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Abstract

Ohtahara syndrome, also known as type 4 of Early Infantile Epileptic Encephalopathy with 

suppression bursts (EIEE-4) is currently an untreatable disorder that presents with seizures and 

impaired cognition. EIEE-4 patients have mutations most frequently in the STXBP1 gene 

encoding a Sec protein, munc18-1. The exact molecular mechanism of how these munc18-1 

mutations cause impaired cognition, remains elusive. The leading haploinsufficiency hypothesis 

posits that mutations in munc18-1 render the protein unstable leading to its degradation. 

Expression driven by the healthy allele is not sufficient to maintain the physiological function 

resulting in haploinsufficiency. The aim of this study has been to understand how munc18-1 

haploinsufficiency causes cognitive impairment seen in EIEE-4. Here we present results from 

behavioral to cellular effects from a mouse model of munc18-1 haploinsufficiency. Munc18-1 

heterozygous knock-out mice showed impaired spatial learning and memory in behavior tests as 

well as reduced synaptic plasticity in hippocampal CA1 long-term potentiation. Cultured 

munc18-1 heterozygous hippocampal neurons had significantly slower rate of synaptic vesicle 

release and decreased readily releasable vesicle pool compared to wild-type control neurons in 

fluorescent FM dye assays. These results demonstrate that reduced munc18-1 levels are sufficient 

to impair learning and memory by reducing neurotransmitter release. Therefore, our study 
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implicates munc18-1 haploinsufficiency as a primary cause of cognitive impairment seen in 

EIEE-4 patients.
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1. Introduction

The disease group of epileptic encephalopathy was originally established to name various 

neurological disorders with severe, and commonly multiform and intractable seizures during 

brain maturation that are thought to contribute to the progressive psychomotor dysfunction. 

The two most important hallmarks of epileptic encephalopathy are seizures and intellectual 

disability. The concept of epileptic encephalopathies is based on the assumption that 

aggressive epileptogenic activity during brain maturation is the main causative factor of 

progressive cognitive and neuropsychological deterioration. This age-related epileptogenic 

phenotype is peculiar to the immature brain and varies significantly in accordance with the 

stage of brain maturity at the time of disease onset. In some cases, seizures may be reduced 

or completely cease by adolescence but leave residual cognitive impairment. Although the 

causes of epileptic encephalopathy have been suggested to arise from a very wide range of 

physiological deficits, from anoxia at birth to autoimmunity, the etiology of disease onset in 

many cases remains unresolved (idiopathic).

Early Infantile Epileptic Encephalopathy 4 (EIEE-4) with burst suppression also known as 

Ohtahara syndrome (Ohtahara et al. 1976, Beal et al. 2012), is a rare, severely progressive 

epileptic encephalopathy. It is the earliest appearing age-related encephalopathy, typically 

affecting newborns within the first three months of life and as early as ten days after birth 

(Chakova 1996, Ohtahara and Yamatogi 2003, Saitsu et al. 2008, Saitsu et al. 2012). The 

disorder typically presents as severe intellectual disability, intractable seizures, and low life 

expectancy (Yamatogi and Ohtahara 1981). Patients who live past two years, usually 

progress to other types of epileptic encephalopathies such as West syndrome and Lennox-

Gastaut syndrome (Yamatogi and Ohtahara 1981, Beal et al. 2012). EIEE-4 has a 

characteristic burst suppression pattern on an EEG (burst activity followed by very little 

brain activity) (Yamatogi and Ohtahara 2002, Jain et al. 2013). Seizures that develop due to 

EIEE-4 are very difficult to control even with combination of anticonvulsive drugs 

(Yamatogi and Ohtahara 2002, Beal et al. 2012). Individuals with EIEE-4 also suffer from 

slow mental development resulting in severe intellectual disability and requiring constant 

care.

The exact etiology of EIEE has been elusive, until recently. Metabolic disorders and brain 

malformations were initially suspected as the cause of this disease (Gowda et al. 2015). 

However, recent genetic screenings revealed mutations in certain genes were more common 

in EIEE patients. Specifically, de novo mutations in the following genes, STXBP1, 
SLC25A22, CDKL5, ARX, SPTAN1, PCDH19, KCNQ2, SCN2A have been seen in 

patients with epileptic encephalopathy (Saitsu et al. 2008, Pavone et al. 2012). Notably, 

Orock et al. Page 2

Mol Cell Neurosci. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



patients with EIEE-4 most frequently have mutations in the gene encoding syntaxin-binding 

protein 1 (STXBP1) also known as munc18-1 (Saitsu et al. 2008, Saitsu et al. 2010, 

Stamberger et al. 2016).

