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Abstract 

Neurofibromatosis type 1 (NF1) is a monogenic neurodevelopmental disorder 
associated with physical and cognitive problems. The cognitive issues are thought 
to arise from increased release of the neurotransmitter γ-amino butyric acid (GABA). 
Modulating the signaling pathways causing increased GABA release in a mouse 
model of NF1 reverts deficits in hippocampal learning. However, the exact 
development of cortical GABAergic signaling and how this might cause 
neurodevelopmental problems in NF1 remains unknown. We therefore used a 
combination of slice electrophysiology and in vivo two-photon calcium imaging in a 
mouse model of NF1 to investigate whether cortical development is affected in NF1, 
possibly causing lifelong consequences that cannot be rescued by reducing 
inhibition later in life. We find that in NF1 mice, inhibition increases strongly during 
the development of the visual cortex, while the excitability of pyramidal neurons is 
increased during early development. Despite of these changes, spontaneous cortical 
activity patterns during early cortical development are not affected. These results 
suggest that although inhibition and excitability of cortical pyramidal neurons are 
increased early in development, the neurodevelopmental problems observed in this 
disorder are probably caused at later stages of development.  
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Introduction 

Neurofibromatosis type 1 (NF1) is a monogenic autosomal dominant 
neurodevelopmental disorder caused by a heterozygous mutation in the NF1 gene. 
It has an incidence of 1:2000. The dominant symptoms are café-au-lait spots, 
neurofibromas and Lisch nodules (Cnossen et al. 1998; Ferner et al. 2007). In 
addition to these and other symptoms, approximately 75% of NF1 patients exhibit 
cognitive symptoms, including learning disabilities, reduced visuospatial skills, motor 
delays, social deficits and attention deficit disorder (Champion et al. 2014; Hyman et 
al. 2005; Schrimsher et al. 2003; Williams et al. 2009). Moreover, NF1 patients have 
a high incidence of autism (Krab et al. 2008a, 2009). So far, no effective therapies 
have been developed to treat the cognitive symptoms in NF1. 

A mouse model of NF1, in which one allele of the nf1 gene is deleted, has been used 
to investigate molecular mechanisms underlying these cognitive problems. These 
nf1+/- mice show spatial learning and attention deficits, similar to NF1 patients (Silva 
et al. 1997). Studies employing nf1+/-  mice have demonstrated that increased 
neuronal inhibition underlies cognitive and learning deficits in NF1 (Costa et al. 2002; 
Cui et al. 2008; Gonçalves et al. 2017; Shilyansky et al. 2010), an idea that is 
supported by research on human NF1 patients (Ribeiro et al. 2015).  

The nf1 gene encodes the protein neurofibromin, a GTPase-activating protein which 
inhibits Ras-MAPK signaling. This signaling pathway has a known role in 
neurodevelopment and is important for vesicle release (Borrie et al. 2017; Ryu & Lee 
2016). The loss of function of the nf1 gene leads to disinhibition of the Ras-MAPK 
signaling pathway, resulting in increased GABA release (Costa et al. 2002; Cui et al. 
2008; Krab et al. 2008c; Shilyansky et al. 2010). Recently, another molecular 
mechanism has been implicated in NF1. Neurofibromin interacts with the 
hyperpolarization-activated cyclic nucleotide-gated channel 1 (HCN1) (Omrani et al. 
2015). HCN1 belongs to a family of voltage-gated ion channels that mediate an 
inward cationic current (Ih) important for proper regulation of neuronal excitability 
(Benarroch 2013; Shah 2014). A lack of neurofibromin results in an attenuation of 
Ih, predominantly in interneurons (Omrani et al. 2015), causing an increase in 
their excitability. Notably, pharmacological activation of HCN channels can rescue 
electrophysiological and spatial learning deficits in adult nf1+/- mice.  

