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Neurobiology of Disease
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Neurofibromatosis type 1 (NF1) is a common monogenic neurodevelopmental disorder associated with physical and cognitive
problems. The cognitive issues are thought to arise from increased release of the neurotransmitter GABA. Modulating the sig-
naling pathways causing increased GABA release in a mouse model of NF1 reverts deficits in hippocampal learning.
However, clinical trials based on these approaches have so far been unsuccessful. We therefore used a combination of slice
electrophysiology, in vivo two-photon calcium imaging, and optical imaging of intrinsic signal 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 of both sexes, inhibition increases strongly during the develop-
ment of the visual cortex and remains high. While this increase in cortical inhibition does not affect spontaneous cortical ac-
tivity patterns during early cortical development, the critical period for ocular dominance plasticity is shortened in NF1 mice
due to its early closure but unaltered onset. Notably, after environmental enrichment, differences in inhibitory innervation
and ocular dominance plasticity between NF1 mice and WT littermates disappear. 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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Neurofibromatosis type 1 is associated with cognitive problems for which no treatment is currently available. This study
shows that, in a mouse model of neurofibromatosis type 1, cortical inhibition is increased during development and critical pe-
riod regulation is disturbed. Rearing the mice in an environment that stimulates cognitive function overcomes these deficits.
These results uncover critical period dysregulation as a novel mechanism in the pathogenesis of neurofibromatosis type 1.
This suggests that targeting the affected signaling pathways in neurofibromatosis type 1 for the treatment of cognitive disabil-
Kities may have to start at a much younger age than has so far been tested in clinical trials. /
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Introduction

Neurofibromatosis type 1 (NF1) is a monogenic autosomal
dominant neurodevelopmental disorder caused by a heterozy-
gous mutation in the NFI gene, with an incidence of 1:3000.
Dominant symptoms are café-au-lait spots, neurofibromas,
and Lisch nodules (Cnossen et al., 1998; Ferner et al., 2007).
Additionally, most NF1 patients exhibit cognitive symptoms,
including learning disabilities, reduced visuospatial skills, motor
delays, social deficits, and attention deficit disorder (Schrimsher
et al., 2003; Hyman et al., 2005; Williams et al., 2009; Champion
et al., 2014). Many suffer from autism (Krab et al., 2008a, 2009).
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A mouse model of NF1, in which one nfI allele is deleted, has
been used to investigate molecular mechanisms underlying these
cognitive problems. NfI™/~ mice show spatial learning and
attention deficits, similar to NF1 patients (Silva et al.,, 1997).
Studies using #f1 "'~ mice demonstrated that increased neuronal
inhibition underlies cognitive and learning deficits in NF1
(Costa et al., 2002; Cui et al, 2008; Shilyansky et al., 2010;
Gongalves et al,, 2017), an idea that is supported by research on
human NF1 patients (Ribeiro et al., 2015).

The nfl gene encodes neurofibromin, a GTPase-activating
protein that inhibits Ras-MAPK signaling. Heterozygous dele-
tion of nfl causes disinhibition of the Ras-MAPK signaling path-
way, resulting in increased GABA release (Costa et al.,, 2002;
Cui et al, 2008; Krab et al, 2008c; Shilyansky et al., 2010).
Neurofibromin also interacts with the hyperpolarization-acti-
vated cyclic nucleotide-gated channel 1 (HCN1) (Omrani et al.,
2015), a voltage-gated ion channel that mediates an inward cati-
onic current (ITh) that regulates neuronal excitability (Benarroch,
2013; Shah, 2014). Reduced neurofibromin attenuates Th pre-
dominantly in interneurons (Omrani et al,, 2015), increasing
their excitability. Notably, pharmacological activation of HCN
channels can rescue electrophysiological and spatial learning def-
icits in adult nf1™*'~ mice.

Despite these successes with improving learning deficits in
nfl™*'~ mice, clinical trials based on these approaches for treating
NF1 patients have been unsuccessful (Krab et al., 2008b; van der
Vaart et al, 2013; Payne et al, 2016; Stivaros et al, 2018).
Possibly, cognitive deficits in NF1 patients originate primarily in
the cortex in contrast to the hippocampal origin of the spatial
learning deficit in nfl"™’~ mice. While hippocampal plasticity
remains high throughout life (Attardo et al., 2015), cortical plas-
ticity becomes more restrained once critical periods of develop-
ment have closed (De Paola et al., 2006). Thus, NF1 may cause
deficits in cortical development that can no longer be corrected
by treatment at a later age (Castrén et al., 2012). So far, NF1 clini-
cal trials have been conducted in adults or in children that are
8 years or older, when many developmental processes are already
completed.

If NF1 increases cortical inhibition during postnatal develop-
ment, this may impact various stages of cortical refinement. At
early stages of postnatal development, spontaneous activity of in-
hibitory and excitatory neurons guides neuronal connectivity
(Bonifazi et al, 2009). In the primary visual cortex (V1), for
example, synchronized bursts of action potentials (APs) refine
topographic connections before eye opening through correla-
tion-based plasticity mechanisms (Xu et al., 2011; Ackman et al,,
2012; Lee et al., 2014; Triplett et al., 2014; Winnubst et al., 2015).
Studies on ocular dominance (OD) plasticity in mouse V1
revealed that maturation of inhibitory innervation regulates the
onset and closure of critical periods during which cortical con-
nectivity is fine-tuned based on sensory inputs (Hensch et al.,
1998; Fagiolini and Hensch, 2000; Hensch, 2005). Changes in in-
hibition during development may thus cause lifelong cognitive
issues in NF1 patients.

Here we show that inhibition was increased during develop-
ment of V1 in nfl */~ mice. Spontaneous neuronal activity dur-
ing early development was unaffected in V1 of nfl™~ mice,
while the critical period of OD plasticity closed prematurely. We
also found that environmental enrichment during development
removed the differences in inhibitory innervation and OD plas-
ticity between nfl™'~ mice and WT littermates. Our findings
suggest that critical periods are dysregulated in NF1 and that
treatment of the disorder has to start early to prevent lifelong
cognitive problems.
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Materials and Methods

Animals. Experimental mice were obtained by crossing #fl ™/~ mice
(C57BL/6] background) with 12952/SvHsd mice (Envigo). For all experi-
ments, we used both male and female mice, which were on a 12 h light/
dark cycle between 0700 and 1900 h, and fed standard laboratory food
ad libitum. Mice were housed under specific pathogen-free conditions.
All experiments involving mice were approved by the institutional ani-
mal care committee and conducted with permission of the animal
experiment committee.

