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CKAMP44 controls synaptic function and strength of relay
neurons during early development of the dorsal lateral
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Abstract Relay neurons of the dorsal lateral geniculate nucleus (dLGN) receive inputs from
retinal ganglion cells via retinogeniculate synapses. These connections undergo pruning in the
first 2 weeks after eye opening. The remaining connections are strengthened several-fold by the
insertion of AMPA receptors (AMPARs) into weak or silent synapses. In this study, we found
that the AMPAR auxiliary subunit CKAMP44 is required for receptor insertion and function of
retinogeniculate synapses during development. Genetic deletion of CKAMP44 resulted in decreased
synaptic strength and a higher number of silent synapses in young (P9–11) mice. Recovery from
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desensitisation of AMPARs was faster in CKAMP44 knockout (CKAMP44–/–) than in wild-type
mice.Moreover, loss of CKAMP44 increased the probability of inducing plateau potentials, which are
known to be important for eye-specific input segregation and retinogeniculate synapse maturation.
The anatomy of relay neurons in the dLGN was changed in young CKAMP44–/– mice showing a
transient increase in dendritic branching that normalised during later development (P26–33). Inter-
estingly, input segregation in youngCKAMP44–/– micewas not affectedwhen compared towild-type
mice. These results demonstrate that CKAMP44 promotes maturation and modulates function of
retinogeniculate synapses during early development of the visual system without affecting input
segregation.

(Received 6 April 2022; accepted after revision 27 June 2022; first published online 30 June 2022)
Corresponding author J. von Engelhardt: Institute of Pathophysiology, Focus Program Translational Neurosciences
(FTN), UniversityMedical Center of the JohannesGutenbergUniversityMainz, Duesbergweg 6,Mainz 55128, Germany.
Email: engelhardt@uni-mainz.de

Abstract figure legend AMPA receptor auxiliary subunit CKAMP44 influences synaptic function in retinogeniculate
synapses of young mice. CKAMP44 unsilences synapses by recruiting AMPA receptors to the synapse. Furthermore,
genetic deletion of CKAMP44 reduces short-term depression and increases the probability of eliciting L-type Ca2+
channel-mediated plateau potentials.

Key points
� Expression of CKAMP44 starts early during development of the dorsal lateral geniculate nucleus
(dLGN) and remains stable in relay neurons and interneurons.

� Genetic deletion of CKAMP44 decreases synaptic strength and increases silent synapse number
in dLGN relay neurons; increases the rate of recovery from desensitisation of AMPA receptors in
dLGN relay neurons; and reduces synaptic short-term depression in retinogeniculate synapses.

� The probability of inducing plateau potentials is elevated in relay neurons of CKAMP44–/– mice.
� Eye-specific input segregation is unaffected in the dLGN of CKAMP44–/– mice.
� Deletion of CKAMP44 mildly affects dendritic arborisation of relay neurons in the dLGN.

Introduction

The establishment of synaptic connections during
development is a well-orchestrated process that has
been extensively studied specifically in the visual system
(Huberman et al., 2008). Retinal ganglion cells excite relay
neurons of the dorsal lateral geniculate nucleus (dLGN)
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via retinogeniculate synapses. In the first postnatal week,
each relay neuron receives weak inputs frommany retinal
ganglion cells. Most retinogeniculate synapses are pruned
with development and the surviving synapses increase
their strength approximately 60-fold (Chen & Regehr,
2000; Litvina & Chen, 2017a). This strengthening and
refinement of retinogeniculate synapses requires insertion

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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of AMPA receptors (AMPARs) into weak or silent
synapses (i.e. synapses that contain NMDA receptors, but
not AMPARs) (Chen & Regehr, 2000). Retinal ganglion
cells from both eyes send their input initially to over-
lapping areas of each dLGN. The inputs segregate after
birth such that the centre of the mouse dLGN receives
input from the ipsilateral retina and the remaining
part from the contralateral retina (Guido, 2018; Litvina
& Chen, 2017b). Early-stage eye-specific segregation
depends on spontaneous retinal activity (Penn et al., 1998;
Torborg et al., 2005). In the following developmental
stage, visual experience and excitatory input to the
dLGN are necessary for the maintenance of refined
retinogeniculate connections (Hooks & Chen, 2006).
Importantly, high frequency bursts (>10 Hz) of activity
are particularly efficient in driving input segregation
(Torborg et al., 2005). Moreover, depolarisation-induced
activation of L-type Ca2+ channel activity causing
plateau potentials is required for input segregation
(Dilger et al., 2015).

AMPAR complexes contain auxiliary subunits that
control surface targeting, synaptic anchoring and
gating of AMPARs (Jacobi & von Engelhardt, 2017).
Genetic deletion of the auxiliary subunit TARP γ -2,
for instance, affects the late phase refinement and
experience-dependent plasticity of retinogeniculate
synapses (Louros et al., 2014). In a recent study, the
auxiliary subunit CKAMP44 has been described as
playing a pivotal role in controlling retinogeniculate
synapse function of adult mice (Chen et al., 2018).
However, whether CKAMP44 is involved in the
development of dLGN relay neurons and retinogeniculate
synapse function in young mice is unknown.

We here show that CKAMP44 is expressed in dLGN
relay neurons and interneurons throughout development.
Moreover, using electrophysiological techniques we
demonstrate that CKAMP44 affects synapse strength
and function as well as the number of silent synapses
in the first postnatal weeks. Furthermore, CKAMP44
controls L-type Ca2+ channel-mediated plateau potential
initiation. Anatomical analyses reveal changes in the
development of relay neuron morphology but not in
input segregation in the dLGN of CKAMP44–/– mice.

Methods

Ethical approval

All experiments using mice complied with the principles
and regulations ofThe Journal of Physiologywith respect to
reporting animal experiments (Grundy, 2015). They were
performed according to the German Animal Welfare Act
and approved by the Governmental Supervisory Panel on
Animal Experiments of Rhineland-Palatinate (Approval
Number: G20-1-147).Micewere born and raised in-house

in the Translational Animal Research Centre (TARC) of
the UniversityMedicine ofMainz in cages with free access
to food and water under a 12 h light–12 h dark cycle. One
hundred and seven mice of either sex were used in this
study.

