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Abstract 

Neurofibromatosis type 1 (NF1) is a monogenic neurodevelopmental disorder 
associated with physical and cognitive symptoms. Increased signaling of the 
neurotransmitter γ-amino butyric acid (GABA) is seen as the main cause of the 
cognitive problems in NF1. Normalizing levels of inhibition in a mouse model of NF1 
reverts cognitive issues, such as deficits in hippocampal learning. However, clinical 
trials based on these approaches have so far been unsuccessful. Possibly, 
increased activity of the GABAergic system affects critical stages during 
development, thus causing neurodevelopmental problems in NF1. We therefore 
used optical imaging of intrinsic signal in combination with slice electrophysiology in 
a mouse model of NF1 to investigate whether critical period plasticity is affected, 
which might cause lifelong consequences. We find that the critical period for ocular 
dominance plasticity is shortened in NF1 mice due to its early closure but unaltered 
onset. Notably, environmental enrichment normalizes both inhibitory innervation and 
critical period plasticity. These results provide the first evidence for critical period 
dysregulation in NF1 and suggest that treatments aimed at normalizing levels of 
inhibition will need to start at early stages of development. 
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Introduction 

Neurofibromatosis type 1 (NF1) is a monogenic neurodevelopmental disorder 
associated with cognitive and physical symptoms. Experiments using nf1+/- mice as 
a model for NF1 have shown that increased levels of γ-amino butyric acid (GABA) 
release are an important cause of the cognitive problems observed in this disorder 
(Costa et al. 2002; Cui et al. 2008; Gonçalves et al. 2017; Shilyansky et al. 2010; 
Silva et al. 1997). These studies also revealed that pharmacological intervention to 
reduce increased inhibition in adult mice can improve behavioral deficits in nf1+/- 
mice. In human subjects suffering from NF1, these same interventions have so far 
not been successful (Krab et al. 2008; Payne et al. 2016; Stivaros et al. 2018; van 
der Vaart et al. 2013). This may be due to increased inhibition causing 
neurodevelopmental problems at a very young age, that are not reversible anymore 
later in life. 

In chapter 3 of this thesis we investigated the development of cortical inhibitory and 
excitatory innervation in nf1+/- mice. We found that cortical inhibition increases more 
rapidly after eye opening than in wild-type mice. At the same time, excitatory neurons 
were more excitable. These specific interactions between inhibitory and excitatory 
neurons could impact various stages of cortical development. For example, 
spontaneous activity patterns in the cortex during the first weeks of postnatal 
development are regulated by inhibition and refine neuronal connectivity (Ackman et 
al. 2012; Bonifazi et al. 2009; Lee et al. 2014; Triplett et al. 2014; Xu et al. 2011). 
However, in chapter 3 we did not find evidence for altered spontaneous activity 
patterns in the primary visual cortex (V1) of nf1+/- mice. 

At a later age, developmental increases in the inhibitory/excitatory ratio regulate the 
onset and closure of critical periods of development during which cortical 
connectivity is fine-tuned based on sensory inputs (Fagiolini & Hensch 2000; Hensch 
2005; Hensch et al. 1998). This is illustrated by ocular dominance (OD) plasticity, 
which optimizes inputs from the two eyes in order to perceive depth and avoid double 
vision. During a critical period, OD plasticity can be induced experimentally by a brief 
period of monocular deprivation, resulting in a shift in responsiveness of the 
binocular part of V1 towards the open eye. Once the critical period closes, the 
plasticity levels in V1 strongly reduce. It is thus not unlikely that changes in the 
inhibition/excitation ratio during cortical development causes lifelong cognitive issues 
in NF1 patients due to critical period dysregulation.  

