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Abstract
Background Mutations in the X-linked gene cyclin-dependent kinase-like 5 (CDKL5) cause a severe neurological 
disorder characterised by early-onset epileptic seizures, autism and intellectual disability (ID). Impaired hippocampal 
function has been implicated in other models of monogenic forms of autism spectrum disorders and ID and is often 
linked to epilepsy and behavioural abnormalities. Many individuals with CDKL5 deficiency disorder (CDD) have 
null mutations and complete loss of CDKL5 protein, therefore in the current study we used a Cdkl5−/y rat model to 
elucidate the impact of CDKL5 loss on cellular excitability and synaptic function of CA1 pyramidal cells (PCs). We 
hypothesised abnormal pre and/or post synaptic function and plasticity would be observed in the hippocampus of 
Cdkl5−/y rats.

Methods To allow cross-species comparisons of phenotypes associated with the loss of CDKL5, we generated 
a loss of function mutation in exon 8 of the rat Cdkl5 gene and assessed the impact of the loss of CDLK5 using a 
combination of extracellular and whole-cell electrophysiological recordings, biochemistry, and histology.

Results Our results indicate that CA1 hippocampal long-term potentiation (LTP) is enhanced in slices prepared 
from juvenile, but not adult, Cdkl5−/y rats. Enhanced LTP does not result from changes in NMDA receptor function or 
subunit expression as these remain unaltered throughout development. Furthermore, Ca2+ permeable AMPA receptor 
mediated currents are unchanged in Cdkl5−/y rats. We observe reduced mEPSC frequency accompanied by increased 
spine density in basal dendrites of CA1 PCs, however we find no evidence supporting an increase in silent synapses 
when assessed using a minimal stimulation protocol in slices. Additionally, we found no change in paired-pulse ratio, 
consistent with normal release probability at Schaffer collateral to CA1 PC synapses.
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Background
Mutations in the X-linked gene cyclin-dependent kinase-
like 5 (CDKL5; MIM: 300,203) cause a severe neurologi-
cal disorder, estimated to affect 1 in 40,000 to 1 in 60,000 
live births [1]. Patients present with early onset seizures, 
sleep disturbances, motor impairments, autistic features 
and severe intellectual disability (ID) [1, 2].

Pathogenic mutations are predicted to result in loss of 
protein function and predominantly cluster in the cata-
lytic domain of CDKL5 [3], which is highly conserved 
across mice, rats and humans [4, 5]. Identification of 
physiological substrates of CDKL5 has suggested a role 
in cytoskeleton organisation [6, 7] which appears to be 
NMDA receptor dependent [7]. In line with this role in 
cytoskeleton organisation, reduced dendritic complex-
ity and altered spine distribution have been repeatedly 
reported in Cdkl5−/y mice [8–11]. These anatomical phe-
notypes are frequently associated with altered synaptic 
function. Altered cellular and synaptic physiology has 
been reported in the hippocampus of a variety of mouse 
models of CDKL5 deficiency disorder (CDD). Altered 
long-term potentiation (LTP) has been observed in the 
hippocampus [12] and cortex [8] of Cdkl5−/y mice, with 
suggested mechanisms including an increase in calcium-
permeable (CP) AMPA receptors [13] and NMDA recep-
tor dysfunction [12, 14]. These phenotypes are thought to 
underlie hippocampal-dependent learning and suscepti-
bility to chemically induced seizures [11, 12, 15].

NMDA receptor activation during development is 
known to influence synapse numbers and dendritic 
arborisation [16]. Moreover, NMDA receptor subunit 
composition undergoes a developmental switch and has 
an important role in regulating AMPA receptor pres-
ence at synapses [17]. As such it is important to assess 
the development of NMDA receptor subunit expression 
in preclinical models of CDD. In fact, the role of CDKL5 
in synaptic function during early postnatal development 
and juvenile stages is unknown, as most studies so far 
have focused on adult mice. Moreover, with conflicting 
reports from a variety of mouse models it is imperative 
to identify robust physiological phenotypes that cross the 
species barrier in order to identify disease mechanisms 
and therapeutic strategies which might translate to the 
human condition. In the current study, we address this 
issue using a rat model of CDD to allow a cross-species 

comparison of the reported pathophysiology associated 
with the loss of CDKL5. We hypothesised that loss of 
CDKL5 leads to impaired synaptic function in the hip-
pocampus of Cdkl5−/y rats. We examined synaptic physi-
ology and plasticity alongside cellular morphology using 
a combination of extracellular and whole cell electro-
physiological recordings and histology. Whilst we found 
increased hippocampal LTP in Cdkl5−/y rats, we found 
that NMDA receptors undergo a typical developmen-
tal trajectory and we do not observe an increase in CP-
AMPA receptor mediated currents that could contribute 
to the enhanced LTP. We observe reduced mEPSC fre-
quency accompanied by increased spine density in basal 
dendrites of CA1 PCs, however we find no evidence 
supporting an increase in silent synapses when assessed 
using a minimal stimulation protocol in slices. Addition-
ally, we found no change in paired-pulse ratio, consistent 
with normal release probability in Cdkl5−/y rats. Overall, 
our data presents evidence supporting a role for CDKL5 
in hippocampal synaptic function, however the underly-
ing mechanisms are still unclear and appear to be distinct 
to those previously reported in mouse models of CDD.

Methods
Breeding and animal husbandry: Edinburgh and Bangalore
All procedures were performed in line with the Uni-
versity of Edinburgh and Home Office guidelines under 
the 1986 Animals (Scientific Procedures) Act, CPCSEA 
(Government of India) and approved by the Animal Eth-
ics Committee of the Institute for Stem Cell Science and 
Regenerative Medicine (inStem).

Breeding and animal husbandry: Colorado
All studies conformed to the requirements of the 
National Institutes of Health Guide for the Care and 
Use of Laboratory Rats and were approved by the Insti-
tutional Animal Care and Use subcommittee of the Uni-
versity of Colorado Anschutz Medical Campus (protocol 
00411). All rodents were housed in micro-isolator cages 
with water and chow available ad libitum. Animals were 
bred in house on the Long Evans Hooded background 
and housed with littermates on a 12  h light/dark cycle 
with food and water ad libitum.

Experiments were performed on wild-type (WT; 
Cdkl5+/y) and Cdkl5−/y rats at post-natal day (P) 28 to 35 

Conclusions Our data indicate a role for CDKL5 in hippocampal synaptic function and raise the possibility that 
altered intracellular signalling rather than synaptic deficits contribute to the altered plasticity.

Limitations This study has focussed on the electrophysiological and anatomical properties of hippocampal CA1 PCs 
across early postnatal development. Studies involving other brain regions, older animals and behavioural phenotypes 
associated with the loss of CDKL5 are needed to understand the pathophysiology of CDD.
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unless otherwise stated. All experiments and data analy-
ses were performed blind to genotype.

Cdkl5−/y rat generation and genotyping
The Cdlk5−/y rat model was created using CRISPR/Cas9 
technology to introduce a 10 bp (bp) deletion in exon 8 
of the Cdkl5 gene (Ensembl coordinates X:35,674,763–
35,674,772, in the Rnor_6.0 genome assembly). An in-
house PCR-based strategy was designed to genotype 
experimental rats produced from crossing Cdkl5−/y males 
with WT females. Forward and reverse primers were 

generated flanking the bp deletion site in exon 8 of the 
rat CDKL5 gene (F1 and R), a third forward primer which 
anneals to the 10  bp deletion site in the WT allele (F2) 
and a further forward primer which anneals over the 
deleted 10 base pairs in the knock out (KO) allele (F3) 
were also generated (Fig. 1).

F1: 5’ - G G G C T T G T A G C A A A T C C A T C C- 3’.
R: 5’ - A G C A A G C A G A G T T C T A T T T T C C T- 3’.
F2: 5’ - A T A C G T G G C T A C T C G G T G G T A C- 3’.
F3: 5’ - C A G A A T A C G T G G C T A C C G A T C- 3’.