Fluorescence in situ hybridisation

All solutions for fluorescence in situ hybridisation (FISH)
experiments were prepared withMilliQwater treated with
diethylpyrocarbonate (DEPC). Brains fromP5–7, P15–17,
P26–33 and P60–90mice were harvested inDEPC-treated
MilliQ water and frozen on a metal tray submerged in
liquid nitrogen to ensure mRNA stability. Tissue was
stored at−80°C for further processing. Reagents for FISH
were obtained from Thermo Fisher Scientific and FISH
labelling was performed on 12 μm-thick coronal brain
cryosections containing dLGN using brain atlases for
developing and adult mouse brains as reference (Paxinos
& Franklin, 2012; Paxinos et al., 2006). The cryosections
were mounted on Superfrost plus slides (Thermo Fisher
Scientific) and were fixed in 4% paraformaldehyde
(PFA) overnight. Slides were then dehydrated in an
increasing ethanol series and dried at 60°C for 1 h.
Cryosections were rehydrated in phosphate-buffered
saline (PBS) before FISH labelling, which was performed
according to the manufacturer’s protocol (Thermo Fisher
Scientific, ViewRNA ISH Assay). Briefly, cryosections
were subjected to limited protease digestion using
Protease (QVC0511) diluted 1:100 in 1×PBS. Following
a 5min Protease QS treatment, cryosections were washed.
The permeabilised (protease-treated) cryosections were
co-hybridised for 6 h at 40°C in probe-containing solution
(proprietary ViewRNA ISH probe sets for murine Shisa9,
VB1-19 976 and Gad1, VB4-19 846, diluted 1:40 in
Probe Set Diluent QF, QVC0512). Following the probe
hybridisation, cryosections were washed and then sub-
jected to sequential hybridisation at 40°C for 30min
with PreAmplifier Mix, Amplifier Mix and Label Probe
Mix (Shisa9, Alexa Fluor 546; Gad1, Alexa Fluor 488),
each reagent diluted 1:100 in the provided diluent.
Sequential hybridisation was interspersed and followed
by washing steps. Sections were then incubated in
4′,6-diamidino-2-phenylindole (DAPI) solution (100×
DAPI diluted 1:100 in PBS). The slides were washed and
air-dried for a fewminutes beforemountingwith ProLong
Gold Antifade Mountant (Thermo Fisher Scientific).

Brain slices preparation for electrophysiology

Acute brain slices containing the dLGN for electro-
physiological experiments were collected as described
previously (Chen et al., 2019; Turner & Salt, 1998).
Briefly, anesthetised mice were decapitated and brains

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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were removed and quickly immersed in oxygenated 4°C
choline-based solution containing (in mM): 87 NaCl, 2.5
KCl, 37.5 choline chloride, 25 NaHCO3, 1.25 NaH2PO4,
25 glucose, 0.5 CaCl2 and 7 MgCl2. Brain slices of
250 μm were cut on a vibratome (Leica VT1200, Leica
Microsystems, Wetzlar, Germany); 300 μm slices were
generated for evoked plateau potentials in an oxygenated
4°C sucrose-based cutting solution containing (in mM):
212 sucrose, 3 KCl, 26 NaHCO3, 1.25 NaH2PO4, 10
glucose, 0.5 CaCl2 and 7 MgCl2. Sagittal slices were
obtained for miniature excitatory postsynaptic current
(mEPSC) recordings. To preserve intact retinogeniculate
fibres for evoked excitatory postsynaptic current (EPSC)
recordings, the two hemispheres were separated with an
angle of 3–5° to the sagittal plane and an angle of 10–25°
outwards in the mediolateral plane during slicing. The
slices were collected in oxygenated choline-based solution
at 34°C for 25 min for recovery and then transferred to
artificial cerebrospinal fluid (ACSF) containing (in mM):
125 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 2 CaCl2,
1 MgCl2 and 25 glucose at 34°C for another 25 min. Slices
were kept at room temperature for about 30 min before
recording.

In vitro electrophysiology

Whole-cell patch clamp recordings were performed at
room temperature. Pipettes were pulled from borosilicate
glass capillaries with a resistance of 3–5 MΩ. Patch
pipettes were filled with intracellular solution containing
(in mM): 120 caesium gluconate, 10 CsCl, 8 NaCl, 10
HEPES, 10 phosphocreatine-Na, 0.3 GTP, 2 Mg2+-ATP
and 0.2 EGTA (pH 7.3, adjusted with CsOH). mEPSC
recordings were performed as described previously (von
Engelhardt et al., 2008) at the holding potential of
−70mVwith 50μMd-2-amino-5-phosphonovaleric acid
(d-APV) (Sigma-Aldrich, Taufkirchen, Germany), 10μM
SR 95531 hydrobromide (gabazine) (Sigma-Aldrich) and
1 μM tetrodotoxin (TTX) (Biotrend, Cologne, Germany)
in the ACSF to block NMDA receptors (NMDARs),
γ -aminobutyric acid type A (GABAA) receptors and
voltage-gated Na+ channels, respectively. mEPSC data
were analysed with the help of clampfit software (version
10.2.0.13, MDS Analytical Technologies, Sunnyvale, CA,
USA) together with the minianalysis plugin using a
template-matching algorithm.
For evoked EPSC recordings, patch pipettes were

filled with intracellular solution containing (in mM): 35
caesium gluconate, 100 CsCl, 10 HEPES, 10 EGTA, and
0.1 D-600 (pH 7.3, adjusted with CsOH). Paired-pulse
ratio recordings were performed at a holding potential
of −70 mV in the presence of 50 μM APV and
10 μM gabazine. Paired-pulse stimuli of the optic tract
were applied with 30, 100, 300, 1000 and 3000ms

inter-stimulus intervals. Paired-pulse ratios of current
amplitudes (EPSC2/EPSC1) were calculated from the
means of 20 EPSC pairs.
AMPA/NMDA ratios were calculated from the

amplitudes of AMPAR-mediated and NMDAR-mediated
currents that were recorded at a holding potential
of −70 and +40mV, respectively. NMDAR-mediated
current amplitudes were measured 25ms after the start of
the stimulus artefact. Ten micromolar gabazine was used
to block GABAA receptors.
Silent fibre recordings were performed in the pre-

sence of gabazine. Cells were initially held at +40 mV
to record NMDAR-mediated currents. A weak optic
tract stimulation was applied and the stimulus intensity
was gradually increased until a postsynaptic response
was observed. Once a minimal NMDAR-mediated
current was observed, the holding potential was
switched to −70 mV to record AMPAR-mediated
currents. Stimulation of a silent fibre elicits NMDAR-
but not AMPAR-mediated currents. We then recorded
NMDAR-mediated currents at +40 mV once more
to control for potential movements of slice or
stimulation pipette that could explain the absence of
AMPAR-mediated currents.
For the analysis of L-type calcium channel-mediated

plateau potentials, patch pipettes were filled with intra-
cellular solution containing (in mM): 140 potassium
gluconate, 10 HEPES, 2 Mg-ATP salt, 0.3 NaCl, and 0.1
Na-GTP salt (pH 7.25, adjusted with KOH). Whole-cell
current clamp recordings were performed in artificial
cerebrospinal fluid (ACSF) containing (in mM): 125
NaCl, 25 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 2 CaCl2,
2 MgCl2, 10 glucose at 32 to 34°C. To evoke synaptic
activity, we adoptedmethods described previously (Dilger
et al., 2015). Briefly, square pulses (0.1 ms duration) were
delivered at 50 Hz by a monopolar electrode placed in
the optic tract connected to a stimulus isolator (A365,
World Precision Instruments, Sarasota, FL, USA) that
was controlled through Patchmaster software. Stimulation
was repeated 10 times and responses averaged. To ensure
similar stimulation regimes, the stimulation intensity was
kept at a similar strength for both genotypes (median wild
type vs. CKAMP44–/–: 350 vs. 353 μA). Plateau potentials
were classified by their characteristic appearance (Dilger
et al., 2015; Lo et al., 2002), e.g. their long-lasting duration
(100–500 ms), high amplitude (40–60 mV) and bursts
of inactivating sodium spikes. The area of the evoked
responses and number of inactivating sodium spikes
(>1 mV in amplitude) of plateau potentials were analysed
using IGOR Pro 6.37 with Neuromatic extention (Wave-
Metrics Inc., Lake Oswego, OR, USA).
Nucleated patch experiments were performed as

described (Sather et al., 1992) using theta glass tubing
mounted onto a piezo actuator. Application pipettes
were tested by perfusing solutions with different salt