Viral injections. We used a viral vector to EGFP label inhibitory neu-
rons in V1 of nfl ™'~ mice, to make it easier to perform electrophysiolog-
ical recordings on fast-spiking interneurons. Pups (P0-P5) were
anesthetized by hypothermia and placed in a cooled stereotact. A glass
capillary (30-40 pm diameter) filled with 60 nl of an AAV vector driving
EGFP expression under the control of the mouse DLX promo-
ter (ssAAV-1/2-mDIx-HBB-chI-EGFP-WPRE-SV40p(A), Viral Vector
Facility, ETH) with a total concentration of 10° genome/ml was used for
injections through the skull, into V1. Pups were placed on a heat pad
before they were returned to the mother.

Slice electrophysiology. All slice electrophysiology was performed on
10- to 11-, 12- to 13-, or 27- to 32-d-old transgenic mice and age-
matched controls. Mice were anesthetized using isoflurane and then
decapitated. For most experiments, brains were quickly removed and
kept at 0°C in carbogenated (95% O,/5% CO,) normal ACSF containing
126 mM NaCl, 3 mm KCl, 1 mm MgSO,4, 2 mm CaCl,, 10 mum glucose,
1.20 mm NaH,PO,, and 26 mm NaHCO; (300 mOsm and pH 7.3); 330-
pm-thick coronal slices containing the visual cortex were cut on a vibra-
tome (Microm HM650V; Thermo Fisher 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 15min for recovery, while continuously
bubbled with carbogen. Next, slices were kept in continuously carbogen-
ated ACSF at room temperature until use (1-6 h after slicing). To per-
form electrophysiological experiments, slices were moved to a chamber
with continuous inflow and outflow of carbogenated ACSF at a rate of
1-2 ml/min at room temperature. A glass pipette with an impedance
between 3 and 4 m() was filled with intracellular solution. Whole-cell
recordings were made using a patch-clamp amplifier (Multiclamp 700a,
Molecular Devices), and signals were low-pass filtered at 4 kHz and digi-
tized at 10 kHz with a Digidata 1440A (Molecular Devices) operated by
PClamp 10 software. Care was taken that series resistance remained <15
M(). Verification that a pyramidal neuron was selected was based on the
shape of APs fired upon increasing current injection. Recordings in
which the input resistance fluctuated >20% during the experiment, indi-
cating leakiness of the membrane and instability of the whole-cell patch-
clamp recording, were discarded. Before recording sIPSCs, the pipettes
were filled with K-gluconate internal solution containing 70 mm K-glu-
conate, 70 mm KCl, 0.5 mm EGTA, 10 mm HEPES, 4 mm Mg-ATP, 4 mm
K2 phosphocreatine, and 0.4 mm GTP (pH 7.3 and 290 mOsm). Here,
the AMPA receptor blocker DNQX (Ascent Scientific), was applied in
the extracellular solution (10 um). For all experiments, cells were
clamped at —70mV and sIPSCs were measured during 10 min. Mini
Analysis (Synaptosoft) was used for analyzing sIPSCs.

For recording the excitability of fast-spiking interneurons, slices were
cut in ice-cold carbogenated cutting ACSF 125 mm NaCl, 3 mm KCl, 6
mM MgCl, 1 mM CaCly, 25 mMm glucose, 1.25 mm NaH,PO,, 1 mm
kynurenic acid, and 25 mm NaHCOs. Slices were kept in carbogenated
ACSF at 35°C for 35 min to recover and then allowed to return to room
temperature for 30 min before starting experiments. To perform electro-
physiological experiments, slices were moved to a chamber with contin-
uous inflow and outflow of carbogenated ACSF at a rate of 1-2 ml/min
at room temperature. Glass pipettes with an impedance of ~8 m() were
used, filled with K-gluconate internal solution containing 5 mg/ml biocy-
tin (Sigma-Aldrich, B4261). Interneurons were recognized by a round
soma and the absence of a clear apical dendrite. Only interneurons with
a fast-spiking firing pattern were included in the analysis. Whole-cell
recordings were made using a patch-clamp amplifier (Multiclamp 700b,
Molecular Devices) operated by AxoGraph software.

Two-photon calcium imaging. Mice from postnatal day (P) 10-12
were used to study activity patterns in the developing visual cortex in
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vivo, as previously described (Siegel et al, 2012). In brief, the animals
were anesthetized with isoflurane (2% in 1.7 L/min O,) and after anes-
thesia had become effective, lidocaine (0.5mg/g body weight, Astra
Zeneca) was injected into the neck muscle. The animal was then trans-
ferred to the imaging setup and placed on a heating blanket (35.5°C). A
head bar with an opening (@ 4 mm) above the visual cortex (0.5-2.5
mm rostral from A and 1-3 mm lateral from the midline) was attached
to the skull and a small craniotomy above the visual cortex was per-
formed without perforating the dura. The exposed cortical surface was
kept moist with cortex buffer. The multicell 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 micro-
scope (Movable Objective Microscope, Sutter Instrument) and a mode-
locked Ti:Sapphire laser (Spectra Physics, A = 810nm). 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 (0.8NA, Olympus), controlled by Labview (National
Instruments)-based software.

Calcium data analysis. Data analysis recordings of spontaneous net-
work activity were analyzed with custom-written algorithms in Image]
(National Institutes of Health) and MATLAB (The MathWorks)
(Winnubst et al., 2015). The image stacks were preprocessed by remov-
ing frames containing large-movement artifacts and aligned using
Turboreg with Image] or Normcorre (Pnevmatikakis and Giovannucci,
2017) with MATLAB. After preprocessing, contours of the cells were
drawn using Image] by creating a mask after auto local thresholding.
Glial cells in the FOV showed elevated basal intensity and were not
active. Therefore, all included ROIs were neuronal. The stacks were then
fed into MATLAB codes designed by Winnubst et al. (2015) to auto-
matically calculate AF/FO traces, representing changes in intracellular
calcium concentration. Next, the AF/F0 traces were used to detect activ-
ity events of individual cells. To reliably determine activity events, both
the AF/FO trace and its derivative were used for signal detection. The sig-
nal detection threshold was adjusted separately for each experiment (1-4
times the SD above the AF/FO and derivative traces) but remained the
same for all recordings within an experiment. We found that the rela-
tionship between signal and noise differed between experiments for vari-
ous 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 individ-
ual 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 net-
work event over the total number of detected neurons in the FOV.
Activity was scored when at least 6% of the imaged cells reached thresh-
old, whereas a network event was defined by a minimum participation
rate of >20%. The mean peak amplitude of the calcium signal of individ-
ual coactive cells was calculated by averaging the maximum AF/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 developmental age: L-
events are low participation (20%-80%) and low-amplitude events that
are generated in the retina and transmitted to the cortex, whereas 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 (>80% or
<80%). The frequency of L- events and H- events was determined by
dividing the total number of recorded events in each category by the re-
cording duration. Event amplitudes were calculated by averaging the
maximum AF/F0 value of all active cells for each event type.