In this chapter we investigated how inhibitory and excitatory innervation develops 
throughout the critical period for OD plasticity and whether this has consequences 
for cortical development in nf1+/- mice. First we used slice electrophysiology to 
assess the amount of inhibition and the excitability of pyramidal neurons in V1 during 
the critical period of OD plasticity. Then we used optical imaging of intrinsic signal to 
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determine OD plasticity in nf1+/- and wild-type mice at different ages, and reared 
under different conditions. We found that cortical inhibition remains higher than in 
wild-type mice throughout the critical period and while the critical period for OD 
plasticity started normally, it closed prematurely, effectively shortening the time 
during which cortical wiring could be fine-tuned. We also found that environmental 
enrichment normalized both the increased inhibition and the premature critical period 
closure. Our findings suggest that an increased inhibition/excitation ratio may affect 
critical periods in NF1 patients, affecting their cognitive abilities such as visuospatial 
processing, learning capacity and social skills later in life. This suggests that training 
and pharmacological approaches for the treatment of cognitive deficits in NF1 may 
have to start at a very early age for them to be effective. 

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 27-32 days old transgenic mice and 
age-matched controls. Mice were anesthetized with 0.1 ml/g body weight Nembutal 
(Janssen), perfused with ice cold carbogenated (95% O2 /5% CO2) normal ACSF 
and prepared as described in chapter 3. Electrophysiological recordings were also 
performed as described in chapter 3. In short, a glass pipette with an impedance 
between 3 and 4 MΩ was filled with a K-gluconate internal solution for recording 
excitability of pyramidal neurons or K-gluconate containing high KCL for inhibitory 
postsynaptic current (IPSCs) recordings. Verification that a pyramidal neuron was 
selected was based on the shape of action potentials fired upon increasing current 
injection. Care was taken that series resistance remained ≤ 15 MΩ. 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.  

Immunohistochemistry 
Age-matched mice were anesthetized with 0.1 ml/g body weight Nembutal (Janssen) 
and perfused with 4% paraformaldehyde (PFA) in PBS (~80 ml per mouse) and 
postfixed for 2–3 h. Coronal sections of 50 µm were made by using a vibratome 
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(Leica VT1000S). Antibodies used were against synaptotagmin-2 (mouse, 1:1000, 
ZFIN, OR, USA, ZDB-ATB-081002-25) together with Rabbit Anti-Neuronal Nuclei 
(NeuN, 1:1000, Millipore, MABN140), followed by Alexa Fluor 568 Goat Anti Mouse 
(1:1000, Invitrogen, A11004) or Alexa Fluor 488 Goat Anti Rabbit (1:1000, 
Invitrogen, A11070). All antibodies were previously tested in mice for the application 
we used them for (more information can be found in the references or on the 
websites of the suppliers). Free-floating sections were briefly washed in PBS 
followed by 1 h blocking in PBS containing 5% normal goat serum and 0.1% Triton 
X-100. Primary antibody incubation was performed overnight at 4°C in fresh blocking 
solution. Next, the sections were washed three times for 10 min in PBS with 0.1%
Tween-20 (PBST) followed by secondary antibody incubation in fresh blocking 
solution for 90 min at RT. After washing three times for 10 min in PBST the sections 
were mounted on glass slides using Mowiol (Calbiochem/ MerckMillipore) and glass 
covered for imaging.

Confocal microscopy and data analysis 
Fluorescent puncta were analysed using a non-commercially available macro for 
Image-Pro PLUS (v6.3). Up to 6 puncta rings per image obtained from V1 sections 
were manually encircled after which a mask was created on the cell. A 2 µm wide 
ring was calculated around the mask and all puncta in the ring were considered to 
belong to the cell and were counted and measured. Signals not reaching size and 
fluorescent threshold levels were omitted, as previously described (Sommeijer & 
Levelt 2012). Pixel intensity for the signal within masks was considered background 
and subtracted from the intensity values in the puncta.  

Surgical preparation 
For monocular deprivation (MD) the upper and lower lids of the right eye were clipped 
and sutured together with two mattress sutures during isoflurane anesthesia. During 
the procedure the eye was rinsed with saline and after suturing lidocaine cream was 
applied to the closed eyelid. At the start of an imaging session, the eyes were re-
opened. Animals which had premature opening of the eye or a damaged eye were 
excluded from the experiments.  