Proteins from the Sec1/Munc18 and SNARE (soluble NSF attachment protein receptor) 

families drive membrane fusion, a conserved mechanism that is important in intracellular 

membrane trafficking and exocytosis. In neurons action potentials induce neurotransmission 

by exocytosis of synaptic vesicles. Transmitter release involves a series of steps that include 

vesicle docking to the plasma membrane, priming to a release ready state, and calcium-

triggered membrane fusion. The calcium signal-triggered neurotransmitter release provides 

the basic mechanism for communication among neurons, which is essential for Information 

processing in the brain. At neuronal synapses munc18-1 interacts with these three SNAREs 

to drive vesicular release of transmitters: syntaxin-1, SNAP-25, and synaptobrevin/vesicle 

associated membrane protein. The three SNAREs produce fusion by forming tight four-helix 

bundles called SNARE complexes that bring the synaptic vesicle and plasma membranes 

together enabling transmitter release. Munc18-1 was initially linked to synaptic vesicle 

fusion based on its tight binding to syntaxin-1 in the so-called closed conformation that 

blocks its participation in SNARE complex formation (Rizo and Südhof 2002, Südhof and 

Rothman 2009). Therefore, it was postulated that munc18 had an inhibitory role in 

exocytosis. Recent findings in models with munc18-1 deletion contradicted this view. In 

munc18-1 KO mice synaptic release is completely abrogated (Verhage et al. 2000), just the 

opposite of what one would expect with disinhibition caused by eliminating an inhibitory 

factor. The expression level of munc18-1 is reduced to zero in the null mutant and to 50% in 

the heterozygous KO brain at E18 (Verhage et al. 2000, Toonen et al. 2005).

Munc18-1 binding to the SNARE complex is essential for SNARE associated exocytosis 

from the presynaptic terminal (Verhage et al. 2000). Deletion of munc18-1 in animals is 

embryonic lethal due to the complete lack of neurotransmitter secretion (Verhage et al. 2000, 

Deák et al. 2009). Individuals with EIEE-4 were found to have deletions and mostly de novo 
heterozygous missense mutations along the gene that encodes Munc18-1 (Saitsu et al. 2008). 

These mutations are suspected to lead to unstable products which are degraded or 

aggregated (Chai et al. 2016) leading to haploinsufficiency, where the remaining unaffected 

STXBP1 allele is unable to produce enough protein leading to aberrant neurophysiology 

(Saitsu et al. 2010, Hager et al. 2014). The mechanism by which these mutations cause 

EIEE-4 is not clear but the current theories suggest impairments in neurotransmission may 

be the primary cause of EIEE-4. Looking at one of the major symptoms of EIEE-4, 

intellectual disability, it is possible that seizures associated with the disorder are destroying 

vital areas of the brain for learning and memory. Importantly, encephalopathy cases with 

cognitive impairment have been reported, which are caused by mutations in munc18-1 gene, 

however, some patients do not seize (Hamdan et al. 2011, Gburek-Augustat et al. 2016).

It is well established that synaptic plasticity is the basic process responsible for learning and 

memory in the brain (Dragoi et al. 2003, Neves et al. 2008) via modification of synaptic 

transmission and information processing in neuronal networks. The effects of reduced 

munc18-1 levels on learning and memory remain elusive. Based on this information we 

designed a set of experiments to test whether the impaired cognition associated with EIEE-4 
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is directly caused by deficits in neuronal transmission and not by seizure-induced 

neurodegeneration. We hypothesized that reduction in the expression levels of munc18-1 

could lead to aberrant neurotransmission and hence compromise synaptic plasticity which, 

in turn, leads to impaired cognition. In order to test this hypothesis, we used munc18-1 

heterozygous knockout mice (munc18-1+/−) to model haploinsufficiency. We performed 

behavioral assays to measure their learning and memory, long-term potentiation experiments 

ex vivo and synaptic strength assays in vitro to understand how decreased levels of 

munc18-1 can cause deficits in learning and memory.

2. Material and methods

2.1 Animals

We used munc18-1 heterozygous (munc18-1+/−) knockout animals that were generated as 

previously described (Verhage et al. 2000). Munc18-1+/− line was maintained and 

experimental cohorts generated by breeding munc18-1+/− with 129/SV (WT; Charles River 

Laboratories) mice. These animals did not suffer from spontaneous seizures, nor did they 

show any sign of seizure activity during video recorded behavioral assays when compared to 

WT littermates. Animals were housed in the Rodent Barrier Facility at the University of 

Oklahoma Health Sciences Center (OUHSC) on a 12-hour light/dark cycle and fed standard 

rodent chow (D12450B Research Diets Inc., New Brunswick, NJ) ad libitum. Experiments 

were conducted according to the National Institutes of Health’s Guide for the Care and Use 

of Laboratory Animals and our protocols were approved by the Institutional Animal Care 

and Use Committee of OUHSC.

2.2 Genotyping

Munc18-1+/− were genotyped using the methodology described in (Verhage et al. 2000, 

Deák et al. 2009). Briefly, a small piece of the tail was digested using a REDEXTRACT-N-

Amp Tissue PCR kit (Sigma Aldrich, St. Louis, MO). Primers and PCR conditions were the 

same as described in (Verhage et al. 2000, Deák et al. 2009)

2.3 Hippocampal cultures

Heterozygous knockout pups were generated by breeding heterozygous knockout animals 

with wildtype animals. Hippocampal neurons from P0–P2 mice were dissociated using 

trypsin (5mg/ml for 10 mins at 37°), triturated with a siliconized Pasteur pipette, and plated 

onto 12-mm coverslips coated with Matrigel (~12 coverslips/hippocampus). Neurons were 

cultured at 37°C in a humidified incubator with 95% air and 5% CO2 for at least 12 days in 
vitro in minimal essential media containing 5g/L glucose, 0.1g/L transferrin, 0.25g/L 

insulin, 0.3g/L glutamine, 5–10% FBS, 2% B-27 supplement, and 1 μM cytosine arabinoside 

as described (Deák et al. 2009).

