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SUMMARY

Short-term plasticity gates information transfer
across neuronal synapses and is thought to be
involved in fundamental brain processes, such as
cortical gain control and sensory adaptation.
Neurons employ synaptic vesicle priming proteins
of the CAPS and Munc13 families to shape short-
term plasticity in vitro, but the relevance of this phe-
nomenon for information processing in the intact
brain is unknown. By combining sensory stimulation
with in vivo patch-clamp recordings in anesthetized
mice, we show that genetic deletion of CAPS-1 in
thalamic neurons results in more rapid adaptation
of sensory-evoked subthreshold responses in layer
4 neurons of the primary visual cortex. Optogenetic
experiments in acute brain slices further reveal that
the enhanced adaptation is caused by more
pronounced short-term synaptic depression. Our
data indicate that neurons engage CAPS-family
priming proteins to shape short-term plasticity for
optimal sensory information transfer between
thalamic and cortical neurons in the intact brain
in vivo.

INTRODUCTION

Animals need to process sensory signals in a highly dynamic

fashion in order to adequately respond to changes in their envi-

ronment (Whitmire and Stanley, 2016). To support dynamic infor-

mation processing, diverse neural circuits, consisting of neurons

and their synaptic connections, have evolved over time.

Synaptic connections are subject to moment-to-moment

changes, and depression or facilitation of transmitter release at

synapses regulates information transfer between interconnected
Cell R
This is an open access article under the CC BY-N
neurons (Zucker and Regehr, 2002). Short and transient changes

in transmitter release are commonly referred to as short-term

plasticity (STP), while longer lasting synaptic changes are termed

long-term plasticity. Short-term facilitation (STF) enhances syn-

aptic strength during repetitive stimulation and high-pass-filters

signals across the synapse, while short-term depression (STD)

leads to a gradual weakening of functional connectivity and

acts as a low-pass filter (Abbott and Regehr, 2004; Schneggen-

burger et al., 2002). Synaptic depression and facilitation are crit-

ically controlled by the availability of readily releasable synaptic

vesicles (SVs), which can immediately fuse and release their

transmitter content into the synaptic cleft in response to an

action potential (AP) (Lee et al., 2013;Neher, 2015;Neher andSa-

kaba, 2008). Readily releasable SVs are generated from a pool of

release-incompetent SVs, and their cell biological maturation to

fusion competence critically depends on the action of SV priming

proteins of theMunc13 andCAPS families (Jockusch et al., 2007;

Varoqueauxet al., 2002). SVpriming itself is ahighly dynamicpro-

cess, and the activity ofMunc13 andCAPSproteins ismodulated

by multiple second messenger signaling pathways (Junge et al.,

2004; Kabachinski et al., 2014; Lipstein et al., 2013; Rhee et al.,

2002; Shin et al., 2010). For example, binding of diacylglycerol

(DAG) or Ca2+ by Munc13s during high levels of presynaptic ac-

tivity regulates the rate by which Munc13s prime SVs, which in

turn controls the degree of STD (Rhee et al., 2002; Shin et al.,

2010). These characteristics have led to the notion that neurons

purposively use priming proteins of the Munc13 and CAPS fam-

ilies to dynamically adapt presynaptic efficacy and STP, for

example, to a given computing task (Neher and Brose, 2018)

Most of our knowledge on the mechanism and function of SV

priming and its dynamic regulation originates from studies on

cultured neurons and brain slice preparations, so that the

biological relevance of the corresponding processes in the intact

brain remains elusive (Fioravante et al., 2011; Jackman et al.,

2016; Lipstein et al., 2013; Lou et al., 2008; Shin et al., 2010).

On the other hand, STP is known to affect neural circuit func-

tions, such as sensory adaptation in the whisker-to-barrel
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Figure 1. Targeted Genetic Deletion of

CAPS-1 in Thalamocortical Synapses of

SERTcre Mice

(A) Schematic representation of the EUCOMM

targeted CADPS-1 allele. After successful injection

of mutant embryonic stem cells into blastocysts,

mosaic animals were crossbred with Flp mice to

remove the lacz and neomycin cassettes. These

mice were then used for further experiments that

involved cre-mediated excision of exon 10 using

SERTcre mice.

(B) Cre-dependent expression of ChR2-YFP in

SERTcre+/�3 Ai32+/�mice (green) was found to be

present in thalamic nuclei (blue, DAPI). Arrows in (i)

and (ii) indicate locations of VPM and dLGN,

respectively. Numbers in upper right corners of

confocal images (i–iv) are anatomical references of

coronal brain slices with respect to the distance

from bregma according to the mouse brain atlas

(Paxinos and Franklin, 2008). Scale bars, 1 mm.

(C) Western blot results illustrating the Cre-

dependent KO of CAPS-1 in cultured neurons.

Cultured neurons from the cortex, thalamus

(dLGN), and hippocampus of CAPS-1 cKO mice

were infected with Cre or RFP virus at DIV 2, and

cells were harvested at the indicated time points.

The band in the upper western blot panel corre-

sponds to the protein level of both CAPS-1 and

CAPS-2 (labeled CAPS1/2). The middle blot panel

shows the protein level of CAPS-2 only. The lower

western blot panel shows the level of beta-actin.

The quantification of CAPS1/2 protein level is shown in the scatterplots. Individual data points are shown in lighter colors, and bars illustrate the mean. The error

bars indicate 68% of bootstrapped confidence intervals. In the case of non-normally distributed datasets, boxplots are shown additionally and indicate the

median and interquartile range.

n = 4–6 cell cultures. Two-tailed Student’s t test was used for normally distributed data and the Wilcoxon sign rank test for non-normally distributed data. The

Benjamini-Hochberg procedure was applied to all multiple comparisons to control the false discovery rate. *p < 0.05. More detailed statistical information on

multiple comparisons can be found in Table S4.
system in anaesthetized animals (Brecht and Sakmann, 2002;

Castro-Alamancos, 2004; Chung et al., 2002; Lampl and Katz,

2017; Reinhold et al., 2015), and it has been hypothesized that

neurons purposively use SV priming proteins and defined STP

features to fine-tune information processing in the intact brain

(Breustedt et al., 2010; Neher and Brose, 2018; Taschenberger

et al., 2016). To test this hypothesis, we deleted CAPS-1 in

thalamic neurons and studied sensory adaptation in the primary

visual cortex (V1) of anaesthetized mice. We found (1) that

CAPS-1 is the only CAPS paralog expressed in the thalamus;

(2) that its conditional deletion does not impair transmitter

release in response to single stimuli, in contrast to what is seen

in hippocampal neurons (Jockusch et al., 2007, Shinoda et al.,

2016); and (3) that the thalamic deletion of CAPS-1 leads to

more pronounced adaptation of sensory-evoked subthreshold

responses in V1 because of stronger synaptic depression of

dorsal lateral geniculate nucleus (dLGN)-to-layer 4 V1 synapses

during repetitive visual stimulation. Overall, our results provide

important insights into the cell biology of the SV priming machin-

ery in thalamocortical synapses and define a direct link between

the action of anSVpriming protein and synaptic dynamics in vivo.

These findings lend strong experimental support to the previ-

ously proposed notion that neurons purposively use SV priming

to regulate sensory information transfer in the intact brain by

modulating STP.
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RESULTS

To assess the relevance of SV priming in sensory adaptation in

the visual system of mice, we used a CAPS-1 conditional

knockout (cKO) mouse line. CAPS-1 is the major isoform of the

CAPS protein family and is expressed in almost all brain struc-

tures (Speidel et al., 2003). Constitutive knockout (KO) of

CAPS-1 results in perinatal lethality, and cultured hippocampal

CAPS-1 KO neurons display a massive reduction of SV priming

and SV fusion probability, with very substantial consequences

for STP (Jockusch et al., 2007). We used a novel CAPS-1 cKO

mouse strain in which two loxP sites flank exon 10 of the

CADPS1 gene (Figure 1A; Skarnes et al., 2011). CADPS1 exon

10 encodes a core part of the pleckstrin homology (PH) domain

of CAPS-1, whose integrity is absolutely essential for CAPS-1

function (Kabachinski et al., 2014; Nguyen Truong et al., 2014).