Optical imaging and visual stimulation 
Optical imaging and visual stimulation were performed as described in chapter 2. 
Briefly, the anesthetized mouse was placed on a heating pad and fixated by ear bars 
with conical tips and a bite rod behind the front teeth. Part of the scalp was removed 
to expose the skull. Black cloth was used to prevent light from the monitor reaching 
the camera. Settings for retinotopy and OD measurements were as previously 
described (Heimel et al. 2007). The exposed skull was illuminated with 700 nm light 
and responses were acquired with an Optical Imager 3001 system (www.opt-
imaging.com). A 21” gamma-corrected monitor placed 15 cm in front of the mouse 
covering the visual field was divided in 2x2 square patches. The retinotopic map was 
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assessed by full contrast square wave 0.05 cpd gratings of changing orientation 
which were shown in one of four quadrants while the adjoining screen was grey and 
of the same average intensity. 10-15 stimuli in each quadrant were sufficient to 
construct a retinotopic map of V1. The retinotopic representation of the upper nasal 
patch was used to calculate responses for OD experiments. Computer impulse 
operated shutters were placed in front of both eyes. Shutters opened in pre-set 
intervals and the stimulus sequence described above was presented. Shutters 
opened 9 s before stimulus onset and stayed open during the entire acquisition 
period, 50 responses to each eye were recorded. The imaged OD index is defined 
as the iODI = (contra response – ipsi response) / (contra response + ipsi response). 
For all quantitative measurements, an alternative normalization procedure was 
introduced. A region of interest (ROI) polygon was drawn in the retinotopic map 
around all pixels assigned to the upper medial quadrant of the screen. The small 
size of the mouse visual cortex allowed imaging some cortical area outside of 
primary visual cortex. From this area a larger region of reference (ROR) was selected 
where no stimulus response, blood vessel artifact or irregularities of the skull were 
observed in the retinotopic map. Normalization was carried out by taking the negative 
ratio of ROI over ROR signal, normalizing it to stimulus onset and averaging the 
signal from one frame after stimulus onset to 2 s after stimulus offset. The average 
of this ratio over all stimulus presentations was used as response measure.  

Environmental enrichment 
For enriched environment housing, commercially available cages (Marlau) were 
used (Fares et al. 2012). Pregnant mothers were placed in a Marlau cage. Its ground 
floor houses a running wheel and a shelter and comprises two compartments, one 
with food and one with water. Moving from compartment to the other can only be 
achieved through the upper floor in which a maze is placed that is regularly changed. 
Pups were reared in this environment until the time of the experimental 
measurement.  