Fig. 1 Validation of Cdkl5-/y rats. (A) Schematic of the Cdkl5 knockout strategy depicting the WT and null alleles. The null allele has a 10 bp (bp) deletion in 
exon 8 (region shown in blue in WT allele), leading to a frame shift and an in frame, premature STOP codon forming in exon 9 (*). (B) Genotyping results 
from male WT and Cdkl5−/y animals. Higher band in WT and Cdkl5−/y animals resulting from F1 and R primers product. Lower band in the WT samples 
resulting from F2 and R primer products is absent in the null samples due to the 10 bp deleted sequence. (C) Western blot showing the absence of CDKL5 
in hippocampal and prefrontal cortex tissue preparations from WT and Cdkl5−/y rats. (D) Quantification of CDKL5 western blot protein expression in hip-
pocampal and prefrontal cortex preparations. (E) Western blot showing the absence of CDKL5 in hippocampal synaptosome preparations from WT and 
Cdkl5−/y rats. (F) Quantification of CDKL5 western blot protein expression in hippocampal synaptosome preparations
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To distinguish between DNA derived from WT and 
Cdkl5−/y male littermates, primers F1, R and F2 were 
used in the same PCR reaction. Two bands were detected 
for WT male animals (356 and 135  bp) whereas only 
one band was detected for Cdkl5−/y male rats (346  bp) 
(Fig. 1). To distinguish between DNA derived from WT 
and heterozygous (Cdkl5+/−) female littermates, primers 
F1, R and F3 were used in the same reaction. One band 
was detected for WT female rats (356  bp) whereas two 
bands were detected for heterozygous female rats (356 
and 129 bp).

Genomic DNA was extracted from fragments of tissue 
using the HotShot method. PCR was carried out as per 
the manufacturer’s guidelines for GoTaq G2 Polymerase 
(Promega, M784B) with an annealing temperature of 
58 °C and a 1 min extension time. Following initial vali-
dation experiments all genotyping was carried out by 
Transnetyx Inc.

Acute slice preparation for electrophysiology
Acute brain slices were prepared from WT and Cdkl5−/y 
rats at postnatal day (P) 28 to 35 (unless otherwise noted) 
similarly to previously described [18]. Briefly, rats were 
anesthetised with isofluorane and subsequently decapi-
tated. The brain was rapidly removed and placed in ice-
cold carbogenated (95% O2/5% CO2) sucrose-modified 
artificial cerebrospinal fluid (in mM: 87 NaCl, 2.5 KCl, 
25 NaHCO3, 1.25 NaH2PO4, 25 glucose, 75 sucrose, 7 
MgCl2, 0.5 CaCl2). 400 μm horizontal hippocampal slices 
were cut on a Vibratome (VT1200s, Leica, Germany). 
Slices recovered submerged in sucrose-ACSF at 34 °C for 
30 min and were then stored at room temperature until 
needed.

Alternatively, to assess NMDA receptor-mediated 
EPSCs throughout development and respective pharma-
cology, P7-22 WT and Cdkl5−/y rats were rapidly decapi-
tated and the brain removed. Parasagittal slices (400 μm) 
were prepared on a Leica VT 1200 microtome in ice cold 
solution containing (in mM) 206 Sucrose, 2.8 KCl, 1.25 
NaH2PO4, 26 NaHCO3, 10 Glucose, 10 MgSO4, 2 NaAs-
corbate, 0.4 CaCl2, and 2.5  N-acetyl L-cysteine. Scal-
pel cuts were made to remove CA3 while retaining the 
CA1 region of the hippocampus with the overlying cor-
tex and dentate gyrus intact for electrophysiology. Slices 
were then recovered > 60  min at room temperature in a 
submersion chamber in standard artificial cerebral spinal 
fluid (ACSF), containing (in mM) 124 NaCl, 26 NaHCO3, 
1.2 NaH2PO4, 10 D-glucose, 3 KCl, 2 NaAscorbate, 1 
MgSO4, 2 CaCl2, and 2.5 N-acetyl L-cysteine) prior to all 
experiments. All solutions were oxygenated with 95% O2 
− 5% CO2.

Field LTP recordings
Slices were transferred to a submerged recording cham-
ber perfused with warm carbogenated recording ACSF 
(in mM: 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 
25 glucose, 1 MgCl2, 2 CaCl2) at a flow rate of 3–4 mL/
min. Extracellular field recording electrode was filled 
with recording ACSF and placed in the stratum radia-
tum (Str Rad) of the CA1 region. Single pulses of elec-
tric stimulation (200 µs, 0.5 Hz) were delivered through a 
bipolar electrode (Ni: Cr) placed in the Str Rad to stimu-
late the Schaffer collateral (SC) pathway. Stimulus inten-
sity was adjusted to produce 50% of the maximum field 
excitatory post-synaptic potential (fEPSP) amplitude. 
LTP was induced by tetanic stimulation (two trains of 
1 s 100 Hz stimulation, 20 s inter-train interval [19], fol-
lowing 20 min of stable baseline. fEPSP slopes were nor-
malised to baseline values and LTP magnitude reported 
as the average fEPSP slope in the final 10 min (50–60 min 
post-induction) of the recording divided by the average 
fEPSP slope during the baseline period. Data acquisition 
and analysis were performed on WinLTP [20].

Whole-cell patch-clamp recordings
For whole-cell recordings, slices were transferred to 
a submerged recording chamber perfused with warm 
carbogenated recording ACSF (in mM: 125 NaCl, 2.5 
KCl, 25 NaHCO3, 1.25 NaH2PO4, 25 glucose, 1 MgCl2, 
2 CaCl2), at a flow rate of 6–8 mL/min. All recordings 
were performed at 31 ± 1 ºC unless otherwise stated. 
Infrared differential inference contrast (IR-DIC) video 
microscopy, using a digital camera (Qimaging) mounted 
on an upright microscope (Olympus BX51WI) and a 
40 × (0.8NA) water immersion objective was used for all 
experiments. Recordings were obtained with a Multi-
clamp 700B (Molecular Devices) amplifier, signals were 
Bessel filtered online at 5  kHz and digitized at 20  kHz 
(Digidata1440, Molecular Devices) coupled to the Clam-
pex software (pCLAMP™ Software, Molecular Devices). 
Recording pipettes were pulled from borosilicate glass 
capillaries (1.7 mm outer/1 mm inner diameter, Harvard 
Apparatus, UK) on a horizontal electrode puller (P-97, 
Sutter Instruments, CA, USA), with resistance of 4–9 
MΩ when filled with internal solution. For voltage-clamp 
recordings glass electrodes were filled with cesium based 
internal solution (in mM: 110 CsOH, 110 D-gluconic 
acid, 20 CsCl, 10 HEPES, 10 phospho-creatine, 4 MgATP, 
4 NaCl, 0.3 Na2GTP, 0.2 EGTA, 5 QX314Cl) unless stated 
otherwise. A potassium gluconate based internal solution 
(in mM 120 K-gluconate, 20 KCl, 10 HEPES, 10 phospho-
creatine, 4 MgATP, 4 NaCl, 0.3 Na2GTP, 2.7 biocytin, 
pH = 7.4, Osm = 290–310) was used for whole-cell cur-
rent-clamp recordings. Cells were rejected if series resis-
tance > 30 MΩ, or the series resistance changed by more 
than 20% over the course of the recording. No series 
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resistance cancellation or junction potential corrections 
were performed.

Evoked EPSCs
CA3 inputs to CA1 PCs were stimulated by placing a 
stimulating bipolar electrode (Ni: Cr or insulated tung-
sten) in the Str rad in hippocampal slices with the CA3 
containing portion of the slice severed. A single 100 µs 
current pulse was delivered by an isolated constant cur-
rent simulator (DS3, Digitimer.Ltd or WPI, Sarasota, FL). 
Evoked EPSCs were recorded in voltage-clamp using a 
cesium based intracellular solution.

NMDAR/AMPAR and paired-pulse ratio
AMPA receptor-mediated EPSCs were recorded at -70 
mV in the presence of 50 µM picrotoxin to block GABAA 
receptors. The same cell was then held at + 40 mV to 
record pharmacologically isolated NMDA receptor-
mediated EPSCs in the presence of 50 µM picrotoxin and 
10 µM CNQX. NMDAR/AMPAR ratios were calculated 
from peak amplitude of NMDA receptor and AMPA 
receptor-mediated EPSCs. We assessed paired-pulse 
ratio by evoking two EPSCs 50 ms apart, whilst holding 
the cell at -70 mV in the presence of 50 µM picrotoxin 
and calculating the ratio of the amplitude of the second 
EPSC relative to the first EPSC.

NMDA receptor subunit expression development and 
pharmacology
A cesium based internal solution containing (in mM) 135 
CsMeSO4, 10 HEPES, 10 BAPTA, 5 Qx314, 0.3 NaGTP, 
4 Na2ATP, 4 MgCl2, and 0.1 spermine, pH 7.25 with 1 M 
CsOH was used. Recordings were performed at room 
temperature and extracellular solution was exchanged 
at a flow rate of 3–4 mL/min. AMPA receptor-mediated 
EPSCs were recorded at -70 mV, and NMDA receptor-
mediated EPSCs were recorded at + 40 mV. Peak current 
for NMDA receptor-mediated EPSCs was taken at 70 ms 
after the peak of the AMPA receptor-mediated EPSC. 
NMDA receptor sensitivity to block by GluN2B recep-
tor antagonist Ro 25-6981 was determined by recording a 
5 min baseline, followed by Ro 25-6981 (5 µM) perfusion 
onto the slice for 20 min.