Immunohistochemistry. Age-matched mice were anesthetized with
0.1 ml/g body weight Nembutal (Janssen) and perfused with 4% PFA in
PBS (~80 ml per mouse) and postfixed for 2-6 h. Postfixation time was
consistent between compared groups. V1 coronal sections of 50 pum were
made by using a vibratome (Leica Microsystems, VT1000S). Biotinylated
Wisteria Floribunda agglutinin (WFA, 1:500, Vector Laboratories,
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B-1355) together with mouse-a-parvalbumin (PV, 1:500, Swant, PV235)
was used to label perineuronal nets (PNN) and PV" interneurons.
Mouse-a-synaptotagmin-2 (1:1000, ZFIN, ZDB-ATB-081002-25), to-
gether with rabbit-a-neuronal nuclei (1:1000, Millipore, MABN140),
was used to label PV* boutons and neuronal soma. Primary antibodies/
WEFA were visualized using AlexaFluor-594 conjugated to streptavidin
(1:500, Invitrogen, S32356), AlexaFluor-488 goat-a-mouse (1:500,
Invitrogen, A28175), AlexaFluor-568 goat-a-mouse (1:1000, Invitro-
gen, A11004), and AlexaFluor-488 goat-a-rabbit (1:1000, Invitrogen,
A11070). All antibodies were previously tested in mice for the applica-
tion 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 1-2 h blocking in PBS containing 5% normal
goat serum and 0.1% Triton X-100 at room temperature. Primary anti-
body incubation was performed overnight at 4°C in fresh blocking solu-
tion. Next, the sections were washed 3 times for 10min in PBS with
0.1% Tween-20 (PBST) followed by secondary antibody incubation in
fresh blocking solution for 1.5-2 h at room temperature. After washing 3
times for 10min in TBST, the sections were mounted on glass slides
using Mowiol (Calbiochem/MerckMillipore), glass covered, and stored
at4°C.

To confirm that patched (biocytin-filled) interneurons were pvV”*
interneurons, acute slices were directly placed into 4% PFA in PBS for
20-25min followed by three 10min washes in PBS. Next, tissue was
blocked for 2 h in PBS containing 2% Triton-X, 5% BSA, and 5% normal
goat serum. Primary antibody against PV (rabbit-«-PV, Swant, PV27,
1:500) was diluted in blocking buffer and incubated for two nights at
room temperature. Following three 10 min washes in PBS, AlexaFluor-
555 goat-a-rabbit (Thermo Fisher Scientific, A27039) and AlexaFluor-
633 streptavidin (Invitrogen, $32364), both 1:500 in PBS were incubated
for 2 h. The tissue was finally washed in PBS 3 times for 10min
before mounting using FluorSave mounting medium (Merck-Millipore,
#345789).

Confocal microscopy and data analysis. Sections were imaged using
a confocal microscope (Leica Microsystems, SP5) with constant gain and
laser power across compared samples. Care was taken that no signal clip-
ping was present. For quantification of perisomatic puncta formed by
PV" interneurons, images were made using a 40x objective at a resolu-
tion of 1024 x 1024 pixels. Fluorescent puncta were analyzed using a
noncommercially available macro for Image-Pro PLUS (version 6.3). 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-um-wide ring
was calculated around the mask, and all puncta in the ring were consid-
ered to belong to the cell and were counted and measured. Signals not
reaching size and fluorescent threshold levels were omitted, as previously
described (Sommeijer and Levelt, 2012). Pixel intensity for the signal
within masks was considered background and subtracted from the in-
tensity values in the puncta.

To determine the distribution of interneurons that stained positive
for PV, images were made using a 10x objective at a resolution of
1024 x 1024 pixels. Maximum projections were made of z stacks of
seven steps. V1 was cropped, and layering was estimated based on corti-
cal thickness. Trainable Weka Segmentation (Arganda-Carreras et al.,
2017), an Image] plugin, was used to train a classifier (Out-Of-Bag
error < 5%, training data from both genotype) to define ROIs represent-
ing PV" interneurons. The resulting segmentation, manually curated,
was used to determine the number of PV interneurons per mm? across
V1 and the fraction of PV interneurons per layer.

z stacks that were imaged with a 20x objective (1024 x 1024 resolu-
tion) were processed in a similar way to identify ROIs representing PV *
interneurons. Background fluorescence was corrected for by subtracting
the mean fluorescent intensity of a small region surrounding the PV*
cell from the signal. Subsequently, the average intensity of PV" inter-
neurons in layer 2/3, 4, or 5 was determined for each mouse and normal-
ized by dividing the value by the average intensity in layer 4 of V1 of the
group of age-matched WT mice.

The previously selected ROIs were used to assess the WFA intensity
in the PNNs around the PV interneurons. Again, Trainable Weka
Segmentation was used to train a classifier model for PNNs (Out-Of-Bag
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error < 5%). This model was used to check a small area surrounding the
PV ROIs for the presence of possible PNNs. The contrast in these
regions was boosted using contrast limited adaptive histogram equaliza-
tion to increase the sensitivity of the model. The resulting segmentation
was used to assess the intensity (at original contrast) of the PNN, if pres-
ent. This value was corrected for background staining by subtracting the
mean of a small area surrounding the PNN. Subsequently, the average
PNN intensity and the fraction of PV interneurons enwrapped by a
PNN were determined for layers 2/3, 4, and 5. The average intensity in
layer 4 across age-matched WT mice was used for normalization.

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 one 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.

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 reopened. Animals that had premature opening of the eye or a
damaged eye were excluded from the experiments.

Optical imaging and visual stimulation. For optical imaging of
intrinsic signal, mice were anesthetized with an intraperitoneal injection
of urethane (Sigma Millipore; 20% solution in saline, 2mg/10 g body
weight). This was immediately followed by a subcutaneous injection of
atropine sulfate (50 pg/ml in saline, 1ng/10 g body weight) to reduce
excretions from mucous membranes and chlorprothixene (Sigma
Millipore; 2 mg/ml in saline, 80 ug/10 g body weight). Sometimes a sup-
plement of urethane of ~10% of the initial dose was necessary to obtain
a sufficient depth of anesthesia. Anesthetized mice were placed on a
heating pad, and body temperature was monitored with a rectal probe
and maintained at 36.5°C. A continuous flow of oxygen was provided
close to the nose. The mouse was fixated by ear bars with conical tips
and a bite rod behind the front teeth, 3 mm lower than the ear bars. The
scalp was treated with xylocaine (lidocaine HCI, atropine sulfate), and
part of the scalp was removed to expose the skull. The skull was cleaned
using saline. 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). Briefly, the exposed
skull was illuminated with 700 nm light. Responses were acquired with
an Optical Tmager 3001 system (www.opt-imaging.com). A 21 inch
y-corrected monitor placed 15cm in front of the mouse covering the
visual field was divided in 2 x 2 square patches. The retinotopic map
was 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 gray and of the same average intensity. Ten to 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 preset
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 = (contralateral response — ipsi-
lateral response)/(contralateral response + ipsilateral response). For all
quantitative measurements, an alternative normalization procedure was
used. An ROI polygon was drawn in the retinotopic map around all pix-
els 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 was
selected where no stimulus response, blood vessel artifact, or irregular-
ities of the skull were observed in the retinotopic map. Normalization
was conducted by taking the negative ratio of ROI over region of refer-
ence signal, normalizing it to stimulus onset and averaging the signal
from one frame after stimulus onset to 2 s after stimulus offset. The
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average of this ratio over all stimulus presentations was used as response
measure.

