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Abstract

Immature neurons dominantly express the Na+-K+-2Cl- cotransporter isoform 1 (NKCC1)

rather than the K+-Cl- cotransporter isoform 2 (KCC2). The intracellular chloride ion concen-

tration ([Cl-]i) is higher in immature neurons than in mature neurons; therefore, γ-aminobu-

tyric acid type A (GABAA) receptor activation in immature neurons does not cause chloride

ion influx and subsequent hyperpolarization. In our previous work, we found that midazolam,

benzodiazepine receptor agonist, causes less sedation in neonatal rats compared to adult

rats and that NKCC1 blockade by bumetanide enhances the midazolam-induced sedation

in neonatal, but not in adult, rats. These results suggest that GABA receptor activation

requires the predominance of KCC2 over NKCC1 to exert sedative effects. In this study, we

focused on CLP290, a novel KCC2-selective activator, and found that midazolam adminis-

tration at 20 mg/kg after oral CLP290 intake significantly prolonged the righting reflex latency

even in neonatal rats at postnatal day 7. By contrast, CLP290 alone did not exert sedative

effects. Immunohistochemistry showed that midazolam combined with CLP290 decreased

the number of phosphorylated cAMP response element-binding protein-positive cells in the

cerebral cortex, suggesting that CLP290 reverted the inhibitory effect of midazolam. More-

over, the sedative effect of combined CLP290 and midazolam treatment was inhibited by

the administration of the KCC2-selective inhibitor VU0463271, suggesting indirectly that the

sedation-promoting effect of CLP290 was mediated by KCC2 activation. To our knowledge,

this study is the first report showing the sedation-promoting effect of CLP290 in neonates

and providing behavioral and histological evidence that CLP290 reverted the sedative effect

of GABAergic drugs through the activation of KCC2. Our data suggest that the clinical appli-

cation of CLP290 may provide a breakthrough in terms of midazolam-resistant sedation.
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Introduction

γ-Aminobutyric acid (GABA) is an inhibitory neurotransmitter that binds to the GABA recep-

tor. In most mature neurons, GABAA receptor activation (e.g., by anesthetic agents) opens a

Cl- channel and drives chloride ion influx in an electrochemical gradient-dependent manner,

which subsequently leads to neuronal hyperpolarization [1–3]. By contrast, immature neurons

maintain relatively higher intracellular chloride ion levels ([Cl-]i) compared to those in mature

neurons and, therefore, GABAA receptor activation does not induce chloride ion influx [4,5].

Instead, it may induce chloride ion efflux, leading to neuronal depolarization [1,6]. The under-

lying mechanism regulating [Cl-]i involves the balance of Na+-K+-2Cl- cotransporter isoform

1 (NKCC1) and K+-Cl- cotransporter isoform 2 (KCC2) levels [7]. In the developing rodent

brain, especially the cerebral cortex and hippocampus, NKCC1 is more dominantly expressed

and induces Cl- entry into the cytoplasm compared to KCC2 which mainly mediates Cl- excre-

tion. Therefore, compared to mature neurons, immature neurons in these regions present rela-

tively higher [Cl-]i. In the neonatal rat cerebral cortex, the NKCC1 expression level is usually

highest around postnatal day (PND) 5 to 7; afterward, the KCC2 expression level gradually

increases and becomes dominant [1]. The switch in the functional role of the GABAA receptor

from excitatory to inhibitory GABA signaling occurs between PND8 and 14, which correlates

with the switch in dominant expression from NKCC1 to KCC2 [6–8].

Previous studies have reported that midazolam, an allosteric agonist of the GABAA recep-

tor that binds to the benzodiazepine receptor, does not exert a sedative effect in PND3 rats at

similar doses that induce hypnosis in PND21 rats [9]. Similarly, phenobarbital, another alloste-

ric modulator of the GABAA receptor, has been reported to have a significant anticonvulsive

effect in adult rodents but not in neonatal rats at PND6 to 12 [1]. These findings indicate that

GABAA receptor activation does not generally induce neuronal inhibition in neonatal animals

[10]. Notably, pretreatment with bumetanide, an NKCC1 inhibitor, has been reported to revert

the sedative effect of midazolam and the anticonvulsant effect of phenobarbital even in neona-

tal rats [6,11,12]. These findings indicate that NKCC1 inhibition can promote the inhibitory

activity of GABAA receptor agonists. However, it remains unclear whether KCC2 activation

exerts the same effect as NKCC1 inhibition in the neonatal period.

NKCC1 and K⁺-Cl⁻ cotransporter isoforms other than KCC2 are expressed in the brain, as

well as in several other organs, e.g., the kidney and blood vessels [13]. The clinical use of com-

pounds acting on NKCCs and KCC3/KCC4 was reported to induce adverse effects, including

diuresis or hypokalemic alkalosis, resulting in multiple organ dysfunctions. By contrast, KCC2

is expressed exclusively in the central nervous system [3,14]; therefore, [Cl-]i manipulation

through the KCC2 pathway could minimize adverse effects [15]. Consequently, KCC2 has

been proposed as a feasible therapeutic target for neuronal disorders, including neuropathic

pain, epileptic seizure, neurological trauma, and metabolic diseases, in which KCC2 dysfunc-

tion might be the underlying cause [13,16,17]. Gagnon et al. successfully developed two

KCC2-selective analogs: CLP257 and CLP290 which is a carbamate prodrug of CLP257.

CLP257 increases the cell surface expression of KCC2 and decreases [Cl-]i in cultured injured

neurons. Furthermore, in vivo experiments showed that systemic CLP290 administration in a

rat model of neuropathic pain can improve the hyperalgesia threshold [13]. However, to our

knowledge, the effects of these compounds on immature neurons are still uncertain, and no

study has shown the sedation-promoting effects of these compounds in neonatal animals.

We hypothesized that activation of KCC2 promotes the sedative effect of GABAA receptor

activation in immature rodents. To test this hypothesis, we assessed the righting reflex behav-

ior of neonatal and adult animals treated with midazolam and CLP290. Next, we conducted

phosphorylated cyclic adenosine monophosphate-response element-binding protein (p-
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CREB) immunohistochemistry to determine the brain region related to the CLP290 effect on

midazolam-induced sedation. Moreover, to elucidate the underlying mechanism, we investi-

gated whether the sedation-promoting effect of CLP290 in neonates can be antagonized by the

KCC2-selective antagonist VU0463271. Finally, we measured the cell surface expression of

KCC2 to elucidate the biochemical processes underlying the in vivo effect of CLP290.