2.4 Behavioral assays

2.4.1 Radial Arm Water Maze (spatial memory assessment)—We tested spatial 

learning and memory using a modified radial arm water maze (RAWM) protocol previously 

described (Shukitt-Hale et al. 2004). Briefly, animals were moved to the behavior room at 

least 48 hours before the test to habituate. An eight-arm radial maze was filled about 2/3rds 
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with an opaque fluid (water with food coloring). Different intra-maze visual cues 

(geometrical shapes) were placed at the ends of each arm above the water. A platform was 

submerged around 2 cm below the surface of the water (hidden platform). On day 1 of the 

experiment, the mice were habituated to the hidden platform for 15 seconds before being 

returned to their cages. The animals were then placed at the end of an arm without the 

platform and then allowed to swim for 60 seconds to find and get on the non-visible 

platform. The animals were left on the platform for 15 seconds and then returned to their 

cages. Animals which could not find the platform at the end of the 60 seconds were carefully 

guided to the platform. After all animals had gone through the procedure, the experiment 

was repeated 7 more times (8 trials per day; Acquisition). Experimenters were blinded to the 

genotype of the mouse and the starting arm for each animal was randomized. At the end of 

the 8th trial, the animals were returned to their cages. This procedure was repeated for two 

more days. After day 3, the animals were returned to their home cages and left undisturbed 

for one week. A week later, a probe test was performed. The animals were tested in the 

RAWM (4 trials per animal) if they could still remember (recall) the location of the 

platform. Animal movements in the maze were recorded by a camera and their path 

analyzed using an automated tracking system (Noldus Ethovision XT 11, Wageningen, The 

Netherlands). The swim speed, distance covered, time to target and errors were recorded. An 

error was counted when the animal’s full body-length entered into an arm which did not 

have the platform.

2.4.2 Intellicage (Reversal learning assessment)—Reversal learning, a form of 

cognitive flexibility was assessed using a complex cohabitate environment called an 

Intellicage (New Behavior AG, Zurich, Switzerland). For detailed description of the 

apparatus, we refer to a previous paper (Galsworthy et al. 2005). Briefly, the whole 

apparatus of Intellicage fits into a large standard rat cage (Techniplast, model 2000). It has 

four chambers in the corners of the cage with a chip reader at the entrance to the chambers. 

Water bottles were placed in the corner chambers. Two days before the test, the animals 

were subcutaneously injected with micro transponders which were programmed into the 

chip-readers of the Intellicage. The intellicage requires minimum handling after the 

experiment has begun and allowed the animals to socialize with each other, which should 

reduce stress on the animals. The procedure used is a modified protocol previously described 

in (Too et al. 2016). Mice were allowed to drink water from any corner for two days 

(habituation and acclamation). After the habituation, the transponders in the animals were 

randomly programmed to allow access to water from only one corner. Visiting the wrong 

corner was registered as an error and the gate closed preventing access to water. This place 

learning was continued for two more days. Animals which could not find the right corner 

and appeared to be in distress from lack of water were removed and excluded from the test 

(four WT controls and five munc18-1+/− animals). Once all the animals had learned the 

corner they could drink water from, the place learning task was stopped and the transponders 

were programmed to the opposite corner. This part is called as the reversal task and tests the 

animals’ cognitive flexibility. The reversal task was performed for two more days to allow 

time for the animal to learn the new location of the accessible water source before the 

experiment was stopped and the animals returned to their original cages. The mice were 
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assessed based on the number of times the animal went to the correct vs. incorrect corners 

and is expressed as a percentage of all corner visits.

2.5 Electrophysiology

Long-term potentiation (LTP) measurements—To measure the effects of munc18-1 

haploinsufficiency on long-term potentiation, the cellular mechanism of learning and 

memory, we adapted our protocol previously described (Liu et al. 2014). Brains were 

carefully removed from euthanized mice and put in ice cold oxygenated artificial 

cerebrospinal fluid (ACSF) solution containing (in mM: NaCl 126, KCl 2.5, NaH2PO4 1.25, 

MgCl2 2, CaCl2 2, NaHCO3 26, glucose 10, pyruvic acid 2, ascorbic acid 0.4) for 

approximately one minute. Appropriate portions of the brain were trimmed away and the 

base was cut at an approximate 20-degree angle. The brain was then fixed to an ice-cold 

stage and placed in a HM650V vibrating microtome (Thermo Scientific, Burlington, ON, 

USA) filled with chilled cold oxygenated slicing solution containing (in mM): sucrose 240, 

NaCl 25, KCl 2.5, NaH2PO4 1.25, NaHCO3 26, ascorbic acid 0.4, glucose 10, MgCl2 10, 

pyruvic acid 2. The brain was sliced horizontally and hippocampal slices of thickness 350 

μm were collected and transferred to a recovery chamber containing oxygenated ACSF. The 

slices were left in this chamber at 32°C for 30 minutes and then room temperature for 30 

minutes to recover. To record, the slice was transferred to and positioned on a P5002A multi-

electrode array (Alpha MED Scientific Inc., Osaka, Japan). The chamber was perfused with 

oxygenated ACSF at a rate of 2 mL/min, at 32°C. Field excitatory post synaptic potentials 

(fEPSPs) were generated in the CA1 region of the hippocampus by stimulating downstream 

electrodes in the CA1 and CA3 regions of the hippocampus along the Schaffer collateral 

pathway. Input/output curves (I/O curves) were generated by applying increasing stimulus 

currents to the pathway from 0–100 μA to the pathway and recording the responses. The 

threshold stimulus for generating fEPSPs was determined as 50% of the stimulus strength 

needed to generate the maximum fEPSP amplitude during the I/O curve measurement. The 

slice was stimulated once every 30 seconds until a stable baseline lasting at least 10 minutes 

was observed. Long-term potentiation was induced using a tetanus (high frequency 

stimulation train of 100 pulses at 100Hz applied 4 times with 30 second intervals). 