Despite the successes with improving learning deficits in mice by pharmacologically 
targeting the affected signaling pathways, clinical trials based on these approaches 
for treating NF1 patients have been unsuccessful (Krab et al. 2008b; Payne et al. 
2016; Stivaros et al. 2018; van der Vaart et al. 2013). Possibly, the cognitive deficits 
in NF1 patients originate primarily in the cortex in contrast to the hippocampal origin 
of the spatial learning deficit in nf1+/- mice. While hippocampal plasticity remains high 
throughout life (Attardo et al. 2015), cortical plasticity becomes more restrained once 
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critical periods of development have closed (De Paola et al. 2006). Thus, the NF1 
mutation may cause deficits in cortical development that cannot be corrected 
anymore by treatment at a later age (Castrén et al. 2012). So far, the clinical trials 
have been carried out in adults or in children that are 8 years of age or older, an age 
at which many critical periods of cortical development have already closed.  

It is thus crucial to understand whether specific stages of cortical development are 
altered in NF1 and what the underlying pathophysiological mechanisms are. It is 
currently unknown whether in NF1, cortical excitatory or inhibitory neurons also show 
increased excitability during postnatal development.  If so, this could impact various 
stages of cortical refinement that are regulated by specific interactions between 
inhibitory and excitatory neurons. At early stages of postnatal development, 
spontaneous activity of inhibitory and excitatory neurons guides neuronal 
connectivity (Bonifazi et al. 2009). In the primary visual cortex (V1) for example, 
synchronized bursts of action potentials refine topographic connections before eye 
opening through correlation-based plasticity mechanisms (Ackman et al. 2012; Lee 
et al. 2014; Triplett et al. 2014; Xu et al. 2011). Recent studies suggest that 
spontaneous activity even refines connections with sub-cellular precision (Winnubst 
et al. 2015).  

In this chapter we investigated whether inhibitory and excitatory innervation was 
altered during early cortical development in nf1+/- mice and whether this had 
consequences for the development of spontaneous activity in the cortex. We found 
that in V1 of nf1+/- mice, inhibitory inputs were strongly increased, while changes in 
the activity of excitatory neurons were less pronounced. Two-photon calcium 
imaging of neuronal activity in developing V1 did not reveal any changes in 
spontaneous activity patterns. 

Methods & Materials 

Animals 
Experimental mice were obtained by crossing nf1+/- mice (C57BL/6J background) 
with 129S2/Sv mice (strain 000691, Jackson). For all experiments, we used both 
male and female mice which were on a 12-h light/dark cycle between 0700 and 1900 
hours, and fed standard laboratory food ad libitum. All experiments involving mice 
were approved by the institutional animal care and carried out with permission of the 
animal experiment committee.   

Slice electrophysiology 
All slice electrophysiology was performed on 10-11, 12-13 days old transgenic mice 
and agematched controls. Mice were anesthetized using isoflurane and then 
decapitated. For most experiments, brains were quickly removed and kept at 0°C in 
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carbogenated (95% O2 /5% CO2) normal ACSF containing 126 mM NaCl, 3 mM 
KCl, 1 mM MgSO4, 2 mM CaCl2, 10 mM glucose, 1.20 mM NaH2PO4, and 26 mM 
NaHCO3 (300 mOsm and pH 7.3). 330 µm thick coronal slices containing the visual 
cortex were cut on a vibratome (Microm HM650V; Thermo Scientific) while keeping 
the slices in their slicing solution at 0°C. After slicing, all slices were kept in normal 
ACFS at 35°C for 15 minutes for recovery, while continuously bubbled with 
carbogen. Next, slices were kept in continuously carbogenated ACSF at room 
temperature until use (1–6 h after slicing). To perform electrophysiological 
experiments, slices were moved to a chamber with continuous in- and outflow of 
carbogenated ACSF at a rate of 1-2 ml per minute at room temperature. A glass 
pipette with an impedance between 3 and 4 MΩ was filled with intracellular solution. 
Whole-cell recordings were made using a patch-clamp amplifier (Multiclamp 700a, 
Axon Instruments, Molecular Devices), and signals were low-pass filtered at 4 kHz 
and digitized at 10 kHz with a digidata 1440A (Axon Instruments, Molecular Devices) 
operated by PClamp 10 software. Care was taken that series resistance remained ≤ 
15 MΩ. Verification that a pyramidal neuron was selected was based on the shape 
of action potentials fired upon increasing current injection. Recordings in which the 
input resistance fluctuated more than 20% during the experiment, indicating 
leakiness of the membrane and instability of the whole-cell patch-clamp recording, 
were discarded. For spontaneous excitatory postsynaptic current (sEPSC) 
recordings, the pipettes were filled with K-gluconate internal solution containing 154 
mM K-gluconate, 1 mM KCl, 0.5 mM EGTA, 10 mM Hepes, 4 mM Mg-ATP, 4 mM 
K2 phosphocreatine, 0.4 mM GTP (pH 7.3 and 295 mOsm). Before recording 
spontaneous inhibitory postsynaptic currents (sIPSCs), the pipettes were filled with 
K-gluconate internal solution containing 70 mM K-gluconate, 70 mM KCl, 0.5 mM
EGTA, 10 mM Hepes, 4 mM Mg-ATP, 4 mM K2 phosphocreatine, 0.4 mM GTP (pH
7.3 and 290 mOsm). Here, the α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptor blocker 6,7-dinitroquinoxaline-2,3-dione disodium salt (DNQX;
Ascent Scientific LTD), was applied in the extracellular solution (10 μM). To record
miniature inhibitory postsynaptic currents (mIPSCs), 1 µM tetrodotoxin citrate (TTX;
Tocris) was also applied to the bath. For all experiments, cells were clamped at -70
mV and all inhibitory or excitatory currents were measured during 10 minutes. Mini
Analysis (Synaptosoft Inc.) was used for analyzing sIPSC/sEPSCs.