Materials and methods

Animals

This study was carried out in strict accordance with the recommendations in the Guide for the

Care and Use of Laboratory Animals of the Yokohama City University, created based on the

Guidelines for Proper Conduct of Animal Experiments of the Science Council of Japan. The

protocol of this study was approved by the Committee on the Ethics of Animal Experiments of

the Yokohama City University (Study protocol Number: F-A-16-045). We used male Sprague-

Dawley rats (Japan SLC, Shizuoka, Japan); specifically, PND7 neonatal rats (n = 161) and

4-week-old adult rats (n = 70). We kept neonatal rats in cages with their littermates and moth-

ers; the adult rats were housed in groups of two or three. The rats were housed in plastic cages

placed in a temperature- and humidity-controlled animal care facility room with a 14-h/10-h

light/dark cycle (light on from 5:00 to 19:00). The rats were allowed ad libitum access to food

and water. The welfare of all rats was checked daily at the time of feeding, and we made all

efforts to minimize animal suffering and the number of animals used.

Drugs

On the day of the experiment, midazolam (Sandoz, Tokyo, Japan) was diluted with 5× saline

(final 1 mg/ml) to be administered at 0.02 ml/g of body weight. CLP290 was received from Dr.

Yves De Koninck (Institut Universitaire en Santé Mentale de Québec) or purchased (#SML-

2172, Sigma-Aldrich, St. Louis, MO, USA). CLP290 was adjusted to a final concentration of

0.66% prior to oral administration; the CLP290 from Dr. De Koninck was dissolved in 10%

hydroxypropyl-β-cyclodextrin, whereas the CLP290 from Sigma-Aldrich was suspended in

0.5% carboxy methylcellulose. On the day of the experiment, VU0463271 (#4719/10, Tocris

Bioscience, Bristol, UK) was dissolved in 0.75% dimethyl sulfoxide, at a final concentration of

1 mM.

Behavioral procedures

A righting reflex test was conducted to assess in neonatal and adult rats their sedation level at

various doses and combinations of experimental drugs [18]. This experiment was performed

in a similar manner, as previously described [12,19]; in short, rats were gently placed on their

backs, and the righting reflex was measured based on the latency to attain the upright position.

The predetermined latency time threshold was 60 s, and the rats were returned to the upright

position each time. The measurements were obtained in triplicate, and the mean latency was

calculated to determine the righting reflex latency. The following three experiments were

conducted:

1. Thirty minutes prior to the righting reflex test, neonatal rats were randomly assigned to

seven groups, followed by intraperitoneal administration of midazolam at a dose of 0, 5, 10,

20, 30, 50, or 70 mg/kg (n = 9). Similarly, adult rats were assigned to six groups, followed by

intraperitoneal administration of midazolam at a dose of 0, 5, 10, 20, 30, or 40 mg/kg

(n = 7).
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2. To assess the promotion effect of CLP290 on midazolam-induced sedation in each develop-

mental stage, neonatal and adult rats were randomly assigned to two groups, and CLP290

(100 mg/kg) or an equal volume of vehicle was orally administered. Subsequently, 2 h after

CLP290 or vehicle administration, each group was subdivided into two groups. Neonate

rats were intraperitoneally injected with midazolam at 20 mg/kg or an equal volume of

saline, as previously reported [12] (n = 5), and adult rats received intraperitoneally midazo-

lam at 8.6 mg/kg, which is equivalent to a 20% effective dose (ED20) obtained from Fig 1D,

or an equal volume of saline (n = 7). The righting reflex latency of all rats was measured 30

min after administration of midazolam or saline.

3. To assess the involvement of KCC2 in the promotion effect of CLP290 on midazolam-

induced sedation in neonatal rats, rats were pretreated with CLP290 followed by

VU0463271 prior to the midazolam administration. That is, neonatal rats were randomly

assigned to two groups and orally pretreated with CLP290 (100 mg/kg) or an equal volume

of vehicle 2 h prior to the midazolam administration. Subsequently, each group was subdi-

vided into two groups, and VU0463271 or an equal volume of vehicle was injected twice

intraperitoneally at 0.02 ml/g and 0.01 ml/g 20 min and 50 min, respectively, after the first

pretreatment. All rats received midazolam at 20 mg/kg intraperitoneally 70 min after the

second administration of VU0463271 or vehicle. The righting reflex latency of all rats was

measured 30 min after administration of midazolam (n = 6).

Immunohistochemistry for p-CREB detection

This immunohistochemistry experiment was conducted to assess the neuronal activity follow-

ing the separate or combined administration of midazolam and CLP290. Neonatal rats were

randomly assigned to two groups and orally treated with CLP290 (100 mg/kg) or an equal vol-

ume of vehicle. Subsequently, 2 h after CLP290 or vehicle administration, each group was sub-

divided into two groups to receive midazolam at 20 mg/kg or an equal volume of saline

intraperitoneally. At 45 min after midazolam or saline injection, the rats were deeply anesthe-

tized with an intraperitoneal injection of sodium pentobarbital at 324 mg/kg (Somnopentil,

64.8 mg/ml, Kyoritsuseiyaku, Tokyo, Japan) and immediately perfused and fixed, as previously

described [12]. In short, rats were perfused transcardially with 5 ml/10 g body weight of 0.1 M

phosphate-buffered saline (PBS) for 5 min, followed by 10 ml/10 g body weight of 4% parafor-

maldehyde-PBS pH 7.4 for 10 min. Subsequently, the animals were decapitated, and their

brains were postfixed in 4% paraformaldehyde-PBS at 4˚C for 2 h and cryoprotected in 20%

sucrose. Coronal brain sections of 20 μm thickness were obtained at the hippocampal level

using an 1800 Cryostat Microtome (Leica Microsystems, Wetzlar, Germany). Prior to staining,

slices were treated with 0.3% H2O2 in methanol to suppress endogenous peroxidase activity.

After blocking in tris-buffered saline (TBS) containing 2% normal donkey serum and 0.5%

Triton X-100 for 1 h at room temperature, the slices were incubated overnight at 4˚C with pri-

mary polyclonal rabbit anti-p-CREB (1:500; #06–519; Millipore, Burlington, MA, USA). After

washing the slices three times, they were incubated for 1 h at room temperature with biotiny-

lated anti-rabbit secondary antibody (1:200; #711-066-152; Jackson Immuno Research, West

Grove, PA, USA). After washing the slices again three times, they were incubated with avidin-

biotin-horseradish peroxidase solution (Vectastain ABC Elite kit, Vector Laboratories, Burlin-

game, CA, US) for 1 h and developed using 3,3’-diaminobenzidine. Then, an operator blinded

to the treatments performed the measurements using a Biorevo BZ 90001microscope (Key-

ence Corporation, Osaka, Japan) as follows. First, three hippocampal-level slices were collected

from each brain according to the region of Fig 36 of the Paxinos and Watson atlas [20]. The
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Fig 1. Neonatal rats require higher doses of midazolam for sedation than adult animals. (A) Time schedule of drug administration and behavioral test. (B)

Righting reflex latency at 30 min after administration of midazolam at different doses in neonates (n = 9). (C) Righting reflex latency at 30 min after
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somatosensory cortex and thalamus regions were imaged from each slice. The p-CREB-posi-

tive cells at 100 × 200 μm2 in the S1 barrel field and 200 × 500 μm2 in the ventral thalamus

were counted. The cell numbers in each region in three slices were determined, and the aver-

age was calculated.