Immediately after the tetanus we resumed baseline stimulation and recorded fEPSPs for at 

least 60 more minutes. Finally, we recorded another I/O curve generated as described above. 

For all recordings, we used the MED-64 system and Mobius software (Alpha MED 

Scientific Inc.). Potentiation was calculated as the percent increase of the mean fEPSP 

descending slope (10–90 section) after high-frequency stimulation and normalized to the 

mean fEPSP descending slope of baseline recordings during 3 minutes prior tetanus. In 

order to assess the synaptic facilitation we induced a second identical stimulus 50ms after 

the first for baseline recording. We calculated the Paired Pulse Facilitation (PPF) ratio by 

dividing the amplitude of the second response by that of the first one. We have recorded LTP 

from 5 munc18+/− mice and 8 WT controls. Most of these animals were not tested in any 

other assay before, while 3 munc18+/− and 2 WT mice were randomly selected form the 

RAWM assay cohort.
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2.6 Synaptic Release Recording by FM Imaging

Fluorescence imaging experiments were carried out using a modified protocol as previously 

described (Deak et al. 2004). Briefly, a modified Tyrode solution containing (in mmol/L): 

150 NaCl, 2.5 KCl, 2 MgCl2.6H2O 10 glucose, 10 HEPES and 2 CaCl2.2H2O at pH 7.4 was 

used as bath solution. Synaptic boutons were loaded with FM1-43 (16 μM; Molecular 

Probes, Eugene, OR) or FM2-10 (400 μM) for 90 s in a hyperkalemic solution of 90mM K+ 

(bath Tyrode solution with concentrations of NaCl and KCl changed to 60mM and 90mM 

respectively) before being washed away with calcium-free Tyrode bath solution to minimize 

spontaneous release. All staining and washing protocols were performed in the presence of 

10 μM of 6-cyano-7-nitro-quinoxaline-2,3-dione (CNQX) and 50 μM of (2R)-amino-5-

phosphonopentanoate) (AP-5) to prevent recurrent activity. After the wash, synaptic boutons 

(about 1μm2) were selected (at least 100 boutons per coverslip). Synaptic vesicle fusion and 

release was induced by gravity perfusion of Tyrode solution. In the case of full synaptic 

recycling, FM1-43 was used to label the synapses and high K+ Tyrode solution was perfused 

for 60 seconds before being washed with calcium-free Tyrode for another 60 seconds. This 

process was repeated 4 more times (to ensure complete release of all fluorescence). To 

measure the readily releasable pool of vesicles, FM2-10 was used to label the synapses, and 

a high sucrose supplemented (500mM) Tyrode solution was used to induce vesicle fusion 

and release by creating an osmotic gradient which released just the readily releasable pool of 

vesicles. After the sucrose challenge followed by a wash for 2 minutes with calcium-free 

Tyrode solution we used high KCl stimuli to release the recycling pool of vesicles. During 

these stimulations, the loss of fluorescence in the selected synaptic boutons (measure of 

synaptic release) was captured by a cooled CCD camera (Roper Scientific, Trenton, NJ) and 

analyzed using Metafluor Software (Universal Imaging, Downingtown, PA). The data for 

release rate was then normalized to starting fluorescence intensity to help compare large and 

small synapses for release properties as expressed in the histograms.

2.7 Western blotting

To quantify the amount of munc18-1, half brains from controls (WT) and munc18-1+/− KO 

mice were lysed in RIPA buffer (Sigma Aldrich) containing protease inhibitor cocktail 

(Roche Diagnostics, Mannheim, Germany), sonicated and the supernatant was collected and 

protein concentration was determined using a DC protein quantification assay kit (BioRad). 

All antibodies used in Western blots were from commercial sources with well-established 

and public validation data as indicated by the catalog numbers and referenced to the 

Antibody Registry (see next paragraph for registry ID numbers).

Equal amounts of total protein (20μg) from each brain lysate were separated on a 10% bis-

tris gel (Novex), blotted on to a nitrocellulose membrane (BioRad), and blocked with 

blocking buffer (5% BSA in 1X Tris Buffered Saline with 0.1% tween (TTBS)). The 

membrane was then sequentially probed with primary antibodies for munc18-1 (rabbit 

polyclonal anti-munc18-1; Synaptic Systems Cat# 116 002, Antibody Registry: 

RRID:AB_887736) and actin (mouse anti-actin; Millipore Cat# MAB1501, 

RRID:AB_2223041) in blocking buffer (1:2000 in 1% BSA blocking buffer) overnight. The 

membrane was washed and incubated with the secondary antibody, donkey anti-rabbit, 

800CW (LI-COR Biosciences Cat# 926-32213, RRID:AB_621848) for munc18-1 and goat 
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anti-mouse 680CW for actin (LI-COR Biosciences Cat# 827-08364, RRID:AB_10793856) 

(1:10000 in TTBS) for one hour at room temperature. The membrane was visualized using 

an Odyssey imager (Li-Cor, Lincoln Nebraska). Munc18-1 levels were analyzed from pixel 

densities and normalized to actin levels.

