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A B S T R A C T   

CDKL5 (cyclin-dependent kinase-like 5) deficiency disorder (CDD) is a severe neurodevelopmental encepha-
lopathy characterized by early-onset epilepsy and intellectual disability. Studies in mouse models have linked 
CDKL5 deficiency to defects in neuronal maturation and synaptic plasticity, and disruption of the excitatory/ 
inhibitory balance. Interestingly, increased density of both GABAergic synaptic terminals and parvalbumin 
inhibitory interneurons was recently observed in the primary visual cortex of Cdkl5 knockout (KO) mice, sug-
gesting that excessive GABAergic transmission might contribute to the visual deficits characteristic of CDD. 
However, the functional relevance of cortical GABAergic circuits abnormalities in these mutant mice has not 
been investigated so far. Here we examined GABAergic circuits in the perirhinal cortex (PRC) of Cdkl5 KO mice, 
where we previously observed impaired long-term potentiation (LTP) associated with deficits in novel object 
recognition (NOR) memory. We found a higher number of GABAergic (VGAT)-immunopositive terminals in the 
PRC of Cdkl5 KO compared to wild-type mice, suggesting that increased inhibitory transmission might contribute 
to LTP impairment. Interestingly, while exposure of PRC slices to the GABAA receptor antagonist picrotoxin had 
no positive effects on LTP in Cdkl5 KO mice, the selective GABAB receptor antagonist CGP55845 restored LTP 
magnitude, suggesting that exaggerated GABAB receptor-mediated inhibition contributes to LTP impairment in 
mutants. Moreover, acute in vivo treatment with CGP55845 increased the number of PSD95 positive puncta as 
well as density and maturation of dendritic spines in PRC, and restored NOR memory in Cdkl5 KO mice. The 
present data show the efficacy of limiting excessive GABAB receptor-mediated signaling in improving synaptic 
plasticity and cognition in CDD mice.   
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1. Introduction 

Mutations in the X-linked gene encoding cyclin dependent kinase 
like 5 (CDKL5) are the cause of a severe rare neurological disorder 
recently named CDKL5 deficiency disorder (CDD), which results in early 
onset seizures that are difficult to control and severe intellectual 
disability. CDD patients also display impaired vision and motor skills, 
and breathing disturbance (Bertani et al., 2006; Demarest et al., 2019a; 
Demarest et al., 2019b; Fehr et al., 2013; Guerrini and Parrini, 2012; 
Mari et al., 2005). Mice with genetically altered Cdkl5, such as the Cdkl5 
knockout (KO), provide powerful tools for the investigation of CDD 
pathophysiology (Amendola et al., 2014; Okuda et al., 2017; Tang et al., 
2017; Wang et al., 2012). Cdkl5 KO mice recapitulate a number of 
behavioral and physiological features of CDD, including deficits in 
cognition, visual impairment, and irregular breathing (Amendola et al., 
2014; Fuchs et al., 2015; Lo Martire et al., 2017; Mazziotti et al., 2017; 
Ren et al., 2019; Trazzi et al., 2018; Wang et al., 2012). 

The neurological symptoms associated with CDD along with the 
abundant expression of CDKL5 in the brain (Hector et al., 2016; Montini 
et al., 1998) suggest that CDKL5 plays a role in brain development and 
function. Moreover, its localization in mature neurons within different 
subcellular compartments, including the nucleus and dendritic spines 
(Chen et al., 2010; Ricciardi et al., 2012; Rusconi et al., 2008), implies 
that CDKL5 plays multiple roles by regulating distinct signaling path-
ways. Recent studies using Cdkl5 KO neurons and mice have demon-
strated that CDKL5 regulates axon outgrowth (Nawaz et al., 2016) and 
dendritic morphogenesis (Amendola et al., 2014; Chen et al., 2010; 
Fuchs et al., 2015; Fuchs et al., 2014). Increasing evidence also suggests 
that CDKL5 plays a role in excitatory synapse development and function 
in the adult brain. A significant reduction in spine density and in the 
number of mature spines in the hippocampus, cerebral cortex, and 
thalamus of Cdkl5 KO mice (Della Sala et al., 2016; Lupori et al., 2019; 
Pizzo et al., 2016; Pizzo et al., 2020; Ren et al., 2019; Trazzi et al., 2016) 
implies a reduction in the excitatory synaptic inputs that may contribute 
to the impairment of activity-dependent synaptic plasticity observed in 
the somatosensory (Della Sala et al., 2016) and perirhinal (Ren et al., 
2019) cortex. 

Since Cdkl5 is expressed at high levels in inhibitory interneurons 
(Rusconi et al., 2008), the change in the excitatory/inhibitory balance in 
the CDKL5-deficient brain that alters synaptic plasticity and triggers 
learning and memory deficits might also depend on altered inhibitory 
interneuron function. Recent studies have shown that CDKL5 deficiency 
resulted in an increase in the inhibitory synaptic marker VGAT (Lupori 
et al., 2019; Pizzo et al., 2016) and in the density of parvalbumin 
inhibitory interneurons in the primary visual cortex (Pizzo et al., 2016), 
suggesting an enhancement of GABAergic transmission that might 
contribute to the visual deficits characteristic of CDD. However, the 
relationship between GABAergic abnormalities in the cerebral cortex 
and the functional deficits observed in these mice has not been inves-
tigated so far. 

In a recent study in Cdkl5 KO mice, we found that long-term 
potentiation (LTP) is impaired in the perirhinal cortex (PRC) (Ren 
et al., 2019), an association cortex that is crucial for recognition memory 
(Brown and Aggleton, 2001). This functional deficit was associated with 
reduced spine density and maturation and impairment of novel object 
recognition (NOR) memory (Ren et al., 2019). Inhibition mediated by 
GABAB receptors in the PRC plays a major role in the regulation of 
neuronal excitability in a frequency-dependent manner (Ziakopoulos 
et al., 2000), and may be critical for recognition memory formation. 
Thus, in the present study we examined the effect of GABAergic trans-
mission inhibition in the PRC of Cdkl5 KO mice. We found that in vitro 
exposure to a GABAB receptor antagonist rescued defective LTP in PRC 
slices, and acute in vivo treatment with the same antagonist increased the 
number of PSD95 positive puncta and the number and maturation of 
dendritic spines in PRC, and restored NOR memory. 