Biochemical analysis

Biochemical analyses were conducted to assess the CLP290 effect on KCC2 expression. Neona-

tal rats were orally administered 100 mg/kg of CLP290 or an equal volume of vehicle. After 30

min and 60 min, which corresponds to the highest plasma level [13], rats were deeply anesthe-

tized with isoflurane, followed by decapitation performed by trained personnel. The brains

were quickly collected and transferred into ice-cold dissection buffer (0.25 mM NaH2PO4 2

H2O, 0.5 mM KCl, 0.1 mM CaCl2, 1.4 mM MgCl2 6 H2O, 18 mM choline chloride, 11.6 mM

ascorbic acid, 3.1 mM pyruvic acid, 25 mM NaHCO3, 25 mM glucose, gassed with 5% CO2/

95% O2). Using a brain slicer (Brain Matrix, #G8105, EM Japan, Tokyo, Japan), 1 mm thick

slices were prepared at the level of the rat brain atlas Figs 42–49 [21], i.e., 1.6–3.0 mm behind

the bregma. Referring to this rat brain atlas, the S1 barrel field was cut out as the somatosen-

sory cortex. Subsequently, the slices were incubated with artificial cerebrospinal fluid (0.5 mM

KCl, 23.6 mM NaCl, 0.2 mM NaH2PO4 2 H2O, 25 mM NaHCO3, 25 mM glucose, 2 mM

MgCl2, 2 mM CaCl2) containing 2 mg/ml Sulfo-NHS-Biotin (Thermo Fisher Scientific, Wal-

tham, MA, USA) at 4˚C for 45 min with slow rotation. After rinsing three times with TBS,

slices were homogenized with immunoprecipitation buffer (150 mM NaCl, 0.5 mM EDTA, 0.1

mM EGTA, 1 mM HEPES, 1% Triton-X), and the homogenate was centrifuged at 14000 × g
for 15 min at 4˚C. The protein concentration in the supernatant was measured using the Pierce

bicinchoninic acid protein assay kit (Thermo Fisher Scientific) and adjusted to a similar pro-

tein concentration for all samples. To determine the total fraction, 30 μl aliquots of the solution

were mixed with an equal amount of 2× sample buffer and denatured at 100˚C for 5 min. To

determine the membrane fraction, a 150 μl aliquot of the adjusted solution was mixed with an

equal volume of NeutrAvidin agarose resin (Thermo Fisher Scientific). The mixed solutions

were then incubated at 4˚C for 16 h with rotation followed by centrifugation at 2000 × g for 1

min at 4˚C. Subsequently, the supernatant was removed, the resulting gel was washed five

times, followed by mixing with 150 μl 2× sample buffer and denaturation at 100˚C for 5 min.

A similar amount of protein (2 μg total protein and 4 μg membrane protein) was subjected to

7.5% SDS-PAGE followed by transfer to polyvinylidene fluoride membrane. The membranes

were blocked for 2 h with 2% ECL blocking agent (#RPN418, GE Healthcare, Chicago, IL,

USA) in TBS-T and then incubated overnight at 4˚C with anti-KCC2 (1:5000; #07–432, Milli-

pore) and anti-β-actin (1:10000; #A5441, Sigma-Aldrich) antibodies. The blocking agent was

used to prepare all antibody reagents. After washing, membranes were incubated for 1 h with

secondary antibody (1:10000; #175–6515, 170–6520, BioRad, Hercules, CA, USA). Protein

visualization was conducted using the ECL detection system (#RPN2235: 2236, GE

Healthcare).

Statistical analyses

GraphPad prism 6 and R version 3.4.3 (The R Project for Statistical Computing, November

2017; www.r-project.org) was used for statistical analysis and figure generation.

administration of midazolam at various doses in adult rats (n = 7). Transverse and vertical bars indicate the mean and standard deviation [1], respectively; dots

indicate individual values. (D) Dose-response curve of the righting reflex latency at 30 min after administration of midazolam in neonate and adult animals.

Dotted lines indicate ED50 and ED20 values. ED50: adults 11.03 mg/kg; neonates, 38.58 mg/kg; p< 0.001. ED20: adults, 8.6 mg/kg; neonates, 20.0 mg/kg.

https://doi.org/10.1371/journal.pone.0248113.g001
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The midazolam dose-response curves in neonate and adult rats were analyzed using a

three-parameter logistic function. From the dose-response curves, the 50% effective dose

(ED50: indicating the dose at which the righting reflex latency is 30 s) was calculated separately

for neonates and adults. The difference in ED50 between the two groups was analyzed using

the Z-test.

The results of the behavioral test are presented as the median values of individual groups.

The median regression model included two treatment factors, and their interaction was ana-

lyzed for each experiment (midazolam and CLP290 in Figs 2 and 3, CLP290 and VU0463271

in Fig 5). Upon significant interaction, the differences between the baseline group and the

other groups were assessed using median regression analysis with the midazolam + CLP290

group in Figs 2 and 3 and the CLP290 + VU0463271 + midazolam group in Fig 5 defined as

the baseline groups.

The numbers of p-CREB-positive cells in the neonatal rats are presented as the mean values

for individual groups and were analyzed using the Tukey-Kramer test.

In the biochemical analyses, the protein expression levels in the crude fractions were nor-

malized to the β-actin level, and the expression in the membrane fraction was determined as

the ratio to that in the crude fraction. Furthermore, individual values were normalized to the

mean control values (presented as 1). The Mann-Whitney U test was used for subsequent

analyses.

We defined a significant difference at p< 0.05.

Results

CLP290 promotes the sedative effect of midazolam in neonatal rats

To elucidate the difference in sedative midazolam effects on neonatal and adult rats, the dose-

response relationship was studied 30 min after midazolam administration using the righting

reflex latency as the parameter (Fig 1A). The ED50 in neonatal rats was 38.58 mg/kg, whereas

the ED50 in adult rats was 11.03 mg/kg (Fig 1B and 1C). The Z-test revealed that the ED50 in

neonates was significantly higher than that in adult animals (Fig 1D). This result indicates that

higher doses of midazolam are required for sedation in neonates compared to adult rats.

