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Abstract 

Protein kinase A (PKA) modulates secretory vesicle exocytosis in many biological systems, but 

the mechanism remains elusive. Here we show that cAMP production by forskolin potentiated 

synaptic transmission especially in neurons with low initial responses by lowering the fusion 

energy barrier, not by altering releasable vesicle pool sizes. PKA activation largely restored 

synaptic transmission in priming deficient Munc13-1 knockout (KO) or CAPS-1/2 double 

knockout (DKO) neurons. In Munc13-1/2 DKO neurons, the loss of spontaneous release was 

partly restored by forskolin. In M nc13-1 KO neurons, a PKA phospho-deficient mutation of 

SNAP25 greatly diminished forskolin effects, while a phosphomimetic mutation increased initial 

release. Together these data suggest that PKA controls synaptic vesicle release via SNAP25, 

overcoming priming deficiencies and boosting weak synapses.  
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Introduction 

Synaptic connections in neuronal networks of the brain exhibit substantial heterogeneity in 

synaptic strength [1], which can be modulated by several signal transduction pathways in the 

presynaptic [2] and/or postsynaptic [3] side of the synapse. Among the major pathways, the 

cAMP-Protein kinase A (PKA) pathway is probably the most enigmatic. While the mechanisms 

for instance for diacylglycerol (DAG)-induced modulation have been characterized in detail [4–

7], modulation by the cAMP/PKA pathway is still poorly understood, despite intense 

investigations. Like the DAG pathway, the cAMP/PKA pathway appears to act predominantly 

presynaptic, e.g., in hippocampus and cerebellum [8–13], and modulates synaptic vesicle 

secretion both in a calcium dependent and calcium independent manner [14,15], in a pathway 

that is at least in part not unique for neurons [11,16]. Several presynaptic proteins involved in 

secretion are known to be phosphorylated by PKA: cysteine string protein [15,17], α-SNAP [18] , 

snapin [19], RIM [20], Synaptotagmin-12 [21], SNAP25 [22], synapsin I [23] and tomosyn [24]. 

However, the impact of such putative phosphorylation events on synaptic transmission remains 

unclear. The active zone protein RIM1 was shown to be required for PKA-dependent 

presynaptic long term potentiation in mossy fiber and amygdala synapses, but its PKA-

dependent phosphorylation was subsequently shown not to [25–27]. PKA-dependent 

phosphorylation of Synaptotagmin-12 was shown to be responsible for ~50% of PKA-induced 

potentiation in mossy fiber synapse, though not in cultured hippocampal or cortical neurons [28]. 

Finally, PKA-dependent phosphorylation of SNAP25 was suggested to regulate the readily 

releasable vesicle pool (RRP) in chromaffin cells [29], but it is unknown if this also happens in 

neurons. 

One striking similarity among previous studies that reported robust PKA-dependent modulation 

of synaptic transmission is that these are often performed in synapses with  initially small 

evoked excitatory postsynaptic currents (EPSC) that show strong facilitation upon repetitive 

stimulation [8,10,30]. This opens the possibility that PKA-dependent modulation primarily 

operates under such low initial release probability situations and in molecular terms may 

specifically act to increase the initial release probability. 

Here, we investigated this possibility in hippocampal synapses, known to have a large variety of 

initial release probabilities, ranging from <0.1 to 1.0 [31–34] and in synapses where the initial 

release probability is low as a consequence of inactivation of genes in the synaptic vesicle 

release pathway. We found that the adenylyl cyclase agonist forskolin potentiated synaptic 
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vesicle release specifically in synapses with low initial EPSCs by lowering the fusion energy 

barrier. PKA activation largely restored synaptic transmission in synapses with priming defects, 

such as Munc13-1 knockout (KO) and CAPS 1/2 double knockout (DKO) neurons. Furthermore, 

PKA-activation triggered spontaneous release events in Munc13-1/2 DKO synapses, previously 

shown to be devoid of all spontaneous release [35]. Replacing SNAP25 by a mutant that cannot 

be phosphorylated by PKA greatly diminished the forskolin induced potentiation. Furthermore, a 

phosphomimetic SNAP25 mutant (T138D) increased initial EPSC amplitudes, but only in 

Munc13-1 KO synapses. Hence, our results suggest that PKA activation helps overcome 

priming deficiencies, but in the presence of a normal RRP only boost low release probability 

synapses.  