Two-photon calcium imaging 
Mice from postnatal day (P) 10 to 12 were used to study activity patterns in the 
developing visual cortex in vivo, as previously described (Siegel et al. 2012). In brief, 
the animals were anesthetized with isoflurane (2% in 1.7 l/min O2) and after 
anesthesia had become effective, lidocaine (0.5 mg/g body weight, Astra Zeneca) 
were injected into the neck muscle. The animal was then transferred to the imaging 
setup and placed on a heating blanket (35.5°C). A head bar with an opening (Ø 
4mm) above the visual cortex (0.5–2.5 mm rostral from lambda and 1– 3 mm lateral 
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from the midline) was attached to the skull and a small craniotomy above the visual 
cortex was performed without perforating the dura. The exposed cortical surface was 
kept moist with cortex buffer. The multi-cell bolus loading technique (Stosiek et al. 
2003) was used to stain large populations of cells with the calcium-sensitive dye 
Oregon Green 488 BAPTA-1 AM (OGB-1, Invitrogen). For calcium imaging, 
isoflurane levels were lowered to 0.7–1%. Calcium dynamics were monitored with a 
two-photon microscope (Movable Objective Microscope, Sutter Instrument) and a 
mode-locked Ti:Sapphire laser (Spectra Physics, λ = 810 nm). To monitor 
spontaneous network activity over time, consecutive xyt-stacks with a frame rate of 
5 or 7.5 Hz were acquired through a 40x water-immersion objective (0.8 NA, 
Olympus), controlled by Labview (National Instruments) based software.  