2. Materials and methods 

2.1. Animal husbandry 

The mice used in this work derive from the Cdkl5 KO strain in the 
C57BL/6 N background developed in (Amendola et al., 2014) and 
backcrossed in C57BL/6 J for three generations. Hemizygous Cdkl5 KO 
(− /Y) mice were produced and karyotyped as described (Amendola 
et al., 2014). Age-matched wild-type (+/Y) littermates were used for all 
experiments. The day of birth was designated as postnatal day (P) zero 
and animals with 24 h of age were considered as 1-day-old animals (P1). 
Mice were housed 3–5 per cage on a 12 h light/dark cycle in a tem-
perature- (23 ◦C) and humidity-controlled environment with standard 
mouse chow and water ad libitum. The animals’ health and comfort were 
controlled by the veterinary service. All research and animal care pro-
cedures were performed according to protocols approved by the Italian 
Ministry for Health and by the Bologna University Bioethical Commit-
tee. All efforts were made to minimize animal suffering and to keep the 
number of animals used to a minimum. 

2.2. Experimental protocol 

Experiments were carried out on 2-month-old Cdkl5 +/Y and Cdkl5 
-/Y male mice. Treated animals received a single intraperitoneal injec-
tion of CGP55845 (0.5 mg/kg suspended in saline, 10 mL/kg), or saline 
only. The dosage of 0.5 mg/kg CGP55845 was chosen on the basis of 
previous studies (Kleschevnikov et al., 2012). Two hours after treatment 
mice were behaviorally tested and subsequently sacrificed for histo-
logical analyses. 

2.3. RNA isolation and RT-qPCR 

RNA isolation and RT-qPCR were conducted on Cdkl5 +/Y (n = 8) 
and Cdkl5 -/Y (n = 8) mice. Animals were euthanized with isoflurane 
(2% in pure oxygen) and sacrificed through cervical dislocation. The 
brain was quickly removed, and the cortex underwent mRNA isolation 
using the TRI Reagent method according to the manufacturer’s in-
structions (Sigma-Aldrich, St. Louis, MO, USA). cDNA synthesis was 
achieved with 2 μg of total RNA using iScript™ Advanced cDNA Syn-
thesis Kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s 
instructions. Real-time PCR was performed using SsoAdvanced Univer-
sal SYBR Green Supermix (Bio-Rad) in an iQ5 Real-Time PCR Detection 
System (Bio-Rad). We used primer pairs (Supplementary table 1) that 
gave an efficiency close to 100%. Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was used as a reference gene for normalization in 
the qPCR. Relative quantification was performed using the ΔΔCt 
method (Livak and Schmittgen, 2001). 

2.4. Histological analysis 

Histological analyses were conducted on behaviorally naïve animals 
(immunohistochemistry for VGAT and gephyrin) or vehicle/CGP55845- 
treated mice 1 h after behavioral testing (Golgi staining and immuno-
histochemistry for the scaffolding postsynaptic density protein 95, 
PSD95). Animals were euthanized with isoflurane (2% in pure oxygen) 
and sacrificed through cervical dislocation. Brains were quickly 
removed and cut along the midline. Right hemispheres were fixed via 
immersion in 4% paraformaldehyde in 100 mM phosphate buffer, pH 
7.4, stored in fixative for 48 h, kept in 20% sucrose for an additional 24 
h, and then frozen with cold ice. Right hemispheres were cut with a 
freezing microtome into 30 μm-thick coronal sections that were serially 
collected in anti-freeze solution (30% glycerol; 30% ethylen-glycol; 10% 
PBS10X; 0.02% sodium azide; MilliQ to volume) and processed for 
immunohistochemistry procedures as described below. Left hemi-
spheres were Golgi-stained as described below. For GABABR immuno-
fluorescence, animals were anesthetized with an intraperitoneal 
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injection of Avertine (Sigma-Aldrich) and transcardially perfused, first 
with 10 mL 0.1 M PBS (pH 7.4) and then with ice-cold para-
formaldehyde [4% in 0.1 M phosphate buffer (PB), pH 7.4]. After 
perfusion, the brains were dissected and kept in the same fixative so-
lution overnight at 4 ◦C. Brains were then cryoprotected by immersion in 
10, 20, and 30% sucrose-PB solutions, cut in 30 μm sections with a 
cryostat and stored at − 20 ◦C in a solution containing 30% ethylene 
glycol and 25% glycerol until use. All steps of sectioning, imaging, and 
data analysis were conducted blindly to genotype and treatment. 

2.5. Immunohistochemistry 

After several PBS rinses, one out of every 6 free-floating serial cor-
onal sections of the PRC were put in a blocking solution for 1 h, followed 
by overnight incubation at room temperature with the following pri-
mary antibodies: rabbit polyclonal anti-VGAT antibody (1:500; Synaptic 
System), mouse monoclonal anti-gephyrin antibody (1:500; Synaptic 
System), rabbit polyclonal anti-PSD95 antibody (1:1000, Abcam), 
guinea pig polyclonal anti-GABABR antibody (1:2000; Chemicon). The 
following day, sections were washed and incubated with appropriate 
fluorescent secondary antibodies (1:200, Jackson ImmunoResearch 
Laboratories, Inc.). After several PBS rinses, the sections were mounted 
on gelatin-coated glass slides and coverslipped with Dako fluorescence 
mounting medium (Dako Italia, Milan, Italy). 

For quantification of synaptic puncta, images that were processed for 
VGAT, gephyrin and PSD95 immunofluorescence were acquired with a 
Leica TCS SL confocal microscope. In each section, four images from the 
PRC were captured and the density of individual puncta exhibiting 
immunoreactivity for a specific antibody was evaluated in layers II-III, 
as previously described in (Pizzo et al., 2016). For the GABABR immu-
nosignal analysis, confocal images of the PRC were acquired in corre-
sponding sections from six animals per genotype with a laser scanning 
confocal microscope (LSM5 Pascal; Zeiss, Germany) using a 40×
objective, 1 μm Z-step (1.4 numerical aperture) and the pinhole set at 1 
Airy unit. Images were background subtracted with ImageJ software 
(NIH, USA) using the intensity of corpus callosum background staining 
as threshold. Immunopositive cells were manually counted using the 
point tool in ImageJ software (Image processing and analysis in Java, 
NIH, USA). The ROI Manager tool in ImageJ software was employed to 
quantify integrated optical density. 