AMPA-R I-V relationship
To assess the presence of CP-AMPA receptors, AMPA 
receptor-mediated EPSCs were recorded in the presence 
of 50 µM picrotoxin to block GABAA receptors and 50 
µM AP-5 to block NMDA receptors, over a range of volt-
ages from − 80 mV to + 40 mV. Rectification index was 
calculated by determining the difference of peak EPSC 
amplitude at -80mV and at + 40 mV to EPSC amplitude 
at 0 mV and calculating the ratio between those two val-
ues in order to account for variations in AMPAR reversal 

potential across recordings [21]; in this instance, a recti-
fication index of 2 would indicate the absence of rectifi-
cation. The same intracellular cesium based intracellular 
solution was used with added 0.1 mM spermine to main-
tain rectification of GluA2-lacking AMPA receptors.

Minimal stimulation
Minimal stimulation protocol was used to assess the 
presence of silent synapses. Once a reliable EPSC was 
identified at -70mV, stimulus amplitude was reduced 
until the synaptic response would fail in some of the 
trials, allowing for the stimulation of a single or a small 
number of synapses. Following recording of 50 trials at 
a holding potential of -70 mV, corresponding to AMPA 
receptor-mediated EPSCs, the cell was depolarised to 
+ 40 mV, to reveal mixed AMPA and NMDA recep-
tor-mediated EPSCs and an additional 50 trials were 
recorded. To determine response probability the traces 
for each holding potential were visually inspected and the 
number of traces with a visible EPSC was divided by the 
total number of traces for each cell. The ratio of response 
probability at the two holding potentials was used as an 
estimate for the relative abundance of silent synapses [22, 
23].

Miniature EPSC recordings
Miniature EPSCs (mEPSCs) were recorded in voltage 
clamp while holding the cell at -70 mV, using a cesium 
gluconate based internal solution. Recordings were per-
formed in recording ACSF in the presence of 50 µM pic-
rotoxin and 300 nM TTX to block voltage gated sodium 
channels and consequently action potential firing. Anal-
ysis of mEPSC frequencies and amplitudes over two 
minutes of recording was performed using a template 
matching algorithm [24] in Stimfit [25]. A similar num-
ber of mEPSC events were analysed for each condition – 
around 500 events, on average, per cell.

Intrinsic physiology
Passive and active membrane properties were assessed 
to examine intrinsic excitability as previously described 
[18]. Passive membrane properties, including mem-
brane time constant and input resistance, were measured 
from the voltage response to a 500 ms hyperpolariz-
ing 10 pA step. Rheobase current and action potential 
(AP) firing frequency were determined from a series of 
depolarising current steps (0 to + 400 pA, 500 ms) while 
holding the cell at -70mV with a bias current. AP proper-
ties were determined from the first AP elicited. All analy-
sis of electrophysiological data was performed using the 
open source software package Stimfit [25], blinded to 
genotype.
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Synaptosome preparation
WT and Cdkl5−/y rats were killed by exposure to increas-
ing CO2 and decapitated. The hippocampus from each 
hemisphere was dissected in ice-cold 1x sucrose-EDTA 
buffer (0.32 M sucrose, 1 mM EDTA, 5 mM Tris, pH 7.4). 
The tissue was snap-frozen and stored at -80 °C until used 
for synaptosome preparation. On the day of preparation, 
the tissue was quickly thawed at 37 °C and homogenized 
in ice-cold 1x sucrose/EDTA buffer using 5–6 up-and-
down strokes of a pre-chilled Teflon glass with motorized 
homogenizer [26]. Homogenates were centrifuged at 950 
x g for 10 min at 4 °C. The discontinuous (3% uppermost, 
10% middle and 23% bottom) Percoll-density gradient 
was prepared prior to homogenization. The supernatant 
(S1) was added gently on 3% Percoll-sucrose (Percoll, 
P1644, Sigma Aldrich, UK) and centrifuged at 47,808 x 
g for 8  min at 4  °C. The fraction between 23% and 10% 
was collected and re-suspended in HEPES-Buffered-
Krebs (HBK; in mM: 118.5 NaCl, 4.7 KCl, 1.18 MgSO4, 
10 Glucose, 1 Na2HPO4, 20 HEPES, pH 7.4 balanced 
with Trizma) followed by centrifugation at 20,199 x g for 
15 min at 4 °C. The pellet containing pure synaptosomes 
was dissolved in RIPA buffer (phosphatase inhibitor and 
protease inhibitor added). Protein quantification was 
performed with MicroBCA Assay kit (Pierce BCA pro-
tein estimation kit, 23,225, ThermoFisher Scientific).

Western blots
Approximately 10  µg of synaptosome protein was sepa-
rated on a precast gradient gel (NuPAGE 4–12% Bis-
Tris Protein Gels, NP0336BOX, Thermo Fisher) and 
transferred to nitrocellulose membrane (AmershamTM 
Protran® Western Blotting Membrane, Nitrocellulose, 
GE10600002, Sigma Aldrich) using Bio-Rad transfer 
apparatus. Total proteins were stained using reversible 
protein stain kit (Memcode 24,580, Thermo Fisher Sci-
entific) according to the manufacturer’s instructions. 
After removing the stain, membranes were blocked with 
1:1 TBS1X: Odyssey Blocking Buffer (P/N-927-50003, 
LI-COR Biotech.) for an hour at room temperature, fol-
lowed by overnight incubation with primary antibodies 
(CDKL5- 1:1000, #HPA002847, Atlas Antibodies-Sigma 
Aldrich; NMDAR1-1:1000, #700,685, Thermo Fisher; 
NMDAR2A-1: 1000, #ab169873, Abcam; NMDAR2B- 
1:1000, #610,417, BD Biosciences; PSD95- 1:2000, 
#76,115, Abcam; GluR1- 1:1000, #MAB2263, Millipore; 
GluR2- 1:1000, #MABN1189, Millipore; RIM1/2 − 1:2000, 
#140,203, SYSY; Munc18-1- 1:2000, #116 011, SYSY; 
SNAP25- 1:1000, #111 011, SYSY; Synapsin1- 1:1000, 
#ab64581, Abcam; Synaptophysin- 1:10,000, #ab32127, 
Abcam; VAMP2- 1: 10,000, #ab3347, Abcam) at 4  °C. 
Membranes were washed with TBST1 × (0.1% Tween 
20), and incubated for an hour at room temperature with 
secondary antibodies (IRDye 800CW Goat anti Rabbit 

IgG- 1:10,000, #P/N 925-32211; IRDye 680LT Goat anti 
Mouse IgG- 1:10,000, #P/N 925-68020, LI-COR Biotech-
nology). Membranes were washed with TBST1X, dried 
and digitally scanned using Fc Odyssey Infrared Imaging 
System, LI-COR, UK Ltd. Odyssey software, Licor Image 
Studio Lite (LCOR Biosciences) was used to quantify 
individual bands. Data was normalised to respective total 
protein and then normalised to WT.

Sample preparation and mass spectrometry
Purified synaptosomes were lysed in 8 M urea with pro-
tease and phosphatase inhibitor cocktail, sonicated for 
30  s max amplitude and power on the UP200St sonica-
tor (Hielscher – Ultrasound Technology), and protein 
quantified by BCA using a Nanodrop 1000. Samples 
(100  µg) were reduced with 5 mM TCEP for 30  min at 
RT, and 30 mM Iodoacetamide was added for 30 min at 
RT in the dark. Samples were diluted to 1 M Urea with 50 
mM TEAB pH 8.5, and digested with 2 µg Trypsin over-
night at 37 °C, before being desalted using a macro-spin 
column (Harvard Apparatus) according to manufacturer 
protocol.

For mass spectrometry analysis, peptides were resus-
pended in HPLC-grade water containing 2% MeCN and 
1% TFA to make a final concentration of 1 µg/µl (based 
on protein concentration prior to digest). Then, 5  µl of 
samples were injected for analysis. Peptides were sepa-
rated using 50  cm Acclaim PepMap 100 analytical col-
umn (75 μm ID, 3 μm C18) in conjunction with a PepMap 
trapping column (100  μm × 2  cm, 5  μm C18) (Thermo 
Scientific) analysed with Orbitrap Fusion Tribrid mass 
spectrometer (Thermo-Fisher Scientific). Peptides were 
loaded on to the column in solvent A (3% MeCN, 0.1% 
FA in HPLC water). A 218 min gradient was performed 
with 3% solvent A to 35% solvent B (80% MeCN, 0.08% 
FA), before increasing solvent B to 90% for 5  min, and 
re-equilibrating with 3% solvent A for 10  min. Settings 
for data dependent acquisition were MS1 with 120,000 
resolution, scan range 400–1,600, charge state 2–7, 
AGC target of 400,000 and dynamic exclusion of 50 ms 
with repeat count 1. Peptide ions were fragmented using 
HCD (30% collision energy) with a resolution of 30,000, 
and AGC target of 10,000 with a maximum injection of 
40 ms. The whole duty cycle was 3  s, during which the 
instrument performed “top speed” analysis.