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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concentrations through the two barrels onto open
patch pipettes and recording current changes with 1 ms
transitions of the application pipette. Only application
pipettes with 20–80% rise times below 120 μs and with
a reasonable symmetrical on- and offset were used. The
application solution contained (in mM): 135 NaCl, 10
HEPES, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 5 glucose (pH 7.2).
AMPAR-mediated currents were evoked by applying 1ms
glutamate (1mM) pulses onto nucleated patches of relay
neurons.

Biocytin filling and labelling

Brain slices of mice were prepared as for electro-
physiological experiments. Filling of neurons was
performed as described previously (Muller et al., 2018).
Briefly, relay neurons were patch-clamped for 15min with
an intracellular recording solution containing 0.1–0.5%
biocytin (Sigma-Aldrich; the solution was sonicated for
30 min before use). After biocytin filling, slices were
transferred into 4% PFA in PBS at 4°C overnight. Brain
slices were washed with 1× PBS for 10 min (3 times)
and then incubated in a blocking solution (containing
0.2% Triton X-100 and 5% bovine serum albumin in PBS)
on an orbital shaker for 2 h at room temperature. The
blocking solution was afterwards replaced by a solution
containing streptavidin-Alexa 488 or 568 (1:1000 in PBS)
(Thermo Fisher Scientific). Slices were incubated in the
streptavidin solution on an orbital shaker at 4°C over-
night. Light exposure was avoided during subsequent
washing steps (with 1x PBS for 10 min (3 times) and
rinsed with tap water). Before mounting, slices were
imaged with a fluorescence microscope to ensure that
the biocytin-filled neurons were on the upper side of the
slices.

Eye-specific input segregation

Mice aged P9–11 were analgised with buprenorphine and
anaesthetisedwith isoflurane. For an anterograde labelling
of retinal ganglion axons, 1 μl of cholera toxin B (CTB)
subunit conjugated to Alexa Fluor 488 (green) and Alexa
Fluor 594 (red) (Thermo Fisher Scientific) was intra-
vitreally injected into the right and left eye, respectively.
CTB was dissolved in PBS yielding a concentration
of 1 μg/μl. After 48 h, animals were subcutaneously
injected with a ketamine–xylazine cocktail (200 mg/kg
and 20 mg/kg body weight) and transcardially perfused
with 1× PBS and subsequently ice-cold 4% PFA. Brains
were removed and fixed in 4% PFA at 4°C overnight. After
three washing steps with 1× PBS for 10 min, brains were
sectioned coronally (thickness, 70μm) using a vibratome.
Brain sections were mounted onto slides using ProLong

Gold Antifade Mountant (Thermo Fisher Scientific) and
stored at room temperature for further processing.

Imaging and analyses

Imaging for FISH experiments and segregation analysis
was performed on a Leica TCS SP5 confocal micro-
scope using a HCX PL APO CS ×20.0 (NA = 0.70)
dry UV objective. Expression of Shisa9mRNA (encoding
CKAMP44) was quantified in relay neurons and inter-
neurons by counting red dots per cell. Fiji software
(version 2.0.2) was used to enhance contrast and count
dots. Theoretically, each dot reflects one mRNAmolecule
(Trcek et al., 2011). Interneurons were identified by
the presence of green signal (indicating presence of
Gad1mRNA).
For the acquisition of eye-specific inputs, fluorescence

intensities for CTB–Alexa 488 and 594 were adjusted
using the look-up table provided by the Leica TCS SP5
acquisition software to avoid under- or overexposure
of images. Laser intensities were adjusted accordingly.
To quantify input segregation, a threshold-independent
method introduced by Torborg and Feller (Torborg
& Feller, 2004) was used. Briefly, for each mouse,
three to five consecutive slices containing the largest
contralateral-dominant area were used for analysis.
Analysis was done using Fiji software. First, a region
of interest was selected encompassing the dLGN. The
image was subjected to background subtraction using
a rolling ball radius of 200 pixels. Then the logarithm
of the ratio of fluorescence intensities of the dyes that
were injected into the ipsilateral and contralateral eye
(R = log [FI/FC]) was calculated for each image and each
pixel of the dLGN. Mean R-values were calculated for
each mouse. The obtained R-values were between −2 and
+2. R-values close to −2 indicate strong input from the
contralateral eye, while R-values close to +2 suggest the
dominant input stems from the ipsilateral eye. R-values
close to zero reflect similar Alexa Fluor 488 and Alexa
Fluor 594 fluorescence signal intensity in the given pixels.
The variance of the R-distribution correlates with the
extent of input segregation.
Confocal images of P9–11 relay neurons for

morphological analysis were obtained using a Zeiss LSM
710 confocal microscope with an EC Plan-Neofluar
×40/1.30 Oil DIC objective and Zen 2.3 software
(Carl Zeiss, Oberkochen, Germany). Z-stacks of
1 μm thickness were acquired. Relay neurons were
traced using NeuronStudio software (Version 0.9.92,
Computational Neurobiology and Imaging Center Mount
Sinai School of Medicine, NY, USA), and Sholl analysis
was performed and total dendritic length calculated.
Dendritic complexity was investigated by quantifying
number of dendrite intersections and number of

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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branch points with a 10 μm interval for all relay
neurons.
Fiji software (version 2.0.2) was used to process images

for figures.

Statistics

We performed statistical comparisons using unpaired
two-tailed Student’s t-test or Mann–Whitney U-test
depending on whether data were normally distributed,
which was confirmed by Kolmogorov–Smirnov (KS) test.
For group analysis, one-way ANOVA (CKAMP44 FISH
mRNA data) or two-way ANOVA (Sholl analysis data)
was performed. Throughout this study, data are shown as
means± standard deviation (SD) for normally distributed
data or medians and interquartile range (IQR; 25–75%)
for non-normally distributed data and the number of cells
(n) and animals (N) are indicated. Data for silent fibre and
plateau potential analyses are reported as animal averages.
Cumulative distribution of dendrite intersections and
branch points was tested for significant changes by a
Kolmogorov–Smirnov test (tests performed on pooled
single cell data). Statistical analysis was performed using
GraphPad Prism (version 9.3.0, GraphPad Software Inc.,
San Diego, CA, USA) and IGOR Pro 6.37 (WaveMetrics
Inc., Lake Oswego, OR, USA). P-values <0.05 were
considered statistically significant (∗P < 0.05, ∗∗P < 0.01,
∗∗∗P <0.001).