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 oth-
erwise. When two independent groups were compared, we used t test if
the data were normally distributed (Shapiro-Wilk test). Otherwise, a
Mann-Whitney test was used.

Results

Inhibition increased in nfl '~ mice after eye opening

We first wanted to understand whether, in nf1™'~ mice, changes
in inhibitory innervation occurred that might affect cortical de-
velopment. We started by analyzing whether inhibitory 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 nfl"’~ mice and littermate controls and measured the
frequency and amplitudes of sIPSCs in layer 2/3 pyramidal neu-
rons. We found that, right after eye opening, the sIPSC frequency
increased strongly in nfl™~ mice but only showed an upward
trend in WT mice (Fig. 1A-D). The sIPSC amplitudes did not al-
ter after eye opening and did not differ between genotypes (Fig.
1C,D). We conclude that, after eye opening, but not before, py-
ramidal neurons in #fI*'~ mice receive more inhibitory inputs
than those in control littermates.

Unaltered spontaneous activity patterns in nfl "'~ mice

To test whether this increase in inhibitory inputs of pyramidal
cells in nf1"'~ mice affected cortical activity patterns, we used in
vivo calcium imaging to investigate intrinsically generated spon-
taneous waves of activity that drive early cortical development
(Siegel et al.,, 2012; Leighton and Lohmann, 2016). It was previ-
ously shown that, in the developing visual system, two types of
network activity can be identified. One type is cortex derived and
characterized by high participation (H-) events in which >80%
of neurons are synchronously active. The other type originates
largely in the retina and is characterized by low participation (L-)
events, in which 20-80% of the cortical neurons are synchro-
nously active (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 nfl™/~
mice. Using two-photon calcium imaging, we assessed the spon-
taneous cortical activity in nfl™’~ mice and control littermates
that were 10 or 12d of age (Fig. 24,B). These experiments
revealed that the frequency of all events was not significantly
altered, although it appeared to be slightly higher in nfI*'~ mice
(Fig. 2C). Previously, we found that, in a mouse model of
Fragile-X, the percentage of L- events was the best indicator for
altered network activity (Cheyne et al., 2019). The percentage of
L- events in nfl™’~ mice was unchanged, however (Fig. 2D).
Neither did we detect a difference in mean amplitude over all
coactive cells during network events (Fig. 2E,F). Thus, the altered
levels of inhibitory inputs of layer 2/3 pyramidal neurons of V1
do not significantly affect their activity patterns during spontane-
ous network activity in nfl 7 mice.

Increased inhibitory currents in excitatory neurons in V1 of
nfl "'~ mice during the critical period

An increase in the inhibition/excitation ratio regulates the onset
and closure of the critical period of OD plasticity in V1, during
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Figure 1. Rapid increase in inhibition after eye opening in nfI*"~ mice. A, Schematic illustration of the experimental approach. Electrophysiological recordings are performed in layer 2/3 of
V1 in mice before and after eye opening at P10-P11 and P12-P13. B, Representative traces of sIPSCs in WT and nf7™*'~ mice before and after eye opening at P10-P11 and P12-P13.

C, Average amplitude and frequency of sIPSCs. The frequency of sIPSCs increases significantly faster in nf7

+/—

mice, compared with WT mice: two-way ANOVA, F(; 63y = 6.72, p=0.01, post

hoc Tukey's, WT: P10-P11 (n=23 cells from 9 mice) versus P12-P13 (n =10 cells from 4 mice), p=0.55, nf1 /=2 P10-P11 (1 =17 cells from 5 mice) versus P12-P13 (n=17 cells from 5
mice), p << 0.0001, P12-P13: WT versus 1=, p =0.03, whereas the amplitude remains unchanged (two-way ANOVA, F; &3y = 0.028, p = 0.87). D, Cumulative distributions of sIPSC ampli-

tudes and interevent intervals in P10-P11 and P12-P13 mice. *p << 0.05, ****p << 0.0001.

which visual experience refines the synaptic connectivity. We
therefore tested whether cortical inhibition was also increased in
nfl™*'~ mice during the peak of the critical period of OD plastic-
ity using patch-clamp recordings in slices of V1 from P28 nfl*/~
mice and WT littermates. These experiments confirmed, also at
this age, that sIPSCs occurred significantly more frequently in
layer 2/3 pyramidal neurons of nfl™/~ animals compared with
their WT littermates (Fig. 3A-D). Similarly to the situation at

P12, the sIPSC amplitudes (Fig. 3A-D) were not different
between nf1"’~ and WT mice. Thus, levels of inhibition remain
increased in nfl™’~ animals during the critical period of OD
plasticity in V1.

To understand whether the changes in sIPSC frequency were
caused by changes in the level of synaptic release or synapse
numbers, we also recorded mIPSCs after silencing general net-
work activity with the sodium blocker TTX. We found that
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Figure 2.  Normal early postnatal cortical development in nf ™/~ mice. 4, A schematic illustration 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 0GB-1. B, Example traces of spontaneous network dynamics in neurons indicated on the left. *Detected network events. L- and H- events
were determined based on the participation of multiple cells during a 1 h recording. Participation > 80% is H- event, and participation between 20% and 80% is an L- event. (, Frequencies
of all events are unaltered in nf7™/~ mice compared with WT (t test, p=0.10, WT: n.=11 mice, nfl ™/ ~: n =7 mice). D, Percentage of L- events is unchanged in nf1 ™/~ mice (p = 0.78). E,
Mean cellular amplitudes of L- events are unchanged (¢ test, p = 0.38). F, Also the mean cellular amplitudes of H- events are unchanged (t test, p = 0.37).

mIPSC frequencies were unaltered in nfl”f mice (Fig. 3E,F),  amplitude (83.96 = 0.934 vs 84.62 = 1.62mV), AP half-width
suggesting that the increase in sIPSCs was not due to increased  (0.3861 = 0.02 vs 0.3745 = 0.02ms), and percentage sag (8.133
vesicle release or synapse numbers. It therefore appeared more ~ * 1.14% vs 8.101 * 1.35%) were all unchanged. We assessed
likely that the increase in sIPSC frequency was due to increased ~ whether the excitability of layer 2/3 pyramidal neurons was also
excitability of inhibitory neurons in nfl ™'~ mice, in line with  higher in nfl™'~ compared with WT mice at this age. This was
previous findings (Omrani et al., 2015). not the case, and no difference in the maximal number of APs
fired could be detected between nfl ™'~ mice and their WT litter-
mates (Fig. 4D,E). Thus, these results confirm that the levels of
inhibition were higher at the peak of the critical period in nfl"/~
mice than in control littermates, due to a selective increase in the
excitability of inhibitory neurons.