To confirm the conditional KO of CAPS-1, we infected cultured

neurons from CAPS-1 cKO mice with Cre-encoding lentivirus

at day in vitro (DIV) 2 and assessed the levels of CAPS proteins

at DIVs 10, 12, and 14. Our results from cortical, thalamic, and

hippocampal cultures indicate that Cre expression eliminates

CAPS-1 protein expression at time points tested (Figure 1C;

Table S1).

To target the deletion of CAPS-1 to thalamocortical synapses,

we crossbred the CAPS-1 cKO mice with a SERTcre driver line



(cCAPS-1fl/fl,SERTcre+/�) (Narboux-Nême et al., 2008; Zhuang

et al., 2005), which enables the targeting of genetic deletions

of presynaptic proteins to thalamocortical synapses (Li et al.,

2013; Narboux-Nême et al., 2012). We chose this driver-line

approach over direct stereotactic injections of cre-containing

virus because of its high level of reproducibility, high penetrance,

and technical simplicity (Li et al., 2013; Narboux-Nême et al.,

2012). To confirm cre expression in thalamic nuclei, such as

the ventral posterior medial nucleus (VPM) and the dLGN, we

crossbred SERTcre mice with channelrhodpsin-2 (ChR2)-YFP

reporter mice (SERTcre 3 Ai32) (Madisen et al., 2012). In accor-

dance with published findings, we detected cre-positive cells in

several thalamic nuclei, as well as in other brain regions, such as

the cingulate cortex, and in a subset of cortical neurons in infra-

granular layers (Figure 1B; Narboux-Nême et al., 2008). Further-

more, YFP-containing boutons of thalamic axons projecting to

cortical layer 4 co-localized with the thalamocortical presynaptic

marker VGLUT2, which indicates that thalamocortical synapses

are indeed affected by using the SERTcremouse line (Figure S1).

Of note, the SERT gene (SLC6A4) is also expressed during

development in retinal ganglion cells that project to the ipsilateral

dLGN and carry visual information that is ultimately processed in

the binocular region of the visual cortex (Garcı́a-Frigola and

Herrera, 2010). However, we limited our analysis of the role of

CAPS-1 in modulating sensory adaptation to thalamic-recipient

layer 4 neurons that are found in the monocular region of the

visual cortex and thus only process information from the contra-

lateral eye (Seabrook et al., 2017). We therefore expected that

alterations in sensory adaptation during our recordings in V1

would be caused by the deletion of CAPS-1 in dLGN neurons

rather than by any perturbations of ipsilaterally projecting retinal

ganglion cells.

We studied visually evoked activity in putative excitatory

neurons in cortical layer 4 by applying short flashes of blue light

(2 ms) to the contralateral eye of anaesthetized mice while

recording postsynaptic potentials (PSPs) and APs in whole-cell

configuration (Figures 2A and 2B). Previous studies reported

rapid adaptation of sensory-evoked responses in layer 4 neurons

to repeated stimuli at frequencies between 4 and 5 Hz in anaes-

thetized animals (Brecht and Sakmann, 2002; Chung et al., 2002;

Reinhold et al., 2015). Similarly, we observed that the frequency

of APs tended to adapt to 4 Hz stimulation, and the amplitude of

PSPs decreased significantly with ongoing stimulation (Figures

2C–2L; Tables S1 and S4). By comparing visual responses in

control animals (cCAPS-1fl/wt,SERTcre+/�) with those of cCAPS-

1fl/fl,SERTcre+/� mice, we further observed that conditional dele-

tion of CAPS-1 did not affect the amplitude of the synaptic

response during the first visual stimulus but that it resulted in

more rapid depression of evoked PSPs during the stimulation

train (Figures 2H–2L; Tables S1 and S4). The absolute delay be-

tween stimulus onset and PSP peak responses was similar for

the two groups (Figure 2M; Table S4). These finding indicate

that loss of CAPS-1 in thalamocortical synapses does not disrupt

basic sensory signal transmission from the dLGN to layer 4 neu-

rons but that it leads tomore rapid adaptation of sensory-evoked

subthreshold responses in V1 neurons during repeated stimula-

tion. To exclude the possibility that changes in the excitability of

V1 cells caused this effect, we studied intrinsic membrane prop-
erties and the spontaneous AP firing rate of V1 neurons (Figure 3).

Spontaneous firing rates, coefficients of variation (CVs) for inter-

spike intervals, resting membrane potential, AP half-widths, and

AP thresholds were not affected by the conditional CAPS-1 dele-

tion (Figures 3A–3F; Table S2). Furthermore, neurons from con-

trol and cCAPS-1fl/fl,SERTcre+/� mice did not differ significantly in

cell capacitance or input resistance or with regard to the relation-

ship between the AP frequency response and current injected

(linear fits; control, 0.19 ± 0.04 Hz/pA; cKO, 0.18 ± 0.06 Hz/pA)

(Figures 3G–3K; Table S4). Collectively, these results indicate

that intrinsic membrane properties of V1 layer 4 cells remain un-

affected by the thalamic deletion of CAPS-1 and that sensory

adaptation in V1 neurons of cCAPS-1fl/fl,SERTcre+/�mice is

enhanced, most likely because of enhanced STD.

To further verify that STD is enhanced at thalamocortical syn-

apses in cCAPS-1fl/fl,SERTcre+/� mice, we prepared acute brain

slices and measured synaptic responses in V1 excitatory layer

4 neurons, while triggering transmitter release directly from

axonal projections via optogenetic stimulation at 4 and 10 Hz

using the Ai32 mice described above (Figures 4A and 4B). Layer

4 neurons receive only very sparse input from other cortical

layers (Lefort et al., 2009; Xu et al., 2016). However, in order to

minimize potential co-activation of the sparse population of

cre-positive cells in deep cortical layers and measuring polysyn-

aptic responses during our optogenetics experiments, we used

two different experimental approaches. In one approach, we

recorded synaptic potentials in the presence of the voltage-

gated Na+ channel blocker tetrodotoxin (TTX) and the voltage-

gated K+ blocker 4-aminopyridine (4-AP), which in conjunction

with optogenetic stimulation have been used to study monosyn-

aptic connections (Cruikshank et al., 2010; Kloc and Maffei,

2014; Petreanu et al., 2009). By using this approach, we

observed strong STD in both the experimental and control

groups, which was likely caused by the prolonged opening of

Ca2+ channels in the presence of the 4-AP (Figure S2). Under

these conditions, we observed that PSP amplitudes were similar

between the two groups during the first stimulus, while there was

a tendency toward larger depression in neurons from cCAPS-

1fl/fl,SERTcre+/�mice than in controls, which led us to use a second

approach to dissect STP characteristics under more physiolog-

ical conditions. To this end, we restricted the light stimulation to

an area of 400 3 400 mm around the somata of layer 4 neurons,

which we expected to include most parts of their apical and

basal dendrites. In addition, we measured PSP amplitudes

only within a time window during which synaptic responses

should originate from monosynaptic connections (Figures 4A

and 4B; see STAR Methods). Under these particular condi-

tions, both control and cCAPS-1fl/fl,SERTcre+/� layer 4 neurons

responded to the stimulation of thalamocortical synapses

with pronounced PSPs, which in case of the first stimulus

triggered APs with a high probability (0.86 ± 0.10 for control

and 0.78 ± 0.12 for cKO) (Figures 4C–4E; Figure S3; Table S4).