Results

CKAMP44 is stably expressed in the dLGN throughout
development

Remodelling of the excitatory inputs of dLGN relay
neurons with pruning of the majority and strengthening
of the remaining retinogeniculate synapses is a crucial
step in the development of the visual system (Chen &
Regehr, 2000). As AMPAR auxiliary subunit CKAMP44
plays a pivotal role in modulating retinogeniculate
synapse function in adult mice (Chen et al., 2018),
we wondered whether CKAMP44 is expressed in the
dLGNduring development and controls the strengthening
of relay neuron synapses. To investigate expression of
CKAMP44, we performed FISH experiments and showed
that Shisa9 mRNA, which encodes murine CKAMP44,
is present in dLGN relay neurons already early during
development (P5–7: 17.21 ± 2.58 dots/cell, n = 34
cells, N = 3 mice, mean ± SD) and remained stably
expressed throughout development of the dLGN (P15–17:
18.83 ± 3.46 dots/cell, n = 36 cells, N = 3 mice; P26–33:
17.23 ± 2.98 dots/cell, n = 26 cells, N = 3 mice; P60–90:
17.38 ± 3.31 dots/cell, n = 24 cells, N = 3 mice, mean ±
SD) (Fig. 1A and C).
Absence of Shisa9 signal in slices from CKAMP44–/–

mice proved the specificity of the probe (Fig. 1B).
Co-hybridisation with a Gad1 probe, which marks
GAD67-positive neurons, showed a lower but stable

Figure 1. Developmental profile of CKAMP44 expression in relay neurons and interneurons
A, example FISH images of the dLGN from different age groups co-hybridised with Shisa9 and Gad1 FISH probes.
Cell nuclei were visualised with DAPI (blue signal). Red signal represents Shisa9 mRNA and green signal represents
Gad1 mRNA. B, no Shisa9 signal was detected in the dLGN of CKAMP44–/– mice (N = 1). C, the expression of
Shisa9 in Gad1-negative relay neurons quantified as the number of red dots per cell (n = 34 neurons, N = 3 mice
for P5–7 , n = 36 neurons, N = 3 mice for P15–17 , n = 26 neurons, N = 3 mice for P26–33 and n = 24 neurons,
N = 3 mice for P60–90, mean ± SD). D, the expression of Shisa9 mRNA in Gad1-positive interneurons quantified
as the number of red dots in cells that are positive for green signal (n = 7 relay neurons for P15–17 mice, 11
relay neurons for P26–33 mice and 10 relay neurons for P60–90 mice, mean ± SD, N = 3 animals per age group).
[Colour figure can be viewed at wileyonlinelibrary.com]

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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expression of Shisa9 mRNA in Gad1-positive neurons
(P15–17: 10.86 ± 3.89 dots/cell, n = 7 cells, N = 3 mice;
P26–33: 8.46 ± 4.61 dots/cell, n = 11 cells, N = 3 mice;
P60–90: 8.70 ± 2.67 dots/cell, n = 10 cells, N = 3 mice,
mean± SD) (Fig. 1A andD).Gad1-positive neurons were
not detected in the dLGN of P5–7 mice (Fig. 1A). These
data suggest that CKAMP44 is stably expressed in relay
neurons and interneurons throughout development of the
dLGN, indicating a role of CKAMP44 starting from an
early stage of development.

CKAMP44 affects synaptic strength and plasticity
during development of the dLGN

To investigate whether the number of synaptic AMPARs
is controlled by CKAMP44 during development of
the dLGN, AMPA/NMDA ratios were quantified in
retinogeniculate synapses of P9–11 wild-type and
CKAMP44–/– mice. The analysis of AMPA/NMDA
ratios allows estimation of the number of AMPARs
at functional synapses from the amplitude of
AMPAR-mediated currents normalised to the amplitude
of NMDAR-mediated currents. AMPA/NMDA ratios
were reduced by approximately 33% (Wild-type:
0.4459 [0.3353–0.8185], n = 27 neurons, N = 4 mice;
CKAMP44–/–: 0.2964 [0.1907–0.5464], n = 27 neurons,
N = 5 mice, Mann–Whitney test: P = 0.0074,
median [IQR]) in retinogeniculate synapses of P9–11
CKAMP44–/– mice (Fig. 2B and C). This suggests
that CKAMP44 increases synaptic AMPAR number
in retinogeniculate synapses of young relay neurons.

The previous results were corroborated by decreased
mEPSC amplitudes in dLGN relay neurons of P5–P7 and
P9–P11 CKAMP44–/– mice (Wild-type, P5–7: 15.12 ±
1.93 pA, n= 23 neurons,N= 4mice; CKAMP44–/–, P5–7:

13.29 ± 1.72 pA, n = 27 neurons, N = 5 mice, t-test:
P = 0.0009, mean ± SD; Wild-type, P9–11: 14.91 ± 2.51
pA, n = 37 relay neurons, N = 7 mice; CKAMP44–/–,
P9–11: 13.68 ± 2.67 pA, n = 39, N = 6 mice, t-test:
P = 0.0432, mean ± SD). The amplitude reduction
suggests that the AMPAR number per synapse is reduced
in relay neurons of P5–7 and P9–11 CKAMP44–/–
mice (Fig. 3A and B). Interestingly, the deletion of
CKAMP44 also affected mEPSC frequency, which was
lower (Wild-type: 0.886 [0.435–1.874] Hz, n = 37 relay
neurons,N= 7 mice; CKAMP44–/–: 0.5063 [0.211–0.957]
Hz, n = 39 relay neurons, N = 6 mice, Mann–Whitney
test: P= 0.0204, median [IQR]) in relay neurons of P9–11
CKAMP44–/– mice than in wild-type mice (Fig. 3B). A
similar reduction in mEPSC frequency was observed in
juvenile and adult CKAMP44–/– mice (data not shown).
A possible explanation for the reduced mEPSC frequency
in relay neurons of CKAMP44–/– mice is that the
accompanied reduction inmEPSC amplitude prevents the
detection of small mEPSCs near the noise level. However,
a reduction in mEPSC frequency may also result from
a reduction in structural synapse number or an increase
in silent synapse number, i.e. synapses that are devoid of
AMPARs, but contain NMDARs.
To quantify silent synapse number in dLGN relay

neurons we performed minimal stimulation experiments.
An increase in silent synapse number augments the
likelihood that silent fibres are observed in such an
experiment. Retinogeniculate fibres establish synapses
with approximately 120–250 release sites with LGN
relay neurons of adult mice (Chen & Regehr, 2000).
Consistent with the high number of release sites, silent
retinogeniculate fibres were not found in adult mice
(Chen & Regehr, 2000). However, silent fibres can
be observed with minimal stimulation experiments
at earlier developmental time points, at which each