Calcium data analysis 
Data Analysis Recordings of spontaneous network activity were analyzed with 
custom-written algorithms in ImageJ (NIH) and Matlab (The MathWorks) (Winnubst 
et al. 2015). The image stacks were pre-processed by removing frames containing 
large movement artifacts and aligned using Turboreg with ImageJ or Normcorre 
(Pnevmatikakis & Giovannucci 2017) with Matlab. After pre-processing, contours of 
the cells were drawn using ImageJ by creating a mask after auto local thresholding. 
Glial cells in the field of view showed elevated basal intensity and were not active. 
Therefore, all included ROIs were neuronal. The stacks were then fed into Matlab 
codes designed by J. Winnubst and colleagues (Winnubst et al. 2015) to 
automatically calculate ΔF/F0 traces, representing changes in intracellular calcium 
concentration. Next, the ΔF/F0 traces were used to detect activity events of individual 
cells. To reliably determine activity events, both the ΔF/F0 trace and its derivative 
were used for signal detection. The signal detection threshold was adjusted 
separately for each experiment (1- to 4-times the standard deviation above the ΔF/F0 
and derivative traces) but remained the same for all recordings within an experiment. 
We found that the relationship between signal and noise differed between 
experiments for various reasons, including differences in dye loading and fixation of 
the preparation, which required adapting the thresholds to optimize signal detection 
for each experiment. The frame in which both traces reached the threshold, was 
considered to represent an activity event of an individual cell. A network event was 
defined as the activity in all cells that were active within consecutive frames that were 
not separated by two or more frames during which no activity was recorded. The 
participation rate was determined by the total number of active neurons during one 
network event over the total number of detected neurons in the field of view. Activity 
was scored when at least 6% of the imaged cells reached threshold whereas a 
network event was defined by a minimum participation rate of more than 20%. The 
mean peak amplitude of the calcium signal of individual co-active cells was 
calculated by averaging the maximum ΔF/F0 value of all active cells during a network 
event. Previously we found that two types of activity occur in the visual cortex at this 
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developmental age: L-events are low participation (20-80%) and low amplitude 
events that are generated in the retina and transmitted to the cortex, while H-events 
are high participation (>80%) and high amplitude events that are generated within 
the cortex (Siegel et al. 2012). Here we also divided the data into H-events and L-
events based on participation (above or below 80%). The frequency of L-events and 
H-events was determined by dividing the total number of recorded events in each
category by the recording duration. Event amplitudes were calculated by averaging
the maximum ΔF/F0 value of all active cells for each event type. To assess the
synchronicity of network events, the temporal jitter of individual cellular events within
a network event was determined by calculating the standard deviation of the time in
which individual cells showed maximal activation.

Statistics 
We determined whether all data were normally distributed using the Shapiro-Wilk 
test. For testing differences in multiple criteria, such as genotype and age or 
genotype and treatment, we computed whether there was a significant interaction in 
a two-way ANOVA. For graphical representation of significant differences between 
groups, we presented the results of post-hoc Tukey–Kramer tests, unless stated 
otherwise. When two independent groups were compared we used t-test when data 
were normally distributed (Shapiro-Wilk test), otherwise a Mann-Whitney test was 
used. 
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Results 

Unaltered excitatory currents in pyramidal neurons in nf1+/- mice  
We first wanted to understand whether in nf1+/- mice changes in excitatory 
innervation occurred that might affect cortical development. We started by analyzing 
whether excitatory inputs in V1 neurons of these mice were altered before eye 
opening at P10 or just after at P12. We used patch-clamp recordings in slices of V1 
from nf1+/- mice and littermate controls and measured the frequency and amplitudes 
of sEPSCs in layer 2/3 pyramidal neurons. These experiments revealed that the 
frequency of sEPSCs increased significantly just after eye opening, but that this did 
not differ between wild-type and nf1+/- mice (Fig. 1A-D). The amplitudes of sEPSCs 
remained unchanged after eye opening (Fig. 1C, D).   

Excitability of pyramidal neurons increased in nf1+/- mice after eye opening  
We also assessed the excitability of layer 2/3 pyramidal cells by measuring the 
number of action potentials they fired upon increasing current injection (Fig. 2A, B). 
This showed that before eye opening at P10-11, layer 2/3 pyramidal neurons in nf1+/- 
mice and wild-type littermates were equally excitable, as quantified by the maximal 
number of action potentials fired. After eye opening at P12-13, however, excitability 
of layer 2/3 pyramidal cells in wild-type mice was significantly lower than in nf1+/-

mice. We conclude that after eye opening, pyramidal neurons in nf1+/- mice were 
more excitable than those in control littermates. However, this was not reflected in 
the spontaneous excitatory currents they received. 