Results 

Forskolin lowers the fusion energy barrier and potentiates synaptic transmission 
in weak synapses 

Forskolin enhances synaptic transmission in dentate gyrus mossy fiber terminals [30], synapses 

known to have a very low initial release probability, but not consistently in other synapses with 

higher release probability. We tested the possibility that forskolin effects depend on initial 

release probability in synapses of cultured hippocampal neurons, exploiting their large intrinsic 

heterogeneity in initial release probability, from 0.1-1.0 [31–34], and by using different 

extracellular Ca2+-concentrations. Indeed, forskolin application, potentiated the evoked 

excitatory postsynaptic current (EPSC) amplitude more substantially in neurons where release 

probability was suppressed by low extracellular Ca2+ (Fig. 1A).  A clear inverse correlation was 

observed between the initial EPSC amplitude and the magnitude of forskolin potentiation (Fig. 

1B).To test forskolin effects under even lower release probability conditions, we analyzed the 

frequency of spontaneous miniature EPSC (mEPSC) in resting synapses. Indeed, forskolin also 

increased mEPSC frequency by 60% (Fig. 1D). Forskolin did not alter the mEPSC amplitude 

(Fig. 1C-D). Taken together, these data suggest that forskolin potentiates synaptic transmission 

by a presynaptic mechanism preferentially in synapses with a low initial release probability.  

Potentiation of synaptic transmission by presynaptic mechanisms can be exerted by increasing 

the number of fusion-competent vesicles (RRP) per synapse and/or by increasing the likeliness 

these vesicles fuse (fusogenicity). We employed Ca2+-independent hypertonic sucrose 

application to discriminate between these possibilities [36,37]. Upon 250mM sucrose 

application, forskolin treated neurons showed a larger synaptic response, while at 500mM 
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sucrose both groups showed similar responses (Fig. 1E-F). Fitting these responses to a minimal 

vesicle state model [37] revealed no significant changes in the priming rate (k1D), and de-

priming rate (k-1), upon forskolin application, but an increase in release rate (k2,max), indicating a 

Figure 1. Forskolin lowers the fusion energy barrier and potentiates release in weak WT 

synapses 

(A) Representative traces of EPSCs in WT synapses before (−) and after (+) application of forskolin, at 

indicated concentration of extracellular Ca2+. (B) Scatterplot of forskolin induced potentiation (y-axis) 

against initial EPSC amplitude (pA) before forskolin (x-axis), at indicated extracellular Ca2+ 

concentrations. (C) Representative traces of spontaneous mEPSC release in WT synapses, and (D) 

bar-graphs of mEPSC frequency (Hz), and amplitude (pA), before (−) and after (+) forskolin application. 

(E) Representative traces of 250mM and 500mM sucrose induced release, and bar-graphs of (F) ready 

releasable pool (RRP) size (nC), (G) priming rate (k1D), (H) de-priming rate (k-1) , before (−) and after 

(+) application of forskolin. (I) Plots of maximal release rate (k2,max), and (J) change in energy barrier 

(ΔEa), at 0mM (spontaneous release), and 250mM and 500mM (sucrose release), before and after 

forskolin. All data in this figure are means ± SEMs. *p < 0.05. 
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lower fusion energy barrier (ΔE) (Fig. 1G-J). Together these data indicate that forskolin/cAMP 

production facilitates synaptic vesicle fusion by increasing the fusogenicity of synaptic vesicles 

in a calcium-independent manner, by lowering the energy barrier for fusion. 

Forskolin/PKA-activation enhances synaptic transmission in Munc13-1 KO 

synapses  

To identify which exact step in the synaptic vesicle release pathway is potentiated by forskolin, 

we tested if forskolin was still able to potentiate synaptic transmission in neurons deficient for 

several molecules known to act at different steps in this pathway. First, we tested forskolin 

effects in neurons deficient for Munc13-1, an established priming factor. In the absence of 

Munc13-1, EPSCs in excitatory synapses were very small, as shown before [38]. However, 

these EPSCs were enhanced 4 fold after forskolin (Fig. 2A-B). The mEPSC frequency also 

increased by 6 fold, after forskolin application, with no significant change in mEPSC amplitude 

(Fig. 2C-E), similar to wild type synapses (Fig 1D). In conclusion, forskolin/cAMP production still 

robustly restored synaptic transmission in the absence of Munc13-1. 

Given the robust effects of forskolin in Munc13-1 KO neurons, we used this condition to test the 

specificity of forskolin effects. First, an inactive form of forskolin (1-Deoxyforskolin) did not 

enhance synaptic transmission in Munc13-1 KO neurons (Fig. 2F). Second, selective activation 

of Epac, and not PKA, with Epac-selective cAMP analog ESCA1 [30], did not produce a 

sizeable EPSC (Fig. 2G,H), although release was still potentiated through high-frequency 

stimulation (HFS) (Fig. 2G,H). Third, a membrane-permeable cAMP analog (8-bromo-cAMP) 

produced similar potentiation as forskolin (Fig. 2I,J). Taken together these data indicate that 

effects of forskolin act specifically on PKA through increasing cAMP production, and are 

mimicked by membrane-permeable cAMP analogs. 