Figure 2. CKAMP44 increases synapse strength in P9–11 mice
A, schematic representation of stimulation of retinogeniculate synapses (CG, corticogeniculate fibres, green;
OT, optic tract; RG, retinogeniculate fibres, red; TC, thalamocortical fibres, purple). B, examples of AMPAR- and
NMDAR-mediated currents. Wild-type traces in blue, CKAMP44–/– in red. C, deletion of CKAMP44 reduces the
AMPA/NMDA ratio in retinogeniculate synapses (C). C, n = 27 relay neurons recorded from N = 4 wild-type mice
and n = 27 relay neurons from N = 5 CKAMP44–/– mice at age P9–11, respectively; median and IQR). [Colour figure
can be viewed at wileyonlinelibrary.com]

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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retinogeniculate fibre has only a few release sites (Chen
& Regehr, 2000). The percentage of silent retinogeniculate
fibres was significantly higher in P9–11 CKAMP44–/–
mice compared to wild-type mice (Wild-type: 17.15%
[0.00–31.23%], N = 12 mice; CKAMP44–/–: 50.00%
[15.00–61.68%], N = 14 mice, Mann–Whitney test: P =
0.0217, median [IQR]) (Fig. 4A–C).
AMPA/NMDA ratio quantified for silent and

non-silent fibres together was not significantly reduced
in relay neurons of CKAMP44–/– mice (Wild-type:
0.289 [0.172–0.492], N = 12 mice; CKAMP44–/–: 0.202
[0.104–0.315], N = 14 mice, Mann–Whitney test: P =
0.1308, median [IQR]) but showed a trend for reduction
(Fig. 4D, upper panel). The magnitude of the trend for
reduction in the AMPA/NMDA ratio was comparable to

the reduction in AMPA/NMDA ratio in experiments
where many retinogeniculate fibres were activated
simultaneously (Fig. 2). The AMPA/NMDA ratio of
only non-silent fibres was not significantly different
between genotypes (Wild-type: 0.410 ± 0.181, N = 12
mice; CKAMP44–/–: 0.377 ± 0.148, N = 14 mice, t-test:
P = 0.6127, mean ± SD) (Fig. 4D, lower panel). This
suggests that non-silent retinogeniculate synapses of
P9–11 CKAMP44–/– mice contain normal numbers of
AMPARs and that the reduction of the AMPA/NMDA
ratio results mainly from the increased number of silent
fibres. This finding would also explain the significant
reduction in mEPSC frequency, but comparably small
reduction in mEPSC amplitude in relay neurons of P9–11
CKAMP44–/– mice.

Figure 3. CKAMP44 affects mEPSCs of dLGN relay neuron in early development
Left, example traces of mEPSCs from P5–7 (A) and P9–11 (B) wild-type and CKAMP44–/– relay neurons. Right,
cumulative distribution of mEPSC amplitudes and inter-event intervals (IEIs) from P5–7 (A) and P9–11 (B) mice and
bar plots showing the quantification of mEPSC amplitude and frequency. n = 23 relay neurons and n = 27 relay
neurons recorded from N = 4 wild-type and N = 5 CKAMP44–/– mice at P5–7; n = 37 relay neurons and n = 39 relay
neurons recorded from N = 7 wild-type mice and N = 6 CKAMP44–/– mice at P9–11. Data shown as mean ± SD
for amplitudes and median and IQR for frequencies. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 4. CKAMP44 decreases the number of silent fibres
A, schematic representation of silent fibre analysis (CG, corticogeniculate fibres, green; OT, optic tract;
RG, retinogeniculate fibres, red; TC, thalamocortical fibres, purple). B, example currents of a silent (black) and
a non-silent RG fibre (green) from P9–11 mice. NMDAR- and AMPAR-mediated currents were recorded at holding
potentials of +40 and −70 mV, respectively. C, quantification of silent fibres in wild-type and CKAMP44–/–

mice (N = 12 wild-type and 14 CKAMP44–/– mice; median and IQR). D, AMPA/NMDA ratio of retinogeniculate
synaptic responses, including (N = 12 wild-type and N = 14 CKAMP44–/– mice, median and IQR) and excluding
silent fibres (N = 12 wild-type and N = 14 CKAMP44–/– mice, mean ± SD). [Colour figure can be viewed at
wileyonlinelibrary.com]

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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CKAMP44 augments short-term depression in
retinogeniculate synapses

We had previously shown that CKAMP44 increases
short-term depression in retinogeniculate synapses of
adult mice by slowing the recovery from desensitisation
of AMPA receptors (Chen et al., 2018). To investigate
whether CKAMP44 exerts a similar influence during
development, we first analysed gating properties
by inducing AMPAR-mediated currents with fast
application of glutamate onto nucleated patches of
relay neurons from wild-type and CKAMP44–/– mice
(Fig. 5A). Deletion of CKAMP44 decreased peak current
amplitudes of AMPAR-mediated currents for 1 ms
glutamate pulses (median [IQR]: 98.02 [56.33–109.9] vs.
59.99 [36.97–87.05] pA, Mann–Whitney test: P = 0.0243;
n = 22 wild-type and 23 CKAMP44–/– nucleated patches
from N = 3 wild-type and N = 3 CKAMP44–/– mice)
(Fig. 5B) suggesting that the number of extrasynaptic

AMPARs is reduced in relay neurons of CKAMP44–/–
mice. In addition, CKAMP44 deletion increased the rate
of recovery from desensitisation of AMPARs (decrease
in the weighted τ recovery) (Wild-type: 486.9 [433.6–525.6]
ms, n = 19 nucleated patches, N = 3 mice; CKAMP44–/–:
48.02 [34.97–64.43] ms, n = 22 nucleated patches,
N = 3 mice, Mann–Whitney test: P ≤ 0.0001, median
[IQR]) (Fig. 5C). Rise time and rates of deactivation and
desensitisationwere not affected by deletion of CKAMP44
(data not shown).
AMPA receptor kinetics and in particular the recovery

from desensitisation is crucial for short-term depression
in retinogeniculate synapses (Chen et al., 2018). We
therefore investigated the role of CKAMP44 in short-term
depression of young mice. Paired-pulse ratios of
currents evoked with inter-pulse intervals of 30, 100
and 300 ms were increased in retinogeniculate synapses
of CKAMP44–/– mice when compared to wild-type mice