2.8 Chemicals

The chemicals used in this study were obtained from the following sources: FM 2–10, 

FM1-43, B-27 supplement and MEM (Invitrogen, Carlsbad, CA), Matrigel and FBS 

(Thermofisher, Waltham, MA) and transferrin (Millipore, Billerica, MA). All other 

chemicals were purchased from Sigma Aldrich.

2.9 Statistics

Significance was calculated using Student’s t-test, repeated measures 2-way ANOVA with p 

values (p<0.05 marked as *, p<0.01 as ** for RAWM, Intellicage, LTP) and Kolmogorov–

Smirnov test (K-S test, Fluorescence assays). Results are displayed as Mean ± S.E.M.

3. Results

3.1 Munc18-1 haploinsufficiency causes impaired spatial learning and memory in mice

We chose the munc18+/− mice as an ideal model to test the effect of munc18-1 

haploinsufficiency on learning and memory functions separately from seizures, as we did not 

observe any major seizure episodes in the munc18-1+/− animals. First, to assess the impact 

of deleting one allele of STXBP1 gene we quantified the expression levels of munc18-1 in 

the brains of adult heterozygous mice and compared them to controls. Using Western 

blotting we found that brains from heterozygous animals expressed about 25% less 

munc18-1 protein than WT controls (Fig. 1A). Next, we assessed the spatial learning and 

memory performance of the munc18-1+/− mice in the radial arm water maze (RAWM) assay. 

We followed the standard design and conducted RAWM assay with two parts, first about 

learning a specific location (the acquisition phase) and second the recall of this information 

to find the same location one week after the acquisition phase (recall of spatial memory). 

While the WT and munc18-1+/− started out the acquisition phase at the same level, by day 3 

of the training, the munc18-1+/− animals were making significantly more errors than WT 

controls (2.9±0.4 errors, for 6 month-old female munc18-1+/− animals n=9 versus 1.3±0.2 

errors, for WT n=8; p<0.01 repeated measures 2-way ANOVA; Fig. 1B, C). Consistent with 

these results, during the probe test, munc18-1+/− animals performed significantly worse than 

WT controls (3.8±0.7 errors, n=9 for munc18-1+/− animals versus 2.0±0.4 errors, n=8 for 

WT; p<0.01 repeated measures 2-way ANOVA; Fig. 1D). Munc18-1+/− animals also 

traveled a longer distance before finding the platform by day 3 (Fig. 1E) as well as on the 

probe day (Fig. 1F), mirroring the results we saw from the errors made. It is worthy to note 

that WT animals swam significantly faster (14.7±0.7 cm/s on day 3; 13.1±1 cm/s on the 

probe day) than the munc18-1+/− animals (7.9±0.3 cm/s on day 3; 8.2±0.5 cm/s on the probe 

day) during the test (p<0.001; repeated measures 2-way ANOVA). This movement speed 

difference did not affect the results because the animals still found the platform within the 

time limit (60s) and by counting errors and distance traveled as our readout the phonotype 

observed is not influenced by swim speed.
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We also used a complex cohabitate environment called as Intellicage (Fig. 2A) to measure 

the animals’ learning and memory flexibility. Our assay had again two parts: acquiring 

proper information about a location (place learning by finding the right corner to access 

drinking water) and as second task learning a different location (reversal) (Fig. 2A). The 

Intellicage is designed to keep the mice social and limit human interaction with the mice in 

order to maintain a less stressful environment. Again, six month-old mice were used for this 

assay. In the acquisition phase, there was no significant difference in the error rates between 

WT and munc18-1+/− animals (43.37±10.12% and 32.78±7.75%, respectively) (Fig. 2B). 

During the reversal part of this assay, when water was available only from the opposite 

corner to original location, munc18-1+/− animals perform significantly worse (errors of 

82.85 ± 8.06%; n=7) than WT controls (56 ± 11.77%; n=7) (Fig. 2C; p<0.05 1-tailed t-test) 

indicating a deficit in working and spatial memory.

3.2 Munc18-1 haploinsufficiency impairs long-term potentiation in the hippocampus

As stated earlier, munc18-1 deletion in homozygote mice disrupts synaptic transmission 

leading us to hypothesize that altered synaptic transmission is the mechanism behind the 

cognitive impairment seen in patients of EIEE-4 and here that we have observed in 

munc18-1 heterozygous mice. To investigate the effects of reduced munc18-1 expression on 

the synaptic function in learning and memory, we performed long -term potentiation (LTP) 

assays. LTP refers to the phenomenon of persistent increase in the strength of synapses after 

strong activation. It is typically induced by high frequency stimulations. We collected 

hippocampal slices from young (5–9 months old) munc18-1 heterozygous animals and 

induced LTP along the Schaffer collateral pathway connecting CA3 to CA1 of the 

hippocampus, an important pathway in spatial learning and memory (Dragoi et al. 2003) 

(Fig. 3A). LTP was successfully induced in both WT and munc18-1+/− animals using high 

frequency stimulation (Fig. 3D). However, level of potentiation was significantly reduced in 

munc18-1+/− animals (147.0±1.5%; n=5) compared to WT controls (232.3±1.7%; n=8) (Fig. 