Next, to examine whether KCC2 activation promotes the sedative effect of midazolam in

neonates and adults, CLP290 was administered, a KCC2 activator already used in several

publications [10,13,15–17,22]. To better understand the difference in the sedation-promot-

ing effect of CLP290 and that of bumetanide previously shown by Koyama et al., we consid-

ered midazolam at 20 mg/kg was suitable for the subsequent assay in neonates [12,19].

Based on the results shown in Fig 1D, we decided that in the righting reflex test, ED20 con-

centrations were suitable for the comparison of CLP290 effects between neonates (midazo-

lam 20 mg/kg) and adults (midazolam 8.6 mg/kg). In PND7 rats, showing resistance to

midazolam-induced sedation, CLP290 pre-administration significantly prolonged the right-

ing reflex latency compared to vehicle at 30 min after midazolam injection (Fig 2B). More-

over, the administration of CLP290 alone had no effect on the righting reflex latency (Fig

2B). This suggests that prior activation of KCC2 by CLP290 might promote the sedative

effect of midazolam in neonates whereas CLP290 has no sedative effect by itself. Further-

more, the sedation-promoting effect of CLP290 in adult rats subjected to midazolam was

examined (Fig 3A). In contrast to neonates, there was no interaction between midazolam

and CLP290 regarding the righting reflex latency 30 min after midazolam treatment, sug-

gesting that prior administration of CLP290 exerted little influence on the sedative effect of

midazolam in adult rats (Fig 3B).
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Fig 2. CLP290 promotes the sedative effects of midazolam in neonatal rats. Comparison of the righting reflex latency among four combinations

using two drugs. (A) Time schedule of drug administration and behavioral test. (B) Righting reflex latency at 30 min after administration of

midazolam or saline. The median latency of each group was as follows: vehicle + saline 4.7 s, vehicle + midazolam 5.3 s, CLP290 + saline 4.3 s,

CLP290 + midazolam 60.0 s; �� indicates p< 0.001 (median regression analyses), n = 5 animals/group. Transverse bars indicate median values;

dots indicate individual values.

https://doi.org/10.1371/journal.pone.0248113.g002

PLOS ONE CLP290 promotes sedative midazolam effects in neonate

PLOS ONE | https://doi.org/10.1371/journal.pone.0248113 March 12, 2021 8 / 19

https://doi.org/10.1371/journal.pone.0248113.g002
https://doi.org/10.1371/journal.pone.0248113


Fig 3. Influence of CLP290 on the sedative effects of midazolam in adult rats. Comparison of the righting reflex latency among the four drug

combinations. (A) Time schedule of drug administration and behavioral test. (B) Righting reflex latency at 30 min after administration of

midazolam or saline. Median latencies: vehicle + saline 0.00 s, vehicle + midazolam 3.67 s, CLP290 + saline 0.00 s, midazolam + CLP290 26.00 s,

n = 7 animals/group. Transverse bars indicate median values; dots indicate individual values.

https://doi.org/10.1371/journal.pone.0248113.g003
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Coadministration of CLP290 with midazolam downregulates p-CREB

expression in the neonatal somatosensory cortex

To identify brain regions involved in the CLP290 effect on midazolam-induced sedation, p-

CREB immunohistochemistry was conducted (Fig 4A). There was no significant difference in

the number of p-CREB-positive cells in the somatosensory cortex of neonatal rats after vehicle

+ midazolam and vehicle + saline administration (Fig 4B, 4C and 4F). By contrast, midazolam

administration to neonatal rats pretreated with CLP290 significantly decreased the number of

p-CREB-positive cells compared with vehicle administration (Fig 4C, 4E and 4F). Moreover,

the administration of CLP290 alone had no effect on the number of p-CREB-positive cells (Fig

4B, 4D and 4F). These findings are inversely correlated to the level of sedation as assessed by

the loss of the righting reflex (Fig 2). However, the numbers of p-CREB-positive cells in the

thalamus were not significantly different among groups (S1 Fig). These findings showed that a

single dose of 20 mg/kg midazolam had little effect on neuronal activity in the cerebral cortex

and thalamus of PND7 rats. Midazolam administration after pretreatment with CLP290

exerted inhibitory effects on neuronal activity exclusively in the somatosensory cortex of neo-

natal rats, which is consistent with the behavioral results in the righting reflex test shown in

Fig 2.

The CLP290 effect on midazolam-induced sedation is KCC2-dependent

To examine whether CLP290 promoted the sedative action of midazolam through KCC2 acti-

vation, we assessed the effect of VU0463271, a KCC2-selective inhibitor, on CLP290-pre-

treated neonatal rats. We determined the drug administration protocol based on the following

reasons:

1. VU0463271 was administered intraperitoneally, whereas CLP290 was administered orally.

Since it is expected that the increase in blood concentration will be slower with oral admin-

istration than with intraperitoneal administration, the concentration of CLP290 in the

brain was expected to increase slower than that of VU0463271, as well as in the blood.

2. The in vivo half-life time of VU0463271 is 9 min [23]; therefore, repeated VU0463271

administration was required for the complete inhibition of the CLP290 effect.

Neonatal rats received CLP290 or vehicle followed by two times of VU0463271 or vehicle

treatment. Finally, all rats were injected with midazolam prior to the righting reflex test (Fig

5A). There was a significant interaction between the effect of CLP290 and VU0463271

(p = 0.011). The main effect of CLP290 was significant (p< 0.001), whereas that of

VU0463271 was not significant (p = 0.785). A post-hoc median regression analysis was per-

formed as follows: First, the righting reflex latency after midazolam injection with CLP290 pre-

treatment was significantly longer than that without CLP290 administration (Fig 5B).

Furthermore, VU0463271 coadministration significantly attenuated the effect of CLP290 on

the righting reflex (Fig 5B). These results suggest that the effect of CLP290 on midazolam-

induced sedation in neonatal rats is largely KCC2-dependent.