2.6. Golgi staining 

Left hemispheres were Golgi-stained using the FD Rapid Golgi Stain 
TM Kit (FD NeuroTechnologies). Briefly, hemispheres were immersed in 
the impregnation solution that contained mercuric chloride, potassium 
dichromate, and potassium chromate and stored at room temperature in 
darkness for 2–3 weeks. Hemispheres were cut with a microtome into 
100 μm-thick coronal sections that were directly mounted onto gelatin- 
coated slides and were air dried at room temperature in the dark for an 
additional 2–3 days. After drying, sections were rinsed with distilled 
water and subsequently stained in the developing solution of the kit. A 
light microscope (Leica Mycrosystems) equipped with a motorized stage 
and focus control system and a color digital camera (Coolsnap-Pro; 
Media Cybernetics) were used to take bright field images. Measurements 
were carried out using Image Pro Plus software (Media Cybernetics). 

2.6.1. Spine density and morphology 
In Golgi-stained sections, spines of apical dendritic branches of layer 

II-III perirhinal neurons were acquired using a 100× oil immersion 
objective lens. Dendritic spine density was measured by manually 
counting the number of dendritic spines. In each mouse, 12–15 dendritic 
segments (segment length: 10 μm) from each zone were analyzed and 
spine density was expressed as the total number of spines per 10 μm. 
Based on their morphology, dendritic spines can be divided into two 
different categories that reflect their state of maturation: immature 

spines and mature spines. The number of spines belonging to each class 
was counted and expressed as a percentage. 

2.7. Western blotting 

Western blot analyses were conducted on behaviorally naïve ani-
mals. Western blotting was carried out in homogenates of the PRC. In 
order to obtain samples of the PRC in isolation, the brain was cut into 
horizontal slices (400 μm-thick) taken during the same procedure used 
for electrophysiological recording described below. PRC samples from 4 
slices per animal gave a sufficient amount of material for western blot 
analysis. Total proteins were obtained as previously described (Trazzi 
et al., 2014). Protein concentration was determined using the Bradford 
method (Bradford, 1976). Equivalent amounts 50 μg of protein were 
subjected to electrophoresis on a BOLT Bis-Tris Plus gel (Thermo Fisher 
Scientific) and transferred to a Hybond ECL nitrocellulose membrane 
(Amersham - GE Healthcare Life Sciences). The following primary an-
tibodies were used: rabbit polyclonal anti-VGAT antibody (1:1000; 
Synaptic System), mouse monoclonal anti-GABABR antibody (1:500; 
Merck Millipore), rabbit polyclonal anti-GIRK2 antibody (1:500; Alo-
mone Labs), rabbit polyclonal anti-BDNF (1:500, Santa Cruz Biotech-
nology), and rabbit polyclonal anti-GAPDH (1:5000, Sigma-Aldrich). 
HRP-conjugated goat anti-rabbit or goat anti mouse IgG (1:5000, 
Jackson ImmunoResearch Laboratories) secondary antibody was used. 
Densitometric analysis of digitized images was performed using Chem-
idoc XRS Imaging Systems and Image Lab™ Software (Bio-Rad). 

2.8. Electrophysiology 

Preparation of horizontal brain slices (400 mm-thick, including the 
PRC, the entorhinal cortex, and the hippocampus), electrophysiological 
recording of evoked field excitatory postsynaptic potentials (fEPSP), and 
measurement of fEPSP amplitude were performed as previously re-
ported (Aicardi et al., 2004; Ren et al., 2019; Roncace et al., 2017). Field 
excitatory postsynaptic potentials (fEPSPs) evoked in layers II-III of the 
PRC by stimuli of increasing strength (20–220 μA) delivered at 0.033 Hz 
by a bipolar electrode positioned in layers II–III of the PRC (at 400–500 
μm from the recording electrode, in rostral direction) were recorded to 
obtain input-output relations of the extracellular field potential. In LTP 
experiments, responses were recorded at 0.5 min intervals for 10 min 
before and for at least 60 min after theta burst stimulation (TBS). 
Stimulus intensity was adjusted to induce ~50% of the maximal syn-
aptic response. After at least 10 min of stable baseline recording, TBS 
(four trains every 15 s, each train comprising 10 bursts of 5 pulses at 100 
Hz, inter-burst interval 150 ms) was applied to induce LTP. LTP was 
defined as an increase in fEPSP amplitude of at least 10% at 25–30 min 
after TBS, and for the remainder of the recording (60 min after TBS). 
Some slices were treated with the selective antagonists for GABAA re-
ceptors (picrotoxin, 100 μM; Sigma-Aldrich) or GABAB receptors 
(CGP55845, 1 μM; Sigma-Aldrich) during the recording session. 
CGP55845 was preliminarily dissolved in concentrated aliquots and 
stored at − 20 ◦C, then re-dissolved to the final concentrations in artifi-
cial cerebrospinal fluid. Picrotoxin was directly dissolved in artificial 
cerebrospinal fluid. 

2.9. Behavioral testing 

The behavioral test was performed by operators who were blind to 
genotype and treatment. Mice were allowed to habituate to the testing 
room for at least 1 h before the test. The test was performed in an open 
field arena (50 × 50 cm) and the behavior of the mice was monitored 
using a video camera placed above the center of it. The experiments 
were scored using EthoVision XT ver. 14 software (Noldus). Test 
chambers were cleaned with 70% ethanol between test subjects. 
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2.9.1. Pretraining habituation 
The animals were habituated in an empty (without objects) open 

field arena for 2 days before the commencement of behavioral testing. 
Each animal was placed in the center of the arena and allowed to freely 
explore the open field for 20 min. 