Excitability of inhibitory neurons is selectively increased

To test whether parvalbumin-expressing (PV") interneurons
were more excitable in nfl*'~ mice, we performed whole-cell
recordings in fast-spiking interneurons and assessed the number
of APs evoked by current injection. We focused on fast-spiking
interneurons as these mostly represent PV basket cells, which  No change in size and density of boutons formed by PV "
have been shown to be the main source of inhibition regulating  neurons

critical period onset and closure (del Rio et al, 1994;  The absence of any difference in mIPSC frequency and ampli-
Chattopadhyaya et al., 2004; Sugiyama et al., 2008; Kuhlman et  tude between in nfl™'~ and WT mice suggested that the num-
al., 2013). To assist the identification of these neurons, we made  bers and sizes of inhibitory boutons in V1 would probably be
use of mice in which a viral vector was injected in V1 driving  unaltered in V1 of afl*'~ mice. To test this more directly, we
interneuron-specific EGFP expression. Immunohistochemical ~ focused on the inhibitory boutons formed by PV ™" interneurons.
assessment of several recorded neurons confirmed that fast-spik- PV interneurons are known to express high levels of HCNI,
ing neurons represented PV " interneurons (Fig. 4A). We found  and their excitability was found to be increased in the hippocam-
that, upon current injection, fast-spiking interneurons in slices  pus of nfl*’~ mice (Omrani et al, 2015). We investigated
from nfl™’~ mice fired more APs than those in in slices from  whether the numbers or sizes of inhibitory boutons formed by
WT littermates (Fig. 4B,C). Resting membrane potential (—62.07 PV interneurons onto pyramidal neurons in layer 2/3 and layer
+ 0.65 vs —63.36 = 1.07 mV), input resistance (145.5 = 20.28 vs 5 were altered in nf1+/ " mice. To this aim, we stained V1 sec-
99.40 +21.90 MOhm), rheobase (163.6+23.44 vs 202 =  tions of nf1+/ ~ mice and WT littermates with antibodies to syn-
35.05pA), AP threshold (37.95 + 1.03 vs 37.59 = 0.60mV), AP aptotagmin-2, a protein selectively expressed by PV boutons



van Lieretal. @ Disrupted Critical Period in Neurofibromatosis Type 1

P28
B sIPSC P28
wt WWFMWN

sIPSC

C

80 4 sIPSC

20 *

[}
o
1

[e]

Amplitude (pA)
N B
o o
50
o

Frequency (Hz)
S
o

o
i
o

wt nff*- wt

D sIPSC sIPSC
1.0
0.8
0.6
0.4

0.2

1.0
0.8
0.6
0.4

— wit

— nf1*-
0.2

Cumulative fraction

sIPSC P28

o Y-

[e]e)

nf1+/-

_— wt

= nf1*"

J. Neurosci., July 8, 2020 - 40(28):5495-5509 - 5501

Development of PV " interneurons
in V1 not significantly altered

Next, we investigated whether the
increased activity of inhibitory inter-
neurons in V1 caused an acceleration
or delay in their development. To this
aim, we used immunohistochemistry
to assess two markers of PV inter-
neuron maturation: expression levels
of PV and the presence of PNNs
around PV cells (visualized by WFA).
We found no difference in the numbers
of PV interneurons in V1 of nfl*’~
mice and littermate controls (Fig. 6A-
C), and no difference in the distribution
of these cells across the different corti-
cal layers (Extended Data Fig. 6-1A),
around the onset (P21-P22) and the
peak (P29) of the critical period. We
assessed the intensity of WFA staining
per PV" interneuron (Fig. 6D; Extended
Data Fig. 6-1). While it appeared slightly
lower in nfl™/~ mice at P21-P22,
this difference was not significant. At
P29, no difference in WFA expression
was observed. Although PV expression
appeared somewhat lower in P21-P22
nfl™'~ mice, the difference was not sig-
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Figure 3.  Enhanced inhibition in L2/3 of V1 in nfI™*'~ mice during the critical period. A, Schematic illustration of the experi-
mental approach. Electrophysiological recordings are performed in layer 2/3 of V1 in mice before and after eye opening around
P28. B, Representative traces of sIPSC in L2/3 of V1 in 4-week-old WT and nf1 ™/~ mice. , Averages of sIPSC amplitude and fre-
quency. Although sIPSC amplitude is unchanged (Mann—Whitney, p =0.40; WT: n=13 cells from 5 mice, nf1 =
n=16 cells from 6 mice), sIPSC frequency is significantly increased in nf7 ™'~ compared with WT pyramidal neurons (t
test, p=10.03). D, Cumulative distributions of sIPSC amplitude and interevent interval. E, Representative traces of
mIPSCs in WT and nf1™/~ mice at P28. F, Average amplitude and frequency of mIPSCs remain the same in P28 nf1 ™'~
and WT mice (amplitude: Mann—Whitney: p = 0.19; frequency: ¢ test: p=0.56; WT: n=13 cells from 5 mice; nf1 ™+~

n=17 cells from 6 mice). *p < 0.05.

(Sommeijer and 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 peri-
somatic synaptotagmin-2 puncta in layer 2/3 or 5 in nfl 7 mice
compared with WT mice (Fig. 5A-C). These data show that
increased inhibitory currents are not due to increased numbers
or sizes of presynaptic boutons formed by PV " interneurons.

660 8(')0
sIPSC interval (ms)

mlIPSC P28

nft mmmwrn,r

nf1 +-

nificant (Fig. 6E; Extended Data Fig. 6-
1). No difference was observed at P29.
Finally, we quantified the fraction of
PV™ interneurons that were enwrapped
in PNNs (Fig. 6F) and did not detect
any differences between nfl™’~ mice
and littermate controls in any of the
layers of V1 (Extended Data Fig. 6-1D).
It thus appears that, while PV" inter-
neurons are more excitable in nfl*’~
mice, this does not affect their maturation.