CLP290 does not alter the expression and intracellular distribution of

KCC2 in the neonatal somatosensory cortex

A previous study reported that CLP257 increases the cell surface expression of KCC2 in

injured spinal neurons with subsequently decreased [Cl-]i [13]. To examine whether CLP290

altered the KCC2 expression pattern in the neonatal brain, we measured KCC2 levels in the

crude and membrane fractions obtained from neonatal rats with or without CLP290
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Fig 4. Coadministration of midazolam with CLP290 downregulates p-CREB expression in the neonatal somatosensory cortex. (A) Time schedule of drug

administration, behavioral test, and immunohistochemistry. (B-E) Representative pictures of p-CREB expression in the neonatal somatosensory cortex for the

following groups: (B) vehicle + saline, (C) vehicle + midazolam, (D) CLP290 + midazolam, (E) CLP290 + midazolam. (F) Mean numbers of p-CREB-positive cells in

the somatosensory cortex for the four experimental groups: vehicle + saline 98.42 (n = 9), vehicle + midazolam 87.15 (n = 8), CLP290 + midazolam 83.67 (n = 6),

CLP290 + midazolam 39.14 (n = 6). � indicates p< 0.05 (Tukey-Kramer test). Transverse and vertical bars indicate the mean and standard error (SE), respectively;

dots indicate individual values.

https://doi.org/10.1371/journal.pone.0248113.g004
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Fig 5. CLP290 effect on midazolam-induced sedation is KCC2-dependent. (A) Time schedule of drug administration and behavioral test. (B) The effect of

multiple drug combinations on the righting reflex latency 30 min after midazolam administration. Median latencies of each group: vehicle + midazolam 4.3 s,

CLP290 + midazolam 44.3 s, CLP290 + VU0463271 + midazolam 12.2 s, vehicle + VU0463271 + midazolam 5.3 s. ��� indicates p = 0.00146 (median regression

analysis), n = 6 animals/group. Transverse bars indicate the median; dots indicate individual values.

https://doi.org/10.1371/journal.pone.0248113.g005
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pretreatment. Treatment with CLP290 30 min and 60 min prior to tissue collections changed

neither the crude expression of the KCC2 (Fig 6A) nor its relative membrane expression (Fig

6B). These results suggest that CLP290 promotes the sedative action of midazolam in a way

other than affecting the KCC2 expression in the neonatal brain.

Discussion

We previously assessed the balance between different cation-chloride cotransporter isoforms

in immature neurons and found that reducing intracellular chloride ion levels through

NKCC1 antagonism facilitates midazolam-induced sedation in neonatal rats [12]. In the cur-

rent study, we examined whether activation of KCC2, which exerts an opposite effect to that of

NKCC1, also promotes midazolam-induced sedation in neonatal rats. A novel KCC2 activator,

CLP290, was found to promote the sedative effect of 20 mg/kg midazolam in neonatal rats. In

adult rats, CLP290 did not further enhance the sedative effect of midazolam. To elucidate the

biochemical basis of these behavioral phenotypes, we performed immunohistochemistry,

showing that the combination of CLP290 and midazolam reduced p-CREB expression in the

somatosensory cortex in PND7 neonates. This result suggested that changes in neural activity

in this region might be involved in the promotion of midazolam-induced sedation by CLP290.

Furthermore, VU0463271, a selective KCC2 inhibitor, canceled out the CLP290 effect on mid-

azolam-induced sedation, suggesting that the sedation-promoting action of CLP290 was medi-

ated by the KCC2 pathway. In the previous study, CLP290 increased the intracellular chloride

ions via activation of KCC2 in the adult animals showing the reduction of KCC2 expression

[13]. The increased intracellular chloride ions by CLP290 has been shown to suppress neuro-

nal overactivations, which effects are expected to exert therapeutic effects in a variety of neuro-

logical disease models such as spinal cord injury [15], neuropathic pain [13,16], ischemic

seizures [10], nicotine-induced ethanol overdose [17], and streptozotocin-induced diabetes

mellitus [22]. However, as far as we know, the effect of CLP290 in naive neonatal rats has not

Fig 6. CLP290 does not alter the protein expression and intracellular distribution of KCC2 in the neonatal cortex. (A) KCC2 protein expression in the

total fraction in the cortex of neonatal rats at 30 min and 60 min after CLP290 administration. 30 min: vehicle 1.0, CLP290 0.89, p = 0.29 (Mann-Whitney U

test), n = 6 animals/group. 60 min: vehicle 1.0, CLP290 0.97, p = 0.59 (Mann-Whitney U test), n = 6 animals/group. (B) Ratio of KCC2 protein expression of

membrane fraction to total fraction in the cortex of neonatal rats at 30 min and 60 min after CLP290 administration. 30 min: vehicle 1.0, CLP290 0.98,

p = 0.93 (Mann-Whitney U test). 60 min: vehicle 1.0, CLP290 0.90, p = 0.91 (Mann-Whitney U test), n = 6 animals/group. Transverse bars indicate the mean;

dots indicate individual values.

https://doi.org/10.1371/journal.pone.0248113.g006
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been described yet, and this is the first report demonstrating that CLP290 enhances the seda-

tive effect of midazolam in neonatal rats.

Midazolam, a positive allosteric modulator of the GABAA receptor, has been shown to

have a significantly higher ED50 in PND7 neonatal rats than in adult animals, which is consis-

tent with previous studies [9]. Similar to our previous report, we confirmed that 20 mg/kg

midazolam had a sedative effect in adult, but not in neonatal rats [12]. In the cerebral cortex of

neonatal rats, NKCC1 expression levels are usually highest around PND5-7, and later, KCC2

expression levels gradually increase and become predominant [1]. The dominant expression of

NKCC1 in neonates introduces chloride ions into the cytoplasm in contrast to the KCC2

which mediates chloride ion excretion, leading to maintenance of higher [Cl-]i compared to

mature neurons [24,25]. This change in chloride ion homeostasis can account for the different

midazolam effects on sedation. Our previous studies also reported that midazolam administra-

tion in neonatal rats induces neuronal excitation in the hippocampus, but prior administration

of bumetanide, an NKCC1 antagonist, suppresses the excitation and promotes sedation

[12,19]. In the current study, administration of CLP290 prior to midazolam could prolong the

righting reflex latency, suggesting that CLP290 had a similar effect as bumetanide on midazo-

lam-induced sedation in neonatal rats. Furthermore, CLP290 administration without midazo-

lam did not increase the righting reflex latency. These findings suggest that KCC2 activation

by CLP290 promotes the sedative action of midazolam whereas CLP290 itself does not exert

sedative effects.

To elucidate the brain regions involved in the promoting effect of CLP290 on midazolam-

induced sedation, the expression levels of p-CREB in the cerebral cortex and thalamus of

PND7 rats were assessed [12]. Although administration of 20 mg/kg midazolam alone in neo-

nates did not alter the p-CREB expression in the somatosensory cortex and thalamus, midazo-

lam administration to neonatal rats pretreated with CLP290 significantly decreased the

number of p-CREB-positive cells in the somatosensory cortex, but not in the thalamus, com-

pared to midazolam alone. These results were consistent with the results of the righting reflex

test. The change in p-CREB expression can be used as a surrogate marker reflecting neuronal

activity; therefore, the promoting effect of CLP290 on midazolam-induced sedation may be

associated with decreased neural activity in the somatosensory cortex of neonates. Further-

more, the brain region where CLP290 acts may be revealed by regional differences in KCC2

expression at PND7. The limited knowledge about the timing of switching from NKCC1 to

KCC2 dominance during development shows that the dominance of KCC2 expression over

NKCC1 begins from caudal to rostral [1,6,24,25]. The expression of KCC2 in mice starts to

increase strongly from embryonic day 14.5 at the thalamus [5,8,26], whereas it is still sup-

pressed at PND7 in the cerebral cortex [27]. Moreover, the expression level of KCC2 in the

cerebral cortex in PND7 rats is reported to be less than 10% of that in adult animals [5,7,8,26].