2.9.2. NOR task 
The procedure involved a familiarization phase, followed by a 

preference test phase (Fig. 5A,B). In the familiarization phase (10 min 
duration), each animal was placed in the same arena (of the pretraining 
habituation), which in this phase contained four identical objects 
(plastic tubes, too heavy for the animal to displace; objects 1–4), each of 
them placed near one of the four corners of the arena (15 cm from each 
adjacent wall). After a delay of 1 h, during which one of the four objects 
(object 1) was replaced by a novel object (a wooden cube; objects 2–4 
remained in the same positions), the animal was returned to the arena 
for the preference test phase (10 min duration; Fig. 5A,B). 

Exploration behavior was measured as previously described (Ren 
et al., 2019). Data obtained from the 10 min of the test period are pre-
sented and a preference index of above 25% indicates the preference for 
an object. 

2.10. Statistical analysis 

If the data sets passed normality test and equal variance test, we 
performed Student’s t-test or two-way ANOVA followed by Fischer or 

Tukey post hoc tests as specifically indicated in the text of each figure 
legend, using GraphPad Prism software (La Jolla). All values are pre-
sented as mean ± SEM, and n indicates the number of mice. A proba-
bility level of p < 0.05 was considered to be statistically significant. 

3. Results 

3.1. GABAergic transmission in the perirhinal cortex of Cdkl5 -/Y mice 

To assess the impact of the lack of Cdkl5 on the inhibitory circuitry, 
we stained for VGAT, a presynaptic marker of inhibitory synapses 
(Chaudhry et al., 1998). VGAT localizes to synaptic vesicles and can be 
taken as an index of abundance of GABAergic inhibitory terminals. In 
line with previous evidence in the primary visual cortex of Cdkl5 -/Y 
mice (Lupori et al., 2019; Pizzo et al., 2016), we found an increased 
number of VGAT positive puncta (Fig. 1A,B) in the PRC of Cdkl5 -/Y 
mice. Similarly, VGAT levels were higher in homogenates of the PRC 
from Cdkl5 -/Y vs. +/Y mice (Fig. 1C,D). 

To get further insight into structural changes in GABAergic inhibi-
tory synapses, we next investigated the postsynaptic compartments. 
First, we analyzed the expression of gephyrin, a scaffolding protein that 
anchors, clusters, and stabilizes GABAA receptors at inhibitory synapses 
(Choii and Ko, 2015). As shown in Fig. 2A and B, we found no significant 
changes in the density of gephyrin-positive puncta in the PRC of Cdkl5 
-/Y mice. 

Sustained inhibitory signaling in the brain, including the PRC 

Fig. 1. Presynaptic connectivity is altered in the 
perirhinal cortex of Cdkl5 -/Y mice (A) A represen-
tative image of PRC processed for fluorescent VGAT 
immunostaining (red) of a Cdkl5 KO (− /Y) mouse 
(panel on the left; scale bar = 100 μm). Nuclei are 
stained with Hoechst (blue). The dotted box indicates 
the region shown at a higher magnification in the 
panels on the right (scale bar = 50 μm). Roman nu-
merals in the representative image of PRC stained for 
Hoechst (blue) indicate cytoarchitectonic layers. The 
dotted box in the representative image of PRC pro-
cessed for VGAT immunostaining (red) indicates the 
region shown at a higher magnification in (C). (B) 
Number of VGAT positive puncta per μm2 in layer II- 
III of the PRC of +/Y (n = 3 mice) and Cdkl5 -/Y (n =
4 mice) mice. (C) Representative confocal images of 
PRC sections processed for VGAT immunohisto-
chemistry from a Cdkl5 +/Y mouse and a Cdkl5 -/Y 
mouse. Scale bar = 2 μm. (D) Western blot analysis of 
VGAT level normalized to glyceraldehyde 3-phospha-
tedehydorgenase (GAPDH) levels in PRC of Cdkl5 
+/Y (n = 8 mice) and Cdkl5 -/Y (n = 8 mice) mice. 
(E) Immunoblots are examples of VGAT level in PRC 
extracts from 2 animals of each experimental group. 
Values represent mean ± SEM. *p < 0.05, ***p <
0.001 (Student’s t-test).   
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(Garden et al., 2002), is mainly mediated by GABAB receptors 
(GABABRs) (Terunuma et al., 2014) to both the presynaptic and post-
synaptic sites of glutamatergic and GABAergic neurons. We evaluated 
the expression levels of the GABABR in the PRC of Cdkl5 -/Y and +/Y 
mice using immunohistochemistry and western blot analysis. As shown 
in Fig. 2C-H, no differences in mean GABABR1 staining (Fig. 2D), in the 
number of GABABR1-positive cells (Fig. 2C,E), or in GABABR1 expres-
sion levels (Fig. 2F,H and Table 1) were observed. Similarly, we found 
no difference in the levels of GIRK2, an inward rectifying K+ channel 
activated by the GABAB receptors (Fig. 2G,H), in the PRC of Cdkl5 -/Y 
and +/Y mice. Again, cortical GABAA receptor subunits expression 
levels were not different in the PRC of Cdkl5 -/Y and +/Y mice (Table 1). 

3.2. Effect of GABAA and GABAB receptor-mediated inhibition on the 
input-output relations in the perirhinal cortex of Cdkl5 -/Y mice 

In order to establish whether GABAergic inhibition through GABAA 
or GABAB receptors affects basal synaptic function, we examined the 
input-output relations in the superficial layers of PRC slices before and 
after exposure to the GABAA receptor antagonist picrotoxin (100 μM), or 
the GABAB receptor antagonist CGP55845 (1 μM). We found that in 
Cdkl5 +/Y PRC slices exposed to picrotoxin or CGP55845 there was no 
increase in the magnitude of the afferent volley (Fig. 3A,C) or in that of 
the synaptic response (Fig. 3B,D). Similarly, in Cdkl5 -/Y PRC slices 
exposed to picrotoxin or CGP55845 there was no increase in the 
magnitude of the afferent volley (Fig. 3E,G). Interestingly, we observed 
a significant increase in the magnitude of the synaptic response in Cdkl5 
-/Y PRC slices exposed to picrotoxin (Fig. 3F), but not to CGP55845 
(Fig. 3H), suggesting that a GABAergic signaling inhibition, via GABAA 
receptors, induces an increase in the excitability of the Cdkl5-deficient 
neurons in PRC. 