20 pA

250 ms

Precocious closure of the critical
period of plasticity in V1 of nfl "/~
mice
Because the patch-clamp recordings
revealed that inhibitory inputs were
increased in nfl™’~ mice during the
peak of the critical period, we 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 nfl ™/~ and
WT littermates that were monocularly
deprived for 3d from P28 to P31, and
in mice that were not deprived. We
found that 3d of MD caused a signifi-
cant reduction of V1 responses to the
deprived eye (Fig. 7A-C), resulting in a shift in OD toward the
nondeprived eye in WT mice but not in nfl™~ mice (Fig. 7D).
This indicated that nfI "'~ mice show reduced OD plasticity dur-
ing the peak of the critical period compared with WT control
mice.

This finding may indicate that cortical plasticity is reduced in
nfl’*'~ mice, or that the critical period for OD plasticity closes
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Increased excitability of inhibitory neurons. A, Immunohistochemical example of a PV™ inhibitory neuron, confirming the correct cell type was patched based on morphology. B,

€, Excitability of L2/3 fast-spiking interneurons is increased in nf1 ™'~ mice compared with WT mice during the critical period for OD plasticity as assessed by (B) the number of APs induced by
current injection (two-way ANOVA, genotype effect, F(1 19 = 4.78, p=0.04, area under curve comparison, t test, p=0.04) and () the maximum number of APs (Mann—Whitney, p =0.02;
WT: =12 cells from 5 mice, nfI */~: n =9 cells from 5 mice). D, E, Excitability of L2/3 pyramidal neurons is not different between WT and nff™'~ mice during the critical period for OD plas-
ticity as assessed by (D) the number of APs induced by current injection the number of APs induced by current injection (two-way ANOVA, genotype effect, f( 55y = 0.36, p = 0.55, area under

+/—.

curve comparison, ¢ test, p = 0.55) and (E) the maximum number of APs (Mann—Whitney, p = 0.80; WT: n =11 cells from 5 mice, nf1™"": n =16 cells from 6 mice). *p < 0.05.

early. To differentiate between these possibilities, we again used
optical imaging of intrinsic signal to determine the OD in nfl™/~
mice and their control littermates that were either monocularly
deprived for 3d at the beginning of the normal critical period
(P21-P24) or reared normally. We found that 3 d of MD starting
at P21 induced an OD shift in nfI*/~ mice that was comparable
with that in littermate controls (Fig. 7E). We conclude that OD
plasticity in nfl ™/~ mice is only reduced at the later phase of the
critical period, suggesting that the nfI™'~ mutation does not
interfere with OD plasticity per se, but causes premature closure
of the critical period.

Normal onset of the critical period of plasticity in V1 of
nfl™'~ mice

The early increase in inhibitory inputs soon after eye opening
may also 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 nfl*/~ and WT mice to 3d of

MD, starting at P15 or P17 and assessing whether this induced
a shift in OD compared with nondeprived littermates. We
found that 3d of MD at P15 did not induce an OD shift in
nfl™’~ and WT mice, indicating that, on this genetic back-
ground, the critical period for OD plasticity had not yet
started (Fig. 7F). However, after 3d of MD starting at P17,
both nfI™'~ 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 nfl™’~ mice,
implying that the total duration of the critical period in these
animals is reduced.

Early environmental enrichment rescues plasticity
phenotype in V1 of nfl '~ mice by acting on inhibition

levels

Previous work has shown that enriching the environment of
mice by physical, social, and cognitive stimulation reduces
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No change in size and density of boutons formed by PV neurons. 4, Immunohistochemical examples of the soma (green) of a L2/3 and L5 pyramidal neuron with puncta formed

by synaptotagmin-2 positive (syt2) neurons (red). B, The number of syt2 puncta is not different between WT and a1t~ mice in L2/3 (t test, P21: p=0.68, WT: n=4 mice, nf1t'~n=5
mice; P28: p=0.11, WT: n=3 mice, nf1 ™'~z n=3 mice; P35: p=0.85, WT: n=3 mice, nfl ™/~ n=3 mice) or in L5 (¢ test, P21: p=0.90, WT: n=4 mice, nf1*'~: n=6 mice; P28:
p=0.46, WT: n=3 mice, nf1™' = n=3 mice; P35: p=095 WT: n=4 mice, nf1"'~: n=3 mice). , The size of syt2 puncta is also not different between WT and nf1™' mice in L2/3 (t
test, P21: p = 0.90; P28: p=0.91; P35: p=10.22) or in L5 (¢ test, P21: p = 0.66; P28: p = 0.42; P35: p = 0.81).

inhibitory innervation and enhances OD plasticity (Sale et al.,
2007; Begenisic et al., 2011; Greifzu et al., 2014). Therefore, we
wondered whether rearing nf1*’~ mice in an enriched environ-
ment 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, which 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 envi-
ronmental enrichment affected inhibitory innervation. Previous
work had shown that enrichment reduced inhibition in V1 in
adulthood, but not during the critical period (Begenisic et al.,
2011). As inhibition had already increased considerably in P28
nfl’*'~ mice and the critical period was closed, we were curious
to see whether environmental enrichment would normalize inhi-
bition or whether it would have no influence at this age. We
measured sIPSCs from pyramidal neurons in cortical layers 2/3
of V1 in nfl™’~ and WT mice after environmental enrichment.

We found that sIPSCs recorded from layer 2/3 pyramidal neu-
rons of nflI*'~ or WT mice reared in an enriched environment
did not show a difference in either amplitude or frequency (Fig.
8A-D). The excitability of layer 2/3 pyramidal neurons, as meas-
ured by the number of APs fired with current injection, was also
not different between WT and nfl ™'~ mice that were reared in
an enriched environment (Fig. 8E,F). This indicates that, after
environmental enrichment, inhibition and excitation are the
same in nfl"'~ and WT mice.