We also tested possible interactions of the forskolin/cAMP dependent modulation with 

previously characterized pathways of presynaptic modulation. First, diacylglycerol (DAG) 

potentiates synaptic transmission, in part by directly activating Munc13 [4,39,40]. We examined 

whether forskolin effects were additive to DAG mediated potentiation. β-phorbol ester (PDBu, 

stable analogs of diacylglycerol) produced a 3 fold potentiation in Munc13-1 KO neurons. 

Additional forskolin application to the same cells induced further potentiation of similar effect 

size as PDBu (Fig. 2K,L). Second, train stimulation produces a build-up of presynaptic Ca2+ and 

enhances synaptic transmission especially in synapses with a low initial release probability [41] 

with a mechanism that partially overlaps with DAG-dependent potentiation [5–7]. In Munc13-1  
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KO neurons, train stimulation transiently potentiates release by activity/Ca2+-dependent priming 

[42]. This potentiation is transient because vesicles rapidly de-prime in the absence of Munc13-

1 [43]. We designed a paradigm to test the interactions between forskolin/cAMP effects and 

activity/Ca2+-dependent enhancement of synaptic transmission by train stimulation (Fig. 2M). 

40Hz stimulation enhanced synaptic transmission in Munc13-1 KO neurons (Fig 2N), as shown 

before [42], but synaptic transmission was back to low baseline after 60s (Fig 2N), again as 

shown before [43]. Forskolin potentiated release to a similar extent as train stimuli (Fig. 2N,O), 

but was more stable (Fig. 2P). These two types of potentiation were partly additive (Fig. 2N,O). 

In parallel in control neurons, no significant potentiation was observed either by forskolin or train 

stimuli (Fig. 2N,O). Given the additive nature of DAG-, and forskolin induced potentiation of 

synaptic transmission, these data provide no evidence of overlap between the two pathways. 

Furthermore, the much longer time scale of forskolin activity is in line with a PKA-dependent 

phosphorylation mechanism.  

Figure 2. Forskolin/PKA-activation rescues priming defects in Munc13-1 KO neurons 

and provides long lasting potentiation 

(A) Representative traces of EPSCs and (B) bar-graph of EPSC amplitude (nA) in Munc13-1 KO 

synapses before (−) and after (+) application of forskolin. (C) Representative traces of spontaneous 

mEPSC release, and bar-graphs of (D) mEPSC frequency (Hz) and (E) mEPSC amplitude (pA), in 

Munc13-1 KO synapses before (−) and after (+) forskolin application. (F) Representative traces and 

bar-graph of EPSC amplitude (nA) before (−) and after (+) application of an inactive forskolin analogue 

(1-Deoxyforskolin) in Munc13-1 KO. (G) Representative traces and (H) bar-graph of EPSC amplitude 

(nA) after application of Epac-selective cAMP analog (ESCA1), before (−) and after (+) high-frequency 

stimulation (HFS) in Munc13-1 KO. (I) Representative traces and (J) bar-graph of EPSC amplitude (nA) 

before (−) and after (+) application of a cAMP analog (8-bromo-cAMP) in Munc13-1 KO. (K) 

Representative traces and (L) bar-graphs of EPSC amplitude (nA) before (−) and after (+) application 

of forskolin and PDBu in Munc13-1 KO. (M) Overview of protocol to test the interaction between forskolin 

and 40Hz train stimulation induced potentiation. (N) Representative traces and (O) bar-graphs of EPSC 

amplitude (nA), before (−) and after (+) application of forskolin, and before (i, iii) and after (ii, iv) 40Hz 

train stimulation, in Munc13-1 KO (greens), and control (greys). (P) Plot of time course of forskolin (light 

green) and 40Hz train stimulation (dark green) induced potentiation in Munc13-1 KO. All data in this 

figure are means ± SEMs; *p < 0.05, **p < 0.01, ***p < 0.001. 
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Forskolin/PKA-activation enhances neurotransmitter release in CAPS-1/2 DKO 

synapses 

Similar to Munc13-1 KO neurons, CAPS-1/2 DKO neurons also show priming deficiency, 

causing severely impaired synaptic transmission, which can be transiently rescued by intense 

stimulation [44]. To test whether PKA activation also potentiated release in these neurons, we 

used the same paradigm as in Munc13-1 KO neurons, testing the interactions between 

forskolin/cAMP effects and activity/Ca2+-dependent potentiation (Fig 2M). Initial EPSCs in naive 