3.3. The GABAB receptor antagonist CGP55845 restored LTP magnitude 
in the perirhinal cortex of Cdkl5 -/Y mice 

We recently showed that the magnitude of TBS-induced LTP is 
reduced in the PRC of Cdkl5 -/Y mice (Ren et al., 2019). In order to 
examine whether excessive GABAergic inhibition might contribute to 
LTP impairment, we carried out experiments in which PRC slices from 
Cdkl5 -/Y or +/Y mice were pharmacologically disinhibited by picro-
toxin (100 μM), or CGP55845 (1 μM). As present experiments were 
carried out together with others, in which we evaluated the effect on LTP 
of another pharmacological treatment (Ren et al., 2019), LTP data 

Fig. 2. Postsynaptic inhibitory connectivity 
is unchanged in the perirhinal cortex of 
Cdkl5 -/Y mice (A) Number of gephyrin 
positive puncta per μm2 in layer II-III of the 
PRC of +/Y (n = 4 mice) and Cdkl5 -/Y (n =
3 mice) mice. (B) Representative confocal 
images of PRC sections processed for 
gephyrin immunohistochemistry from a 
Cdkl5 +/Y mouse and a Cdkl5 -/Y mouse. 
Scale bar = 2 μm. (C) Number of GABAB 
positive cells per mm2 in layer II-III of the 
PRC of +/Y (n = 6 mice) and Cdkl5 -/Y (n =
6 mice) mice. (D) Mean optical density (OD) 
of GABAB positive cells in the PRC of +/Y (n 
= 6 mice) and Cdkl5 -/Y (n = 6 mice) mice 
expressed as % of the OD in Cdkl5 +/Y mice. 
(E) Representative confocal images of PRC 
sections processed for GABAB immunohis-
tochemistry from a Cdkl5 +/Y mouse and a 
Cdkl5 -/Y mouse. Scale bar = 25 μm. (F) 
Western blot analysis of GABABR1 levels 
normalized to GAPDH levels in the PRC of 
Cdkl5 +/Y (n = 7 mice) and Cdkl5 -/Y (n = 7 
mice) mice. (G) Western blot analysis of 
GIRK2 levels normalized to GAPDH levels in 
the PRC of Cdkl5 +/Y (n = 8 mice) and 
Cdkl5 -/Y (n = 8 mice) mice. (H) Immuno-
blots are examples of GABABR1, GIRK2 and 
GAPDH level in PRC extracts from 2 animals 
of each experimental group. Values repre-
sent mean ± SEM. (Student’s t-test).   

Table 1 
Expression levels of GABA receptor genes in Cdkl5 +/Y and Cdkl5 -/Y mice. 
Arbitrary values assigned for different levels of mRNA expression in cortex of 
Cdkl5 -/Y (n = 8 mice) and Cdkl5 +/Y (n = 8 mice) mice. Relative quantification 
was performed using the ΔΔCt method. mRNA levels in tissues obtained from 
Cdkl5 +/Y mice were set to 1, and relative expression levels in Cdkl5 -/Y mice 
are represented as mean ± SEM. n.s. not significant (Student’s t-test).   

Cdkl5 +/Y Cdkl5 -/Y p 

GABABR1b 1.0 ± 0.10 0.93 ± 0.15 n.s. 
GABABR2 1.0 ± 0.09 0.96 ± 0.03 n.s. 
GABAAR1 1.0 ± 0.09 1.35 ± 0.11 n.s. 
GABAAR2 1.0 ± 0.17 0.77 ± 0.05 n.s. 
GABAAR3 1.0 ± 0.04 1.07 ± 0.07 n.s. 
GABAAR4 1.0 ± 0.04 1.07 ± 0.07 n.s. 
GABAAR5 1.0 ± 0.14 0.90 ± 0.08 n.s.  
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obtained in untreated Cdkl5 -/Y and +/Y PRC slices are the same. Here 
we found that in both Cdkl5 -/Y and +/Y PRC slices exposed to picro-
toxin, the magnitude of LTP 55–60 min after TBS was lower in com-
parison with that of the corresponding untreated Cdkl5 -/Y or +/Y PRC 
slices (Fig. 4A,B). In Cdkl5 +/Y PRC slices treated with the selective 
inhibitor of GABAB receptors, CGP55845, the magnitude of LTP 55–60 
min after TBS was similar to that of untreated Cdkl5 +/Y PRC slices 
(Fig. 4C,D). Importantly, LTP magnitude was restored in Cdkl5 -/Y PRC 
slices exposed to CGP55845 (Fig. 4C,D), suggesting that excessive in-
hibition mediated by GABAB receptors contributes to its impairment. 

3.4. Altered NOR recognition memory in Cdkl5 -/Y mice is rescued by 
treatment with the GABAB receptor antagonist CGP55845 

Balance between excitatory and inhibitory neurotransmission is a 
necessary pre-requisite for activity-dependent synaptic plasticity and, 

hence, efficient learning and memory. NOR memory refers to the ability 
to judge a previously encountered object as familiar and, in rodent 
brains, depends on the integrity of the PRC (Bussey et al., 2000; Bussey 
et al., 1999). We recently reported that this kind of memory, evaluated 
using the NOR test, is impaired in Cdkl5 -/Y mice (Ren et al., 2019). As 
our electrophysiology data suggest that excessive inhibition mediated by 
GABAB receptors contributes to LTP impairment in PRC of Cdkl5 -/Y 
mice, it is reasonable to hypothesize that it might also play a role in NOR 
memory impairment. To test this hypothesis, we investigated whether 
acute treatment with CGP55845 (0.5 mg/kg, i.p. injections 2 h before 
NOR test; Fig. 5A) could improve NOR in Cdkl5 KO mice. A 4-object NOR 
test was performed in an open field arena, preceded by a 2-day habit-
uation phase in the open field arena without objects. The NOR test 
started on the third day with a familiarization phase (10 min duration in 
the presence of 4 objects) followed, after a delay of 1 h (during which 
one of the four objects was replaced by a novel object), by the preference 