Proteome quantification
Label-free quantification was performed using Max-
Quant (v.1.5.7.4) with the following modifications: fixed 
modification: carbamidomethyl (C); variable modifica-
tions oxidation (M), acetylation (protein N-terminus); 
label-free quantitation with minimum ratio count 2; 
maximum five modifications per peptide, and two missed 
cleavages. Searches were conducted using a Rattus 
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norvegicus Uniprot-Trembl database (downloaded 27th 
July 2017 with 36,078 entries) and a list of common con-
taminants. Identifications were filtered at a 1% false-dis-
covery rate (FDR). Quantification used only razor and 
unique peptides with a minimum ratio count of 2. “Re-
quantify” was enabled. “Match between runs” was used 
with alignment time window 20  min and match time 
window 0.7 min. LFQ intensities were used for data anal-
yses. The mass spectrometry proteomics data have been 
deposited to the ProteomeXchange Consortium via the 
PRIDE partner repository (https://www.ebi.ac.uk/pride/) 
with the dataset identifier PXD043246 and can be viewed 
by reviewers with the following details: Username: 
reviewer_pxd043246@ebi.ac.uk; Password: L0K4DUac.

Histology
Slices used for electrophysiology experiments were fixed 
in 4% paraformaldehyde (PFA) overnight and stored in 
PBS (phosphate buffered saline) at 4 ºC until used for his-
tology. Slices were washed in PBS and incubated in PBS 
with 0.3% triton-X and Alexa488 or Alexa568-conjugated 
streptavidin (1:500 dilution, Molecular probes, Invit-
rogen, USA) over night. Slices were then washed in PB 
and mounted on glass slides using Vectashield Hardset 
mounting medium (H-1400, Vector Labs).

Image acquisition and analysis
To reconstruct cells and examine their morphology, mul-
tiple Z-stacks were taken in order to capture the entire 
biocytin-filled cell on an inverted confocal microscope 
(Axiovert LSM510, Zeiss) under a 20x Plan Neofluar 
(NA 0.5) objective (Zeiss). The Z-stacks obtained for 
a given cell were stitched using the 3D stitching plug in 
FIJI (ImageJ), and the cell was reconstructed using the 
Simple Neurite Tracer plug-in [27]. Sholl analysis was 
then performed on the skeletonised paths to examine 
dendritic complexity. To examine spine distribution in 
biocytin-filled cells, Z-stacks were taken from basal and 
apical (oblique and tuft) dendrites (2–3 dendrite sec-
tions per dendrite type per cell). Spines were imaged 
under a 63x Plan Apochromat (NA 1.4) oil immersion 
objective on an inverted confocal microscope (Axiovert 
LSM510, Zeiss), with a 2.8x zoom, 2x average line scan, 
1024 × 1024 resolution, 0.14  μm Z step. Huygens Essen-
tial software (Scientific volume imaging, Netherlands) 
was used for deconvolution. The deconvolved images 
were used for analysis on FIJI (ImageJ). Z-projections of 
the deconvolved Z-stacks were used to manually count 
spines using the cell counter tool. For each dendrite sec-
tion, the number of spines was normalised to the length 
of the section of dendrite analysed.

Statistical analysis
All experiments and data analysis were performed blind 
to genotype. All statistics were performed using lin-
ear mixed effects modelling (or the generalised form), 
when such analysis was not possible data were compared 
using animal averages to avoid the risk of type-1 statisti-
cal errors. Mixed modelling was implemented using the 
R package lme4 in RStudio [28]. Genotype was set as 
fixed effect and animal, slice (and cell where relevant) as 
random effects, allowing for direct measurement of gen-
otype effect while accounting for the variability result-
ing from random effects. For alternative statistical tests 
Graphpad prism 7 was used to perform comparisons 
across groups with two-tailed unpaired T-tests, repeated 
measures two-way ANOVA, or non-parametric tests as 
appropriate. In many figures data are shown from both 
cell and animal, the latter delineated through the use of 
the prime (‘) symbol. Where only one dataset is shown, 
these are generated from animal averages unless other-
wise stated in the figure legend. Details on sample size 
and statistical test used are presented in the results text 
and figure legends.

Results
Validation of Cdkl5−/y rats
In collaboration with Horizon Discovery, the Cdkl5−/y 
rat model was created using CRISPR/Cas9 technology 
to introduce a 10 bp (bp) deletion in exon 8 of the Cdkl5 
gene (Ensembl coordinates X:35,674,763–35,674,772, 
in the Rnor_6.0 genome assembly). The deletion in con-
stitutive exon 8 of the Cdkl5 gene leads to a premature 
stop codon in constitutive exon 9 (Fig.  1A). A genotyp-
ing strategy with primers flanking (F1, R) and overlap-
ping (F2) the deletion site was used to distinguish WT 
and Cdkl5−/y animals, with two bands detected for WT 
males (356 and 135 bp) whereas only one band was pres-
ent for Cdkl5−/y rats (346 bp) (Fig. 1A-B). Examination of 
RNA-seq reads mapping to the Cdkl5 locus confirmed 
the 10  bp deletion and revealed no cryptic splicing 
around the deletion. Thus, all transcripts produced 
from the locus are expected to contain the premature 
stop codon. The lack of CDKL5 protein expression was 
confirmed by western blot in hippocampal and prefron-
tal cortex tissue preparations, where the 115  kDa band 
corresponding to CDKL5 is present in WT but almost 
undetectable in Cdkl5−/y rats (Fig. 1C, quantified in 1D). 
Furthermore, there was an absence of CDKL5 expression 
in hippocampal synaptosome preparations from Cdkl5−/y 
rats (Fig. 1E, quantified in 1 F) Cdkl5−/y rats were gener-
ally healthy with lighter body weights at four weeks of 
age (WT = 112.5 ± 7.8  g (n = 10), Cdkl5−/y = 85.8 ± 6.5  g 
(n = 11); p = 0.0177) but this difference was absent in older 
animals. Cdkl5−/y rats did not exhibit observable sponta-
neous seizures.

https://www.ebi.ac.uk/pride/
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Cdkl5−/y CA1 pyramidal cells exhibit typical cellular 
excitability
We first examined cellular excitability of Cdkl5−/y CA1 
pyramidal cells, as altered cellular excitability has been 
suggested to contribute to circuit level dysfunction in 
autism spectrum disorder (ASD)/ID and epilepsy [29, 
30]. CA1 PCs from WT rats exhibited a hyperpolarised 
resting membrane potential, fast membrane time con-
stant and low input resistance (Table 1), in line with pre-
vious studies [31, 32]. WT CA1 PCs required 206 ± 20 
pA of current injection to elicit the first AP (rheobase, 
Fig. 2C, C’), and the number of APs fired increased with 
current injection thereafter until reaching a firing fre-
quency of 22 ± 2  Hz in response to the maximum cur-
rent injection step (400 pA, Fig.  2A, D, D’). In Cdkl5−/y 

rats, passive membrane properties (Table 1; Fig. 2B, B’), 
rheobase current (LMM, p = 0.91, Fig. 2C, C’) and overall 
AP firing in response to increasing current steps (Two-
Way ANOVA F (16, 208) = 0.12, genotype effect: p = 0.66, 
Fig.  2D, D’), and were unaffected. These data indicate 
intrinsic neuronal excitability is unaffected in Cdkl5−/y 
rats.

Enhanced hippocampal LTP in Cdkl5−/y rats
To examine synaptic plasticity in the hippocampus of 
Cdkl5−/y rats, we performed extracellular field record-
ings in horizontal hippocampal slices from Cdkl5−/y rats 
and their WT littermate controls aged P28 to P35. We 
measured the slope of the field EPSP evoked by stimula-
tion of Schaffer collateral inputs to CA1 over a baseline 
period of 20  min and for 1  h following tetanic stimula-
tion (Fig. 3). Analysis of the LTP time course (Fig. 3B) and 
the EPSP slope in the final 10 min of the recording as a 
percentage of the baseline EPSP slope (Fig. 3C) revealed 
an enhanced LTP in Cdkl5−/y rats (176.1 ± 5.6%) relative 
to WT (138.3 ± 5.8%, Two tailed T test, T = 4.45, df = 19, 
p = 0.003). Interestingly, this is a transient effect as the 
magnitude of LTP is restored to WT levels by 12 weeks of 
age (Supplemental Fig. 1).