Figure 5. CKAMP44 modulates gating properties of AMPARs and short-term plasticity in P9–11 mice
A, schematic representation of nucleated patch experiments. B, quantification of peak amplitude of extrasynaptic
AMPAR-mediated currents evoked by 1 ms glutamate pulses (n = 22 and 23 relay neurons of N = 3 control and
N = 3 CKAMP44–/– mice, respectively, median and IQR). Example traces are shown on the left. C, quantification
of the amplitude of the second current as a percentage of the amplitude of the first current. The weighted time
constant of recovery from desensitisation (τw of recovery) was estimated from a double-exponential fit of the data.
Example traces of pairs of currents that were evoked with two glutamate 1 ms pulses with different inter-pulse
intervals (30, 100, 300, 1000 and 3000 ms) are shown on the left (n = 22 and 23 relay neurons of N = 3 control and
N = 3 CKAMP44–/– mice, respectively. Current percentage data are mean ± SD, τw of recovery data are median and
IQR). D, paired-pulse ratios of AMPAR-mediated currents evoked with extracellular stimulation of retinogeniculate
synapses with different inter-pulse intervals (30, 100, 300, 1000 and 3000 ms, n = 22 and 39 relay neurons of
N = 3 control and N = 6 CKAMP44–/– mice, respectively, right panel, mean ± SD). Examples of pairs of currents for
the different inter-pulse intervals are shown on the left. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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(Wild-type, 30 ms: 0.20555 ± 0.10989; CKAMP44–/–, 30
ms: 0.59056 ± 0.254344, P ≤ 0.0001; wild-type, 100 ms:
0.31673 ± 0.12704; CKAMP44–/–, 100 ms: 0.76804 ±
0.27173, P ≤ 0.0001; wild-type, 300 ms: 0.47240 ±
0.11342; CKAMP44–/–, 300 ms: 0.76903 ± 0.19426,
P ≤ 0.0001; wild-type, 1000 ms: 0.71645 ± 0.00554;
CKAMP44–/–, 1000 ms: 0.81809 ± 0.04693, P = 0.4665;
wild-type, 3000 ms: 1.05634 ± 0.02729; CKAMP44–/–,
3000 ms: 1.02515 ± 0.02957, P = 0.9994 [wild-type: n =
22 relay neurons, N = 3 mice; CKAMP44–/–: n = 39 relay
neurons, N = 6 mice, one-way ANOVA, mean ± SD])
(Fig. 5D).
In conclusion, deletion of CKAMP44 affects AMPAR

gating and short-term plasticity in retinogeniculate
synapses.

The probability of inducing L-type Ca2+

channel-mediated plateau potentials is
increased in CKAMP44–/– mice

The strength of retinogeniculate synapses is significantly
reduced in developing CKAMP44–/– mice indicating
that deletion of CKAMP44 might also reduce the

probability of inducing plateau potentials. However, in
adult CKAMP44–/– mice short-term depression is affected
with increased paired-pulse ratio in retinogeniculate
synapses due to a faster recovery from desensitisation
of AMPARs (Chen et al., 2018). The weaker short-term
depression increased spiking probability of dLGNneurons
in CKAMP44–/– mice especially when retinogeniculate
synapses were active at high frequencies (Chen et al.,
2018). Considering that CKAMP44 is expressed in
retinogeniculate synapses during development, one
can assume that CKAMP44 also promotes short-term
depression in retinogeniculate synapses of young mice.
In this case, the probability of inducing plateau potentials
may be increased in CKAMP44–/– mice despite the
decreased AMPAR number at the retinogeniculate
synapse. To induce plateau potentials, the optic tract was
stimulated in acute brain slices of P9–11 mice at 50 Hz
and voltage responses were recorded from relay neurons
(Fig. 6A).
The probability of inducing plateau potentials was

significantly increased in CKAMP44–/– mice compared
to the probability in control mice (Wild-type: 18.57 ±
21.74%, N = 7 mice; CKAMP44–/–: 53.75 ± 34.11%,
N = 8 mice, t-test: P = 0.0360, mean ± SD) (Fig. 6B).

Figure 6. CKAMP44 deletion increases the probability of eliciting L-type Ca2+ channel-mediated plateau
potentials
A, example traces highlighting the characteristic appearance of L-type Ca2+ channel-mediated plateau potentials
in relay neurons of P9–11 wild-type and CKAMP44–/– mice (note: long-lasting depolarisation of high amplitude,
inactivating sodium spikes, slow decay, stimulation frequency = 50 Hz). B, quantification of the probability with
which plateau potentials could be elicited per animal (N = 7 wild-type and N = 8 CKAMP44–/– mice, mean +
SD). C, quantification of sodium spikes elicited during plateau potentials (N = 4 and 7 wild-type and CKAMP44–/–

mice, mean ± SD). D, averaged traces of plateau potentials from N = 4 wild-type and N = 7 CKAMP44–/– mice. E,
quantification of the area of evoked plateau potentials (N = 4 wild-type and N = 7 CKAMP44–/– mice, mean ± SD).
[Colour figure can be viewed at wileyonlinelibrary.com]

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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However, the induced plateau potentials did not differ
between genotypes with similar numbers of inactivating
sodium spikes during the plateau (Wild-type: 8.67 ± 3.37
spikes, N = 4 mice; CKAMP44–/–: 6.86 ± 3.98 spikes,
N = 7 mice, t-test: P = 0.4648, mean ± SD) (Fig. 6C)
and unchanged areas of plateau potentials (Wild-type:
0.009716 ± 0.001268 V∗s, N = 4 mice; CKAMP44–/–:
0.009821 ± 0.003621 V∗s, N = 7 mice, t-test: P =
0.9572, mean ± SD) (Fig. 6D and E). Increasing the
stimulation frequency to 100 Hz did not increase the
probability of inducing plateau potentials in wild-type and
CKAMP44–/– mice (data not shown). In conclusion, loss
of CKAMP44 facilitates the generation of L-type Ca2+
channel-mediated plateau potentials.

Loss of CKAMP44 does not alter retinal input
segregation in the dLGN of young mice

Since loss of CKAMP44 increased the probability of
L-type Ca2+ channel-mediated plateau potentials, we

investigated whether input segregation is affected in the
dLGN of CKAMP44–/– mice. Anterograde labelling of
retinal ganglion cell axons by intravitreal injection of
cholera toxin B (CTB) subunit conjugated to Alexa Fluor
488 (green) and Alexa Fluor 594 (red) into the right eye
and left eye of P9–11 wild-type and CKAMP44–/– mice
was used to analyse input segregation (Fig. 7A).
A threshold-independent method developed by

Torborg & Feller (2004) was employed to analyse the
axonal projections to the dLGN. The logarithm of the
ratio of fluorescence intensities of the dyes from the
ipsilateral and contralateral eye (R = log [FI/FC]) was
calculated to determine R variance. High values of R
variance, for instance, reflect strong segregation of inputs
from left and right eye. Our analysis revealed similar
variances in the R distribution (Wild-type: 0.3854 ±
0.0280, N = 3 mice; CKAMP44–/–: 0.3646 ± 0.0208, N =
4 mice, t-test: P = 0.6065, mean ± SD) in the dLGN of
wild-type and CKAMP44–/– mice (Fig. 7B and C). This
indicates that eye-specific segregation is not affected by
loss of CKAMP44.