Fig. 3. Effect picrotoxin and CGP55845 on input- 
output relations in the perirhinal cortex of Cdkl5 
+/Y and Cdkl5 -/Y mice (A,B) Magnitude of presyn-
aptic volley (A) and synaptic response (B) evoked in 
layers II/III PRC as a function of stimulus strength in 
control slices (n = 10 slices from 8 mice) from Cdkl5 
+/Y mice and in picrotoxin (Picro; 100 μM)-treated 
slices (n = 5 slices from 4 mice) from Cdkl5 +/Y mice. 
(C,D) Magnitude of presynaptic volley (C) and syn-
aptic response (D) evoked in layers II/III PRC as a 
function of stimulus strength in control slices (n = 10 
slices from 8 mice) from Cdkl5 +/Y mice and in 
CGP55845 (CGP; 1 μM)-treated slices (n = 5 slices 
from 4 mice) from Cdkl5 +/Y mice. (E,F) Magnitude 
of presynaptic volley (E) and synaptic response (F) 
evoked in layers II/III PRC as a function of stimulus 
strength in control slices (n = 8 slices from 8 mice) 
from Cdkl5 -/Y mice and in picrotoxin-exposed slices 
(n = 5 slices from 5 mice) from Cdkl5 -/Y mice. (G,H) 
Magnitude of presynaptic volley (G) and synaptic 
response (H) evoked in layers II/III PRC as a function 
of stimulus strength in control slices (n = 8 slices 
from 8 mice) from Cdkl5 -/Y mice and CGP55845- 
exposed slices (n = 4 slices from 3 mice) from 
Cdkl5 -/Y mice. Values represent mean ± SEM. *p <
0.05, ***p < 0.001 (Tukey’s LSD after 2-WAY 
ANOVA).   
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test phase (10 min duration). CGP55845 was injected 2 h before the 
familiarization phase (Fig. 5A,B). 

In line with our previous results (Ren et al., 2019), while all groups 
spent equal time exploring the four objects during the familiarization 
phase (Fig. 5C), vehicle-treated Cdkl5 +/Y spent significantly more time 
exploring the novel object in the test phase, i.e. its preference index was 
significantly larger (Fig. 5D); but the preference index was similar for 
the four objects in vehicle-treated Cdkl5 -/Y mice (Fig. 5D), indicating a 
deficit in remembering the identity of an object in an open field. Inter-
estingly, treatment with CGP555845 rescued NOR memory in Cdkl5 -/Y 
mice, whereas it impaired it in Cdkl5 +/Y mice (Fig. 5D). 

To monitor possible changes in spontaneous locomotion after treat-
ment with CGP555845, the total distance traveled, and average velocity 
of movement were evaluated. Cdkl5 -/Y mice showed a slightly reduced 
locomotor activity compared to Cdkl5 +/Y mice (Supplementary Fig. 1). 
Interestingly, treatment with the GABAB receptor antagonist decreased 
spontaneous locomotor activity of both Cdkl5 -/Y and +/Y mice (Sup-
plementary Fig. 1A,B). These observations suggest that the physiological 
balance between excitation and inhibition is crucial for motor behavior, 
and that the reduced locomotor activity observed in Cdkl5 -/Y mice is 
not due to excessive GABAB receptor-mediated signaling. 

3.5. Impaired spine number and maturation and synaptic connectivity in 
Cdkl5 -/Y mice are improved by treatment with the GABAB receptor 
antagonist CGP55845 

Enhancement of NOR memory by the GABAB receptor antagonist in 
Cdkl5 -/Y mice can involve several mechanisms. We recently demon-
strated that PRC neurons from Cdkl5 mutant mice show several 
morphological alterations, including impaired spine density/maturation 
and impaired excitatory synaptic connectivity, as shown by a reduced 
number of PSD95 positive puncta (Ren et al., 2019). To evaluate 

whether the observed functional improvement is accompanied by a 
structural improvement, mice were sacrificed 4 h after treatment 
(Fig. 5A) to measure spine density/maturation and PSD95-positive 
puncta. Treatment with CGP55845 significantly improved the number 
of spines (Fig. 6A,B), as well as the balance between immature and 
mature spines (Fig. 6B,C) in the PRC of Cdkl5 -/Y mice. Moreover, it 
caused a small but significant increase of PSD95 immunoreactive puncta 
in the PRC of Cdkl5 -/Y mice (Fig. 6D,E). On the contrary, it had no 
effects on spine density (Fig. 6A,B) or maturation (Fig. 6B,C) in the PRC 
of Cdkl5 +/Y mice, but significantly reduced the number of PSD95- 
positive puncta (Fig. 6D,E). 

It was reported that GABAB antagonists increase brain levels of the 
brain-derived neurotrophic factor (BDNF) (Heese et al., 2000; Kle-
schevnikov et al., 2012), which is necessary for the formation and 
maturation of dendritic spines during postnatal development (Chapleau 
et al., 2009). To investigate the molecular mechanisms underlying the 
improvement of dendritic spine maturation, we examined BDNF levels 
in PRC homogenates of Cdkl5 -/Y and +/Y mice following administra-
tion of vehicle or CGP55845. PRC samples were collected 2 h after 
treatment. Levels of BDNF were similar in Cdkl5 -/Y and Cdkl5 +/Y mice 
treated with the vehicle or CGP55845 (Supplementary Fig. 2). Thus, the 
molecular mechanism underlying CGP55845-induced effects on den-
dritic spines remains to be determined. 