The balance between KCC2 and NKCC1 expression has been suggested to decide the chloride

equilibrium potential. It has been shown in neonatal neurons around PND7-10 that GABA

activation induces excitation in the cerebral cortex, but inhibition in the thalamus [6]. More-

over, phenobarbital coadministered with bumetanide suppresses epileptiform activity in the

cerebral cortex, but not in the thalamus, suggesting that how bumetanide modifies the effect of

phenobarbital depends on differences in the maturation of the cation-chloride cotransporter

of cortical and subcortical structures [6]. Therefore, the regional differences in p-CREB expres-

sion in response to CLP290 administration may be related to differences in KCC2 expression

levels and the GABA equilibrium potential at PND7.

While CLP290 has been used as a KCC2 activator in some papers, CLP290 was also

reported to enhance GABAA receptor function in a KCC2-independent manner [28]. How-

ever, this study examined adult rats and did not consider neonatal rats. To examine this effect
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in neonates, we assessed whether the KCC2-selective antagonist VU0463271 suppresses the

CLP290 effects in neonatal rats. VU0463271 is a selective KCC2 inhibitor [23] and has been

shown to depolarize the GABA equilibrium potential due to inhibition of KCC2 function

when administered to adult and neonatal rodents [10,22,29]. In addition, Spoljaric et al. have

shown that VU0463271 administration enhances giant depolarizing potentials in neonatal rats

and wild-type KCC2+/+ mice but does not affect these potentials in KCC2-/-mice [30]. These

findings prove sufficiently the specificity of VU0463271 to KCC2. The current study found

that combined treatment with CLP290, VU0463271, and midazolam in neonatal rats did not

prolong the righting reflex latency. However, VU0463271 alone did not affect midazolam-

induced sedation in the absence of CLP290 pretreatment. These results indicate that the

enhancing effect of CLP290 on midazolam-induced sedation is prevented by VU0463271 by

antagonizing KCC2 activity.

The molecular mechanism underlying the effect of CLP290 on KCC2 in neonatal rats was

also examined. Previous studies have reported that CLP257 administration causes transloca-

tion of KCC2 to the cell membrane of neurons in the spinal cord in a rat model of neuropathic

pain [13]. Another study reported that incubation of hippocampal slices obtained from

KCC2-suppressed amyloid precursor protein knockout (APP-/-) mice with CLP257 increases

the membrane KCC2 expression. Furthermore, chronic intraperitoneal CLP290 administra-

tion to APP-/- mice restores KCC2 expression levels in the hippocampus [31]. Based on these

findings, it was suggested that CLP290 may translocate KCC2 to the membrane of neurons in

the neonatal cerebral cortex. However, their study did not show that CLP290 alters the mem-

brane or crude KCC2 expression in the cerebral cortex of PND7 rats. We can propose another

possibility that CLP290 alter the phosphorylation levels of KCC2 which are essential for KCC2

function [3,7,32]. Dephosphorylation of Serine940 inactivates KCC2-mediated ion transport

and increases endocytosis of KCC2 [33]. Phosphorylation of Threonine906 and Threonine1007

strongly inhibit the transporter activity of KCC2 [34]. Inhibitions of KCC2 phosphorylation at

Threonine906 and Threonine1007 cause depolarizing action of GABA upon binding to GABA

receptors during development [35]. However, we have not observe any altered phosphoryla-

tion and dephosphorylation in CLP290-treated rats.

Finally, to investigate the physiological effect of CLP290, the effect of CLP290 in neonates

was compared with that in adults which showed the predominance of KCC2 over NKCC1. Sul-

livan et al. recently reported that CLP290 recovers the decreased KCC2 expression in brain

induced by carotid artery ligation in PND7 mice [10]. On the other hand, in mice at PND10,

whose KCC2 expression was two-fold compared to those at PND7, the same carotid artery

ligation procedure did not change KCC2 expression; furthermore, administration of CLP290

at PND10 did not further increase the total KCC2 expression from base level [12]. These

results suggest that the predominance in number, as well as in function, between NKCC1 and

KCC2 influences the efficacy of CLP290. In the current study, CLP290 did not promote the

sedative action of midazolam at the ED20 dose in 4-week-old adult rats, which is consistent

with the findings presented by Sullivan et al. [10]. We have not detect any change in the

amount or phosphorylation level of KCC2 proteins upon CLP290 treatment, but it remains

possible that CLP290 acts via yet unknown phosphorylation sites or other modifications

responsible for functional changes in neonates. It may be hypothesized that the resistance to

midazolam-induced sedation at 20 mg/kg in neonatal rats is due to their lower KCC2 activity

compared to adults. This suggests that the KCC2 in neonates has the capacity for activity

enhancement by CLP290, whereas in adults, this capacity is saturated.

This study has several limitations as follows. First, regarding the dose of midazolam, the

neonatal rats were sedated after midazolam administration at doses greater than 20 mg/kg

without CLP290 treatment. A possible hypothesis is that higher midazolam doses might
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severely reduce neuronal activity in the thalamus and its neural output to the cerebral cortex,

leading to a sedative state. Second, we could not examine changes in the intracellular chloride

ion levels after CLP290 administration due to technical difficulties. However, the result that

KCC2 activation using CLP290 enhanced the effect of midazolam which can be generally

accounted for by the activation of the GABAA receptor suggested indirectly decreased intra-

cellular chloride ion levels upon CLP290 administration. Third, the mechanism underlying

the CLP290-mediated enhancement of KCC2 function could not be identified. Some KCC2

phosphorylation sites have been identified but the function of most sites remains unknown in

neonates. Moreover, we cannot rule out the possibility of other phosphorylation sites or differ-

ent protein modifications.