Table 1 Passive membrane properties of CA1 pyramidal cells are 
unaltered in Cdkl5−/y rats
Physiological property WT Cdkl5−/y p 

value 
(LMM)

Resting membrane potential (mV) -69.8 ± 1.2 -69.2 ± 1.1 0.56
Input resistance (MΩ) 68.1 ± 6.8 65.4 ± 3.0 0.64
Membrane time constant (ms) 19.1 ± 1.0 20.7 ± 2.1 0.64
Capacitance (pF) 299 ± 23 331 ± 35 0.69

Fig. 2 Typical excitability of CA1 pyramidal cells. (A) Representative traces of whole cell recordings from WT (black, upper) and Cdkl5−/y (green, lower) CA1 
pyramidal cells in response to subsequent 25 pA steps. Traces shown from − 100 pA to rheobase-1 and for the maximum firing frequency (I = 400 pA). (B, 
B’) Input resistance. (C, C’) rheobase current. (D, D’) Action potential discharge in response to 500 ms long 25 pA current steps up to 400 pA (Two-way 
ANOVA genotype effect F16,208=0.12, p = 0.66). Data shown as mean ± SEM (WT – n = 26 cells/8 rats, Cdkl5−/y – n = 24 cells/7 rats, data points represent 
single cells (B, C, D) or animal averages (B’, C’, D’)
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Unaltered NMDA receptor and AMPA receptor function
Both AMPA receptor and NMDA receptor dysfunc-
tion and altered subunit composition have been impli-
cated in abnormal LTP in mouse models of CDD [12, 
13]. We assessed the NMDAR/AMPAR ratios of synap-
tic responses at the SC synapse of CA1, to test whether 
NMDA receptor function was altered in Cdkl5−/y rats, 
possibly contributing to the enhanced LTP phenotype 
observed. AMPA receptor-mediated currents were 
recorded at a holding potential of -70 mV, whilst NMDA 
receptor-mediated EPSCs were recorded at + 40 mV in 
the presence of the AMPA receptor antagonist CNQX 
(Fig. 4A). CA1 pyramidal neurons in WT rats exhibited 
NMDAR/AMPAR ratio of 0.62 ± 0.08 (Fig.  4B, B’) and 
an average NMDA receptor-mediated EPSC decay time 
of 85.69 ± 5.07 ms (Fig. 4C, C’), which were unaltered in 
Cdkl5−/y rats (0.84 ± 0.14, GLMM: p = 0.31; 105.3 ± 16.50 
ms, p = 0.78 Mann-Whitney test, respectively). These data 
indicate NMDA receptor function and subunit composi-
tion is unaltered in the absence of CDKL5. In line with 
the findings from electrophysiology experiments, the 
expression of NMDA receptor subunits GluN1, GluN2A 
and GluN2B was unaffected in the absence of CDKL5, as 
seen by comparable expression levels of these proteins in 
hippocampal synaptosome preparations from WT and 
Cdkl5−/y rats (Fig. 4D-G).

Nonetheless, NMDA receptor subunit composition 
undergoes a developmental switch and has an important 
role in regulating AMPA receptor presence at synapses 
[17]. To the best of our knowledge, NMDA receptor 
subunit expression development has not yet been stud-
ied in preclinical models of CDD, as studies conducted 
in mouse models have been largely restricted to adults. 
As such we examined NMDA receptor function over 
development to assess whether the developmental trajec-
tory of NMDA receptor subunit composition is altered 

in Cdkl5−/y rats, potentially contributing to long lasting 
effects at the circuit level.

NMDAR/AMPAR ratios and decay time constant 
of NMDA receptor-mediated EPSC were assessed in 
CA1 PCs from P7-22 rats (Fig.  5A, B). In WT rats, the 
NMDAR/AMPAR ratio decreased from 1.24 ± 0.27 
at P7-11 to 0.54 ± 0.13 at P18-22 (Figs.  2 and 5A-Way 
ANOVA age effect: F (2, 36) = 5.821, p = 0.006), consis-
tent with increased expression of AMPA receptor as 
development progresses [33]. This was accompanied by a 
reduction in decay time constant of the NMDA receptor-
mediated EPSC from 562.9 ± 43.4 ms to 245.2 ± 20.3 ms 
over the same period (Figs.  2 and 5B-Way ANOVA age 
effect: F (2, 36) = 25.77, p < 0.0001), consistent with an 
increased contribution of the NMDA receptor subunit 
GluN2A to synaptic transmission during development 
[34].

Cdkl5−/y rats followed a similar developmental trajec-
tory with NMDAR/AMPAR decreasing from 1.12 ± 0.32 
to 0.46 ± 0.06, and decay time from 534.4 ± 73.12 ms to 
294.0 ± 16.9 ms. This was not significantly different from 
WT when tested with a 2-way ANOVA performed on 
animal averages (NMDAR/AMPAR - Interaction: F (2, 
36) = 0.1397, p = 0.87, genotype effect: F (1, 36) = 0.1043, 
p = 0.75; decay time - interaction: F (2, 36) = 0.5142, 
p = 0.60, genotype effect: F (1, 36) = 0.2326, p = 0.63). 
Recordings in the presence of the GluN2B receptor 
antagonist Ro 25-6981 were performed to further exam-
ine the subunit composition of NMDA receptors dur-
ing development (Fig.  5C-E). The percentage of NMDA 
receptor-mediated current blocked in the presence of 
Ro 25-6981 decreased with age from 65.99 ± 6.18% at 
P7-11 to 48.06 ± 8.80% at P18-22 in WT rats. The block 
produced by Ro 25-6981 application was unaltered in 
Cdkl5−/y rats (Fig.  5E, Two-Way ANOVA Interaction: F 
(2, 26) = 0.542, p = 0.59, genotype effect: F (1, 26) = 0.002, 

Fig. 3 Hippocampal long term potentiation (LTP) in juvenile Cdkl5-/y rats. (A) Representative WT (upper) and Cdkl5−/y (lower) fEPSP traces before (base-
line) and after (post tetanus) LTP induction. (B) Time-course showing long term potentiation (LTP) in the hippocampal CA1 induced by two trains with 
100 pulses at 100 Hz (20 s apart), resulting in a significant increase in LTP in Cdkl5−/y rats when compared to WT. (C) LTP in the final 10 min of the recording 
relative to baseline (WT n = 8 rats; Cdkl5−/y: n = 13 rats; *p < 0.05 Two tailed T test, data points represent animal averages)
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p = 0.97). These data are further supported by the similar 
expression of NMDA receptor subunits in synaptosome 
preparations across genotypes in P14 rats (Supplemental 
Figure S2). Overall, these data suggest that the develop-
mental switch in NMDA receptor subunit composition 
and NMDA receptor contribution to synaptic transmis-
sion is unaltered in Cdkl5−/y rats.

In addition to NMDA receptors, altered AMPA recep-
tor subunit composition has been suggested as a poten-
tial mechanism underlying enhanced early-phase LTP in 
mouse models of CDD, where higher levels of CP GluA2-
lacking AMPA receptors were observed at baseline [13]. 
To assess the relative abundance of CP-AMPA receptors, 

we recorded AMPA receptor-mediated EPSCs by stimu-
lating the SC inputs to CA1 and performing whole cell 
voltage clamp recordings from CA1 PCs in the pres-
ence of NMDA receptor and GABAA receptor blockers 
(Fig. 6). AMPA receptor-mediated EPSCs were recorded 
at a range of voltages from − 80 mV to + 40 mV in order 
to assess their current-voltage (I-V) relationship and rec-
tification index. To maintain the intracellular polyamine 
block that confers inward rectification characteristic of 
CP-AMPA receptors, the intracellular solution in the 
recording pipette contained 0.1 mM of spermine [35].

AMPA receptor-mediated EPSCs exhibited a linear 
current-voltage I-V relationship in WT neurons (Fig. 6B, 

Fig. 4 Unaltered NMDA receptor function and subunit composition in the hippocampus of P28-35 Cdkl5-/y rats. (A) Representative traces of AMPA recep-
tor and NMDA receptor-mediated currents evoked by stimulating Schafer collateral inputs to CA1. (B, B’) NMDAR/AMPAR ratio (p = 0.31 GLMM), (C, C’) 
Pharmacologically isolated NMDA receptor-mediated EPSC decay time (p = 0.78 Mann-Whitney U test performed on animal averages). Data shown as 
mean ± SEM (WT n = 10 rats / 14 cells; Cdkl5/y: n = 9 rats / 18 cells), data points represent individual cells (B, C) and respective animal averages (B’, C’). (D) 
Representative western blot images from synaptosome preparations probed for NMDA receptor subunits GluN1, GluN2A, GluN2B and respective Total 
Protein stain. (E–G) Quantification of protein expression level normalised to total protein and WT. Data shown as mean ± SEM. ns-p > 0.05 Two-tailed T test
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B’), indicating no inward rectification and consistent 
with the high GluA2 expression in CA1 PCs [33, 36] In 
Cdkl5−/y rats this linear relationship was maintained and 
did not differ to that observed in WT rats (Fig.  6B, B’; 
F(1,143) = 2.3, p = 0.13, Sum-of-least squares F-test). To 
test whether there was a difference in reversal potential 
between genotypes, we fitted the individual I/Vs for each 
recording to obtain a mean reversal potential for WT 
and Cdkl5−/y CA1 neurons. The mean reversal potentials 
were not significantly different between genotypes (WT: 
5.93 ± 2.04 mV, Cdkl5-/y: 1.67 ± 2.87 mV; T=1.19, df=19, 
p=0.25, Two Tailed T test).