3D; p<0.001) one hour after induction, indicating an impairment in LTP.

To measure the properties of neurotransmission in these hippocampal slices, we measured 

the fEPSPs at baseline and after LTP induction in response to stepwise increased stimuli (5–

100 μA). On input/output curves (I/0) from these data (Fig. 3E) WT animals showed a 

significant increase in their response after LTP induction at all stimulus intensities; however, 

we recorded a significantly attenuated potentiation of the response after LTP in the 

munc18-1+/− slices (Fig. 3E), a sign of impaired synaptic plasticity. We also measured the 

changes in the fiber volley (presynaptic input) in both groups across the same range of 

stimuli. We did not see a significant change in the fiber volley at baseline and after LTP for 

either group (data not shown).

Next, we analyzed short-term synaptic plasticity at these synapses and calculated the Paired 

Pulse Facilitation (PPF) as ratio between synaptic responses to a double-pulse stimulation 

with 50 ms interval. There were no significant differences in the PPF between the groups 

either before or after LTP induction (Fig. 3C) showing neural facilitation, a form of short-

term plasticity that is exclusively presynaptic, is not affected by munc18-1 

haploinsufficiency.
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3.3 Munc18-1 haploinsufficiency impairs neurotransmitter release

Based on the key role of munc18-1 in synaptic neurotransmitter release, we decided to 

investigate the effects munc18-1 haploinsufficiency on synaptic vesicle release dynamics. 

We cultured primary hippocampal neurons from munc18-1+/− animals and loaded synapses 

with the fluorescent dye FM1-43 (Fig. 4A, B). After individual fluorescent synaptic puncta 

were selected, we measured their fluorescence change during depolarizing stimulation (Fig. 

4C) to analyze the dynamics of synaptic vesicle release. We measured the rate of 

fluorescence loss during the first 15 seconds of stimulation and showed that the munc18-1 +/

− cultures had a significantly slower rate of synaptic vesicle release when compared to WT 

neurons (Fig. 4D). The munc18-1+/− neurons released about 25% less fluorescence than WT 

synapses (p<0.001; K-S test). Next, to find the mechanism for slower release in munc18-1+/− 

animals, we assessed the size of readily releasable pool (RRP) of synaptic vesicles.

3.4 Munc18-1 haploinsufficient neurons have reduced readily releasable pool (RRP) of 
synaptic vesicles

Considering Munc18-1 is essential for vesicle docking and priming, we decided to 

investigate whether munc18-1 haploinsufficiency affects the readily releasable pool of 

vesicles. The RRP is the vesicle pool which is already docked and primed at the active zone.

In order to selectively activate these vesicles, we applied a hypertonic Tyrode solution 

containing 500 mM sucrose as described in the methods. This revealed that munc18-1+/− 

neurons had a significantly smaller readily releasable pool size (0.17 ± 0.002 normalized 

fluorescence for munc18-1+/−) when compared to control (0.19 ± 0.003) WT neurons (Fig. 

5A, B; P<0.001 K-S Test). To further analyze the release kinetics in munc18 +/− neurons, 

after depletion of RRP with sucrose stimulation, we allowed the synapses to recover for 90 

seconds and stimulated them with strong depolarization using the 90 mM KCl protocol. 

Release rates of munc18-1+/− neurons was 26% slower even under these circumstances 

when compared to WT control neurons (Fig. 5C; p<0.001 K-S Test). The ratio of the second, 

depolarization-induced release to RRP was similar in WT and munc18-1+/− mice (241%

+-21 and 209%+-11, respectively), which is consistent with the primary effect of munc18 

haploinsufficiency on reducing RRP.

4. Discussion

The key finding in this study is that munc18-1 haploinsufficiency causes cognitive 

impairment. In order to model haploinsufficiency, we used heterozygous animals with one of 

the munc18-1 alleles deleted. Surprisingly, munc18-1 levels were reduced only by 25% in 

these heterozygous animals, instead of about 50% as expected from reports on munc18-1 

levels in embryonic brain from heterozygous KO mice at E18 (Verhage et al. 2000, Toonen 

et al. 2005). In a recent study, (Patzke et al. 2015) munc18-1 levels were found to be ~70% 

after selective disruption of one allele of the STXBP1 gene, which is in good accordance 

with our results here. Interestingly, despite the munc18-1 levels in the munc18-1+/− mice 

being higher than expected, our tests clearly indicated that there was a significant decline in 

spatial learning and memory in these animals, further illustrating the importance of 

munc18-1 in cognition. Our behavioral assay (Intellicage) showed munc18-1+/− animals can 
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adequately perform a place learning task as well as wild-type controls in a relatively stress-

free environment. Interestingly, these same animals have difficulties learning the reversal 

task on the same system. These results show that reducing munc18-1 by 25% does not 

completely ablate learning. However, in more complex tests such as the RAWM, or the 

reversal task in the Intellicage, reduced expression of munc18-1 negatively impacts learning 

and memory, suggesting impairments in synaptic plasticity. It is worth noting that the 

RAWM was chosen as an alternate behavioral test not because it is more stressful to the 

animals but because it is more sensitive than the Intellicage. In the RAWM test, the animals 

have a smaller chance of finding the correct choice by accident (12.5% vs 25% in the 

Intellicage). Conceptually, impaired synaptic plasticity would explain the cognitive 

impairment exhibited by the munc18-1+/− animals during the behavioral assays. Spatial 

learning and memory critically depends on hippocampal tri-synaptic information processing 

(Neves et al. 2008, Bannerman et al. 2014, Hartley et al. 2014, Moser et al. 2015). Indeed, 

we found that munc18-1 haploinsufficiency mediated cognitive impairment seen in these 

animals by markedly reducing hippocampal CA1 LTP. Analyzing synaptic properties using 

I/O curves before and after LTP induction, we saw that reduction in munc18-1 expression 

causes impairments in plasticity despite maintained baseline synaptic strength in CA1.