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 

Increased inhibitory currents in excitatory neurons in V1 of nf1+/- mice during 
the critical period 
Early during development, around eye opening, nf1+/- mice have much higher 
inhibition levels than normal mice. This high level of inhibition is also known in adult 
nf1+/- mice. An increase in the inhibition/excitation ratio regulates the onset and 
closure of the critical period of OD plasticity in V1, during which visual experience 
refines the synaptic connectivity. We therefore tested whether cortical inhibition was 
also increased in nf1+/- mice during the peak of the critical period of OD plasticity 
using patch-clamp recordings in slices of V1 from P28 nf1+/- mice and wild-type 
littermates. These experiments confirmed that also at this age, spontaneous 
inhibitory postsynaptic currents (sIPSCs) occurred significantly more frequently in 
layer 2/3 pyramidal neurons of nf1+/- animals compared to their wild-type littermates 
(Fig. 1A-D). The sIPSC amplitudes (Fig. 1A-D) were not different between nf1+/- and 
wild-type mice. This is similar to the situation at P12, which we have described in the 
previous chapter. To understand whether the changes in sIPSC frequency were 
caused by changes in the level of synaptic release or synapse numbers, we also 
recorded miniature inhibitory postsynaptic currents (mIPSCs) after silencing general 
network activity with the sodium blocker tetrodotoxin (TTX). Again, the mIPSC 
amplitudes and frequency were not different between nf1+/- and wild-type mice (Fig. 
2A, B). Because we silenced the general network activity, we expected the IPSC 
frequency and amplitude to decrease after application of TTX. However, although 
the IPSC amplitudes do decrease significantly, the frequency does not. In fact, in 
some cells they even increase after application of TTX. It is not clear why this occurs. 
Possibly, inhibition between PV neurons is lost after application of TTX. It remains 
unclear though, to which extent inhibition can influence mIPSCs. Possibly, increased 
hyperpolarization reduces the mIPSCs. Alternatively, more vesicles are released 
simultaneously during sIPSCs, while they are released individually during mIPSCs, 
thus increasing the frequency. We also assessed whether the excitability of layer 2/3 
pyramidal neurons was higher in nf1+/- compared to wild-type mice at this age, by 
assessing the number of action potentials induced by current injection. This was not 
the case, and no difference in the maximal number of action potentials fired could 
be detected between nf1+/- mice and their wild-type littermates (Fig. 3A, B). Thus, 
the levels of inhibition were higher at the peak of the critical period of OD plasticity 
in in nf1+/- mice than in control littermates, while no difference in excitability of layer 
2/3 pyramidal neurons between nf1+/- mice and wild-type littermates could be 
detected anymore.  
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Figure 1. Enhanced inhibition in L2/3 of V1 in nf1+/- mice during the critical period. A, 
Schematic illustration of experimental approach. Electrophysiological recordings are 
performed in layer 2/3 of the primary visual cortex in mice during the critical period for ocular 
dominance plasticity around postnatal day (P)28. B, Representative traces of spontaneous 
inhibitory postsynaptic currents (sIPSC) in L2/3 of the primary visual cortex in 4-week old wild-
type (wt) and nf1+/- mice. C, Averages of sIPSC amplitude and frequency. Although sIPSC 
amplitude is unchanged (Mann-Whitney, p=0.40; wt: n=13, nf1+/-: n=16 cells), sIPSC frequency 
is significantly increased in nf1+/- compared to wt pyramidal neurons (t-test, p=0.0317; wt: 
n=13, nf1+/-: n=16) *p<0.05. D, Cumulative distributions of sIPSC amplitude and inter-event 
interval.  
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No change in size and density of boutons formed by parvalbumin-expressing 
neurons 
The absence of any difference in mIPSC frequency and amplitude between in nf1+/- 
and wild-type mice suggested that the numbers and sizes of inhibitory boutons in V1 
would probably be unaltered in V1 of nf1+/- mice. To test this more directly, we 
focused on the inhibitory boutons formed by parvalbumin- expressing (PV+) 
interneurons as previous work has shown that the main source of inhibition 
regulating critical period onset and closure comes from these interneurons 
(Chattopadhyaya et al. 2004; del Rio & de Leca 1994; Kuhlman et al. 2010; 
Sugiyama et al. 2008). Moreover, PV+ interneurons are known to express high levels 
of HCN1 and their excitability was found to be increased in the hippocampus of nf1+/- 
mice (Omrani et al. 2015). We investigated whether the numbers or sizes of inhibitory 
boutons formed by PV+ interneurons onto pyramidal neurons in layer 2/3 and layer 
5 were altered in nf1+/- mice. To this aim, we stained V1 sections of nf1+/- mice and 
wild type littermates with antibodies to synaptotagmin-2, a protein selectively 
expressed by PV+ boutons (Sommeijer & Levelt 2012). Using confocal microscopy, 
we assessed the density and size of synaptotagmin-2 puncta around the onset, peak 
and closure of the critical period (P21, P28 and P35). We did not detect a difference 
in the density or size of perisomatic synaptotagmin-2 puncta in layer 2/3 or 5 in nf1+/- 

mice compared to wild-type mice (Fig. 4A-C). These findings are in line with our 
mIPSC recordings which suggested that the increase in sIPSCs in nf1+/- mice is not 
due to changes at the level of synapse number or size.  