The rectification index, obtained by subtracting EPSC 
amplitude at 0 mV from EPSC amplitude at the holding 
potentials of -80 mV and + 40 mV and dividing these two 
values, was also unchanged in the absence of CDKL5 
(Fig. 6C, C’, WT: 2.13 ± 0.13, Cdkl5−/y: 1.98 ± 0.17, p = 0.32 
LMM). Using our method, a rectification index of 2 indi-
cates the absence of rectification. Together these data 
suggest that NMDA receptor and AMPA receptor-medi-
ated synaptic transmission are not affected in Cdkl5−/y 
rats and therefore alterations to NMDA receptor and 
AMPA receptor populations are unlikely to contribute to 
the enhanced LTP observed in the rat model of CDD.

Fig. 5 Typical NMDA receptor developmental trajectory in Cdkl5-/y rats. (A) NMDAR/AMPAR ratio in WT and Cdkl5−/y rats aged P7 to P22. (B) NMDAR 
decay time constant over development. (C) Representative traces of NMDA receptor-mediated EPSCs in the presence or absence (baseline) of the GluN2B 
antagonist Ro 25-6981. (D) NMDA receptor-mediated EPSC amplitude for individual cells before (full circles) and after (clear circles) Ro 25-6981 applica-
tion, with recordings from each cell connected by a straight line across 3 age groups examined. (E) Percentage of NMDA receptor current blocked by RO 
25-6981 based on cells shown in (D). All data shown as mean ± SEM, data points represent animal averages (except in D)
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Reduced mEPSC frequency and unaltered paired-pulse 
ratio in Cdkl5−/y rats
In addition to post-synaptic mechanisms mediated by 
NMDA receptors and AMPA receptors, altered pre-
synaptic function can contribute to abnormal synap-
tic transmission and altered synaptic plasticity. Indeed, 
CDKL5 function has been implicated at the pre-synapse 
including through phosphorylation of the pre-synaptic 
protein amphiphysin-1 [37] and through its interaction 
with shootin1, which is thought to underlie normal axon 
specification [38]. Moreover, reduced expression of the 
pre-synaptic marker synaptophysin has been reported in 
cellular models of CDD [39, 40]. To assess further synap-
tic transmission in the absence of CDKL5, we recorded 
mEPSCs (Fig.  7) and found a 30% reduction in mEPSC 
frequency from 5.43 ± 0.49 Hz in WT to 3.78 ± 0.34 Hz in 
Cdkl5−/y rats (Fig. 7B, B’, LMM p = 0.02). This was accom-
panied by unaltered mEPSC amplitudes (Fig. 7C, C’, WT: 
11.51 ± 0.82 pA, Cdkl5−/y: 10.88 ± 0.69 pA, LMM p = 0.64).

Paired-pulse ratio (PPR) measurements can be used 
to assess presynaptic release probability [41], thus we 
examined PPR of evoked EPSCs in response to multiple 

stimulus intervals to determine whether the reduction 
in mEPSC frequency observed was a consequence of 
reduced pre-synaptic release probability. In WT rats, 
2 pulses of electrical stimulation of SC inputs were 
delivered to CA1 either 20, 50 or 100 ms apart, which 
resulted in a facilitating postsynaptic response with PPRs 
of 1.81 ± 0.11, 1.79 ± 0.11, and 1.35 ± 0.04, respectively. 
In Cdkl5−/y rats, EPSCs exhibited a PPR of 2.07 ± 0.12, 
1.91 ± 0.13, and 1.35 ± 0.08 in response to the same inter-
stimulus intervals (Fig.  7G, G’). There was no statisti-
cal difference between genotypes at any tested stimulus 
interval (Two-way ANOVA of animal averages, Interac-
tion: F1,9 =1.163, p = 0.31 for genotype). Consistent with 
this, we also found no change in the expression of pre-
synaptic markers in Cdkl5−/y rats (Supplemental Fig. 3).

To determine more global changes in synaptic protein 
expression, label-free, quantitative mass spectrometry 
was performed on nerve terminals isolated from P14 
hippocampus of either Cdkl5−/y rats or WT littermate 
controls. A total of 4356 proteins were identified, with 
17 proteins significantly increased in Cdkl5−/y nerve ter-
minals and 26 significantly decreased (Additional File 

Fig. 6 Unaltered AMPA receptor-mediated EPSC I-V relationship in CA1 pyramidal cells of Cdkl5-/y rats. (A) Representative traces of AMPA receptor-
mediated currents from WT (upper, black) and Cdkl5−/y (lower, green) recorded over a range of holding potentials (-80mV to + 40 mV) in the presence 
of 0.1mM spermine in the intracellular solution. (B, B’) I-V relationship AMPA receptor-mediated EPSC normalised to EPSC amplitude at -80 mV holding 
potential (Genotype effect: F1,11=1.794, p = 0.21, Two-way ANOVA) (C) Rectification index calculated as the ratio of the difference EPSC amplitude between 
0 mV and − 80 mV and 0 mV and + 40 mV. Data shown as mean ± SEM, data shown for individual cells (B, C) and animal averages (B’, C’) (WT n = 24 cells 
/ 10 rats; Cdkl5−/y: n = 27 cells / 11 rats))
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Fig. 7 Reduced mEPSC frequency and typical PPR in CA1 pyramidal cells from Cdkl5-/y rats. (A) Representative traces of mEPSC recordings from WT (left, 
black) and Cdkl5−/y (right, green) rats. (B–B’) mEPSC frequency. (C-C’) mEPSC amplitude: WT n = 24 cells / 9 rats, Cdkl5−/yn = 20 cells / 8 rats. (D) Cumulative 
distribution of inter-event interval. (E) Cumulative distribution of mEPSC amplitude. (F) Representative traces of EPSCs evoked by PP stimulation of Schafer 
collateral inputs to CA1 pyramidal cells from WT (upper, black) and Cdkl5−/y rats (lower, green) at an interstimulus interval of 50 ms. (G) PPR of evoked 
(WT n = 18 cells / 7 rats, Cdkl5−/yn = 9 cells / 5 rats) at paired-pulse intervals of 20, 50 and 100 ms. Data in bar charts shown as mean ± SEM (data points 
represent individual cells (B, C, G) or corresponding animal averages (B’, C’, G’)
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Table 1). Importantly, no CDKL5 peptides were detected 
in any sample from Cdkl5−/y rats, confirming our West-
ern blot analysis (Fig.  1). The number of significantly 
altered proteins in Cdkl5−/y synaptosomes was relatively 
small, with only 3 demonstrating a two-fold change 
(equivalent to 1 on a log2 scale, Additional File Table 1) 
compared to WT controls. Because of this, in silico anal-
ysis of convergent molecular pathways was not able to be 
performed. Significantly upregulated proteins in Cdkl5−/y 
synaptosomes included Kv channel-interacting protein 
4 (Kcnip4), an auxiliary Kv channel subunit reported to 
favour the open state of these channels [42, 43] and the 
long isoform of the GABAA receptor γ2 subunit (Gabrg2), 
suggesting compensatory alterations to hyperexcitabilty.