Strikingly, the probability with which APs were triggered during

subsequent pulses decreased strongly in control neurons (by

�40% at the second pulse) but remained above �30% for at

least three pulses. In contrast, no APs were detected in

cCAPS-1fl/fl,SERTcre+/� cells by the second and subsequent

stimuli (Figures 4C and S3). These results indicate that AP firing
Cell Reports 30, 3261–3269, March 10, 2020 3263
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Figure 2. Deletion of CAPS-1 in SERTcre

Mice Causes Rapid Adaptation of Sensory-

Evoked Responses in Layer 4 Neurons of

Mouse V1

(A) Cartoon depicting the experimental design.

Short light pulses were flashed onto the left eye

of anaesthetized mice, and sensory-evoked

responses were measured in layer 4 neurons of the

contralateral side of V1.

(B) Representative recordings of visually evoked

activity in putative layer 4 neurons. Light pulses

were applied at a frequency of 4 Hz and are shown

by blue lines.

(C) Spike histograms of cells with indicated geno-

type. The blue bars in the light blue box on top of

histograms indicate the timing of visual stimulation,

which consisted of 10 consecutive light pulses at a

frequency of 4 Hz, followed by another light pulse

2 s after the stimulation train. Three trials were

recorded for each cell (control, left; cKO, right).

(D and E) Scatterplot of firing rates during the 1st

(D) and 2nd to 10th (E) visual stimulus intervals.

(F) Scatterplot of firing rates during the 11th

stimulus.

(G) Scatterplot of spike latencies during the 1st

stimulus.

(H) Averaged PSP responses of layer 4 neurons

from the recordings shown in (C). APs were

removed from raw traces for the analysis. The

timing of stimulation is indicated by light-blue lines.

The green R indicates the 11th stimulus, which was

applied to study the recovery of the PSP response

after the 4 Hz stimulation train. The lower graph is a

magnification of the gray-shaded box above.

(I) Graphs of individual PSPs (gray lines) as well as

their average in response to the 1st stimulus.

(J) Quantification of peak PSP responses of traces

shown in (H). ‘‘Total’’ PSP peak responses were

quantified in reference to the initial baseline before

stimulation.

(K) Quantification of local baseline preceding each

stimulus evoked PSP responses.

(L) ‘‘Subtracted’’ PSP amplitudes were measured

in reference to the local baseline (K) before each

stimulus.

(M) Quantification of the latency between stimulus

onset and PSP peaks.

cKO, N = 4 animals, n = 6 cells; CNTRL, N = 5

animals, n = 8 cells. Shaded regions in traces

and error bars in graphs indicate 68% boot-

strapped confidence interval. Three trials were

recorded for each cell. Control (CNTRL), cCAPS-

1fl/wt,SERTcre+/�; cKO, cCAPS-1fl/fl,SERTcre+/�. Nor-

mally distributed data are shown as bar graphs

(mean), and non-normally distributed data are

shown as boxplots (median + interquartile range).

Two-tailed Student’s t test was used for normally

distributed data and theWilcoxon sign rank test for

non-normally distributed data. The Benjamini-

Hochberg procedure was applied to all multiple

comparisons to control the false discovery rate.

*p < 0.05. More detailed statistical information on

multiple comparisons can be found in Table S4.
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Figure 3. Basic Electrophysiological Char-

acterization of Putative Layer 4 Neurons in

the Intact Brain of Control and cCAPS-

1fl/fl,SERTcre+/� Mice

(A) Representative recordings of spontaneous

activity in putative layer 4 cells in V1 of mice with

indicated genotypes.

(B) Spontaneous AP firing rate plotted against

recording depth and corresponding scatterplot for

quantification of firing rate.

(C) Coefficient of variation for interspike intervals of

spontaneous spike trains in control and cKO

neurons.

(D–H) Scatterplots showing the average resting

membrane potential (D), AP threshold (E), AP half-

width (F), cell capacitance (G), and input resistance

(H) of control and cKO neurons.

(E) Example recordings obtained by injecting

current pulses into neurons at steps of 40 pA (�200

to 280 pA).

(F) F-I plots for indicated genotypes obtained by

injecting current pulses into neurons and

measuring the frequency of APs. The gray-shaded

boxes indicate the regions of the F-I curves to

which linear fitting was applied to calculate the

slope/gain. The quantification of the slopes did not

yield significantly different values.

(G) The rheobase in control and cKO neurons was

calculated on the basis of the current pulse

experiments shown in (J).

(I) Representative traces of AP firing characteristics

in putative layer 4 neurons in V1 of mice with indi-

cated genotypes in current clamp mode.

(J and K) Number of APs (J) and Rheobase (K) in

response to current injection. cKO, N = 4 animals,

n = 6 cells (8 cells for J and K); CNTRL, N = 5 ani-

mals, n = 8 cells (10 cells for J and K). Shaded re-

gions in traces and error bars in graphs indicate

68% bootstrapped confidence interval. Control

(CNTRL), cCAPS-1fl/wt,SERTcre+/�; cKO, cCAPS-

1fl/fl,SERTcre+/�. Normally distributed data are

shown as bar graphs (mean), and non-normally

distributed data are shown as boxplots (median +

interquartile range). Outliers in boxplots are shown in blue. Two-tailed Student’s t test was used for normally distributed data and the Wilcoxon sign rank test for

non-normally distributed data. The Benjamini-Hochberg procedure was applied to all multiple comparisons to control the false discovery rate. *p < 0.05. More

detailed statistical information on multiple comparisons can be found in Table S4.
in layer 4 neurons adapts much more rapidly to repeated

stimulation when CAPS-1 is deleted in thalamocortical synap-

ses, which corroborates the findings obtained in vivo (Figure 2).

To dissect STP characteristics in greater detail, we next

analyzed evoked PSPs in slices during and after the stimulation

trains. In further accord with the in vivo data, we observed that

PSP amplitudes in layer 4 neurons from cCAPS-1fl/fl,SERTcre+/�

mice were similar during the first pulse and depressed more

profoundly than those in controls during subsequent stimuli

(Figures 4F–4I; Table S4). This was detectable when PSP ampli-

tudes were measured after APs had been removed from raw

traces but also became apparent in a separate analysis that

included only stimulation trials, in which neurons from controls

and cCAPS-1fl/fl,SERTcre+/� mice did not exhibit AP firing from

the second light pulse onward (‘‘subthreshold trials’’; Figures

4F–4I; Figure S3; Table S4). In addition, we measured the

amplitudes of the phasic component of the PSPs by correcting
it for local baseline shifts (‘‘subtracted’’; Figures 4F–4I; Table

S4). We hypothesized that shifts in baseline are caused by

tonic transmitter release and found that its magnitude was

significantly reduced in cCAPS-1fl/fl,SERTcre+/� slices compared

with controls (Figure S4). Our analysis of the phasic component

of the PSP response revealed stronger depression of the

amplitude with ongoing stimulation in cCAPS-1fl/fl,SERTcre+/�

samples, which was particularly evident in the analyses of

‘‘subthreshold trials’’ at 10 Hz stimulation (Figures 4F–4I; Table

S4). These findings strongly support the notion that STD is

enhanced in layer 4 neurons of V1 when CAPS-1 is absent from

dLGN input synapses. Interestingly, we also found that APs and

PSP amplitudes recovered more prominently in control neurons

compared with cCAPS-1fl/fl,SERTcre+/� neurons when single light

pulses were applied 2 s after the 4 and 10 Hz stimulation trains

(Figures 4F–4I; Figure S3; Table S4). This result indicates that

activity-dependent SV priming is impaired and that readily
Cell Reports 30, 3261–3269, March 10, 2020 3265
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Figure 4. Layer 4 Neurons in the Visual Cor-

tex of cCAPS-1fl/fl,SERTcre+/� Mice Exhibit

Enhanced Short-Term Synaptic Depression

(A and B) Synaptic responses in slices were

measured in layer 4 neurons of the visual cortex of

control and mutant mice. The optogenetic stimu-

lation of ChR2-positive thalamocortical axon

terminals was restricted to an area surrounding the

soma, corresponding to the dashed box shown in

(B). Scale bar, 500 mm. On the right side of (B) is a

confocal image of a representative biocytin-filled

layer 4 neuron. Scale bar, 200 mm.