Figure 2. No difference in inhibition during the critical period after silencing general 
network activity. A, Representative traces of miniature inhibitory postsynaptic currents 
(mIPSC) in wild-type (WT) and nf1+/- mice at postnatal day (P)28. B, Average amplitude and 
frequency of mIPSCs remains the same in P28 nf1+/- and WT mice (amplitude: Mann-Whitney: 
p=0.194; frequency: t-test: p=0.561; WT: n=13; nf1+/-: n=17). 
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Precocious closure of the critical period of plasticity in V1 of nf1+/- mice 
Because inhibitory inputs are increased in nf1+/- mice during the peak of the critical 
period, we first wanted to test whether this caused any changes in OD plasticity. To 
this end we used optical imaging of intrinsic signal to determine the OD in V1 of nf1+/- 
and wild-type littermates that were monocularly deprived for 3 days from P28 to P31, 
and in mice that were not deprived. We found that 3 days of MD caused a significant 
shift in OD towards the non-deprived eye in wild-type mice but not in nf1+/- mice. This 
indicated that nf1+/- mice show reduced OD plasticity during the peak of the critical 
period compared with wild-type control mice (Fig. 5A-C). This finding may indicate 
that cortical plasticity is reduced in nf1+/- mice, or that the critical period for OD 
plasticity closes early. To differentiate between these possibilities, we again used 
optical imaging of intrinsic signal to determine the OD in nf1+/- mice and their control 
littermates that were either monocularly deprived for 3 days at the beginning of the 
normal critical period (P21-P24) or reared normally. We found that 3 days of MD 
starting at P21 induced an OD shift in nf1+/- mice that was comparable to that in 
littermate controls (Fig. 5D). We conclude that OD plasticity in nf1+/- mice is 
only reduced at the later phase of the critical period, suggesting that the nf1+/- 
mutation does not interfere with OD plasticity per se, but causes premature closure 
of the critical period.  

Figure 3. Excitability of pyramidal neurons is 
normal in nf1+/- mice during the critical period 
for OD plasticity. A, Excitability of L2/3 
pyramidal neurons is not different between wt and 
nf1+/- mice during the critical period for OD 
plasticity as assessed by the number of action 
potentials (APs) induced by current injection (two-
way Anova, interaction genotype/excitability, 
p=0.11). B, The maximum number of APs in (A) 
also show no difference (t-test, p=0.85; wt: n=11, 
nf1+/-: n=16).  



Disruption of critical period plasticity in a mouse model of NF1

4

77

 

Figure 4. No change in size and density of boutons formed by parvalbumin-expressing 
neurons. A, Immunohistochemical examples of the soma (green) of a L2/3 and L5 pyramidal 
neuron with puncta formed by synaptotagmin-2 positive (syt 2) neurons (red). B, The number 
of syt 2 puncta is not different between wt and nf1+/-  mice in Layer 2/3 (t-test / Mann-Whitney, 
P21: p=0.68; wt: n=4 mice, nf1+/-: n=5; P28: p=0.10; wt: n=3, nf1+/-: n=3; P35: p>0.99; wt: n=3, 
nf1+/-: n=3) or in Layer 5 (t-test / Mann-Whitney, P21: p=0.48; wt: n=4, nf1+/-: n=6; P28: p=0.46; 
wt: n=3, nf1+/-: n=3; P35: p=0.054 wt: n=4, nf1+/-: n=3;). C, The size of syt 2 puncta is also not 
different between wt and nf1+/- mice in Layer 2/3 (t-test / Mann-Whitney, P21: p=0.60; P28: 
p>0.99; P35: p=0.22) or in Layer 5 (t-test / Mann-Whitney, P21: p=0.76; P28: p=0.42; P35: 
p=0.63). 
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Normal onset of the critical period of plasticity in V1 of nf1+/- mice  
The early increase in inhibitory inputs soon after eye opening that we observed in 
chapter 3 may influence the onset of the critical period in nf1+/- mice. To test this, we 
determined the onset of the critical period of OD plasticity by subjecting nf1+/- and 
wild-type mice to 3 days of MD, starting at P15 or P17 and assessing whether this 
induced a shift in OD compared to non-deprived littermates. We found that 3 days of 
MD at P15 did not induce an OD shift in nf1+/- and wild-type mice, indicating that, on 
this genetic background, the critical period for OD plasticity had not yet started (Fig. 
5E). However, after 3 days of MD starting at P17, both nf1+/- mice and littermate 
controls showed a full OD shift, indicating that at that age, the critical period had 
started in mice of both genotypes. Thus, the opening of the critical period for OD 
plasticity occurs normally in nf1+/- mice, implying that the total duration of the critical 
period in these animals is reduced. 