Inhibition increased in nf1+/- mice after eye opening 
To assess how inhibition was altered after eye-opening and whether it was increased 
in nf1+/- mice, we measured the frequency and amplitudes of sIPSCs before and after 
eye opening. We found that before eye opening the sIPSC frequency in nf1+/- mice 
and wild-type littermates were not different. However, after eye opening, the sIPSC 
frequency increased strongly in nf1+/- mice but only showed an upward trend in wild-
type mice (Fig. 3A-C). The sIPSC amplitudes did not alter after eye opening and did 
not differ between genotypes (Fig. 3B, C). These data show that as hypothesized, 
inhibitory currents were increased in nf1+/- mice, but only after eye opening. 
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Figure 1. Increase in excitatory input after eye opening. A, Schematic illustration of 
experimental approach. Electrophysiological recordings are performed in layer 2/3 of the 
primary visual cortex in mice before and after eye opening at postnatal day (P)10-11 and P12-
13. B, Representative traces of spontaneous excitatory postsynaptic currents (sEPSC) in wild-
type (wt) and nf1+/- mice at P10 and P12. C, Average amplitude and frequency of sEPSCs
before and after eye opening. The frequency of sEPSCs increase dramatically after eye
opening in both wt and nf1+/- mice (two-way Anova, p=0.83, interaction age/sEPSCs,
p<0.0001, post-hoc Tukey’s, wt: P10-11 (n=7 cells) vs P12-13 (n=11), p=0.0032, nf1+/-: P10-
11 (n=7) vs P12-13 (n=5), p=0.033), while the amplitude remains unchanged (interaction two-
way Anova, P=0.25) D, Cumulative distributions of sEPSC amplitudes and inter-event intervals 
in P10-11 and P12-13 pups. The inter-event intervals show a leftward shift after eye opening
in both wt and nf1+/- mice.
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Figure 2. Increase in excitability of pyramidal neurons in nf1+/- mice after eye opening. 
A, Excitability of L2/3 pyramidal neurons decrease in wild-type (wt) mice after eye opening at 
P12-13, while the amount of action potentials (APs) generated by pyramidal neurons when 
holding at increasing currents remain high in nf1+/- mice. In P10-11 mice excitability is not 
different (two-way Anova, interaction genotype/excitability, p=0.99; wt: n=13, nf1+/-, n=6), while 
at P12-13 excitability of nf1+/- neurons is significantly lower (two-way Anova, interaction 
genotype/excitability, p<0.0001, followed by Bonferroni’s multiple comparison test, wt: n=15 
cells, nf1+/-, n=8). B, the maximum number of APs in (A) show no difference between wt and 
nf1+/- mice at P10-11 (t-test, p=0.84), but there is a significant increase nf1+/- mice compared 
to wt mice at P12-13 (t-test, p=0.026). *p<0.05, **p<0.01. 
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Figure 3. Rapid increase in inhibition after eye opening in nf1+/- mice. A, Representative 
traces of spontaneous inhibitory postsynaptic currents (sIPSC) in wild-type (wt) and nf1+/- mice 
before and after eye opening at postnatal day (P)10-11 and P12-13. B, Average amplitude 
and frequency of sIPSCs. The frequency of sIPSCs increases significantly faster in nf1+/- mice, 
compared to wt mice (interaction two-way Anova, p=0.012, interaction genotype/sIPSCs 
p=0.058, interaction age/sIPSCs, p<0.0001, post-hoc Tukey’s, wt: P10-11 (n=23 cells) vs P12-
13 (n=10), p=0.55, nf1+/-: P10-11 (n=17) vs P12-13 (n=17), p<0.0001, P12-13: wt vs nf1+/- 
p=0.026), while the amplitude remains unchanged (interaction two-way Anova, p=0.42). C, 
Cumulative distributions of sIPSC amplitudes and inter-event intervals in P10-11 and P12-13 
mice. *p < 0.05, ****p<0.0001. 
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No inhibitory synaptic changes in nf1+/- mice after eye opening 
The changes in sIPSC frequency without a change in amplitude are in line with an 
increased excitability of inhibitory neurons, as previously observed in hippocampus 
and cortex of adult mice (Omrani et al. 2015). However, the observed changes could 
be caused by an increase in the level of synaptic release or synapse numbers. To 
test whether synaptic changes occurred, we also recorded miniature inhibitory 
postsynaptic currents (mIPSCs) after silencing general network activity with the 
sodium blocker tetrodotoxin. We found that mIPSC frequencies and amplitudes were 
unaltered in nf1+/- mice (Fig. 4A, B), suggesting that the rapid increase in sIPSCs 
after eye opening was not due to increased vesicle release or synapse numbers. It 
therefore appears more likely that the rapid rise in sIPSC frequency was indeed due 
to increased excitability of inhibitory neurons in nf1+/- mice (Omrani et al. 2015). 
When silencing the general network activity, we expected both the IPSC frequency 
and amplitude to decrease after application of TTX. However, we did not observe a 
decrease in amplitude. It might be possible that very small IPSCs were not picked 
up, thus explaining the lack in drop in amplitude. 