Figure 7. Eye-specific segregation in dLGN of wild-type and CKAMP44–/– mice is unaltered
A, illustration of the experimental procedures for anterograde labelling of retinal ganglion cell axons. Mice were
injected at P9–11 and tissues harvested 48 h after injection and further processed for imaging. B, representative
coronal slices containing the right dLGN of wild-type and CKAMP44–/– mice (P9–11 at the day of injection).
The green and red fluorescence signals come from CTB-conjugated Alexa Fluor 488 and Alexa Fluor 594 that
were injected into the ipsilateral eye and contralateral eye, respectively. Area of the dLGN marked by dashed
lines. Fluorescence intensities for CTB–Alexa 488 and 594 were adjusted using the look-up table provided by
the Leica TCS SP5 acquisition software to avoid under- or overexposure of images. Laser intensities were adjusted
accordingly. C, quantification of R variance as a measure of input segregation (P9–11: N = 3 and N = 4 for wild-type
and CKAMP44–/– mice, respectively; mean ± SD). [Colour figure can be viewed at wileyonlinelibrary.com]

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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3560 F. Hetsch and others J Physiol 600.15

Figure 8. The anatomy of dLGN relay neurons is altered in CKAMP44–/– mice
A, examples of tracings of dLGN neurons from P9–11 mice (scale bar, 10 μm). B and C, number of dendritic
intersections (B) and branch points (C) of relay neurons of P9–11 wild-type and CKAMP44–/– mice. Inset in B and

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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C, cumulative distributions of intersections and branch points, respectively.D, total dendritic length of relay neurons
of P9–11 wild-type and CKAMP44–/– mice. (B–D: n = 10 and 10 relay neurons from recordings of N = 4 wild-type
and N= 6 CKAMP44–/– mice, respectively, mean± SD.) E, examples of tracings of dLGN neurons from P26–33mice
(scale bar, 20 μm). F and G, number of dendritic intersections (F) and branch points (G) of relay neurons of P26–33
wild-type and CKAMP44–/– mice. Inset in F and G, cumulative distributions of intersections and branch points,
respectively. H, total dendritic length of relay neurons of P26–33 wild-type and CKAMP44–/– mice. (F–H: n = 11
and 18 relay neurons of N = 6 wild-type and N = 11 CKAMP44–/– mice, respectively, mean± SD.) P9–11 data
obtained from animals used for plateau potential analysis. [Colour figure can be viewed at wileyonlinelibrary.com]

Lack of CKAMP44 alters branching of relay neurons
during early dLGN development

Absence of excitatory input from retinal ganglion
cells to the dLGN can cause a period of exuberant
branching in relay neurons throughout postnatal
week 2 (El-Danaf et al., 2015). The reduction of
synaptic strength in CKAMP44–/– mice may also
alter relay neuron morphology. Thus, Sholl analysis
on biocytin-filled reconstructed relay neurons of
young mice was performed, which revealed changes
in dendritic arborisation in dLGN relay neurons of
P9–11 CKAMP44–/– mice. Cumulative distribution of the
number of dendritic intersections (KS test: P < 0.00001)
and branch points (KS test: P< 0.00001) was significantly
increased inCKAMP44–/– mice (Fig. 8B andC inset) while
total dendritic length (Wild-type: 3398 ± 1166 μm, n =
10 relay neurons,N= 4 mice; CKAMP44–/–: 3580 ± 2318
μm, n = 10 relay neurons, N = 6 mice, t-test: P = 0.8269,
mean ± SD) was unaffected (Fig. 8D). The branching of
relay neuron dendrites in mice with absence of excitatory
input from retinal ganglion cells normalised in the third
postnatal week (El-Danaf et al., 2015). Similarly, in
P26–33 CKAMP44–/– mice dendritic branching of relay
neurons was not different from branching in wild-type
mice. Cumulative distribution of the number of dendritic
intersections (KS test: P = 0.2133) and branch points (KS
test: P = 0.657) was comparable to wild-type neurons
in CKAMP44–/– mice (Fig. 8F and G inset) while total
dendritic length (Wild-type: 3583 ± 765 μm, n = 11 relay
neurons, N = 6 mice; CKAMP44–/–: 4283 ± 756 μm,
n = 18 relay neurons, N = 11 mice, t-test: P = 0.0230,
mean ± SD) was increased (Fig. 8H).

Discussion

AMPAR function depends on auxiliary subunits (TARPs,
CKAMPs, cornichons and GSG1L) (Jacobi & von
Engelhardt, 2018). CKAMP44, a member of the CKAMP
family (Farrow et al., 2015), has previously been identified
as an auxiliary subunit of AMPARs that promotes receptor
surface trafficking, synapse targeting and modulates
receptor gating properties in dLGN relay neurons (Chen
et al., 2018). Here we investigated the role of CKAMP44 in
dLGN in retinogeniculate synapse function during early
postnatal development. We showed that CKAMP44 is

stably expressed throughout development and influences
AMPAR-mediated currents in young (this study) and
adult mice (Chen et al., 2018). Genetic deletion of
CKAMP44 decreases synaptic strength, increases the
proportion of silent fibres and the probability of inducing
plateau potentials. Development of neuron morphology
was mildly affected but input segregation was not altered
in CKAMP44–/– mice.
The development of the visual system is a complex

process that includes pruning of weak synapses, which are
initially formed between retinal ganglion cells and dLGN
relay neurons (Chen & Regehr, 2000; Huberman, 2007),
the strengthening of remaining connections by increasing
the number of release sites and the number of AMPARs
per synapse (Chen & Regehr, 2000), and local clustering
of axonal boutons at the same dendritic domains (Liang
et al., 2018). The claim that only one or two retinal inputs
per relay neuron remain has recently been challenged
(Hammer et al., 2015; Rompani et al., 2017). Even though
there are more convergent inputs present than initially
thought, most of these inputs seem to have a modulatory
role and only a third are actually driving relay neurons
to fire action potentials (Litvina & Chen, 2017a). While
the development and anatomical details of retinal inputs
in the dLGN has extensively been studied (Guido, 2018;
Litvina & Chen, 2017b), further research concerning
the molecular mechanisms governing these processes is
needed.
Previously, it has been shown that upregulation of

the auxiliary protein TARP γ -2 contributes to the
developmental increase in synaptic AMPAR expression
(Louros et al., 2014). TARP γ -4 is another auxiliary
subunit that is expressed in the dLGN (Louros et al.,
2014), but its role in AMPAR modulation in this brain
area is so far unclear. Here we identify CKAMP44 as an
AMPAR-auxiliary protein that is expressed early during
development (at least from P5–7 on) and that, consistent
with its stable expression, influences AMPAR function at
the investigated developmental time points and in adult
mice (Chen et al., 2018). Considering the magnitude
of changes in AMPA/NMDA ratios in the respective
knockout mice (this study) and other studies (Chen
et al., 2018; Louros et al., 2014), CKAMP44 and TARP
γ -2 are two main auxiliary proteins controlling AMPAR
number and function in the dLGN. By FISH we showed
that Shisa9 mRNA (encoding CKAMP44) is expressed