Early environmental enrichment rescues plasticity phenotype in V1 of nf1+/- 
mice by acting on inhibition levels  
Previous work has shown that enriching the environment of mice by physical, social 
and cognitive stimulation reduces inhibitory innervation and enhances OD plasticity 
(Begenisic et al. 2011; Greifzu et al. 2014; Sale et al. 2007). Therefore, we wondered 

Figure 5: Precocious closure but normal onset of the critical period of plasticity in V1 
of nf1+/-  mice. A, Schematic illustration of experimental approach. To determine the amount 
of ocular dominance plasticity in mice, optical imaging of intrinsic signal is used in mice during, 
at the beginning or before the start of the critical period for ocular dominance plasticity. B, Top: 
Example of a cranial image and retinotopy created by visual stimulation with 2x2 patches of 
drifting gratings. The upper nasal part is used as a region of interest and an area outside V1 
as a reference for the ocular dominance measurements. Bottom: Transcranial images of 
change in light reflection in V1, in response to individual eye stimulation in a non-deprived 
mouse. C, Imaged Ocular Dominance Index (iODI) is defined by (Contra response - Ipsi 
response) ⁄(Contra response + Ipsi response). iODI shows that 3 day monocular deprivation 
(3d MD) at postnatal day (P)28-P31 induces a larger OD shift in wild-type (wt) mice than in 
nf1+/-  mice (interaction two-way Anova, p=0.0059, post-hoc Tukey’s, wt no MD vs wt 3d MD, 
p=0.0001, nf1+/- no MD vs nf1+/- 3d  MD, p=0.47, wt 3d MD vs nf1+/- 3d MD, p=0.0004; wt no 
MD: n=5 mice, nf1+/- no MD: n=13, wt 3d MD: n=6, nf1+/- 3d MD: n=15). D, iODI shows that 3d 
MD between P21-P24 induces a full OD shift in both wt and nf1+/- mice (interaction 3d MD/iODI: 
two-way Anova, p<0.0001, post-hoc Tukey’s, wt no MD vs wt 3d MD, p=0.004, nf1+/- vs nf1+/-  
3d MD, p<0.0001, wt 3d MD vs nf1+/- 3d MD, P=0.82. wt no MD: n=4 mice, nf1+/- no MD: n=6, 
wt 3d MD: n=3, nf1+/-  3d MD: n=6). E, iODI shows that 3d MD between P17-P20 induces a full 
OD shift in both wt and nf1+/- mice, while no OD shift occurs two days earlier between P15-P18 
(interaction age/iODI: two-way Anova, p<0.0001, post-hoc Tukey’s, wt: 3d MD P15-P18 vs 3d 
MD P17-P20, p<0.0001, nf1+/-: 3d MD P15-P18 vs 3d MD P17-P20, p=0.0001, wt P15-P18: 
n=4, nf1+/-  P15-P18: n=3, wt P17-P20: n=4, nf1+/-  P17-P20 MD: n=5) **p<0.01, ***p<0.001 
****p<0.0001. 



Chapter 4

80

 

whether rearing nf1+/- mice in an enriched environment would also normalize the 
inhibition/excitation ratio and restore critical period plasticity. To this end, we housed 
pregnant mothers in Marlau cages, which contain a running wheel and are 
composed of a ground floor comprising two compartments, one with food and one 
with water, that can only be reached through an upper floor where a maze is placed 
that is regularly changed. Pups were reared in this environment until the time of the 
experimental measurement. We first assessed whether environmental enrichment 
affected inhibitory innervation. Previous work had shown that enrichment reduced 
inhibition in V1 in adulthood, but during the critical period (Begenisic et al. 2011). As 
inhibition had already increased considerably in P28 nf1+/- mice and the critical period 
was closed, we were curious to see whether environmental enrichment would 
normalize inhibition or whether it would have no influence at this age. We measured 
sIPSCs from pyramidal neurons in cortical layers 2/3 of V1 in nf1+/- and wild-type 
mice after environmental enrichment. We found that sIPSCs recorded from layer 2/3 
pyramidal neurons of nf1+/- or wild-type mice reared in an enriched environment did 
not show a difference in either amplitude or frequency (Fig. 6A-D). The excitability of 
layer 2/3 pyramidal neurons, as measured by the number of action potentials fired 
with current injection was also not different between wild-type and nf1+/- mice that 
were reared in an enriched environment (Fig. 6E, F). This indicates that after 
environmental enrichment, inhibition and excitation are the same in nf1+/- and wild-
type mice.  