Figure 4. No difference in inhibition around eye opening after silencing general network 
activity. A, Representative traces of miniature inhibitory postsynaptic currents (mIPSC) in 
wild-type (wt) and nf1+/- mice at different ages. B, Average amplitude and frequency of 
mIPSCs. The amplitude and frequency remain the same after eye opening in nf1+/- and wt mice 
(interaction genotype/amplitude: two-way Anova, p=0.417, interaction genotype/frequency: 
two-way Anova, p=0.241; WT P10-11: n=12, nf1+/- P10-11: n=11, WT P12-13: n=3, nf1+/- P12-
13: n=3). 
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Unaltered spontaneous activity patterns in nf1+/- mice 
To test whether these increases in excitability and inhibitory inputs of pyramidal cells 
in nf1+/- mice affected cortical activity patterns during postnatal development, we 
used in vivo calcium imaging to investigate intrinsically generated spontaneous 
waves of activity that drive early cortical development (Leighton & Lohmann 2016; 
Siegel et al. 2012). It was previously shown that in the developing visual system, two 
types of network activity can be identified. One type is derived within the cortex and 
characterized by high participation and high amplitude (H-) events in which more 
than 80% of neurons are synchronously active. The other type originates largely in 
the retina and is characterized by low participation and low amplitude (L-) events, in 
which less than 20% of the cortical neurons are synchronously active. These latter 
events start to become more dominant after eye opening (Mooney et al. 1996; Siegel 
et al. 2012). As these spontaneous activity patterns are thought to be coordinated 
by the interaction of inhibitory and excitatory neurons, we wanted to understand 
whether L- or H- events were altered in nf1+/- mice. Using two-photon calcium 
imaging, we assessed the spontaneous cortical activity in nf1+/- mice and control 
littermates before and just after eye opening. These experiments revealed that the 
frequency of retinal derived L-events nor cortical derived H-events differed between 
nf1+/- mice or the wild-type controls before or after eye opening (Fig. 5A-C).  

To test whether more subtle changes in spontaneous activity occurred in nf1+/- mice, 
we also investigated whether the amplitude of the responses was altered. However, 
the mean amplitude of all coactive cells during network events between nf1+/- mice 
and control littermates at P10 or P12 were not significantly different (Fig. 5D). We 
did observe a difference in amplitude between L- and H- events, as was previously 
described (Siegel et al. 2012). However, again this was not different between 
nf1+/- mice and control littermates (Fig. 5E). We also investigated the synchronicity 
of the cells in nf1+/- mice and littermate controls (Fig. 5F). This was investigated by 
calculating the jitter, a measure for the temporal variation between the activity of 
different cells. However, no difference in jitter was observed between nf1+/- mice and 
control littermates, meaning that they have similar synchronicity. We conclude that 
the increased excitability and levels of inhibitory inputs of layer 2/3 pyramidal 
neurons in V1 of nf1+/- mice do not result in altered spontaneous activity patterns. 
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Figure 5. Normal early postnatal cortical development in nf1+/- mice. A, Schematic 
illustration of experimental approach. Two-photon calcium imaging is used to measure 
spontaneous activity in layer 2/3 of the primary visual cortex in mice before and after eye 
opening at postnatal day (P)10 and P12. B, Left shows a schematic of the in vivo two-photon 
calcium imaging experimental setup and an image of layer 2/3 cells in the visual cortex of a 
P10 animal labeled with OGB-1. Right shows example traces of spontaneous network 
dynamics in neurons indicated on the left. Asterisks indicate detected network events. Low 
participation (L-) and high participation (H-) events were determined based on the participation. 
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of multiple cells during a 1 hour recording. Participation > 80% is H-event, and participation 
between 20% and 80% is an L-event. C, Frequencies of both L-events and H-events are 
unchanged in nf1+/- mice compared to wild-type (wt) controls before eye opening at postnatal 
day (P)10 and after aye opening at P12 (t-test, P10 L-events: p=0.21, P10 H-events: p=0.33; 
wt: n=6 mice, nf1+/-: n=4; P12 L-events: p=0.44, P12 H-events: p=0.80; wt: n=5, nf1+/-  n=3). 
D, Also mean cellular amplitudes of cortical network events are unchanged between wt and 
nf1+/- mice (t-test, P10 L-events: p=0.12, Mann-Whitney, P10 H-events: p=0.11; wt: n=6 mice, 
nf1+/-: n=4; t-test, P12 L-events: p=0.82, P12 H-events: p=0.853; wt: n=5, nf1+/-: n=3). E, The 
amplitude of H- events is often higher than L- events in wt and nf1+/- mice (P10, Mann-Whitney, 
wt: L-events vs H-events, p=0.002; nf1+/-: L-events vs H-events, p=0.286; P12, t-test, wt: L-
events vs H-events, p=0.047; nf1+/-: L-events vs H-events, p=0.056). F, jitter is not significantly 
different between wt and nf1+/- mice (t-test, P10 L-events: p=0.974, H-events: p=0.316; P12 L-
events: p=0.552, H-events: p=0.884).    
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Discussion 