CAPS-1/2 DKO neurons were very small and were transiently potentiated after 40Hz train 

stimulation (Fig 3A), consistent with previous observations [44]. After forskolin application, the 

small naive EPSCs were potentiated approximately 3 fold (Fig. 3A,B). Additional 40Hz train 

stimulation produced no significant additive effect (Fig. 3A,B). In parallel experiments on 

neurons from control littermates, no significant potentiation was observed by forskolin 

application and/or train stimuli (Fig. 3A,C). Hence, the deficits in synaptic transmission caused 

by CAPS-1/2 DKO are, similar to Munc13-1 KO neurons, partially restored by PKA-activation. 

Figure 3. Forskolin/PKA-activation 

rescues priming defects in CAPS-1/2 

DKO neurons 

(A) Representative traces and (B,C) bar-

graphs of EPSC amplitude (nA), before (−) 

and after (+) application of forskolin, and 

before (i, iii) and after (ii, iv) 40Hz train 

stimulation, in CAPS-1/2 DKO (blues), and 

control CAPS-2 KO (purples) neurons. All 

data in this figure are means ± SEMs; *p < 

0.05, ***p < 0.001. 
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Forskolin restores spontaneous fusion events in Munc13-1/2 DKO neurons, but 

not in neurons where the core fusion complex is disrupted 

Whereas substantial synaptic transmission can be transiently elicited in Munc13-1 KO neurons 

upon high frequency stimulation, Munc13-1/2 DKO neurons are completely devoid of fusion 

events, including spontaneous release [35]. However, after forskolin application, spontaneous 

events were observed in Munc13-1/2 DKO synapses at a rate of >1Hz, with similar amplitudes 

to Munc13-2 KO control (Fig. 4A,B). Evoked release was not observed after forskolin application 

in Munc13-1/2 DKO neurons (Fig. 4C).  

Forskolin application did not elicit any synaptic transmission, or spontaneous events in neurons 

deficient for other proteins constituting the core fusion complex: Munc18-1 conditional knockout 

(cKO) neurons infected with Cre, neurons where Syntaxin and SNAP25 were inactivated by 

BoNT-C [45] and neurons where Synaptobrevin1-3 were inactivated by TeNT [46] (Fig. 4D). 

Hence, forskolin/PKA-activation produced fusion events in the absence of Munc13-1 and 

Munc13-2, but not of Syntaxin, SNAP25, Synaptobrevin and Munc18-1.  

Figure 4. Forskolin enables 

vesicle fusion in Munc13-1/2 DKO 

neurons 

(A) Representative traces of 

spontaneous mEPSC release, and (B) 

plot of mEPSC frequency (squares) and 

amplitude (circles), in Munc13-2 KO 

(black), and Munc13-1/2 DKO (greens) 

before (−) and after (+) forskolin 

application. (C) Representative traces of 

EPSCs in Munc13-2 KO (black), and 

Munc13-1/2 DKO (greens) before and 

after forskolin application. (D) Bar-graph 

of EPSC amplitude before (−) and after 

(+) forskolin application in synapses 

lacking Munc18-1 (cKO; left), syntaxin 

and SNAP25 (BoNT-C; center), and 

synaptobrevin-1-3 (TeNT; right). 
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SNAP25 is the major relevant target for forskolin/PKA-dependent potentiation 

Gene inactivation studies for several established synaptic PKA targets reported relatively mild 

effects on synaptic transmission [27,47–49], making those genes unlikely candidates to explain 

the robust effects observed here for PKA-activation. One exception is SNAP25 which is 

phosphorylated by PKA at Thr138, a site previously shown to regulate the readily releasable 

pool in chromaffin cells [29]. Therefore, we tested Thr138 phosphorylation as a possible target 

for forskolin/PKA-dependent potentiation. In SNAP25 KO neurons, we expressed either wild 

type SNAP25, its PKA phosphomimic (T138D) and non-phosphorable (T138A) mutant. Each of 

the three SNAP25 variants rescued neuronal viability, which is affected by SNAP25 loss [50], 

and supported similar synaptic maturation, with similar synapse number, dendrite length and 

SNAP25 intensity at synapses (Fig. 5 Supp. 1). 