(C) Spike raster plots during optogenetic stimula-

tion. The blue bars in the light-blue box indicate the

timing of optogenetic stimulation, which consisted

of 10 consecutive light pulses at a frequency of

4 Hz, followed by another light pulse 2 s after the

stimulation train. Three trials were recorded for

each cell (control [CNTRL], gray; cKO, blue).

(D and E) Number of APs (D) and spike latency (E)

during the first stimulus interval.

(F) Averaged PSP responses during optogenetic

stimulation at 4 Hz from the recordings shown in

(C). Spikes were clipped from raw traces in order to

visualize PSPs. The top graphs show the averaged

PSP responses, while the lower graphs depict the

averaged peak responses of the evoked PSPs that

were either quantified in reference to the initial

baseline before stimulation (‘‘total’’) or in reference

to the local baseline before each stimulus (‘‘sub-

tracted’’). Single light pulses were applied 2 s after

the stimulation trains (R, recovery pulse) to study

the recovery of PSP amplitudes.

(G) Same as (F) except that only trials were

included in the analysis during which no APs were

elicited in control neurons from the 2nd light pulse

onward, in correspondence to responses in

CAPS-1 cKO cells.

(H and I) Same as (F) and (G) for PSP responses

during 10 Hz trains.

N = 4 animals for each genotype; control n = 12

cells, cKO n = 10 cells. Shaded regions in traces

and the error bars in graphs indicate 68%

bootstrapped confidence interval. Three trials

were recorded for each cell. Control (CNTRL),

cCAPS-1fl/wt,SERTcre+/�3Ai32+/�; cKO, cCAPS-1fl/fl,SERTcre+/�3Ai32+/�. Normally distributed data are shown as bar graphs (mean), and non-normally distributed

data are shown as boxplots (median + interquartile range). Outliers in boxplots are shown in blue. Two-tailed Student’s t test was used for normally distributed

data and theWilcoxon sign rank test for non-normally distributed data. The Benjamini-Hochberg procedure was applied to all multiple comparisons to control the

false discovery rate. *p < 0.05. More detailed statistical information on multiple comparisons can be found in Tables S4 and S5.
releasable SVs are likely regenerated at a slower rate upon loss of

CAPS-1.

Taken together, the data from our slice experiments strongly

support the hypothesis that deletion of the SV priming factor

CAPS-1 in thalamocortical synapses enhances STD, which

leads to more rapid sensory adaptation in vivo.

DISCUSSION

The present study was conducted to test the hypothesis that SV

priming proteins are purposively used in brain circuits in vivo to

adjust STP and thereby control key circuit functions. To this end,

we specifically and selectively assessed the consequences of ge-

netic removal of theSVpriming proteinCAPS-1 from thalamocort-
3266 Cell Reports 30, 3261–3269, March 10, 2020
ical synapses for sensory adaptation in the intact brain. We found

that thalamocortical synapses projecting from the dLGN to V1

exhibit more pronounced STD when CAPS-1 is eliminated, which

leads to faster adaptation of sensory-evoked responses in excit-

atory layer4neurons to repeatedstimulation.Although information

processing in the visual pathway depends on the function and

plasticity of multiple subsequent synaptic processing steps, our

data provide a case in point of the notion that SV priming is purpo-

sively used by neurons to shape sensory adaptation.

CAPS-1 is one of the key SV priming proteins in the brain

(Jockusch et al., 2007). In cultured autaptic hippocampal

neurons, CAPS-1 deletion reduces transmitter release by at least

half, with�10%of the cells not exhibiting any evoked transmitter

release at all in response to single APs (Jockusch et al., 2007).



Corroborating this, loss of CAPS-1 also causes a strong reduc-

tion of synaptic transmission at CA3-CA1 synapses in hippo-

campus, along with an enhancement of STF (Shinoda et al.,

2016).

Little is known about the function of CAPS in other brain

regions. In particular, the relevance of CAPS-1 in thalamocortical

synaptic transmission has not been addressed in the past. In the

present study, we did not observe a reduction in synaptic trans-

mission with single stimuli when CAPS-1 was deleted from

dLGN-to-layer 4 V1 synapses; specifically, we found in vivo

and in vitro that PSP amplitudes triggered by the first light flash

or pulse during stimulation trains were not different between

controls and cCAPS-1fl/fl,SERTcre+/� mice. Given that our western

blot results show that CAPS-1 is the only isoform expressed in

the thalamus, these data indicate that basal transmitter release

at thalamocortical synapses does not require CAPS proteins

and that the SV priming machinery in these synapses may there-

fore differ significantly from hippocampal synapses (Jockusch

et al., 2007; Shinoda et al., 2016). However, PSP waveforms

tended to be different in cCAPS-1fl/fl,SERTcre+/� neurons, with

PSPs rising significantly more slowly (Figure S5; Table S5).

This could, in turn, affect the summation of PSPs during stimulus

trains with consequences for AP firing. Studies using voltage

clamping rather than current clamping would be needed to

resolve the kinetics of transmitter release in greater detail and

to thereby determine whether these changes in the absence of

CAPS-1 are mechanistically caused by changes in the coupling

of Ca2+ influx to the SV fusion machinery, by changes in SV fuso-

genicity, or by a reduction in the number of a subpopulation of

primed SVs with lower release probability (Basu et al., 2007;

Neher, 2015).

Our findings that dLGN-to-V1 synapses exhibit greater STD in

the absence of CAPS-1—rather than less STD or even STF, as

reported for CA3 to CA1 synapses—indicate that the different

functions of CAPS-1 in basal SV priming and in the resupply of

primed SVs during and after ongoing synaptic activity have

different penetrance in different types of synapses. This is likely

due to the synapse-specific complement of Munc13s, CAPSs,

and other proteins involved in SV priming and STP. In accor-

dance with this notion, the differential expression of Munc13

isoforms (e.g., Munc13-1, which favors STD in cultured hippo-

campal neurons, versus Munc13-2, which favors STF in cultured

hippocampal neurons) or the activity of synaptotagmin-7 are

known to be co-determinants of the STP phenotype of synapses

(Breustedt et al., 2010; Jackman et al., 2016; Rosenmund et al.,

2002; Turecek et al., 2017). Our results show that CAPS-1 mod-

ulates the rate of STP and the degree by which PSPs recover in

layer 4 V1 neurons after stimulation trains. These findings are

best compatible with a preferential role of CAPS-1 at dLGN-to-

L4 V1 synapses in boosting the rate by which SVs are primed

during and after extended stimulation strains, whereas basal

SV priming would be determined mostly by other SV priming

proteins.

In conclusion, we found that deletion of CAPS-1 in thalamo-

cortical synapses leads to more pronounced STD, which in

turn increases the extent to which cortical sensory-evoked

subthreshold responses in V1 adapt to prolonged stimulation.

Short-term synaptic depression was previously shown to be
the principal mechanism for sensory adaptation in layer 4 cortical

neurons (Chung et al., 2002; Lundstrom et al., 2010), although

other mechanisms, such as modulation by brainstem circuits,

may also contribute (Ganmor et al., 2010; Whitmire and Stanley,

2016). By using direct optogenetic stimulation of thalamocortical

fibers in acute brain slices, we provide direct evidence that short-

term synaptic depression is enhanced upon deletion of CAPS-1

in these synapses. Our observation that sensory-evoked synap-

tic responses adapt more rapidly in the corresponding mutant

mice can therefore be best explained by the STP deficit we

detected in the slice experiments. By studying intrinsic mem-

brane properties, we ruled out the possibility that changes in

the level of excitability may have led to enhanced adaptation.