4. Discussion 

An important characteristic of the clinical phenotype in CDD is in-
tellectual disability and, in particular, impairment of learning and 
memory. Studies of mouse genetic models have revealed that deficient 
NOR and spatial memory in CDD could be a result of reduced synaptic 
plasticity (Ren et al., 2019; Tang et al., 2017), and that a decreased 
number and reduced efficacy of excitatory synapses could play a critical 

Fig. 4. Effect of picrotoxin and CGP55845 on LTP in 
the perirhinal cortex of Cdkl5 +/Y and Cdkl5 -/Y mice 
(A) Magnitude of TBS-induced LTP in layers II-III PRC 
of Cdkl5 +/Y and Cdkl5 -/Y control slices and slices 
exposed to picrotoxin (Picro; 100 μM). Here and in 
the following panels (B–D), the magnitude of the 
response is expressed as a percentage of the average 
amplitude of responses recorded 10 min before LTP 
induction. Here, and in panel C, the arrow indicates 
the time of TBS delivery. Recordings were carried out 
in control slices (n = 9 slices from 5 mice) from Cdkl5 
+/Y mice (+/Y), control slices (n = 11 slices from 5 
mice) from Cdkl5 -/Y mice (− /Y), picrotoxin-exposed 
slices (n = 5 slices from 3 mice) from Cdkl5 +/Y mice 
(+/Y + Picro), and picrotoxin-exposed slices (n = 4 
slices from 3 mice) from Cdkl5 -/Y mice (− /Y +
Picro). (B) Averaged magnitude of the responses 
recorded 55–60 min after TBS (same data as in (A)). 
(C) Magnitude of TBS-induced LTP in layers II-III PRC 
of Cdkl5 +/Y and Cdkl5 -/Y control slices and slices 
exposed to CGP55845 (CGP; 1 μM). Recordings were 
carried out in control slices (n = 9 slices from 5 mice) 
from Cdkl5 +/Y mice (+/Y), control slices (n = 11 
slices from 5 mice) from Cdkl5 -/Y mice (− /Y), 
CGP55845-exposed slices (n = 4 slices from 2 mice) 
from Cdkl5 +/Y mice (+/Y + CGP) and CGP55845- 
exposed slices (n = 5 slices from 3 mice) from 
Cdkl5 -/Y mice (− /Y + CGP). (D) Averaged magni-
tude of the responses recorded 55–60 min after TBS 
(same data reported in (C)). Values represent mean ±
SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (Tukey’s 
LSD after 2-WAY ANOVA).   
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role in these abnormalities (Della Sala et al., 2016; Pizzo et al., 2016; 
Ren et al., 2019). Here we present the first evidence that excessive in-
hibition mediated by GABAB receptors contributes to LTP impairment in 
PRC slices from Cdkl5 KO mice. Moreover, acute in vivo treatment with 
the GABAB receptor antagonist CGP55845 restored NOR memory in 
these mice, increased the number of PSD95 positive puncta and 
normalized the morphology of dendritic spines in PRC. 

An excess of inhibitory efficiency in the Cdkl5 KO mouse model was 
first suggested based on histological studies in the primary visual cortex, 
that demonstrated increased density of parvalbumin-positive inhibitory 
neurons and immunoreactivity of the vesicular GABA transporter 
(VGAT), a protein selectively expressed in GABAergic axon terminals 
(Pizzo et al., 2016). Here we found a similar increase in the levels of 
VGAT in PRC of Cdkl5 -/Y mice, suggesting that an excess of inhibition 
also occurs in this cortical area. Differently, no significant alterations in 
VGAT staining were described in the thalamus (Lupori et al., 2019), and 

a reduction of the GABA-related marker GAD67 was observed in the 
molecular layer of the cerebellum in Cdkl5 -/Y mice (Sivilia et al., 2016), 
suggesting a region-specific effect of CDKL5 on GABAergic connectivity. 
In contrast, our findings showing that gephyrin, GABAB receptors, 
GABAA receptors, and GIRK2 levels are not different in the PRC between 
Cdkl5 KO and wild-type mice, suggest that the absence of CDKL5 does 
not produce major effects on the organization of the inhibitory post- 
synaptic compartment. Interestingly, our current data are in line with 
previous findings showing that the density of gephyrin-positive puncta is 
unaffected in the primary visual cortex of Cdkl5 mutant mice (Pizzo 
et al., 2016). 

In line with the increased VGAT-positive pre-synaptic terminals, we 
found that input-output relation of glutamatergic synaptic transmission 
in the PRC of Cdkl5 -/Y mice was affected by inhibition of GABAA 

Fig. 5. Effect of treatment with CGP55845 on NOR memory in Cdkl5 +/Y and 
Cdkl5 -/Y mice (A,B) Experimental design for the NOR task. CGP55845 (0.5 
mg/kg suspended in saline), or equivalent volume of saline only, was injected 
intraperitoneally in the mouse before the beginning of the familiarization 
phase, in which it was allowed to explore for 10 min four identical objects 
placed near the corners of a 50x50cm arena. After a delay of 1 h, during which 
one of the four objects (object 1) was replaced by a novel object, the animal was 
returned to the arena for the preference test phase (10 min duration). One hour 
later it was sacrificed for histological analyses. (C) Percentage of time spent 
exploring the four identical objects during the familiarization phase. Groups of 
mice: vehicle-treated Cdkl5 +/Y (+/Y; n = 20 mice), vehicle-treated Cdkl5 -/Y 
(− /Y; n = 27 mice), CGP55845-treated Cdkl5 +/Y (+/Y + CGP; n = 14 mice), 
CGP55845-treated Cdkl5 -/Y (− /Y + CGP; n = 12 mice) mice. (D) Percentage of 
time exploring the new object 1 and the previous identical objects 2–4 during 
the preference test phase (retention period of 1 h after familiarization). Same 
mice as in (C). Values represent mean ± SEM. *p < 0.05, **p < 0.01, ***p <
0.001 (Fisher’s LSD after 2-WAY ANOVA). 