We first investigated the role of PKA phosphorylation of SNAP25 under conditions of low 

release probability (1mM extracellular Ca2+). Expression of the phosphomimic (T138D) or non-

phosphorable (T138A) mutant in SNAP25 KO neurons did not lead to a change in EPSC 

amplitude (Fig. 5A,B). SNAP25 T138D expressing synapses even trended towards a decrease 

compared to SNAP25 WT expressing synapses (Fig. 5B). Forskolin potentiated release in all 

three SNAP25 rescue groups (Fig. 5A,B). Hence, under these conditions phosphorylation of 

SNAP25 T138 does not critically contribute to PKA-induced potentiation. However, since 

forskolin potentiated release most clearly in SNAP25 WT expressing synapses, it is possible 

that the effect of the T138 phosphorylation is partly masked due to incidental cases of high initial 

release probability, despite 1mM extracellular Ca2+. 

PKA-mediated effects were (much) more pronounced in synapses with (very) low initial release 

probability (Fig 1A-B, 2A-B, 3A-B, 4A-B). Therefore, we tested whether the SNAP25 T138 

phosphorylation site plays a role in PKA-mediated effects in neurons lacking Munc13-1. 

Expression of the phosphomimic (T138D) or non-phosphorable (T138A) mutant in Munc13-

1/SNAP25 DKO neurons, did not hinder evoked EPSC amplitudes, and the phosphomimic 

(T138D) mutant even led to a 2 fold increase in amplitude compared to SNAP25 WT synapses 

(Fig. 5C,D). Forskolin induced potentiation of synaptic transmission was less efficient in the 

mutant groups, with a 60% reduction in potentiation in the non-phosphorable (T138A) mutant, 

compared with SNAP25 WT expressing synapses (Fig. 5C,D). These data suggest that 

SNAP25 phosphorylation at T138 is responsible for 60% of the forskolin effect in priming-
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deficient neurons. The fact that 40% remains in neurons expressing T138A suggests that other 

PKA targets also contribute to forskolin/PKA-induced potentiation.  

Finally, we tested possible cross talk between 40Hz train stimulation and forskolin/PKA-induced 

potentiation. In Munc13-1/SNAP25 DKO neurons expressing wild type SNAP25, 40Hz train 

stimuli induced strong potentiation of synaptic transmission, as expected (see Fig 2 and [42]). 

This strong potentiation was slightly reduced in neurons expressing the phosphomimic (T138D) 

Figure 5. Phophorylation of 

SNAP25 T138 is a major 

contributor to PKA-dependent 

potentiation of synaptic 

transmission 

(A) Representative traces and (B) bar-

graphs of EPSC amplitude before (−) 

and after (+) application of forskolin in 

SNAP25 KO neurons at 1mM 

extracellular Ca2+, and expressing 

SNAP25 WT, SNAP25 T138D, or 

SNAP25 T138A constructs. (C,E) 

Representative traces and (D,F) bar-

graphs of EPSC amplitude before (−) 

and after (+) application of forskolin 

(C,D), or 40Hz train stimulation (E,F) in 

Munc13-1/SNAP25 DKO neurons 

expressing SNAP25 WT, SNAP25 

T138D, or SNAP25 T138A constructs. 

All data in this figure are means ± SEMs; 

*p < 0.05, **p < 0.01, ***p < 0.001.  
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and reduced by half in neurons expressing the non-phosphorable (T138A) SNAP25 mutants. 

These results suggest partial overlap in the underlying mechanisms responsible for potentiation 

of synaptic transmission by PKA phosphorylation of SNAP25 and by train stimulation. Taken 

together, these data suggest that phosphorylation of SNAP25 at T138 contributes to PKA-

induced potentiation, especially in synapses with low initial release probability.  

Discussion 

The molecular pathway that effectuates PKA-induced presynaptic potentiation, is a long 

standing enigma [51]. In this work we show that forskolin/PKA-activation preferentially 

potentiates synapses under low release probability conditions, and does so (in part) by lowering 

the fusion energy barrier. Potentiation of release by forskolin specifically acts through cAMP 

activation of PKA. An inactive form of forskolin, or Epac-selective cAMP analog, did not produce 

potentiation, while a membrane permeable cAMP analog did. PKA-dependent potentiation is 

particularly pronounced in synapses with (very) low initial release probability. PKA-activation 

largely restores synaptic transmission in Munc13-1 KO and CAPS-1/2 DKO synapses and re-

establishes spontaneous release in Munc13-1/2 DKO synapses, but not when the core fusion 

complex is compromised. Finally, we present evidence for SNAP25 Thr138 as the relevant 

PKA-substrate. 