Adaptation regulates sensory detection and discrimination in

animals, two processes that are crucial for survival (Lampl and

Katz, 2017; Ollerenshaw et al., 2014; Wang et al., 2010; Whitmire

and Stanley, 2016), and the present data indicate that synapses

in the corresponding circuits purposively use CAPS-1 (and

possibly other SV priming proteins) to regulate STP and sensory

adaptation. Although we studied sensory adaptation in anaes-

thetized mice, a previous study showed that sensory adaptation

in cortex is similar between anaesthetized mice and animals that

are in a state of quiet wakefulness (Castro-Alamancos, 2004).

Therefore, we propose that our results provide important insights

into how neurons use SV priming to regulate STP and sensory

information transfer from the thalamus to the cortex in quiet

awake animals. Results from previous studies showed that tha-

lamocortical synapses are in a depressed state during active

awake periods and that sensory stimuli do not further adapt dur-

ing repeated stimulation (Castro-Alamancos, 2004; Reinhold

et al., 2015). Sensory detection is optimal during the non-

adapted state, while sensory discrimination is improved

following adaptation (Ollerenshaw et al., 2014; Whitmire and

Stanley, 2016). In the present study, we did not investigate the

behavioral consequences of deleting CAPS-1 in thalamocortical

synapses, but we speculate that CAPS-1 deletion may affect the

switching between the states of optimal sensory detection and

sensory discrimination. We anticipate that the CAPS-1 cKO

mouse line may be a useful tool for testing this hypothesis

in the future, as well as other theoretical assumptions regarding

the involvement of STD in other computational processes in the

brain, such as regulating cross-orientation suppression in V1

(Priebe and Ferster, 2012).
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,

JeongSeop Rhee (rhee@em.mpg.de). The newly generated CAPS-1 conditional knock-out (cKO) mouse line can be obtained

from JeongSeop Rhee (rhee@em.mpg.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal procedures were carried out with permission by and in compliance with the stipulations issued by the corresponding

authorities (Niedersächsisches Landesamt f€ur Verbraucherschutz und Lebensmittelsicherheit). Mutant embryonic stem (ES) cells

(CADPS1tm1a(EUCOMM)HMGU, JM8A3.N1) were purchased from EUCOMM (European Conditional Mouse Mutagenesis Program) in

order to generate conditional CAPS-1 KO mice (CAPS-1fl/fl) (Skarnes et al., 2011). The ES cells contained a L1L2_Bact_P cassette

(FRT-EN2,IRES,lacZ,pA-loxP-hbactP,neomycin,pA-FRT-loxP) in chromosome 14 upstream of exon 10 of CADPS1 at position

12529023 and an additional loxP site downstream of exon 10 at position 12528182. ES cells were prepared for blastocyst injections

according to a standard protocol provided by EUCOMM. Chimeric mice were crossbred with a mouse strain expressing Flp recom-

binase (Farley et al., 2000) for the removal of the neomycin cassette, which allowed the conditional excision of exon 10 by cre recom-

binase during later experiments. CAPS-1fl/fl mice were then bred with SERTcre+/� males for conditional deletion of CAPS-1 in

thalamic nuclei (Narboux-Nême et al., 2008; Zhuang et al., 2005). For immunohistological and optogenetics experiments, we addi-

tionally crossbred SERTcre+/� and CAPS-1fl/wt,SERTcre+/� males with Ai32 mice (Madisen et al., 2012). In accordance with published

data, we occasionally observed germline recombination when SERTcre mice were used, as indicated by ubiquitous expression of

CHR2-YFP throughout the brain (Narboux-Nême et al., 2008). These mice were excluded from the study. The following primers

were used for genotyping: Primer 1: 50-ATCAGAAAATCAAGGCCAACCTGA �30; Primer 2: 50-GGTGCCCATGTAAACCTGTG �30;
Primer 3: 50-AACAGTCGGGCTTATACCTGTC �30. The WT-allele yielded a PCR product of 267 bp, while the floxed allele and the

cre-recombined allele yielded PCR products of 433 and 449 bp, respectively.

METHOD DETAILS

Brain Slice Preparation
4-7 weeks old mice of either sex were anesthetized and quickly decapitated. The brain was rapidly removed and 300-mm-thick

coronal brain slices were cut with a vibratome (Leica VT1200S) in ice-cold carbogen-saturated solution containing (in mM): 125

NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, 0.4 ascorbic acid, 4 lactate, and 25 D-glucose (pH 7.4 with 5%

CO2). Brains slices were kept at 35�C in the recording solution for at least 1 h before being transferred to the recording chamber.

During recordings, slices were perfused continuously with carbogen-saturated aCSF solution containing (in mM): 125 NaCl, 4

KCl, 2 CaCl2, 1.3 MgCl2, 26 NaHCO3, and 10 D-glucose (pH 7.4 with 5% CO2). All experiments were done at room temperature.

In Vitro Patch Clamp Recordings
Slices were visualized with an upright microscope (Zeiss Examiner D1) using infrared Dodt-contrast. Layer 4 of the primary visual

cortex was identified by YFP fluorescence emission. Whole-cell recordings were made in the soma of L4 neurons using an

EPC10 patch-clamp amplifier (HEKA Elektronic). Patch pipettes (4-6 MU) were filled with a K-gluconate-based solution containing

(in mM): 135 K-gluconate, 4 KCl, 4 Mg-ATP, 0.3 Na2-GTP, 10 Na-phosphocreatine, 0.1 Na4EGTA, 10 HEPES, and 2% (w/v) biocytin

(pH adjusted to 7.3). In current clampmode, intracellular voltagewas recorded in response to light stimuli (see below) while no current

was applied. Signals were low-pass filtered at 10 kHz, and digitized at 100 kHz. After recordings, slices were fixed by overnight

incubation in 4% paraformaldehyde in 0.1 M phosphate buffer at 4�C. For a subset of recordings, brain slices were perfused with

ACSF containing 0.5 mM TTX and 1 mM 4-AP. For AP clipping, spikes were detected when dV/dt reached a threshold of 50 V/s.

APs were clipped at a time window comprising �1 s x AP half-width + 3.5 s x AP halfwidth from spike peak to allow investigation

of underlying PSPs. Monosynaptic responses were considered to occur within a time window of less than 11 ms after stimulation

onset. In accordance with results from a previous study, we observed in some cases more than one peak PSP response in our

recordings, which typically occurred after 11 ms of stimulus onset and which were thus outside of the time window that we used

for our PSP analysis (Kloc and Maffei, 2014).

Optogenetic Stimulation
ChR2 activation was driven by 470 nm light using an LED illumination system (Cairn OptoLED) coupled to a digital mirror device

(m-matrix, RappOptoElectronics) and collimated through the 40Xmicroscope objective (1.0 NA). The m-matrix allowed us to precisely

illuminate arbitrary areas in the objective field. In order to restrict stimulation to ChR2-expressing axons innervating the recorded

neuron, the light stimulus was applied in a square area of 400 mm x 400 mm around the soma of the recorded neuron. The light power

density at the focal plane was 5.4mW/mm2. The stimulus consisted of a train of 10 2-ms-long light pulses at 4 or 10 Hz, followed by an

additional pulse after 2 s. For each frequency, three trials separated by at least 1 min were applied in each recorded neuron. For
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electrophysiological recordings, in which TTX and 4-AP were applied to the slices, optogenetic stimulation was extended from the

400 mm x 400 mm window to the full field of view of the 40X microscope objective.