Considering that environmental enrichment could make the difference in 
inhibition/excitation between nf1+/- and wild-type mice disappear, we wanted to know 
whether it would also normalize OD plasticity at the peak of the critical period. To 
test this, we again used optical imaging of intrinsic signal to determine the OD in 
nf1+/- mice and wild-type littermates that were monocularly deprived for 3 days (P28-
P31), and in non-deprived mice. This revealed that 3 days of MD induced an OD 
shift both in enriched nf1+/- mice and their wild-type littermates (Fig. 6G), indicating 
that environmental enrichment normalizes the phenotypic changes we observed in 
developing V1 of nf1+/- mice. 
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Discussion 

In this study we show that in nf1+/- mice, cortical inhibition remains higher than in 
wild-type mice throughout the critical period of OD plasticity and that the critical 
period is shortened due to its precocious closure. Therefore, we propose that 
cognitive- and behavioral symptoms in NF1 are partially caused by dysregulation of 
critical periods of development caused by increased levels of cortical inhibition. This 
implies that treatments of the cognitive aspects of the disorder need to begin at a 
very young age, and that later attempts to correct increased levels of inhibition may 
only be partially effective.  

In chapter 3 we have shown that cortical inhibition increases rapidly after eye 
opening in nf1+/- mice, but that the development of spontaneous cortical activity is 
normal. Here we find that also the onset of the critical period was unaffected. Why 
did the critical period not start earlier in nf1+/- mice, despite the increase in inhibition? 
It is possibly due to the layer 2/3 pyramidal neurons initially remaining more excitable 
in these mice after eye opening, thus keeping the inhibition/excitation ratio 
unchanged compared to wild-type mice. When the mice reached P28, the peak of 
the critical period in wild-type mice, the excitability of layer 2/3 pyramidal neurons 
had normalized while the frequency of inhibitory currents remained high in nf1+/- 

mice. The early closure of the critical period in these mice may thus be caused by 
an increased ratio of inhibition and excitation. 

Figure 6. Early environmental enrichment rescues plasticity phenotype in V1 of nf1+/- 

mice by acting on inhibition levels. A, Schematic illustration of experimental approach. 
Electrophysiological recordings and optical imaging experiments are performed in mice around 
postnatal day (P)28, which are raised in environmental enriched (EE) conditions. B, 
Representative traces of spontaneous inhibitory postsynaptic currents (sIPSC) in L2/3 of V1 
in wild-type (wt) and nf1+/- mice, which are raised in an enriched environment. C, when raised 
in an enriched environment, nf1+/- and wt mice have the same average sIPSC amplitude 
(Mann-Whitney, p=0.91, wt: n=12 cells, nf1+/-  n=22) and frequency (Mann-Whitney, p=0.95, 
wt: n=12, nf1+/- n=22). D, Cumulative distributions of sIPSC amplitude and inter-event interval 
of enriched mice. E-F, When raised in an enriched environment, excitability of L2/3 pyramidal 
neurons is not different between wt and nf1+/- mice during the critical period for OD as assessed 
by (E) the number of action potentials (APs) induced by current injection (two-way Anova, 
interaction genotype/excitability, p=79) and (F) the maximum number of AP’s (t-test, p=0.63; 
wt: n=9, nf1+/-: n=10). G, Imaged Ocular Dominance Index (iODI) shows that 3 day monocular 
deprivation (3d MD) at postnatal day (P)28-P31 induces an OD shift in both wild-type (wt) and 
nf1+/- mice, when raised in an enriched environment (interaction two-way Anova, P=0.65, 3d 
MD vs iODI < 0.0001, post-hoc Tukey’s, wt vs wt 3d MD, P=0.0003, nf1+/- no MD vs nf1+/- 3d 
MD, P=0.0022. wt no MD: n=4 mice, nf1+/- no MD: n=3, wt 3d MD: n=7, nf1+/- 3d MD: n=9), 
**p<0.01, ***p<0.001.  
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The early closure of the critical period causes it to be shortened. This by itself may 
cause learning deficits, due to the limited time available for experience-dependent 
network refinement to occur. But more intricate problems may also occur, as critical 
periods take place in a temporal order, with lower cortical regions undergoing 
plasticity before higher regions. Their temporal dysregulation may thus affect 
developmental interactions between these cortical regions, potentially resulting in 
complex cognitive, behavioral or motor deficits such as the visuospatial deficits often 
observed in NF1, which involves various brain regions including V1 (Clements-
Stephens et al. 2008).  