Clinically, midazolam is usually administered to infants and children for sedation during

operation and intensive care, and anesthetists face the problem that some children are resistant

to sedation with midazolam [36]. The combination of midazolam with CLP290 might be a

promising option for overcoming this serious problem. Our findings suggest that KCC2 acti-

vation by CLP290 promotes safe sedation with midazolam and may provide a breakthrough

for midazolam-resistant sedation in clinical settings.
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14. Uvarov P, Ludwig A, Markkanen M, Soni S, Hübner CA, Rivera C, et al. Coexpression and heteromeri-

zation of two neuronal K-Cl cotransporter isoforms in neonatal brain. J Biol Chem. 2009; 284:13696–

13704. https://doi.org/10.1074/jbc.M807366200 PMID: 19307176

15. Chen B, Li Y, Yu B, Zhang Z, Brommer B, Williams PR, et al. Reactivation of Dormant Relay Pathways

in Injured Spinal Cord by KCC2 Manipulations. Cell. 2018; 174:521–535.e513. https://doi.org/10.1016/j.

cell.2018.06.005 PMID: 30033363

16. Ferrini F, Lorenzo LE, Godin AG, Quang ML, De Koninck Y. Enhancing KCC2 function counteracts mor-

phine-induced hyperalgesia. Sci Rep. 2017; 7:3870. https://doi.org/10.1038/s41598-017-04209-3

PMID: 28634406

PLOS ONE CLP290 promotes sedative midazolam effects in neonate

PLOS ONE | https://doi.org/10.1371/journal.pone.0248113 March 12, 2021 17 / 19

https://doi.org/10.1038/nm1301
https://doi.org/10.1038/nm1301
http://www.ncbi.nlm.nih.gov/pubmed/16227993
https://doi.org/10.1016/j.neuropharm.2012.05.045
https://doi.org/10.1016/j.neuropharm.2012.05.045
http://www.ncbi.nlm.nih.gov/pubmed/22705273
https://doi.org/10.3389/fncel.2014.00027
https://doi.org/10.3389/fncel.2014.00027
http://www.ncbi.nlm.nih.gov/pubmed/24567703
https://doi.org/10.1038/nrn3819
http://www.ncbi.nlm.nih.gov/pubmed/25234263
https://doi.org/10.1016/s0165-3806%2802%2900536-9
http://www.ncbi.nlm.nih.gov/pubmed/12414094
https://doi.org/10.1016/j.neuron.2009.08.022
http://www.ncbi.nlm.nih.gov/pubmed/19755108
https://doi.org/10.3389/fncel.2015.00371
http://www.ncbi.nlm.nih.gov/pubmed/26441542
https://doi.org/10.1002/cne.10983
http://www.ncbi.nlm.nih.gov/pubmed/14648690
https://doi.org/10.1097/01.anes.0000296079.45446.15
http://www.ncbi.nlm.nih.gov/pubmed/18156890
https://wwwbiorxivorg/content/101101/20200915298596v1
https://wwwbiorxivorg/content/101101/20200915298596v1
https://doi.org/10.1101/2020.09.15.298596
https://doi.org/10.1371/journal.pone.0057148
https://doi.org/10.1371/journal.pone.0057148
http://www.ncbi.nlm.nih.gov/pubmed/23536761
https://doi.org/10.1097/ALN.0b013e31829e4b05
https://doi.org/10.1097/ALN.0b013e31829e4b05
http://www.ncbi.nlm.nih.gov/pubmed/23788048
https://doi.org/10.1038/nm.3356
https://doi.org/10.1038/nm.3356
http://www.ncbi.nlm.nih.gov/pubmed/24097188
https://doi.org/10.1074/jbc.M807366200
http://www.ncbi.nlm.nih.gov/pubmed/19307176
https://doi.org/10.1016/j.cell.2018.06.005
https://doi.org/10.1016/j.cell.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/30033363
https://doi.org/10.1038/s41598-017-04209-3
http://www.ncbi.nlm.nih.gov/pubmed/28634406
https://doi.org/10.1371/journal.pone.0248113


17. Thomas AM, Ostroumov A, Kimmey BA, Taormina MB, Holden WM, Kim K, et al. Adolescent nicotine

exposure alters GABAA receptor signaling in the ventral tegmental area and increases adult ethanol

self-administration. Cell Reports. 2018; 23:68–77. https://doi.org/10.1016/j.celrep.2018.03.030 PMID:

29617674

18. Flood P, Sonner James M, Gong D, Coates Kristen M. Heteromeric nicotinic inhibition by isoflurane

does not mediate MAC or loss of righting reflex. Anesthesiology. 2002; 97:902–905. https://doi.org/10.

1097/00000542-200210000-00023 PMID: 12357157

19. Koyama Y, Andoh T, Kamiya Y, Miyazaki T, Maruyama K, Kariya T, et al. Bumetanide, an inhibitor of

NKCC1 (Na-K-2Cl cotransporter isoform 1), enhances propofol-induced loss of righting reflex but not its

immobilizing actions in neonatal rats. PLoS One. 2016; 11:e0164125. https://doi.org/10.1371/journal.

pone.0164125 PMID: 27783647

20. Paxinos G, Watson C. The rat brain in stereotaxic coordinates, Fourth Edition. San Diego: Academic

Press; 1998.

21. Khazipov R, Zaynutdinova D, Ogievetsky E, Valeeva G, Mitrukhina O, Manent J-B, et al. Atlas of the

postnatal rat brain in stereotaxic coordinates. Frontiers in Neuroanatomy. 2015;9. https://doi.org/10.

3389/fnana.2015.00009 PMID: 25741243

22. Kim Y-B, Kim WB, Jung WW, Jin X, Kim YS, Kim B, et al. Excitatory GABAergic action and increased

vasopressin synthesis in hypothalamic magnocellular neurosecretory cells underlie the high plasma

level of vasopressin in diabetic rats. Diabetes. 2018; 67:486–495. https://doi.org/10.2337/db17-1042

PMID: 29212780

23. Delpire E, Baranczak A, Waterson AG, Kim K, Kett N, Morrison RD, et al. Further optimization of the K-

Cl cotransporter KCC2 antagonist ML077: development of a highly selective and more potent in vitro

probe. Bioorg Med Chem Lett. 2012; 22:4532–4535. https://doi.org/10.1016/j.bmcl.2012.05.126 PMID:

22727639

24. Blaesse P, Airaksinen MS, Rivera C, Kaila K. Cation-chloride cotransporters and neuronal function.

Neuron. 2009; 61:820–838. https://doi.org/10.1016/j.neuron.2009.03.003 PMID: 19323993

25. Rakhade SN, Fitzgerald EF, Klein PM, Zhou C, Sun H, Huganir RL, et al. Glutamate receptor 1 phos-

phorylation at serine 831 and 845 modulates seizure susceptibility and hippocampal hyperexcitability

after early life seizures. J Neurosci. 2012; 32:17800–17812. https://doi.org/10.1523/JNEUROSCI.

6121-11.2012 PMID: 23223299

26. Li H, Tornberg J, Kaila K, Airaksinen MS, Rivera C. Patterns of cation-chloride cotransporter expression

during embryonic rodent CNS development. Eur J Neurosci. 2002; 16:2358–2370. https://doi.org/10.