Typical dendritic morphology but increased spine density 
in basal dendrites of CA1 pyramidal cells
Altered dendritic morphology has previously been 
reported in mouse models of CDD across multiple 

brain areas [10, 11, 15]. Moreover, dendritic morphol-
ogy can have a profound impact on processing of syn-
aptic inputs and consequently on circuit level function 
[44, 45]. As such, we reconstructed biocytin-filled cells 
in order to examine dendritic arborisation and spine 
density in Cdkl5−/y rats (Figs. 8 and 9). In WT rats, bio-
cytin-filled cells exhibited typical CA1 PC morphology 
(Fig.  8A [46, 47]), . When examining the Sholl profile 
we found cell morphology to be minimally altered in 
Cdkl5−/y rats relative to WT controls (Fig. 8B, Two-way 
ANOVA of animal averages, Interaction: F1,12 =0.822, 
p = 0.38 for genotype). However, there was a difference 
in the interaction between Sholl intersections and geno-
type (two-way ANOVA of animal averages, Interaction: 
F76,912 = 2.094, p < 0.001), which was predominantly in 
the proximal (< 200 µm) dendritic domain. However, 
the dendritic length (Fig.  8C, C’, WT: 9882 ± 707  μm, 
Cdkl5−/y: 9455 ± 610  μm, Two-tailed T Test: T12 = 0.46, 
p = 0.66) as well as total length of apical (Fig. 8D, D’ WT: 

Fig. 8 CA1 pyramidal cell morphology and spine density across multiple dendritic compartments. (A) Example reconstruction of CA1 pyramidal cells 
from WT and Cdkl5−/y rats filled with biocytin during whole cell patch clamp recordings. (B) Sholl analysis of the dendritic arborisation (Two way ANOVA: 
Interaction: F 76,912 = 2.094, p < 0.001, genotype effect p = 0.38). (C) Total dendritic length, (D) total length of basal dendrites, (E) total length of apical 
dendrites. Data shown as mean ± SEM (WT - n = 14 cells/7 rats, Cdkl5−/y - n = 14 cells/7 rats, data points represent animal averages, all p values > 0.05, Two 
tailed t-test))
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6622 ± 520  μm, Cdkl5−/y: 5795 ± 519  μm, Two-tailed T 
Test: T12 = 1.12, p = 0.28) and basal dendrites (Fig. 8E, E’, 
WT: 3260 ± 257 μm, Cdkl5−/y: 3660 ± 275 μm, Two-tailed 
T Test: T12 = 1.06, p = 0.31) were unchanged, indicating 
that overall dendritic complexity is minimally affected by 
the lack of CDKL5.

Despite no overall changes in gross dendritic morphol-
ogy, we examined whether spine density was altered at 
basal, apical oblique or apical tuft dendrites (Fig.  9A). 

We found a 19% increase in spine density in the basal 
dendrites of CA1 PCs from Cdkl5−/y rats (Fig.  9B, B’, 
19.18 ± 1.18 spines/10 µm) relative to WT controls 
(16.08 ± 0.98 spines/10 µm, LMM p = 0.04). Spine density 
did not differ between genotypes in the apical dendrites, 
oblique (Fig.  9C, C’, WT: 20.02 ± 1.76 spines/10 µm, 
Cdkl5−/y: 18.30 ± 0.92 spines/10 µm, LMM, p = 0.71) or 
tuft (Fig. 9D, D’, WT: 8.71 ± 0.78 spines/10 µm, Cdkl5−/y: 
8.26 ± 0.82 spines/10 µm LMM p = 0.71).

Fig. 9 Spine density across dendritic compartments of CA1 pyramidal cells. (A) Representative segments of basal and apical (oblique and tuft) dendrites 
from CA1 pyramidal cells filled during whole-cell patch-clamp recordings. (B) Spine density in basal dendrites (WT: n = 12 cells/6 rats, Cdkl5−/y: n = 12 cells 
/ 7 rats). (C) Spine density in apical oblique dendrites (WT: n = 9 cells / 6 rats, Cdkl5−/y: n = 12 cells / 6 rats). (D) Spine density in apical tuft dendrites (WT: 
n = 7 cells/4 rats, Cdkl5−/y: n = 11 cells / 7 rats). Data shown as mean ± SEM, data points represent cell (B, C, D) or animal averages (B’, C’, D’). *p < 0.05, ns 
p > 0.05 LMM
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Unchanged relative abundance of silent synapses in 
Cdkl5−/y rats
To determine whether the reduced mEPSC frequency 
and increased spine density observed resulted from an 
increase in the relative abundance of NMDA receptor-
only silent synapses, we used minimal stimulation of SC 
inputs to activate a single or a small number or synapses 
onto CA1, thus resulting in EPCSs or failures of synap-
tic transmission when recording AMPA receptor-medi-
ated responses at a hyperpolarised holding potential 
(-70 mV). When the neuron is depolarised to + 40 mV, 
mixed AMPA receptor and NMDA receptor-containing 
synapses as well as NMDA receptor-only containing syn-
apses are activated (Fig. 10A, B). Under these conditions, 
the ratio of response probability at + 40 mV relative to -70 
mV allows for an estimation of the relative abundance of 
silent synapses [23]. When recording at -70 mV, response 
probability was similar for WT and Cdkl5−/y rats (WT: 
0.66 ± 0.02, Cdkl5−/y 0.73 ± 0.03, p = 0.63). The response 
probability increased similarly in both genotypes when 
recording at + 40 mV (WT: 0.79 ± 0.03, Cdkl5−/y 0.89 
± 0.02, p = 0.21 LMM), thus revealing the presence of 
silent synapses (Fig.  10C). The similar ratio of response 
probability across genotypes (Fig. 10D, WT: 1.23 ± 0.07, 

Cdkl5−/y 1.21 ± 0.08, p = 0.83 GLMM) is consistent with 
low levels of silent synapses in CA1 pyramidal cells [48] 
and indicates that the abundance of silent synapses is 
unaltered in the absence of CDKL5. Overall, these data 
suggest that altered abundance of silent synapses does 
not contribute to the LTP and mEPSC phenotypes 
observed in Cdkl5−/y rats.

Discussion
In this study we described and validated a novel rat 
model of CDD, whereby targeting exon 8 of the Cdkl5 
gene resulted in complete absence of CDKL5 protein. 
Extracellular field recordings revealed enhanced LTP in 
the hippocampus of Cdkl5−/y rats. However, extensive 
electrophysiological and biochemical characterization 
of NMDA receptors and AMPA receptors revealed no 
alteration in the functional properties of these receptors 
or the expression of their respective subunits. Further 
analysis of synaptic transmission in Cdkl5−/y rats revealed 
a reduction in mEPSC frequency however, this finding 
was not accompanied by a change in PPR or an altered 
expression of hippocampal presynaptic proteins. Mor-
phological characterisation of CA1 PCs with Sholl analy-
sis revealed typical dendritic branching in Cdkl5−/y rats. 

Fig. 10 Minimal stimulation of CA3 inputs to CA1 pyramidal cells reveal no difference in silent synapses in Cdkl5-/y rats. (A) Representative traces of 
EPSCs recorded at -70 mV and + 40 mV evoked by minimal stimulation of Schaffer collaterals. (B) Example time-course of synaptic responses throughout 
a single WT and Cdkl5-/y recording upon Schafer collateral stimulation. (C) Response probability at -70 mV and + 40 mV (data shown as cells, values for 
each cell connected by a black line. Two-way ANOVA Genotype effect: F1,46 = 5.16, p = 0.03, Holding potential effect: F1,46=38.50, p < 0.0001). (D) Ratio of 
the response probability at + 40mV and − 70 mV following minimal stimulation of Schaffer collaterals. (WT n = 30 cells / 11 rats, Cdkl5-/yn = 18 cells / 7 rats)
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However, spine density was altered in a dendritic domain 
specific manner, with basal dendrites exhibiting higher 
spine density in Cdkl5−/y rats relative to WT, while spine 
density was unchanged in apical dendrites. Despite this 
increase in spine density and reduced mEPSC frequency, 
minimal stimulation experiments revealed unaltered 
abundance of silent synapses in Cdkl5−/y rats. Cellular 
excitability was also largely unaffected in the absence of 
CDKL5.

Mechanisms underlying enhanced hippocampal LTP are 
not conserved across mouse and rat models of CDD
In this study we found enhanced LTP in the hippocam-
pus of Cdkl5−/y rats, suggesting a role of CDKL5 in syn-
aptic plasticity in this brain region. Whilst enhanced LTP 
has previously been reported in mouse models of CDD 
[12, 13], the mechanisms previously suggested to con-
tribute to this phenotype in mice are not translated to the 
rat model used in this study. In contrast to [12], we did 
not observe alteration in NMDAR/AMPAR ratio, NMDA 
receptor kinetics or subunit expression. Moreover, the 
developmental trajectory of NMDA receptor function 
and subunit expression can have long-lasting impact on 
circuit level function and had not yet been characterised 
in rodent models of CDD. In this study we show NMDA 
receptor development to be unaffected in Cdkl5−/y rats. 
The enhanced LTP is transitory as recordings from slices 
prepared from older Cdkl5−/y rats animals revealed no 
difference in its magnitude between genotypes. Whether 
the return to WT levels of LTP is brought about by the 
direct reversal of the mechanism which causes the early 
enhancement or is mediated by different processes is 
unclear and beyond the scope of the current study. Nev-
ertheless, the reversal of the enhanced LTP in this CDD 
model indicates that during early development there is a 
complex interplay of signalling cascades that affect syn-
aptic function.