In this chapter we show that in nf1+/- mice, cortical inhibition increases much more 
rapidly after eye opening than in wild-type mice. Additionally, excitability of pyramidal 
neurons is significantly higher in nf1+/- mice than in control littermates after eye 
opening. Despite of these changes in cortical inhibition and excitation, we did not 
find changes in spontaneous activity patterns during early cortical development in 
nf1+/- mice. 

Our recordings of inhibitory currents in layer 2/3 pyramidal neurons of V1 revealed 
that spontaneous inhibitory currents occurred more frequently in nf1+/- mice. The 
frequency and amplitudes of miniature inhibitory currents were not altered, 
suggesting that the more frequent inhibitory currents were not due to changes in 
vesicle release probability or synapse numbers. This is in line with previous work in 
nf1+/- mice showing that GABA release was only increased under conditions that 
mimicked high-frequency stimulation (Cui et al. 2008).  It is therefore more probable 
that the increased spontaneous inhibitory currents in developing V1 of nf1+/- mice 
were caused by increased excitability of interneurons, as was also observed in the 
adult cortex and hippocampus of nf1+/- mice (Omrani et al. 2015). Notably, the 
frequency of inhibitory currents in nf1+/- mice increased strongly after eye opening, 
while in wild-type mice we only observed a trend in this direction. At the same age, 
the frequency of spontaneous excitatory currents also increases rapidly in both nf1+/- 
mice and control littermates. It is thus tempting to speculate that the increasing 
excitatory inputs after eye opening have a much stronger effect on the 
hyperexcitable interneurons in nf1+/- mice than on those in wild type animals.  

Despite the rapid increase in cortical inhibition in V1 of nf1+/- mice, we did not notice 
any differences in spontaneous activity patterns as assessed by in vivo two-photon 
calcium imaging. A possible explanation for this finding is the increased level of 
inhibition is balanced out by a similar increase in excitation. Indeed, we observed 
that in nf1+/- mice, layer 2/3 pyramidal neurons are more excitable after eye opening 
than in control animals. At this point, it is not clear whether inhibitory currents and 
excitability of pyramidal neurons are both increased by reduced HCN1 channel 
activity in inhibitory and excitatory neurons, or whether excitability of pyramidal 
neurons occurs in response to increased inhibition or vice versa.  It also remains 
unclear whether these changes in cortical inhibition and excitation cause more subtle 
changes in spontaneous activity patterns in nf1+/- mice that we missed in our 
analysis. While we also did not observe alterations in the amplitudes of spontaneous 
activity nor in the synchronicity of cortical neurons, it may be possible that the 
refinement of connections at the sub-cellular level are affected in nf1+/- animals. 

Taken together, our results show that in the visual cortex of a mouse model of NF1, 
inhibition and excitability of cortical pyramidal neurons are increased. These 
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changes only become evident after eye opening, suggesting that experience-
induced changes in cortical connectivity play a role. Despite of these changes in 
inhibition and excitation, spontaneous activity patterns seem unaltered in NF1 
suggesting that neurodevelopmental problems observed in this disorder are caused 
at later stages of development. 
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