1046/j.1460-9568.2002.02419.x PMID: 12492431

27. Kang SK, Markowitz GJ, Kim ST, Johnston MV, Kadam SD. Age- and sex-dependent susceptibility to

phenobarbital-resistant neonatal seizures: role of chloride co-transporters. Frontiers in Cellular Neuro-

science. 2015;9. https://doi.org/10.3389/fncel.2015.00009 PMID: 25698924

28. Cardarelli RA, Jones K, Pisella LI, Wobst HJ, McWilliams LJ, Sharpe PM, et al. The small molecule

CLP257 does not modify activity of the K+–Cl− co-transporter KCC2 but does potentiate GABAA recep-

tor activity. Nature Medicine. 2017; 23:1394. https://doi.org/10.1038/nm.4442 PMID: 29216042

29. Sivakumaran S, Cardarelli RA, Maguire J, Kelley MR, Silayeva L, Morrow DH, et al. Selective inhibition

of KCC2 leads to hyperexcitability and epileptiform discharges in hippocampal slices and in vivo. J Neu-

rosci. 2015; 35:8291–8296. https://doi.org/10.1523/JNEUROSCI.5205-14.2015 PMID: 26019342

30. Spoljaric I, Spoljaric A, Mavrovic M, Seja P, Puskarjov M, Kaila K. KCC2-mediated Cl- extrusion modu-

lates spontaneous hippocampal network events in perinatal rats and mice. Cell reports. 2019; 26:1073–

1081.e1073. https://doi.org/10.1016/j.celrep.2019.01.011 PMID: 30699338

31. Chen M, Wang J, Jiang J, Zheng X, Justice NJ, Wang K, et al. APP modulates KCC2 expression and

function in hippocampal GABAergic inhibition. Elife. 2017; 6:e20142. https://doi.org/10.7554/eLife.

20142 PMID: 28054918

32. Kahle KT, Staley KJ, Nahed BV, Gamba G, Hebert SC, Lifton RP, et al. Roles of the cation-chloride

cotransporters in neurological disease. Nat Clin Pract Neurol. 2008; 4:490–503. https://doi.org/10.1038/

ncpneuro0883 PMID: 18769373

33. Lee HH, Deeb TZ, Walker JA, Davies PA, Moss SJ. NMDA receptor activity downregulates KCC2

resulting in depolarizing GABAA receptor-mediated currents. Nat Neurosci. 2011; 14:736–743. https://

doi.org/10.1038/nn.2806 PMID: 21532577

34. Rinehart J, Maksimova YD, Tanis JE, Stone KL, Hodson CA, Zhang J, et al. Sites of regulated phos-

phorylation that control K-Cl cotransporter activity. Cell. 2009; 138:525–536. https://doi.org/10.1016/j.

cell.2009.05.031 PMID: 19665974

35. Friedel P, Kahle KT, Zhang J, Hertz N, Pisella LI, Buhler E, et al. WNK1-regulated inhibitory phosphory-

lation of the KCC2 cotransporter maintains the depolarizing action of GABA in immature neurons. Sci

Signal. 2015; 8:ra65. https://doi.org/10.1126/scisignal.aaa0354 PMID: 26126716

PLOS ONE CLP290 promotes sedative midazolam effects in neonate

PLOS ONE | https://doi.org/10.1371/journal.pone.0248113 March 12, 2021 18 / 19

https://doi.org/10.1016/j.celrep.2018.03.030
http://www.ncbi.nlm.nih.gov/pubmed/29617674
https://doi.org/10.1097/00000542-200210000-00023
https://doi.org/10.1097/00000542-200210000-00023
http://www.ncbi.nlm.nih.gov/pubmed/12357157
https://doi.org/10.1371/journal.pone.0164125
https://doi.org/10.1371/journal.pone.0164125
http://www.ncbi.nlm.nih.gov/pubmed/27783647
https://doi.org/10.3389/fnana.2015.00009
https://doi.org/10.3389/fnana.2015.00009
http://www.ncbi.nlm.nih.gov/pubmed/25741243
https://doi.org/10.2337/db17-1042
http://www.ncbi.nlm.nih.gov/pubmed/29212780
https://doi.org/10.1016/j.bmcl.2012.05.126
http://www.ncbi.nlm.nih.gov/pubmed/22727639
https://doi.org/10.1016/j.neuron.2009.03.003
http://www.ncbi.nlm.nih.gov/pubmed/19323993
https://doi.org/10.1523/JNEUROSCI.6121-11.2012
https://doi.org/10.1523/JNEUROSCI.6121-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/23223299
https://doi.org/10.1046/j.1460-9568.2002.02419.x
https://doi.org/10.1046/j.1460-9568.2002.02419.x
http://www.ncbi.nlm.nih.gov/pubmed/12492431
https://doi.org/10.3389/fncel.2015.00009
http://www.ncbi.nlm.nih.gov/pubmed/25698924
https://doi.org/10.1038/nm.4442
http://www.ncbi.nlm.nih.gov/pubmed/29216042
https://doi.org/10.1523/JNEUROSCI.5205-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/26019342
https://doi.org/10.1016/j.celrep.2019.01.011
http://www.ncbi.nlm.nih.gov/pubmed/30699338
https://doi.org/10.7554/eLife.20142
https://doi.org/10.7554/eLife.20142
http://www.ncbi.nlm.nih.gov/pubmed/28054918
https://doi.org/10.1038/ncpneuro0883
https://doi.org/10.1038/ncpneuro0883
http://www.ncbi.nlm.nih.gov/pubmed/18769373
https://doi.org/10.1038/nn.2806
https://doi.org/10.1038/nn.2806
http://www.ncbi.nlm.nih.gov/pubmed/21532577
https://doi.org/10.1016/j.cell.2009.05.031
https://doi.org/10.1016/j.cell.2009.05.031
http://www.ncbi.nlm.nih.gov/pubmed/19665974
https://doi.org/10.1126/scisignal.aaa0354
http://www.ncbi.nlm.nih.gov/pubmed/26126716
https://doi.org/10.1371/journal.pone.0248113


36. Ng E, Taddio A, Ohlsson A. Intravenous midazolam infusion for sedation of infants in the neonatal inten-

sive care unit. Cochrane Database Syst Rev. 2017; 1:Cd002052. https://doi.org/10.1002/14651858.

CD002052.pub3 PMID: 28141899

PLOS ONE CLP290 promotes sedative midazolam effects in neonate

PLOS ONE | https://doi.org/10.1371/journal.pone.0248113 March 12, 2021 19 / 19

https://doi.org/10.1002/14651858.CD002052.pub3
https://doi.org/10.1002/14651858.CD002052.pub3
http://www.ncbi.nlm.nih.gov/pubmed/28141899
https://doi.org/10.1371/journal.pone.0248113