Furthermore, our data do not show a difference 
between the rectification index for EPSCs recorded at 
negative and positive holding potentials which might be 
expected if the contribution of calcium permeable AMPA 
receptors differed between WT and Cdlk5−/y neuronal 
populations. We acknowledge this is contrary to what 
has been described in mouse models of CDD [13]. The 
overall linear I-V relationship of AMPA receptor medi-
ated EPSCs observed in WT and Cdkl5−/y rats is also 
consistent with AMPA receptor populations being simi-
lar in both genotypes and is dominated by the known 
high expression of GluA2 subunit in CA1 PCs [36], which 
confers low calcium permeability and no inward rec-
tification [49, 50]. We did observe a mixed inward and 
outward current in EPSCs recorded at 0 mV that might 
indicate the presence of calcium permeable AMPA 
receptors but these were observed in both WT and 

Cdlk5−/y populations. While calcium permeable AMPA 
receptors have been associated with increased LTP in in 
mouse models of CDD [13] and other unrelated mouse 
mutants [51], these were associated with increased cal-
cium permeable AMPA receptors at baseline, which we 
did not observe here, supporting that this is not a mecha-
nism of increased LTP in Cdlk5−/y compared to WT rats. 
The mechanisms that underlie inward rectification also 
involve the association of AMPA receptors with auxil-
iary subunits [52], however this may [53] or may not [54] 
depend on the specific auxiliary subunit (γ2 versus γ8); 
future studies are necessary to investigate any alterations 
in auxiliary subunits in Cdkl5−/y rodent models.

In addition to species differences, other factors can 
contribute to the discrepancies observed between our 
findings and previous studies. Namely the ages of the 
animals tested and the nature of the genetic alteration 
leading to lack of CDKL5. In this study we focused on 
early post-natal development (P7 onwards) and juvenile 
ages (P28-35) due to the neurodevelopmental nature of 
CDD. However, the vast majority of studies conducted in 
pre-clinical models of CDD have focused on adult mice 
(i.e. older than 2 months [10–12, 14, 15, 55]). Moreover, 
altered NMDA receptor function has been reported in 
a constitutive knock out of Cdkl5 achieved by targeting 
exon 2 [12], CP-AMPA receptors have been implicated 
in the R59X mutation knock in mouse model [13], whilst 
the rat model used in this study results from targeting 
exon 8. Interestingly, discrepancies in behavioural phe-
notypes have been described across the variety of mouse 
models generated so far [56].

Our findings suggest ionotropic glutamate receptor 
function and expression of synaptic proteins is intact in 
Cdkl5−/y rats, therefore the cellular mechanisms under-
lying enhanced LTP in the rat model of CDD are yet to 
be understood. Work elucidating CDKL5 targets is still 
ongoing and currently there is little evidence that CDKL5 
directly regulates signalling cascades downstream from 
LTP induction. Proteomic analyses did not reveal obvi-
ous effectors underlying enhanced LTP. Recent work uti-
lizing a CDKL5-specific kinase inhibitor demonstrated 
reduced hippocampal LTP [57] which suggests unknown 
rodent specific compensations to genetic loss of Cdkl5. 
That said, downregulation of the mTOR signalling path-
way has been reported across different mouse models of 
CDD [10, 55, 58]. Furthermore, altered mTOR signalling 
has been implicated in various other models of ASD/ID 
which also present with synaptic plasticity phenotypes 
(reviewed in [59]), as such examination of this pathway 
might provide insight into a potential mechanism for the 
synaptic plasticity phenotype in Cdkl5−/y rats.
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Excitatory synaptic transmission
In this study we report a reduction in mEPSC frequency 
in Cdkl5−/y rats. mEPSCs are synaptic neurotransmit-
ter release events resulting from the stochastic fusion 
of single synaptic vesicles. Whilst mEPSC amplitude is 
a proxy for the number of receptors in the postsynaptic 
membrane, mEPSC frequency is a correlate for presyn-
aptic release probability and/or synapse numbers. PPR is 
typically used to infer about presynaptic release probabil-
ity [41, 60], however the relationship between PPR and 
release probability is complex, with studies showing that 
PPR can be maintained even when release probability is 
altered [61, 62]. In this study we find PPR to be unaltered 
at Schaffer collateral synapses in CA1 in Cdkl5−/y rats. 
One suggestion for this apparent contradiction is that the 
fusogenicity of individual synaptic vesicles in Cdkl5−/y 
synapses is unaltered, but the number of vesicles acces-
sible for mEPSC events is reduced. This is supported by 
recent data from this Cdkl5−/y model system, in which 
the reformation of synaptic vesicles is perturbed after 
their fusion [63]. Regardless, the absence of effect on PPR 
coupled with the unaltered expression levels of presynap-
tic proteins, suggest that release probability is unlikely to 
be affected in the hippocampus of Cdkl5−/y rats.

As the reduction in mEPSC frequency was accompa-
nied by an increase in spine density in basal dendrites, we 
used minimal stimulation to address the hypothesis that 
Cdkl5−/y rats exhibit a greater abundance of silent syn-
apses. Furthermore, altered abundance of silent synapses 
has previously been suggested to underlie abnormal syn-
aptic plasticity in other models of ASD/ID with co-occur-
ring epilepsy [22]. The response probability observed 
upon minimal stimulation of SC inputs to CA1 was con-
sistent with the prevalence of silent synapses expected for 
CA1, based on anatomical studies [48], but no genotypic 
differences were found, indicating that the reduction in 
mEPSC frequency we observe cannot be explained by 
an increase in functionally silent synapses. Similarly, we 
found no genotypic differences in the spine densities 
on apical dendrites of hippocampal neurons and a 15% 
increase on basal dendrites, however no synaptic mark-
ers were used to determine whether those spines are 
putative functional synapses. Therefore, it is plausible 
that despite the relatively small increase in overall spine 
density, Cdkl5−/y rats exhibit a reduction of functional 
synapses, explaining the reduction in mEPSC frequency 
observed. In support of this possibility, knock down of 
CDKL5 in neuronal cultures resulted in increased spine 
densities accompanied by a reduction in puncta of syn-
aptic markers and reduced mEPSC frequency [39]. This is 
also supported by recent studies utilizing a CDKL5-spe-
cific kinase inhibitor [57].

Limitations
This study has focussed on the electrophysiological and 
anatomical properties of hippocampal neurons across 
early postnatal development. Studies involving other 
brains regions, older animals and behavioural pheno-
types associated with the loss of CDKL5 are needed to 
understand the pathophysiology of CDD. Furthermore, 
the contribution of this study was conducted in hemi-
zygous male rats (where CDKL5 is completely absent) 
whilst most cases of CDD occur in heterozygous females. 
Clinically, the spectrum of severity is similar in males and 
females [64–66]. However, studying CDKL5 function in 
heterozygous females is complicated by the random X 
chromosome inactivation leading to mosaicism. The lack 
of reliable antibodies to identify CDKL5 positive and 
negative cells and the lack of reporter lines where this can 
be done in real time pose a significant obstacle to deter-
mine the role of CDKL5 in neuronal function in hetero-
zygous females. Therefore, the study of hemizygous males 
can provide a useful tool to understand CDKL5 function 
in a simplified system.

Finally, the study of CDD in rodents has been clouded 
by the lack of a seizure phenotype in the models devel-
oped so far. Whilst children with CDD present with 
early-onset epilepsy [67], this feature of CDD is not 
translated to rodent models of the disorder [10, 12, 55], 
including the rat model described in this study. Indeed, 
spontaneous seizures have only been observed in aged 
heterozygous female mice (> 300 days), with the bur-
den of epileptic spasms depending on the nature of the 
genetic alteration [68]. The lack of a seizure phenotype 
in ours and other models generated thus far limits these 
models to understanding the cellular alterations in CDD. 
Furthermore, CDKL5 protein function is still poorly 
understood and rodent models can provide a useful tool 
to understanding the role of CDKL5 in neurons at the 
molecular and cellular level.

Conclusion
This study described a novel rat model of CDD, of value 
to understand the role of CDKL5 in neurodevelopment 
in rodents. Moreover, the generation of this rat model 
provides a valuable tool to the CDD research commu-
nity. In combination with the existing mouse models, the 
Cdkl5−/y rat can be used to identify robust cross species 
phenotypes that can be used as biomarkers when assess-
ing potential therapeutics in preclinical models of CDD.

This study provides renewed evidence of a role of 
CDKL5 in excitatory synaptic transmission and synaptic 
plasticity in the hippocampus however the underlying 
mechanisms by which loss CDKL5 results in enhanced 
LTP and reduced mEPSC frequency remain to be 
elucidated.
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