Fig. 6. Effects of treatment with CGP55845 on dendritic spines and synaptic 
connectivity in the perirhinal cortex of Cdkl5 +/Y and Cdkl5 -/Y mice (A) 
Dendritic spine density (number of spines per 10 μm) in apical dendrites of 
layer II-III PRC neurons of vehicle-treated (+/Y n = 4 mice; − /Y n = 4 mice) 
and CGP55845-treated (+/Y + CGP n = 4 mice; − /Y + CGP n = 5 mice) Cdkl5 
mice. (B) Examples of Golgi-stained apical dendritic branches of layer II-III PRC 
neurons of one animal from each experimental group. Scale bar = 1 μm. (C) 
Percentage of immature (filopodia, thin, and stubby-shaped) and mature 
(mushroom- and cup-shaped) spines in relation to the total number of pro-
trusions in layer II-III PRC neurons in mice as in (A). (D) Number of PSD95 
positive puncta per μm2 in layer II-III of the PRC of vehicle-treated (+/Y n = 5 
mice; − /Y n = 5 mice) and CGP55845-treated (+/Y + CGP n = 4 mice; − /Y +
CGP n = 4 mice) Cdkl5 mice. (E) Confocal images of PRC sections processed for 
PSD95 immunohistochemistry of one animal from each experimental group. 
Scale bar = 2 μm. Values represent mean ± SEM. *p < 0.05, **p < 0.01, ***p <
0.001 (Fisher’s LSD after 2-WAY ANOVA). 
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receptors. The magnitude of the synaptic response significantly 
increased, whereas the afferent volley remained unchanged. The loca-
tion of the stimulating electrode in the superficial layers of the PRC 
implies that electrode stimulation activated both local neurons as well as 
axon fibers of neurons projecting to this cortical region. Present data 
suggest that removal of GABAA receptor-mediated inhibition increases 
the excitation of PRC glutamatergic neurons located at the recording 
site, with a consequent increase in the size of the population of firing 
neurons, without affecting the excitability of the neurons whose fibers 
activate them. The increase of excitation of PRC glutamatergic neurons 
might depend on a stronger excitatory input that is needed to compen-
sate the increased efficiency of GABAergic inhibition (increased number 
of VGAT-positive pre-synaptic terminals) and is unmasked when GABAA 
receptors are blocked by picrotoxin. Accordingly, picrotoxin had no 
effect on input-output relation of glutamatergic synaptic transmission in 
the PRC of Cdkl5 +/Y mice, where the balance between inhibition and 
excitation is physiological. The observation that inhibition of GABAB 
receptors had no effect on the magnitude of the afferent volley or syn-
aptic response in both Cdkl5 -/Y and +/Y mice is not surprising, as they 
are coupled to G proteins and influence synaptic transmission over a 
slower timescale. 

We have previously shown that the magnitude of TBS-induced LTP is 
reduced in the PRC of Cdkl5 -/Y mice (Ren et al., 2019). The increased 
efficiency of the inhibitory connectivity observed in the present study 
suggests that one strategy to improve synaptic plasticity in the PRC of 
Cdkl5 -/Y mice might be to reduce this inhibitory drive. Interestingly, we 
found that exposure to CGP55845 restored LTP magnitude in Cdkl5 -/Y 
PRC slices (Fig. 4C,D), suggesting that excessive inhibition mediated by 
GABAB receptors contributes to its impairment. GABA can interact at 
both GABAB autoreceptors as well as at presynaptic and postsynaptic 
GABAB heteroreceptors in glutamatergic neurons (Gassmann and Bet-
tler, 2012). The effect of GABAB receptor blockade on LTP suggests that 
the abnormality of the GABAergic system in the PRC of Cdkl5 -/Y mice 
may include an imbalance towards a greater number of heteroreceptors 
on glutamatergic neurons. The mechanism underlying CGP55845- 
induced LTP restoration may include increase of glutamate release due 
to presynaptic GABAB receptor blockade, and increase of Ca2+ entry 
through NMDA glutamate receptors due to postsynaptic GABAB receptor 
blockade (Chalifoux and Carter, 2010; Morrisett et al., 1991). In line 
with this hypothesis and with a previous observation (Roncace et al., 
2017), exposure to CGP55845 did not change the magnitude of LTP in 
the PRC of wild-type mice, where the balance between GABAB hetero-
receptors and autoreceptors is physiological. 

Exposure to the GABAA receptor blocker picrotoxin decreased LTP 
magnitude in the PRC in both wild-type ((Roncace et al., 2017) and 
present findings) and -/Y mice. This might be caused by disinhibition (i. 
e. blockade of GABAA-mediated inhibition) of inhibitory interneurons 
that act on glutamatergic neurons through GABAB receptors. This hy-
pothesis takes into account the apparent discrepancy that picrotoxin 
increased synaptic response only in -/Y mice, whereas it decreased LTP 
in both -/Y and +/Y mice. Being based on inhibition mediated by GABAB 
receptors, the above reported disinhibition can only be effective on 
synaptic plasticity, due to the slow timescale of its effects. 

Interestingly, we found that impaired PRC-dependent NOR memory 
is rescued by acute treatment with the GABAB receptor antagonist 
CGP55845. This finding is fully in line with our evidence showing that 
treatment with CGP55845 restored LTP and increased the number of 
PSD95 positive puncta as well as the number and maturation of den-
dritic spines in Cdkl5 -/Y mice PRC. The structural changes observed just 
4 h after treatment with CGP55845 in the dendrites are consistent with 
those observed within an hour during LTP in vitro (Engert and Bon-
hoeffer, 1999; Toni et al., 1999), and in the living brain during learning 
(Xu et al., 2009). Moreover, it has been shown that PSD-95 accumula-
tion in spines occurs within a few minutes to hours after initial contact 
between the nascent spine and a presynaptic partner in neuronal cul-
tures (Bresler et al., 2001; Friedman et al., 2000; Okabe et al., 2001). 

Besides these improvements, it is reasonable to suppose that additional 
effects occurring in PRC and in other brain regions may contribute to the 
effect on memory of GABAB receptor inhibition. In contrast to the effects 
observed in Cdkl5 KO mice, memory performance of wild-type mice 
worsened and the density of PSD95 positive synaptic puncta decreased 
after CGP55845 administration. Although not in agreement with a 
previous observation (Kleschevnikov et al., 2012), this result is not 
surprising, as the performance of wild-type mice is based on the physi-
ological balance between excitation and inhibition. Indeed, our results 
indicate that alterations of this balance, resulting from either increase or 
decrease of GABAB receptor-mediated inhibition, lead to deterioration 
of memory performance. 

Taken together, present findings suggest that inhibition of excessive 
GABAB receptor-mediated signaling efficiently improves synaptic plas-
ticity and memory in a mouse model of CDKL5 deficiency. 
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