,547-553. [CrossRef]

Janicke, B.; Schulze, G.; Coper, H. Motor performance achievements in rats of different ages. Exp. Gerontol. 1983, 18, 393-407.
[CrossRef]


http://doi.org/10.1126/science.283.5398.70
http://www.ncbi.nlm.nih.gov/pubmed/9872743
http://doi.org/10.1016/j.pbb.2017.06.009
http://doi.org/10.1007/s00213-009-1527-2
http://doi.org/10.1016/j.pnpbp.2013.04.017
http://www.ncbi.nlm.nih.gov/pubmed/23643674
http://doi.org/10.1016/S0014-2999(03)01272-X
http://doi.org/10.1016/j.neuron.2008.03.001
http://doi.org/10.1016/0003-3472(75)90114-1
http://doi.org/10.1016/S0149-7634(97)00043-2
http://doi.org/10.1016/0531-5565(83)90018-9

	Introduction 
	Materials and Methods 
	Animals 
	Drugs 
	Experimental Design 
	Acute Effects of Ro 25-6981 
	Effects of Early-Life Exposure to Ro 25-6981 on Brain Functions and Seizure Susceptibility 

	Statistics 

	Results 
	Acute Effects of Ro 25-6981 
	Anticonvulsant Effects 
	Adverse Side Effects on Passive Avoidance Responding 

	Effects of Early Life Exposure to Ro 25-6981 on Brain Functions and Excitability 
	Long-Term Effects on Seizure Susceptibility 
	Long-Term Effects on Memory 
	Long-Term Effects on Sensorimotor Development and Behavior in the Open Field 


	Discussion 
	Conclusions 
	References