Dysregulation of critical periods has also been found in some other mouse models 
of monogenetic neurodevelopmental disorders, including Rett syndrome and Fragile 
X. In Rett syndrome it was found that synaptic mechanisms were responsible for 
increased cortical inhibition (Durand et al. 2012; Krishnan et al. 2015) (though 
reduced inhibition was observed in another study (Banerjee et al. 2016)), resulting 
in both a premature onset and closure of the critical period of OD plasticity (Krishnan 
et al. 2015). This illustrates that neurodevelopmental problems may also arise when 
the critical period is not shortened but only shifted in time. Together, these studies 
suggest that critical period disruption may be a common theme in 
neurodevelopmental disorders, and that the precise timing of critical periods in 
different brain regions is crucial for proper brain development.  

Because our findings and previous studies all indicate that the cognitive deficits in 
NF1 are caused predominantly by increased inhibition (Costa et al. 2002; Cui et al. 
2008; Omrani et al. 2015; Shilyansky et al. 2010), reducing GABAergic transmission 
seems like a sensible therapeutic approach. It may however be highly challenging to 
correct critical period deficits using a pharmacological approach, considering that 
different brain regions may require reduced inhibition at different ages. We therefore 
investigated whether environmental enrichment would provide a promising 
alternative (Castrén et al. 2012). Previous work has shown that environmental 
enrichment decreases the inhibition/excitation ratio and extends the critical period of 
OD plasticity (Baroncelli et al. 2010; Begenisic et al. 2011; Greifzu et al. 2014; Sale 
et al. 2007). We found that in nf1+/- mice, differences in OD plasticity disappeared 
after environmental enrichment, showing that this approach can indeed overcome 
the developmental deficits. Additionally, environmental enrichment resulted in similar 
inhibitory innervation in nf1+/- mice compared to wild-type mice. Whether this is due 
to a change in inhibition in wild-type mice or also in nf1+/- mice has to be further 
tested. It is currently unknown through what mechanisms environmental enrichment 
affects inhibition. Interestingly, a recent study has shown that with age, Ih currents 
reduce in PV+ interneurons in the developing cortex (Yang et al. 2018). As 
environmental manipulations are known to affect HCN1 channel function (Schridde 
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et al. 2006), it is possible that enrichment increases Ih currents in PV+ interneurons, 
directly affecting the deficit observed in nf1+/- mice. 

Together, our results support the idea that an increased inhibition/excitation ratio 
causes critical period dysregulation in NF1. This has important implications for 
pharmacological approaches for the treatment of cognitive symptoms in NF1, and 
suggest that such treatment may have to start at a very young age. The finding that 
rearing mice in an enriched environment normalizes inhibition and prolongs critical 
period plasticity suggests that training approaches could directly act upon the 
increased inhibition observed in NF1 (Arnold et al. 2016; Barquero et al. 2015) and 
may be combined with pharmacological treatments in order to more specifically 
improve cognitive development.  
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