To understand the underlying mechanism behind reduced LTP and cognitive impairments, 

we measured the release rates of munc18-1+/− neurons. To achieve this we used detailed 

analysis of release parameters from hundreds of individual synapses by live fluorescence 

imaging with FM dye. We found that munc18-1+/− neurons had a reduced synaptic vesicle 

release rate, and this was due to a reduced readily releasable pool size. After depleting the 

RRP, further stimulation of the neurons using a depolarizing stimulation, revealed basically 

unchanged phenotype in munc18-1+/− neurons, which is a sign that their RRPs was 

effectively replenished similarly to WT neurons. However, due to reduced munc18-1 

expression, the munc18-1+/− neurons still had a smaller RRP than WTs and their release 

rates then lag significantly behind WT neurons (Fig. 5D).

The limited effect of munc18-1 haploinsufficiency on RRP is somewhat surprising, as 

munc18−/− neurons have a complete arrest of vesicular neurotransmission. We want to point 

to the relatively modest decrease of munc18-1 levels in heterozygous knockout brains (to 

75%) as possible explanation. Although at first it may look as not a dramatic synaptic 

phenotype, but the reduced RRP size and slower release of vesicles strongly indicate that 

munc18 levels are rate limiting for synaptic neurotransmission. We assume that the better 

sensitivity of our direct detection of well identified presynaptic vesicular release by 

fluorescence probes provide an advantage compared to electrophysiological methods 

depending on indirect probing via post-synaptic currents induced by all synaptic connections 

onto the given neuron (Patzke et al. 2015). As it was shown by us and others, munc18-1 

interacts with the SNARE complex (Dulubova et al. 2007, Deák et al. 2009, Pertsinidis et al. 

2013) and this marked effect on release rate and RRP size could be explained by such an 

interaction. Taken together, munc18-1 haploinsufficiency induced reduction in RRP and 

slower neurotransmitter release emerges as the underlying cause of impaired spatial learning 

and memory seen in these animals. These results implicate munc18-1 haploinsufficiency as a 

primary cause of mental retardation seen in EIEE-4.
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EIEE-4 is a life threatening disorder with no effective treatment. In the few rare cases when 

seizures were controlled by antiepileptic drugs, cognitive development was still significantly 

delayed (Fusco et al. 2001, Sivaraju et al. 2015). The neurological clinical field has been 

disturbed for long time by repeatedly finding very little correlation between seizure onset, 

seizure severity, and the degree of intellectual disability in these patients (Saitsu et al. 2010, 

Milh et al. 2011, Stamberger et al. 2016). Finding an answer is further complicated by the 

fact that currently no drug is available to effectively combat the disorder. In light of the role 

of munc18-1 in the pathophysiology of EIEE-4, it should also be noted that both in humans 

and animal models munc18-1 mutations produce the strongest phenotype compared to 

mutations in other SNARE associated proteins, especially in the context of hippocampal 

learning and memory. It is evident in this study as we saw that reducing the expression of 

munc18-1 by only 25% is sufficient to cause the severe and strong phenotype exhibited by 

these animals. Mutations in other SNARE associated proteins like munc13 and complexin 

can lead to ataxia (Netrakanti et al. 2015) and deficits in social behavior (Drew et al. 2007), 

respectively, but the phenotype is not as strong as what is reported with munc18-1 

mutations. Interestingly, recent detailed analysis of movements in children with munc18 

mutations revealed ataxia-like symptoms (Milh et al. 2011). One possible explanation for 

this may be that other genes in the brain are able to compensate, at least partially, for the loss 

of these other SNARE associated proteins and in the process, they retains some functionality 

of the original SNARE proteins and present with not-so-severe symptoms. As there is no 

good alternative to munc18-1 in the brain and hence any disruption in munc18-1 expression 

will result in significant pathophysiological effects.

To the best of our knowledge, this study is the first to implicate munc18-1 haploinsufficiency 

as the primary cause of cognitive impairment seen in EIEE-4. Further experiments will need 

to be carried out to determine the role played by munc18-1 haploinsufficiency in the seizure 

phenotype seen in EIEE-4. Gaining mechanistic insight into how munc18-1 

haploinsufficiency causes the symptoms of EIEE-4 will lead to understanding the etiology of 

the disorder and will help in developing effective therapies to prevent cognitive impairment 

and other symptoms of the disorder.