Considering that environmental enrichment could make the
difference in inhibition/excitation between nfl™’~ and WT
mice disappear, we wanted to know whether it would also nor-
malize OD plasticity at the peak of the critical period. To test
this, we again used optical imaging of intrinsic signal to deter-
mine the OD in nfl ™/~ mice and WT littermates that were
monocularly deprived for 3d (P28-P31), and in nondeprived
mice. This revealed that 3d of MD induced an OD shift both in
enriched nfl™'~ mice and their WT littermates (Fig. 8G).
Interestingly, when we assessed the absolute responses of V1
responses to the deprived contralateral eye and the nondeprived
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Figure 6. No changes in maturation markers of PV neurons at the onset and peak of the critical period. A, Immunohistochemical examples of PNNs in green and PV interneurons of WT
and nfI™'~ mice at the onset (P21-P22). The schematic representation of the location of V1 was adapted from the Allen Brain Atlas. B, Left, Example ROIs used for the quantification of the
PV" interneurons density. Top right, example ROI used for the measurement of PV intensity (inner circle) and the surrounding background (between inner and outer circle). Bottom right,
Example ROI used for the measurement of WFA intensity (between inner and middle circle) and the surrounding background (between middle and outer circle). €, The number of PV inter-
neurons per mm? did not differ between WT and 7/~ mice at P21-P22 (t test, p=0.66; WT: n = 8 mice, nfi™ = n=6) or P29 (¢ test, p=061;,WT:n=7, nfi™ =2 n=5) (for the distri-
bution of PV interneurons per cortical layer, see Extended Data Figure 6-14). D, At P21-P22, WFA intensity around PV interneurons in V1 appeared to be slightly lower in nf7 ™+~ mice but
did not differ significantly from WT mice (t test, p = 0.06; WT: n=8 mice, nfI™*'~: n = 6). No difference was observed at P29 (Mann-Whitney, p = 0.50; WT: n =7, nf1™*/~: n=5) (for WFA
intensity per layer, see Extended Data Figure 6-10). E, PV intensity showed a similar pattern with a nonsignificant trend toward lower expression in nf1 ™/~ mice at P21-P22 (t test, p = 0.23;
WT: n=8 mice, nfl ™/ ~: n=6), which was absent at P29 (¢ test, p=0.91; WT: n=7, nf1™/~: n=5). The PV and WFA intensities were normalized by dividing the signal by the average in-
tensity across the age-matched WT mice. Extended Data Figure 6-18 shows the PV intensity per layer. F, The fraction of PV interneurons enwrapped by a PNN in V1 was similar between
nf1™"~ mice and WT littermates at P21-P22 (Mann—Whitney, p = 0.57; WT: n=8, nf1™/~: n = 6) and P29 (Mann-Whitney, p > 0.99; WT: n =7, nf1™/~: n = 5) (for fraction of PV inter-
neurons with PNN per layer, see Extended Data Figure 6-1D).

ipsilateral eye, we found that the OD shift in WT mice was
caused predominantly by a strengthening of the nondeprived eye
responses. In nf1"'~ mice, the strengthening of the nondeprived

Discussion
In this study, we show that, in nfl™"~ mice, cortical inhibition
increases rapidly after eye opening and remains higher than in

+/-

eye responses was also visible but not significant, and the OD
shift involved a combination with reduced responsiveness to the
deprived eye. This suggests that environmental enrichment
improves the plasticity deficit in of nfl "/~ mice, but also changes
plasticity mechanisms during the critical period.

WT mice throughout the critical period of OD plasticity. While
we did not find changes in spontaneous activity patterns during
early cortical development in nf1"’~ mice, the critical period of
OD plasticity was shortened due to its precocious closure.
Therefore, we propose that cognitive and behavioral symptoms
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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 disor-
der need to begin at a very young age, and that later attempts to
correct increased levels of inhibition may only be partially
effective.

Our recordings of inhibitory currents in layer 2/3 pyramidal
neurons of V1 revealed that spontaneous inhibitory currents
occurred more frequently in nf1 "'~ mice. This was first observed
after eye opening and continued during the critical period. The
frequency and amplitudes of mIPSCs were not altered, suggest-
ing that changes in vesicle release probability or synapse num-
bers did not occur. This is in line with previous work in nfI™*/'~
mice showing that GABA release was only increased under con-
ditions that mimicked high-frequency stimulation (Cui et al.,
2008). We therefore tested another possible explanation for the
increase in inhibition: increased excitability of cortical interneur-
ons. It was recently shown that HCN1 interacts with the N-
terminal part of the neurofibromin protein. In mice carrying a
mutated nfl gene, HCN1 levels in hippocampus were reduced
and Th currents were strongly diminished causing increased neu-
ronal excitability that was not mediated by enhanced Ras-MAPK
signaling (Omrani et al., 2015). This mostly affected GABAergic
neurons because they express the highest level of HCN1. In line
with these findings, we found that, in V1 of nfl ™'~ mice, fast-
spiking interneurons, but not layer 2/3 pyramidal neurons,
showed an increase in excitability during the critical period. This
suggests that, also during cortical development, reduced nfl
expression results in increased inhibition due to HCN1 dysfunc-
tion in inhibitory neurons.

Despite the increased cortical inhibition, we did not notice
any differences in spontaneous activity patterns in developing
V1 of nfl™’~ mice as assessed by in vivo two-photon calcium
imaging. This contrasts with the situation in a mouse model of
Fragile-X in which a considerable reduction in the ratio of L- to
H- events was observed (Cheyne et al., 2019). It thus appears that
developmental deficits in NF1 start later than in Fragile-X.
However, it is also possible that more subtle changes in sponta-
neous activity occur in nfl "/~ mice that we did not notice using
our approach. It is thus important to investigate in the future
whether refinement of connections at the subcellular level are
affected by changes in inhibitory innervation in nfl ™/~ mice.

The critical period of OD plasticity was shortened in nfl™'~
mice. While it closed earlier in nf1 ™/~ mice, it started at the same
time as in WT littermates. This observation also supports the
idea that NF1 mostly affects later stages of visual cortical devel-
opment, when the critical period has already opened. This differs
from the situation in other mouse models in which increased in-
hibition around the time of eye opening caused a precocious
onset of the critical period, such as BDNF transgenic mice
(Hanover et al.,, 1999; Huang et al., 1999) and mice treated with
benzodiazepine, a positive allosteric GABA(A)-receptor modula-
tor (Fagiolini and Hensch, 2000). One possible explanation for
the different situation in nfI*'~ mice could be that the develop-
ment of inhibitory innervation in BDNF transgenic mice (Huang

«—

no MD vs 3d MD P17-P20, p = 0.0004, 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 no MD: n =2 mice, nf1™/~
no MD: n=3, WT P15-P18: n=4, nfi™/~ P15-P18: n=3, WT P17-P20: n=4, nf1*'").
*p < 0,05, *%p < 0.01, **p < 0.001, ***p < 0.0001.
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et al, 1999) and benzodiazepine-treated mice (Iwai et al., 2003)
was also advanced, while this was not the case in nfl™/~ mice. A
recent study in mice in which nfl was inactivated in precursors
of cortical interneurons (Angara et al., 2020) showed evidence
that nfl deletion could even delay PV™ interneuron develop-
ment. Fewer PNNs were found in somatosensory cortex of these
mice. PV expression was also affected by nfI deletion, but only
if both alleles were inactivated. In V1 of nfl™'~ mice, we also
noticed some reduction of WFA and PV expression at the onset
of the critical period, but the differences were not significant. It is
thus possible that advanced development of inhibitory innerva-
tion is necessary for an early critical period onset, and that the
mere increase in excitability of fast-spiking interneurons as
observed in nf1 "'~ mice is not sufficient.