In Vivo Patch Clamp Recordings
Adult mice were anaesthetized using isoflurane, and all surgical procedures and electrophysiological recordings were performed

while the animals were head-fixed in a stereotaxic frame. The depth of anesthesia was monitored throughout surgical and experi-

mental procedures by assessing reflexes in response to toe pinching, and the breathing rate of mice was adjusted to �100 breaths

per minute by controlling the concentration of isoflurane via a vaporizer system. The body temperature of mice was held constant at

37�C and was monitored with a rectal probe and a heat sensor. Metamizol was applied as analgesic at a concentration of 200 mg/kg

bodyweight, and an incision across the midline was made to expose the skull. After cleaning of the skull, a recording chamber was

forged using kwik-cast sealing (WPI). In order to perform recordings in the monocular region of the visual cortex of mice, a 0.5 mm x

0.5 mm craniotomy was introduced 3.5 mm posterior of bregma and 2.5 mm lateral to the midline by thinning the skull with a dental

drill and removing the bone and parts of the dura mater with a surgical needle. The recording chamber was then filled with fresh

Ringer’s solution (145 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, adjusted to pH 7.4, �290 mM osmolarity),

and patch pipettes (4-6 MU) containing intracellular solution (135 mM K-gluconate, 4 mM KCl, 10 mM HEPES, 10 mM Na-phospho-

creatine, 4 mMMg-ATP, 0.3 mMNa-GTP, adjusted to pH 7.3 with KOH; + 2 mg/ml biocytin) were inserted into the brain tissue with a

pressure of�180-200mbar according to a previously published protocol (Margrie et al., 2002). A test pulsewas applied in the voltage

clampmode, and changes in the amplitude of the currents recorded by the patch pipette were constantly monitored. The penetration

of the pia typically resulted in a transient decrease in the current pulse and was used a reference for the recording depth. Once a

depth of 350 mm was reached, the pressure was reduced to �30 mbar and further advancement of the pipette was made in

2-3 mm steps. A sudden decrease of the current pulse typically indicated contact with a cell and the positive pressure was released

for giga seal formation. After successful formation of a giga seal at a holding potential of �70 mV, the pipette capacitance was

compensated and the cell membrane was ruptured with short negative pressure pulses. Whole-cell recordings were then carried

out in the current clamp mode following bridge balancing at a sampling rate of 25 kHz (series resistance < 60 mOhm). Only cells

with a resting membrane potential of % �50 mV and with overshooting APs were included in the analysis. The layer 4 recordings

were performed at depths of 350-500 mm (Lien and Scanziani, 2018; Reinhold et al., 2015), and excitatory neuronswere distinguished

from inhibitory neurons by their relatively broad AP half width. The membrane potential was not corrected for liquid junction poten-

tials. All in vivo recordings were carried out using a Multiclamp 700 B amplifier under the control of the pClamp software (Molecular

Devices). To measure light evoked potentials, a small LED lamp (NA 0.63) was positioned 5 cm from the contralateral eye. The dura-

tion and onset of light pulses were controlled with the pClamp recording software and were monitored with a photodiode that was

placed in close proximity to the LED lamp. The light pulses had a duration of 2 ms and the light power density at a distance from 5 cm

was 0.02mW/mm2. The AP threshold wasmeasured at the point of time where dV/dt reached a value of 20 V/s. To measure the input

resistance of cells, 400 ms current steps of �200 pA, �160 pA, �120 pA, �80 pA, �40 pA, and 0 pA were injected into cells and the

slope of the linear fit of the corresponding voltage deflections was determined. Peak responses of visually evoked PSPs were

measured in a time window between 0 to 50 ms from stimulus onset.

Immunohistochemistry
A subset of mice were deeply anaesthetized using ketamine and whole animal PFA perfusion was carried out. After sucrose cryo-

protection, PFA-fixed brain tissue was cryosectioned, and 40 mm thick slices were prepared. The slices were then incubated over-

night at 4�C in PBS solution containing 0.3%Triton and VGLUT2 antibody (1:2000 dilution, Synaptic Systems, Cat. No. 135404). After

the incubation with primary antibody, slices were washed three times and incubated in PBS solution containing 0.3% Triton, second-

ary antibody (1:2000 dilution, Invitrogen, Cat. No. A-21435), and DAPI (�1 mM). In a last step, brain sections were again washed three

times and mounted onto glass coverslips for microscopy. For immunohistochemistry of tissue from in vitro slice experiments, PFA

fixation was carried out overnight at 4�C. Slices were washed three times with PBS and incubated for 3 h at room temperature in PBS

solution containing 0.3% Triton, DAPI (�1 mM), and streptavidin-conjugated Alexa 555 (1:1000, Invitrogen, Cat. No. S32355). Low

magnification images were acquired using a Leica MZ16 binocular and dendritic structures were visualized with a 63x objective

(NA 1.4) or a 40x objective (NA 1.25) using an inverted SP2 Leica confocalmicroscope. Our analysis of the fraction of VGLUT-2 puncta

containing channelrhodopsin-2-YFP signal was based on a previously published protocol (Varoqueaux et al., 2002). In brief, a manu-

ally fixed intensity threshold was applied to VGLUT-2 signals, followed by watershed filtering and an analysis of the number of

particles R 0.17 mm. Regions of interests (ROIs) at sizes of 50 mm x 10 mm were then selected from single z-plane images and

co-localization of VGLUT-2 particles and channelrhodopsin-2-YFP signal was assessed by intensity thresholding.

Western Blot
Dissociated neurons from hippocampus, cortex, or dorsolateral geniculate nucleus (dLGN) were prepared at P0 and maintained in

mass culture in 12-well plates (800,000 cells per well for hippocampus and cortex, 100,000 cells per well for dLGN). At DIV2, the

neurons were infected with lenti-virus expressing either RFP or Cre-RFP. Infection efficiency was always > 90% as assessed by

RFP fluorescence at DIV10. Cells were harvested at DIV10, DIV12, and DIV14 by lysis in SDS-PAGE gel loading buffer (one well in

35 ml buffer for hippocampal and cortical cells; three wells in 35 ml buffer for dLGN cells). Samples (10 ml for hippocampus and cortex,
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30 ml for dLGN) were separated on 10% SDS-PAGE gels and then transferred to nitrocellulose membranes (Millipore). The

membranes were blocked for 1 h at room temperature in TBST (Tris-buffered saline containing 20 mM Tris-HCl, pH 7.4, 137 mM

NaCl, 0.1% Tween-20) with 5% non-fat dry milk, and then incubated for 1 h at room temperature in TBST with the following primary

antibodies: rabbit anti-CAPS1/2 polyclonal antibody (1:2,000; provided byDr. J. Rettig, Homburg/Saar, Germany), rabbit anti-CAPS2

polyclonal antibody (1:2,000; provided by Dr. J. Rettig, Homburg/Saar, Germany), rabbit b-actin antibody (1:1,000; Synaptic

Systems). Membranes were then washed five times for 5 min with TBST and subsequently incubated for 1 h in TBST with horse-

radish-peroxidase-conjugated goat anti-rabbit IgG (1:10,000; Jackson ImmunoResearch Laboratories). Subsequently, membranes

we again washed as described above, and labeled bands were visualized via enhanced chemiluminescence (GE Healthcare) using a

ChemoStar Imager (INTAS). Band intensities were quantified using ImageJ (National Institutes of Health) and CAPS1/CAPS2 levels

were normalized to b actin levels.

QUANTIFICATION AND STATISTICAL ANALYSIS

Electrophysiological data were analyzed using axograph (AxoGraph Scientific) and MATLAB 2017a/2019a (MathWorks) software.

Statistical analysis was carried out using MATLAB 2017a/2019a. On all datasets, we performed a Lilliefors test on normality with

a = 0.05 within each group. For comparisons between two normally distributed datasets, we used the two-sided t test, and for

non-normally distributed datasets the Wilcoxon sign rank test. The implementations were MATLAB’s lillietest, ttest2 and ranksum.