PKA-activation increases the number of releasable vesicles in priming deficient 

synapses through phosphorylation of SNAP25 

Investigating the effects from forskolin/PKA-activation in WT neurons, we did not observe 

significant effects in the synaptic vesicle pool, nor in the priming or de-priming rate (Fig. 1E-H) 

estimated from 500mM sucrose. Nevertheless, prominent potentiation upon PKA-activation in 

priming deficient Munc13-1 KO [42] and CAPS-1/2 DKO [44] synapses strongly suggests a role 

in vesicle pool maintenance. Forskolin application has also been shown to induce strong 

potentiation in the absence of cysteine string protein-α, where endocytosis is impaired [52]. 

Effects of PKA-activation on vesicle pool maintenance may be limited in WT synapses due to 

already large numbers of vesicles primed in resting synapses. Previous research indicated that 

Munc13-1 plays a major role in preventing NSF-mediated de-priming of synaptic vesicles [43]. 

Similarly, PKA-activation may potentiate release in priming deficient synapses by stabilizing 

available SNARE complexes. This notion is further corroborated by forskolin mediated rescue of 

some vesicle fusion in fusion-deficient [35] Munc13-1/2 DKO synapses (Fig. 4A,B), which was 

previously shown to be possible by inhibiting NSF [43]. However, disrupting SNARE complexes 
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themselves or their formation (Fig. 4D), precludes positive effect on vesicle fusion from PKA 

activation. This indicates that PKA acts on SNARE-dependent fusion but cannot make the core 

components redundant. PKA-activation also strongly boosts release in CAPS-1/2 DKO 

synapses, where, despite a similarly impaired RRP to Munc13-1 KO [44], release defects are 

not dependent on de-priming [43]. Hence, PKA-activation likely also has positive effects in the 

formation of SNARE complexes. Potentiation of release due to PKA-activation in Munc13-1 KO 

synapses is long lasting (Fig. 2P), much longer than after NSF inhibition [43]. This suggests that 

one aspect of PKA-dependent potentiation is to prevent de-priming. Finally, PKA-dependent 

potentiation is largely mediated by phosphorylation of SNAP25 at Thr138 (Fig. 5), in line with 

previous implications of a role for SNAP25 phosphorylation in pool maintenance [29,52]. 

However, our results indicate that it is likely not the only relevant target. Synaptotagmin-12 is 

another known PKA-target, which was previously shown to be responsible for 50% of PKA-

induced potentiation in mossy fiber synapses [28]. However, it is unclear if it may also do so in 

culture hippocampal neurons [21,28] Altogether, we propose that phosphorylation of SNAP25 

Thr138 by PKA represents a presynaptic mechanism to provide prolonged potentiation of 

synaptic strength, which is achieved by increasing the fusogenicity and stability of primed 

vesicles. This may be effectuated by an increased number of SNARE complexes per vesicle 

when SNAP25 is phosphorylated. 

Phosphomimetic SNAP25 T138D mutation fails to potentiate release in the 

presence of Munc13-1 

Expressing a phosphomimetic SNAP25 mutant (T138D) in the absence of Munc13-1 (Munc13-

1/SNAP25 DKO neurons), increased release compared to SNAP25 WT expressing synapses 

(Fig. 5C,D). However, SNAP25 T138D failed to increase the EPSC amplitude in the presence of 

Munc13-1 (SNAP25 KO neurons; Fig. 5A,B). Redundant effects on de-priming between 

phosphorylation of SNAP25 Thr138 and Munc13-1 might obscure positive effects from SNAP25 

T138D. Alternatively, a chronic increase in the stability of primed SNARE complexes in SNAP25 

T138D expressing synapses may induce homeostatic downregulation of Munc13-1. Given dual 

functions for Munc13-1 in RRP maintenance and release probability [42], this might prevent 

overfilling of the RRP but decrease overall release probability. This could then counteract the 

increase in fusogenicity due to the SNAP25 Thr138 phosphorylation site.  
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Overlapping mechanisms potentiate release after forskolin application and action 

potential train stimulation 

The effects of forskolin and DAG/train stimulation in Munc13-1 KO synapses were largely 

additive, providing no indication of mechanistic overlap (Fig. 2.K-O). However, in CAPS-1/2 

DKO, combining forskolin application with train stimulation provided no significant increase in 

EPSC amplitude over forskolin application alone (Fig.3). Furthermore, mutating the SNAP25 

Thr138 phosphorylation site, largely responsible for forskolin mediated potentiation in Munc13-1 

KO, reduced the potentiation due to train stimulation (Fig. 5E,F). The lack of additive effects of 

train stimulation and forskolin in CAPS-1/2 DKO synapses might be explained by a ceiling effect 

(Fig. 3). Furthermore, the fact that  the effects of both forskolin and train stimulation are 

abolished by mutating SNAP25 Thr138, provides a clear indication of interaction between the 

two processes (Fig. 5C-F). In Munc13-1 KO neurons, train stimulation compensates defects in 

both RRP size and vesicular release probability [42], while in CAPS-1/2 DKO neurons train 

stimulation only provides recovery of the RRP [44]. Hence, in Munc13-1 KO, train stimulation 

might provide an additional benefit to release probability, not achieved by PKA-activation. The 

effects from train stimulation on the vesicle pool [53–55], could be partially redundant with the 

positive effects from PKA-activation. An increasing number of stably formed SNARE complexes 

per vesicle provides a convergent explanation for both.  