5. Conclusion

We provide evidence which implicates munc18-1 haploinsufficiency as the primary cause of 

cognitive impairment seen in Ohtahara syndrome/EIEE-4. We show that munc18-1 

haploinsufficient mice have impaired synaptic plasticity and reduced long-term potentiation 

in hippocampal CA1 region. Synaptic dysfunction is caused by less readily available 

synaptic vesicles for release. Thus, reduced munc18-1 levels in EIEE-4 cause severe enough 

synaptic dysfunction which ultimately manifests as cognitive deficit.
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Highlights

• Munc18-1 heterozygous mice (munc18+/−) have impaired spatial learning and 

memory.

• Munc18+/− mice have reduced long-term potentiation in hippocampal CA1 

region.

• Synaptic dysfunction is caused by slower release of synaptic vesicles.

• Reduced munc18-1 level alone is sufficient to cause cognitive deficits in 

EIEE-4.
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Fig. 1. 
Spatial learning and memory impairment in munc18-1+/− mice. (A) Western blot data 

showing munc18-1+/− animals express 25% less munc18-1 than WT controls (WT= 

100±1.96, n=6; munc18-1+/−= 76.30±2.57, n=7; p<0.0001). (B) Illustration of experimental 

procedure and representative heat map data of WT and munc18-1+/− mice in the RAWM. 

(C) Graph depicts errors made during acquisition phase. Munc18-1+/− animals make 

significantly more errors (# of entries into the incorrect arm) by day 3 (2.9±0.4) of the 

acquisition when compared to WT animals (1.3±0.2) and (D) bar graph depicts that on the 

probe day, munc18-1+/− animals again performed with more errors (3.8±0.7) when 

compared to WT animals (2±0.4). (E) Munc18-1+/− animals covered more distance by day 3 

(munc18-1+/−= 185.7 ± 17.1 cm; WT= 104.7 ± 9.2 cm) and (F) also on the probe day 

(munc18-1+/−= 221.3 ± 24.8 cm; WT= 138.2 ± 21.1 cm) compared to WT controls. (WT 

n=8, munc18-1+/− n=9 mice; p=0.007 using 2-way RM ANOVA.
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Fig. 2. 
Learning deficits of munc18+/− mice in Intellicage reversal task assay. (A) Picture of the 

Intellicage setup and illustration of the place learning and reversal paradigm. (B) Error rates 

of six-month-old munc18-1+/− (n=7) and WT (n=7) animals during the place learning task in 

the Intellicage (calculated as [100*(number of incorrect visits/total number of visits)]. (C) 

Bar graph depicts the munc18-1+/− animals’ performance during the reversal task in the 

Intellicage with an error rate (82.9 ± 8.1%, n=7) significantly worse than WT (56 ± 11.8%, 

n=7), (p<0.05, 1-tailed t-test). Results are shown as Mean ± S.E.M.
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Fig. 3. 
Reduced synaptic potentiation of hippocampal CA1 synapses in munc18+/− mice. (A) 

Picture of hippocampal slice in MED 64 probe with electrodes positioned on the dentate 

gyrus (DG), CA3 and CA1 regions. (B) Representative traces for munc18-1+/− and WT 

before (dashed grey) and after (black for WT and red for munc18-1+/−) LTP induction. (C) 

Ratio of amplitudes in paired pulse facilitation at 50 ms for both WT and munc18-1+/− 

animals either before or 60 minutes after LTP. (D) Normalized fEPSP for both munc18-1+/− 

(n=5 animals; 7 slices) and WT (n=8 animals; 10 slices) depicting munc18-1+/− have 

impaired LTP ability (p<0.001; students t-test). (E) Input-output curves from CA1 region 

before (black) and after (red for munc18-1+/− and blue for WT mice) LTP induction. Note 

that WT had a significantly higher response after LTP induction. Munc18-1+/− show only 

minor increase in the response after LTP induction.
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Fig. 4. 
Munc18+/− synapses have slower vesicular release. (A) Illustration of the different synaptic 

pools in the presynaptic terminal. (B) Representative visualization of the loaded dye in the 

synapses showing fluorescence before and after the procedure. (C) Representative traces of 

WT and munc18-1+/− neurons showing the loss of fluorescence during the experiment and 

comparing WT and munc18-1+/− destaining rates for the first 15 s after destaining. (D) 

Fractional distribution and cumulative histogram showing the rate of synaptic vesicle release 

in the first 15 seconds as the change in fluorescence vs percentage of synapses. The graph 

depicts that munc18-1+/− (n=10; 1292 synapses) have a slower release rate than WT (n=8; 

923 synapses) neurons (p<0.001; Kolmogorov-Smirnov test). Bar graph indicates 

munc18-1+/− neurons release approximately 25% less fluorescence than WT during that 

period.
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Fig. 5. 
Decreased readily releasable pool (RRP) of synaptic vesicles in munc18+/− mice. (A) 

Representative traces of fluorescence loss during the procedure. High sucrose Tyrode 

solution is used to drive release during the first destaining. (B) Cumulative histogram 

showing munc18-1+/− (n=13; 1516 synapses) neurons have a smaller readily releasable pool 

size when compared to WT (n=5; 602 synapses) (p<0.001 Kolmogorov-Smirnov test). (C) 

panels depict the cumulative distribution of synaptic release during high K+ stimulation 90 

seconds after sucrose application (left); bar graph reveals that munc18-1+/− neurons released 

approximately 26% less fluorescence than WT neurons (normalized to 100%) during that 

period (p<0.001, two tailed t-test)
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