For multiple comparisons, we adjusted for repeated testing by controlling the false discovery rate with the procedure by Benjamini

and Hochberg (1995). Briefly, we ranked the p values in ascending order, and the i-th ranked P-value, Pi, was deemed significant if it

satisfies Pi % (qi)/n, where n is the number of comparisons and q is the accepted false discovery rate. A value of q = 0.1 implies that

among 10 discoveries, we accept 1 false positive. Confidence intervals of means were bootstrapped, i.e., we resampled with

replacement from the raw data and calculated a bootstrapped ensemble of means. Confidence intervals indicate 68% of this boot-

strapped ensemble. We assessed spike train statistics of spontaneous activity with interspike intervals and the power spectrum. For

this, we calculated the distribution of interspike-intervals individually for every single cell, requiring at least three spikes in the

recording window (�60 s). From the ISIs, we calculated mean m and standard deviation s, and derived the coefficient of variation

CV = s/m for every single cell. Note that for a Poisson neuron, CV = 1. We then calculated the weighted averaged CCVD for KO and

CNTRL, weighting CVi for cell iwith the observed number of spikes: CCVD = (1/N)
P

niCVi where N =
P

ni and ni is the number of spikes

recorded for cell I (shown in Figure 3C). To calculate the power spectrum of spontaneous activity, a spike train was represented as a

sequence of delta functions centered at the spike times ti, r(t) =
P

i d(t�ti). The power spectrum of this object is the absolute value

squared of its Fourier spectrum, S(u) = jPj exp(iutj)j2 where the sum is calculated across all spikes. To calculate the autocorrelation

function, we centered a T = 6 s window around every spike ti and counted how many spikes fell in a bin of width Dt = 10ms.

DATA AND CODE AVAILABILITY

Detailed statistical analyses for all datasets for which multiple comparisons were carried out can be found in Tables S4 and S5. Raw

datasets are available from the lead author upon request.
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Figure S1 (Related to Figure 1). VGLUT2 Puncta contain channelrhodopsin-2-YFP signals in SERTCre x 

Ai32 mice. 

(A) Fluorescent signals of putative ChR2-YFP expressing Axonal boutons projecting from the thalamus to 

cortical layer 4 in SERTcre
+/-

 x Ai32
+/-

 co-localize with the presynaptic marker VGLUT2 in mouse barrel 

cortex. (i) Example confocal image of layer 4 in primary somatosensory cortex (S1) of SERTcre
+/-

 x Ai32
+/-

 

mice. Dashed lines indicate the boundary of layer 4 cells. Scale bar, 440 µm. (ii) Example confocal image 

illustrating the dense network of putative axonal projections from the thalamus to layer 4 that co-express 

ChR2 and VGLUT2. Scale bar, 50 µm. Images (iii) and (iv) are successive magnifications of (ii). Scale bars, 

15 (iii) and 8 µm (iv). 

(B) Example ROI for quantitative assessment of the fraction of VGLUT2 puncta containing 

channelrhodopsin-2-YFP signal. The analysis was carried out based on intensity thresholding and particle 



size discrimination. Intensity thresholded VGLUT-2 puncta >0.17 um are circled in white in the merged 

image below. 

(C) Scatterplot illustrating the average of the fraction of VGLUT2 puncta containing channelrhodopsin-2-

YFP signal. The bar graph indicates mean and error bars show 68% bootstrapped confidence interval. (N 

= 2 animal, n = 6 ROIs; unpaired Student’s t-test). 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2 (Related to Figure 4). STP Characteristics in Layer 4 Neurons from Control and Mutant Mice 

During Experiments with TTX and 4-AP 

(A and B) Synaptic responses were recorded in layer 4 neurons, while brain slices were perfused with 0.5 

mM TTX and 1 mM 4-AP. Optogenetic stimulation (indicated by blue lines) was applied at either 4 Hz (A) 

or 10 Hz (B). 

(C) Magnification of dashed box in (B). 



(D) Scatterplot showing the average PSP peak amplitude during the first stimulus interval. 

(E) PSP peak amplitudes during stimulus strain at 10 Hz. The green “R” indicates the 11
th

 pulse, which was 

applied to assess the recovery of the PSP peak amplitude after the stimulus train. 

(N=2 and N=3 animals for stimulations at 4 Hz; N=3 animals for each genotype for stimulations at 10 Hz; 

control, CNTRL, cCAPS-1
fl/wt,SERTcre+/- 

x Ai32
+/-

; cKO, cCAPS-1
fl/fl,SERTcre+/- 

x Ai32
+/-

; shaded regions in traces and 

the error bars in graphs indicate 68% bootstrapped confidence interval; bar graphs indicates the mean. 

Two-tailed Student’s t-test for normally distributed data and Wilcoxon sign rank test for non-normally 

distributed data. The Benjamini-Hochberg procedure was applied to the graph shown in E to control the 

false discovery rate; ns = not significant). 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3 (Related to Figure 4). AP Firing in V1 Layer 4 Neurons in Presence or Absence of CAPS-1 from 

Thalamocortical Synapses 

(A) Illustration of AP removal from raw trace (see Methods). 

(B) Individual PSPs (grey lines) and their average in response to the 10
th

 light pulse for all stimulation trials 

(control, CNTRL, dark grey; cKO, dark blue; same recordings as shown in Figure 4E). The red trace indicates 

the same trial shown in (A) after AP removal. The vertical dashed lines at 11 ms indicate the window, 

within which monosynaptic responses were measured. 

(C) Spike histograms of evoked APs during 10 Hz optogenetic stimulation. The blue bars in light blue box 

on top of histograms indicate the timing of optogenetic stimulation, which consisted of 10 consecutive 

light pulses at a frequency of 4 Hz, followed by another light pulse 2 s after the stimulation train. Three 

trials were recorded for each cell.  

(N = 4 animals for each genotype; CNTRL, cCAPS-1
fl/wt,SERTcre+/- 

x Ai32
+/-

; cKO, cCAPS-1
fl/fl,SERTcre+/- 

x Ai32
+/-

) 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4 (Related to Figure 4). Quantitative Analysis of Local Baseline of PSPs during Stimulus Trains. 

(A) Example traces (2
nd

 trial, 10 Hz) illustrating the shift in baseline occurring after the 1
st

 stimulus. 

(B and C) Amplitude of baseline preceding PSPs during the 4 Hz (B) or 10 Hz (C) stimulus trains. Left graphs 

show the amplitude of baselines for all traces (3 trials per cell) and graphs on right side show the amplitude 

of baseline responses for trials during which no APs were elicited in control neurons from the 2
nd

 light 

pulse onwards, in correspondence to responses in CAPS-1 cKO cells. (N=4 animals for each genotype; 

control n = 12 cells, cKO = 10 cells. The error bars in graphs indicate 68% bootstrapped confidence interval; 



three trials were recorded for each cell; control, CNTRL, cCAPS-1
fl/wt,SERTcre+/- 

x Ai32
+/-

; cKO, cCAPS-

1
fl/fl,SERTcre+/- 

x Ai32
+/-

; Two-tailed Student’s t-test for normally distributed data and Wilcoxon sign rank test 

for non-normally distributed data. The Benjamini-Hochberg procedure was applied to control the false 

discovery rate. *P < 0.05, more detailed statistical information on multiple comparisons can be found in 

Tables S4 and S5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S5 (Related to Figure 4). Quantitative Analysis the Delay of PSP peaks and the Slope of Rising 

Phase of PSPs . 

(A – D) Absolute delay between stimulus onset and PSP peaks during 4 Hz (A,B) and 10 Hz (C,D). Graphs in 

(A) and (C) show the mean for all trials (3 trials per cell) and (B) and (C) show the mean for trials during 

which no APs were elicited in control neurons from the 2
nd

 light pulse onwards, in correspondence to 

responses in CAPS-1 cKO cells.  