PKA-dependent potentiation in the presence of a stable RRP 

Application of forskolin in WT synapses did not affect the RRP, yet evoked release was still 

potentiated in synapses with small initial EPSCs, and the fusion energy barrier was lowered 

(Fig. 1). The dissociation between this energy barrier effect and the effects of PKA on RRP 

maintenance described above, suggests that PKA-activation promotes release in WT and 

priming-deficient synapses through separate pathways. However, PKA-dependent potentiation 

was inversely correlated to the amount of extracellular Ca2+ (Fig. 1B). Ca2+ is well established to 

play a role in priming of synaptic vesicles [56], and increasing extracellular Ca2+ has been 

shown to partially rescue release in priming deficient CAPS-1/2 DKO neurons [44]. Hence, 

increasing Ca2+ concentration might provide a positive effect on vesicle priming, overlapping 

with the effect from PKA-activation. This does not affect the total number of releasable vesicles 

as measured by 500mM sucrose. However, increasing the number of stable SNARE complexes 

may increase fusogenicity [57,58] in weak synapses, and lower the fusion energy barrier [37]. 

Overall, despite differences in the nature of potentiation in WT and priming deficient (Munc13-1 
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KO and CAPS-1/2 DKO) synapses, a unified mechanism for PKA-dependent potentiation may 

act in all.  

In conclusion, this work provides insight into the mechanism of long lasting presynaptic 

potentiation induced by PKA-activation. Exploring the effect of PKA-activation at low 

extracellular Ca2+ and in mutant synapses with impaired vesicle priming and release, we identify 

SNAP25 as a major target for PKA-dependent potentiation. A potential mechanism for 

potentiation, in line with our results, is that PKA-activation acts by increasing the number of 

stable SNARE complexes. As such, PKA-activation can increase the pool of releasable synaptic 

vesicles, and lower the fusion energy barrier, providing an enduring increase in synaptic 

strength. 
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Materials & Methods 

Animals 

Neuronal cultures were prepared from embryonic day 18 (E18) pups of both sexes, obtained by 

caesarean section of pregnant female mice. For WT neurons, C57BL/6 mouse line was used, 

and Munc13-1 KO, CAPS-1/2 DKO, Munc13-1/2 DKO, Munc18-1 cKO, Munc13-1/SNAP25 

DKO, and SNAP25 KO mice were generated as described previously [50]. New-born pups (P0-

P1) from Winstar rats were used for glia preparations. Animals were housed and bred according 

to institutional and Dutch governmental guidelines, and all procedures are approved by the 

ethical committee of the Vrije Universiteit, Amsterdam, The Netherlands 

(Dierexperimentencomissie (DEC) license number: FGA11-03). 

Dissociated Neuronal Cultures 

Hippocampi from WT and Syt1 KO mice were isolated, collected in ice-cold Hank’s buffered salt 

solution (HBSS; Sigma) buffered with 1mM HEPES (Invitrogen), and digested for 20 min with 

0.25% trypsin (Invitrogen) at 37°C. After washing, neurons were dissociated using a fire-

polished Pasteur pipette and resuspended in Neurobasal medium supplemented with 2% B-27, 

1% HEPES, 0.25% GlutaMAX, and 0.1% Penicillin-Streptomycin (all Invitrogen). Neurons were 

counted in a Fuchs-Rosenthal chamber and plated at 1.5K per well in a 12-well plate. Neuronal 

cultures were maintained in Neurobasal medium supplemented with 2% B-27, 1% HEPES, 

0.25% GlutaMAX, and 0.1% Penicillin-Streptomycin (all Invitrogen), at 37°C in a 5% CO 

humidified incubator. 

Autaptic hippocampal cultures were prepared as described previously [59]. Briefly, micro-islands 

were prepared with a solution containing 0.1 mg/ml poly-D-lysine (sigma), 0.7 mg/ml rat tail 

collagen (BD Biosciences) and 10 mM acetic acid (Sigma) applied with a custom-made rubber 

stamp (dot diameter 250 μm). Next, rat astrocytes were plated at 6-8K per well in pre-warmed 

DMEM (Invitrogen), supplemented with 10% FCS, 1% Penicillin-Streptomycin and 1% 

nonessential amino acids (All Gibco). 