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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not only in relay neurons, but also in GABAergic inter-
neurons of the dLGN. Interneurons migrate from the
ventral lateral geniculate nucleus (vLGN) into the dLGN
during the first two postnatal weeks and only a few inter-
neurons are detected within the most superficial layer of
the dLGN during the first postnatal week (Golding et al.,
2014). Consistently, we detected no Gad1 mRNA signal
in P5–7 mice. Thereafter, Shisa9 mRNA expression
was stable in GABAergic interneurons throughout
development similar to non-GABAergic relay neurons
even though the CKAMP44 mRNA expression level was
lower inGABAergic interneurons than in non-GABAergic
relay neurons. The functional role of CKAMP44 in dLGN
interneurons remains to be investigated.
Deletion of CKAMP44 decreases mEPSC frequency

and AMPA/NMDA ratio suggesting that silent synapse
number is increased in relay neurons of P9–11
CKAMP44–/– mice. Indeed, minimal stimulation
experiments revealed a doubling of silent retinogeniculate
fibre number in relay neurons of P9–11 CKAMP44–/–
mice. Unsilencing of silent synapses is an important step
in the process of visual system maturation contributing
to the strengthening of retinogeniculate connections
together with the addition of more AMPARs to existing
synapses and the establishment of new release sites (Chen
& Regehr, 2000). The unsilencing process is controlled by
pentraxins, which are presynaptically released by retinal
ganglion cells and cluster AMPARs at the postsynaptic site
on dLGN relay neurons (Koch & Ullian, 2010). Auxiliary
subunits such as the proteins of the CKAMP and TARP
families, which promote trafficking of AMPARs to the
cell surface and enable their anchoring in the synapses
(Chen et al., 2000; von Engelhardt et al., 2010), are
good candidates for mediating the unsilencing of silent
synapses. Proteins of both families harbour PDZ domain
binding motifs at their C-termini that allow stabilisation
of AMPARs within the synapse via interaction with
membrane-associated guanylate kinases (MAGUKs)
such as PSD95 (Farrow et al., 2015; Khodosevich et al.,
2014; Tomita et al., 2003). A recent study by Harb et al.
demonstrated that TARP γ -8 and CKAMP44 reduce the
internalization rate of extrasynaptic surface receptors
and thus delay local recycling and increase surface
lifetime of GluA1-containing AMPARs in cultured
neurons (Harb et al., 2021). Our findings suggest that
CKAMP44 unsilences and strengthens retinogeniculate
synapses during development of the dLGN through
increased insertion of AMPARs at the postsynaptic site
on dLGN relay neurons. Deletion of CKAMP44 decreases
mEPSC amplitude also in P5–7 mice consistent with
reduced synaptic AMPAR number. However, mEPSC
frequency was not decreased in P5–7 CKAMP44–/– mice,
suggesting that the reduction in AMPAR number is
more homogeneous than in P9–11 CKAMP44–/– mice.
Developmental changes in the AMPAR complex with

altered contribution of other auxiliary subunits such as
TARP γ -2 (Louros et al., 2014) may influence the effect of
CKAMP44 deletion at the different ages.
Some of the observed changes in retinogeniculate

synapse function in CKAMP44–/– mice could result from
alterations in retinal activity. For example, the reduction
in mEPSC frequency and increase in paired-pulse
ratios in relay neurons of P9–11 CKAMP44–/– mice
could be explained by a reduction in vesicle release
probability in retinogeniculate synapses. However, this
would not explain the reduced AMPA/NMDA ratio and
increased silent fibre number in minimal stimulation
experiments. Moreover, we previously demonstrated
in brain slices of adult mice that CKAMP44 deletion
increases paired-pulse ratios of synaptic currents by
slowing recovery from desensitisation of AMPARs and
not by decreasing vesicle release probability (Khodosevich
et al., 2014; von Engelhardt et al., 2010). Finally, unaltered
synaptic currents in retinal ganglion cells and normal
electroretinograms in CKAMP44–/– mice suggested that
deletion of CKAMP44 has no major influence on retinal
function (Chen et al., 2018). We therefore conclude that
the alterations in retinogeniculate synapse function in
CKAMP44–/– mice result most likely from absence of
CKAMP44 in relay neurons and not from changes in the
function of neurons that project to the dLGN.
Loss of CKAMP44 was also accompanied by a trans-

ient change in dendritic arborisation of dLGN relay
neurons that resembled earlier findings from a study of
math5–/– mice (El-Danaf et al., 2015). Genetic deletion
of math5 caused loss of retinal ganglion cells and their
axonal innervation. This resulted in exuberant dendritic
branching of relay neurons in the second postnatal week
with an increase in higher-order branch number. In our
study a similar shift in dendritic branchingwas seenwhich
might be attributed to a reduction in excitatory drive. The
effect was also only transient and could not be seen in
older P26–33 CKAMP44–/– mice. As was suggested by
El-Danaf et al., regulation of dendritic arborisation might
be controlled by descending corticogeniculate projections
to the dLGN in older mice. Thus, our findings highlight a
critical period of development in which CKAMP44might
control dendritic branching by its effect on synapse
function and strength.
Eye-specific segregation requires spontaneous

spiking activity in the retina (Shatz & Stryker, 1988;
Sretavan et al., 1988), and the structure of this activity
is thought to instruct synaptic competition in the
dLGN (Muir-Robinson et al., 2002; Penn et al., 1998;
Rossi et al., 2001; Stellwagen & Shatz, 2002). The
changes in AMPAR-mediated currents with reduced
synaptic strength and altered short-term depression
in CKAMP44–/– mice prompted us to test, whether
deletion of CKAMP44 affects input segregation. Several
explanations may account for the fact that this is

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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not the case. The reduction in synaptic strength by
loss of CKAMP44 might be too small to negatively
influence input segregation. More importantly, changes in
short-termplasticitymay in fact cause amore pronounced
depolarisation in CKAMP44–/– mice than in wild-type
mice when retinal ganglion cells fire with frequencies of
>10 Hz despite the fact that the number of AMPARs is
reduced (Chen et al., 2018). Indeed, the probability of
inducing plateau potentials is increased in CKAMP44–/–
mice. This can be explained by a stronger depolarisation
of relay cells in CKAMP44–/– mice than in wild-type mice
due to the fast recovery from desensitisation of AMPARs
that do not interact with CKAMP44 and consequently the
decreased paired-pulse depression of synaptic currents.
Plateau potentials were shown to positively influence
input segregation and drive synapse refinement during
the first postnatal weeks (Dilger et al., 2015; Lo et al.,
2002). Thus, the higher probability of inducing plateau
potentials in CKAMP44–/– mice could explain normal
input segregation despite the reduction in synapse
strength.

In conclusion, we demonstrate that CKAMP44 controls
synapse function and strength of relay neurons but is not
essential for normal development of the dLGN.
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