(E – H) Slope of the PSP rising phase, obtained from applying linear fitting to recordings traces between 

20% and 80% of PSP peaks. (E) and (G) show the mean for all trials (3 trials per cell) and (B) and (C) show 

the mean for trials during which no APs were elicited in control neurons from the 2
nd

 light pulse onwards, 

in correspondence to responses in CAPS-1 cKO cells. (N=4 animals for each genotype; control n = 12 cells, 

cKO = 10 cells. The error bars in graphs indicate 68% bootstrapped confidence interval; three trials were 

recorded for each cell; control, CNTRL, cCAPS-1
fl/wt,SERTcre+/- 

x Ai32
+/-

; cKO, cCAPS-1
fl/fl,SERTcre+/- 

x Ai32
+/-

; Two-

tailed Student’s t-test for normally distributed data and Wilcoxon sign rank test for non-normally 

distributed data. The Benjamini-Hochberg procedure was applied to control the false discovery rate. *P < 

0.05, more detailed statistical information on multiple comparisons can be found in Tables S4 and S5). 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

Table S1 (related to Figure 2): Statistics of AP Firing in CAPS-1 cKO- and Control- Neurons 

 CNTRL*  

(mean) 

CNTRL* 

(median) 

CNTRL 

STD 

cKO* 

(mean) 

cKO* 

(median) 

cKO 

STD 

Normal 

Distribution** 

p-

Value 

AP Firing 

Rate 

1st 

Stimulus 

1.333 

[0.667; 

2.0] 

N = 5; n = 

8 

0.667 

[0; 1.333] 

1.886 2.222 

[1.111; 

3.333] 

N = 4; n = 

6 

0.667 

[0; 3.333] 

3.001 Yes 0.5083 

AP Firing 

Rate 

11th 

Stimulus 

1.333 

[0.333; 

2.333] 

N = 5; n = 

8 

0 

[0; 0] 

2.851 2.0 

[1.111; 

2.889] 

N = 4; n = 

6 

1.333 

[0; 3.33] 

2.348 No 0.518 

AP Firing 

Rate 

Stimuli 2-

10 

0.815 

[0.426; 

1.222] 

N = 5; n = 

8 

0.222 

[0.074; 

0.963] 

1.164 0.815 

[0.025; 

0.617] 

N = 4; n = 

6 

0 

[0; 0.074] 

0.7161 No 0.336 

Spike 

Latency 

(s) 

0.181 

[0.166; 

0.2] 

N = 5; n = 

8 

0.198 

[0.151; 

0.221] 

0.052 0.133 

[0.113; 

0.151] 

0.151 

[0.096; 

0.141] 

0.065 Yes 0.1 

*Values in brackets [] indicate 68% bootstrapped confidence interval of the mean, or median, 
respectively. N denotes number of animals and n indicates number of neurons. STD = standard deviation. 

** Normality was tested using the Lillieforstest (p = 0.05). 

*** p-values were determined using the unpaired (two-tailed) student’s t-test for data with normal 
distribution or the Wilcoxon Rank-Sum test for non-normally distributed datasets. 

 

 

 

 



Table S2 (related to Figure 3): Basic Parameters for in-vivo whole-cell recordings in V1 L4 neurons of CNTRL- and cKO- mice. 

 CNTRL*  

(mean) 

CNTRL* 

(median) 

CNTRL 

STD 

cKO* 

(mean) 

cKO* 

(median) 

KO 

STD 

Normal 

Distribution** 

p-

Value 

Resting 

Potential 

(mV) 

-67.022 

[-69.14; -

64.847] 

N = 5; n = 8 

-66.756 

[-70.418; 

-64.503] 

7.516 -71.22 

[-73.771; -

68.469] 

N = 4; n = 6 

-73.076 

[-73.347; 

-70.928] 

8.076 Yes 0.271 

Rheobase 

(pA) 

184 

[164; 204] 

N = 6; n = 

10 

180 

[160; 

200] 

71.056 180 

[150; 210] 

N = 4; n = 8 

200 

[160; 

200] 

88.156 Yes 0.916 

Spontaneous 

AP Firing 

(APs/s) 

0.472 

[0.258; 

0.673] 

N = 5; n = 8 

0.205 

[0.116; 

0.504] 

0.629 0.385 

[0.211; 

0.565] 

N = 4; n = 6 

0.252 

[0.04; 

0.536] 

0.457 No 0.782 

Coefficient of 

Variation 

Spontaneous 

AP Firing 

1.865 

[1.644; 

2.082] 

N = 5; n = 7 

1.536 

[1.453; 

1.553] 

0.681 1.662 

[1.522; 

1.802] 

N = 2; n = 4 

1.672 

[1.393; 

1.931] 

0.311 No 0.618 

AP half width 

(ms) 

0.925 

[0.855; 

0.988] 

N = 5; n = 8 

0.885 

[0.82; 

0.979] 

0.12 0.904 

[0.859; 

0.947] 

N = 4; n = 6 

0.906 

[0.835; 

0.982] 

0.12 Yes 0.824 



AP threshold 

(mV) 

-32.355 

[-34.009; -

30.883] 

N = 5; n = 8 

-32.339 

[-34.054; 

-30.855] 

4.839 -32.225 

[-34.298; -

30.170] 

N = 4; n = 6 

-32.587 

[-35.421; 

-28.721] 

5.3542 Yes 0.963 

Input 

Resistance 

(MΩ) 

123.032 

[114.191; 

132.384] 

N = 6; n = 

10 

110.425 

[103.681; 

127.286] 

29.618 141.661 

[119.762; 

163.16] 

N = 4; n = 8 

130.461 

[99.469; 

167.867] 

69.149 Yes 0.451 

Cell 

capacitance 

(pF) 

53.635 

[42.45; 

64.208] 

N = 6; n = 

10 

46.397 

[26.746; 

66.16] 

36.286 44.156 

[36.544; 

51.623] 

N = 4; n = 8 

40.978 

[31.727; 

53.063] 

23.119 Yes 0.531 

*Values in brackets [] indicate 68% bootstrapped confidence interval of the mean, or median, respectively. N denotes number of animals and n 
indicates number of neurons. 

** Normality was tested using the Lillieforstest (p = 0.05). 

*** p-values were determined using the unpaired (two-tailed) student’s t-test for data with normal distribution or the Wilcoxon Rank-Sum test for 
non-normally distributed datasets. 

 



Table S3 (related to Figure 4): Statistics of AP Firing in CAPS-1 cKO- and Control- Neurons in-vitro 

 CNTRL*  

(mean) 

CNTRL* 

(median) 

CNTRL 

STD 

cKO* 

(mean) 

cKO* 

(median) 

KO 

STD 

Normal 

Distribution** 

p-

Value 

Number 

of APs 

during 1st 

stimulus 

interval 

0.861 

[0.75; 

0.944] 

N = 4; n = 

12 

1 

[1; 1] 

0.332 0.9259 

[0.741; 

1.111] 

N = 4; n = 

10 

1 

[1; 1] 

0.547 No 0.887 

Spike 

Latency 

(ms) 

11th 

Stimulus 

7.157 

[6.849; 

7.46] 

6.825 

[6.52; 

7.25] 

1.667 7.548 

[6.788; 

8.33] 

6.62 

[6.38; 

7.09] 

3.69 No 0.702 

*Values in brackets [] indicate 68% bootstrapped confidence interval of the mean, or median, respectively. N denotes number of animals and n 
indicates number of neurons. 

** Normality was tested using the Lillieforstest (p = 0.05). 

*** p-values were determined using the unpaired (two-tailed) student’s t-test for data with normal distribution or the Wilcoxon Rank-Sum test for 
non-normally distributed data 
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