Constructs and Lentiviral Infection 

We substituted threonine T138 for alanine or aspartic acid by subcloning the fragments in PCR-

Blunt (Invitrogen) to create SNAP25T138D and SNAP25T138A, respectively. SNAP25 WT, 

SNAP25 T138D and SNAP25 T138A were cloned into pIRES2EGFP (Clontech). All constructs 



Chapter 5 

188 
 

were subcloned into pLenti vectors, and viral particles were produced as described [60]. 

SNAP25 KO neurons were infected at DIV0 with lentiviral particles encoding SNAP25 WT, 

SNAP25 T138D and SNAP25 T138A. 

Immunocytochemistry 

Hippocampal neurons were fixed with 3.7% formaldehyde (Electron Microscopy Sciences) after 

two weeks in culture. After washing with PBS, cells were permeated with 0.5% Triton X-100 for 

5 min and incubated in 2% normal goat serum/0.1% Triton X-100 for 30 min to block aspecific 

binding. Cells were incubated for 1 h at room temperature with primary antibodies directed 

against MAP2 and vGlut1 to visualize dendrite morphology and synapses. The following 

antibodies were used: polyclonal chicken anti-MAP2 (1:10 000, Abcam), polyclonal guinea pig 

vGlut1 (1:5000, Millipore), monoclonal mouse SNAP25 (1:5000, Abcam). After washing with 

PBS, cells were incubated for 1 h at room temperature with second antibodies conjugated to 

Alexa dyes (1:1000, Molecular Probes) and washed again. Coverslips were mounted with 

DABCO-Mowiol (Invitrogen) and imaged with a confocal LSM510 microscope (Carl Zeiss) using 

a 40× oil immersion objective with 0.7× zoom at 1024 × 1024 pixels. Neuronal morphology was 

analyzed using a published automated image analysis routine [61]. 

Electrophysiology 

Whole-cell voltage-clamp recordings (Vm=−70 mV) were performed at room temperature on 

autaptic neurons DIV14-19, with borosilicate glass pipettes (2–5MΩ) filled with (in mM) 125 K+-

gluconic acid, 10 NaCl, 4.6 MgCl2, 4 K2-ATP, 15 creatine phosphate, 1 EGTA, and 10 units/mL 

phosphocreatine kinase (pH 7.30). External solution contained in mM: 10 HEPES, 10 glucose, 

140 NaCl, 2.4 KCl, 4 MgCl2, and 4 CaCl2 (pH = 7.30, 300 mOsmol). Inhibitory neurons were 

identified and excluded based on the decay of postsynaptic currents. Recordings were acquired 

with a MultiClamp 700B and Axopatch 200B amplifier, Digidata 1440 A, and pCLAMP 10.3 

software (Molecular Devices). Only cells with an access resistance < 15MΩ (60-80% 

compensated) and leak current of <300 pA were included. EPSCs were elicited by a 0.5 ms 

depolarization to 30 mV. Forskolin was applied in bath (Sigma; 50μM) and allowed to incubate 

for 3 minutes between recordings in the same neuron. Energy barrier effects and RRP size was 

assessed by hypertonic sucrose application (250mM/500 mM for 7 s) [36,37], using a piezo-

controlled barrel application system (Perfusion Fast-Step, Warner Instruments) and fitted as 

described previously [37]. 
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Data Analysis 

Offline analysis was performed using custom-written software routines in Matlab R2018b 

(Mathworks). In all figures, stimulation artefacts have been removed. For evoked release, total 

charge was calculated by integrating the current from the end of the stimulation until the start of 

the next pulse. Statistical significance was determined using unpaired or paired t-test for 

comparisons of two groups of independent and paired measurements respectively, and one way 

ANOVA or repeated measures ANOVA for comparisons of more than two groups of 

independent and paired measurements respectively. P-values below 0.05 were considered 

significant. All statistical tests were performed in Matlab (Mathworks). 
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Figure Supplement 

 

 

Figure 5 Supplement 1. No gross morphological differences due to SNAP25 T138 

mutants 

Stainings of SNAP25 KO neurons rescued with SNAP25 WT, T138D, or T138A rescue constructs. (A) 

Representative examples with MAP2 (green) as a dendrite marker, vGlut (red) as a synapse marker, 

and SNAP25 in turquoise. Bar-graphs showing dendritic length (B), synapse number (C), synapses per 

µm dendrite (D), soma area (E), normalized vGlut intensity (F), and SNAP25 intensity normalized to 

vGlut (G). 