The critical period did close prematurely, however, effectively
shortening its duration. Possibly, near the end of the critical pe-
riod, the increased excitability of interneurons in nfl*'~ mice
interferes with the temporary reduction of PV " interneuron
activity required for OD plasticity (Kuhlman et al., 2013).
Although we only assessed inhibitory inputs and OD plasticity in
the upper layers of V1, we expect that deeper layers are similarly
affected in nfl ™/~ mice. Interneurons in all cortical layers express
high levels of HCN1, and the OD shift measured in the superfi-
cial layers is a reflection of rearrangements of both intralaminar
horizontal connections (Trachtenberg et al., 2000; Trachtenberg
and Stryker, 2001) and thalamocortical and layer 4 projections to
layer 2/3 (Liu et al., 2008; Khibnik et al., 2010).

The shortening of critical periods by itself may cause learning
deficits, due to the limited time available for experience-depend-
ent network refinement. 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 develop-
mental interactions between cortical regions, potentially result-
ing in complex cognitive, behavioral, or motor deficits, such as
the visuospatial deficits often observed in NF1, which involve
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 syn-
drome, it was found that synaptic mechanisms were responsible
for accelerated development of cortical inhibition (Durand et al.,
2012; Krishnan et al, 2015), although 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 neurodeve-
lopmental problems may also arise when the critical period is
not shortened but only shifted in time. Thus, critical period dis-
ruption may be a common theme in neurodevelopmental disor-
ders, and the precise timing of critical periods in different brain
regions may be crucial for proper brain development.

Because our findings and previous studies all indicate that
increased inhibition contributes to the cognitive deficits in NF1
(Costa et al., 2002; Cui et al, 2008; Shilyansky et al., 2010;
Omrani et al, 2015), reducing GABAergic transmission seems
like a sensible therapeutic approach. It may, however, be chal-
lenging to correct critical period deficits using pharmacology, as
different brain regions may require reduced inhibition at differ-
ent ages. We therefore investigated whether environmental
enrichment would provide a promising alternative (Castrén et
al., 2012). Previous work has shown that environmental enrich-
ment decreases inhibition and enhances OD plasticity (Sale et al.,
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Figure 8.  Early environmental enrichment rescues plasticity phenotype in V1 of nf1™'~ mice by acting on inhibition levels. 4,

Schematic illustration of experimental approach. Electrophysiological recordings and optical imaging experiments were performed
in mice around P28, which are raised in an enriched environment (EE). B, Representative traces of sIPSCs in L2/3 of V1 in EE-raised
WT and 1™~ mice. €, EE-raised nf1™/~ and WT mice have the same average sIPSC amplitude (Mann—Whitney, p =091, WT:
n=12 cells from 3 mice, nf1™*'~ n=22 cells from 7 mice) and frequency (Mann—Whitney, p = 0.95). D, Cumulative distributions
of sIPSC amplitudes and interevent intervals of EE-raised WT and nf1™/~ mice. E, F, Excitability of L2/3 pyramidal neurons is not
different between EE-raised WT and nf1™'~ mice during the critical period as assessed by (E) the number of APs induced by cur-
rent injection (two-way ANOVA, interaction genotype/excitability, p=0.79) and (F) the maximum number of APs (t test,
p=063; WT: n=9 cells from 3 mice, nf1 ™/~ n=10 cells from 5 mice). G, Imaged iODI shows that 3d MD at P28-P31 induces
an 0D shift in both WT and nf1 ™/~ mice, when raised in an enriched environment (two-way ANOVA, 3d MD effect, f(1 19 =
44,62, p < 0.0001, post hoc Tukey's, WT no MD vs WT 3d MD, p = 0.0003; nf7™/~ no MD vs nf1 ™/~ 3d MD, p=0.002; WT 3d
MD vs nf1 /= 3d MD: p=0.998; WT no MD: n=4 mice, 1"/~ no MD: n=3 mice, WT 3d MD: n=7 mice, nf1™'~ 3d MD:
n=9 mice). H, Absolute change in contralateral and ipsilateral responses. 3d MD at P28-P31 causes an increase of nondeprived
eye responses in WT. This trend is also visible, but not significant, in nf1™*/~ mice (two-way ANOVA, 3d MD effect, Fag) =
10.16, p=0.005, post hoc Tukey's, no MD WT vs 3d MD WT: p = 0.03; no MD nf1™/~ vs 3d MD nf1™/=: p=0.43; WT 3d MD vs
nf1™'= 3d MD: p=0.63), whereas deprived eye responses remain the same (two-way ANOVA, 3d MD effect, (1 15 = 2.13,
p=0.16). *p < 0.05, **p < 0.01, ***p < 0.001.
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2007; Baroncelli et al., 2010; Begenisic
et al., 2011; Greifzu et al,, 2014). We
found that, in nfl™’~ mice, differences
in OD plasticity and inhibitory inner-
vation disappeared after environmen-
tal enrichment, showing it can indeed
improve the plasticity deficits. After
environmental enrichment, the OD
shift could be induced by brief MD,
typical for critical period plasticity, in
WT and nfl"’~ mice. Surprisingly, in
WT mice, the shift was caused pre-
dominantly by increased responses to
the nondeprived eye, typical for adult
OD plasticity. This trend, though not
significant, was also visible in nfl™/~
mice. OD plasticity with characteris-
tics of both adult and critical period
plasticity was also observed in adult
mice reared in an enriched environ-
ment (Kalogeraki et al, 2017). As
previous studies noted that environ-
mental enrichment also accelerates
cortical development (Bartoletti et al.,
2004; Cancedda et al., 2004; Sale et al.,
2004), it is possible that in our hands
it enhanced plasticity and accelerated
V1 development at the same time. It
is currently unknown through what
mechanisms environmental enrich-
ment affects inhibition. Interestingly,
a recent study has shown that with
age, Th currents reduce in PV ™" inter-
neurons in the developing cortex
(Yang et al., 2018). As environmental
manipulations are known to affect
HCNI1 channel function (Schridde et
al., 2006), it is possible that enrich-
ment increases Th currents in PV™
interneurons, directly affecting the
deficit observed in nfI "'~ mice.

Together, our results support the
idea that increased inhibition causes
critical period dysregulation in NFI.
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.
Our observation that increased inhibi-
tion was caused by hyperexcitability of
cortical interneurons emphasizes the
importance of HCN1 channels as a
therapeutic target. The finding that
rearing mice in an enriched envi-
ronment normalizes inhibition and
enhances plasticity in nfl*'~ mice
suggests that training approaches may
also be effective and could directly act
on the increased inhibition observed
in NF1 (Barquero et al., 2015; Arnold
etal,, 2016).
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