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Layer 5 (L5) pyramidal neurons receive predictive and sensory inputs in a compart-
mentalized manner at their apical and basal dendrites, respectively. To uncover how
integration of sensory inputs is affected in autism spectrum disorders (ASD), we used
two-photon glutamate uncaging to activate spines in the basal dendrites of L5 pyramidal
neurons from a mouse model of Fragile X syndrome (FXS), the most common genetic
cause of ASD. While subthreshold excitatory inputs integrate linearly in wild-type ani-
mals, surprisingly those with FXS summate sublinearly, contradicting what would be
expected of sensory hypersensitivity classically associated with ASD. We next investigated
the mechanism underlying this sublinearity by performing knockdown of the regulatory
p4 subunit of BK channels, which rescued the synaptic integration, a result that was
corroborated with numerical simulations. Taken together, these findings suggest that
there is a differential impairment in the integration of feedforward sensory and feedback
predictive inputs in L5 pyramidal neurons in FXS and potentially other forms of ASD, as
a result of specifically localized subcellular channelopathies. These results challenge the
traditional view that FXS and other ASD are characterized by sensory hypersensitivity,
proposing instead a hyposensitivity of sensory inputs and hypersensitivity of predictive
inputs onto cortical neurons.

layer 5 pyramidal neurons | synaptic integration | autism spectrum disorders |
BK channels | dendritic spines

Fragile-X syndrome (FXS) is the most frequent form of inherited intellectual disability
and the commonest known cause of autism (1, 2). FXS and other neurodevelopmental
disorders associated with autism spectrum disorders (ASD) have a negative impact in
most, if not all, everyday life activities, with a global prevalence that has been growing
steeply since the 1990s (3). FXS occurs because of the inactivation of the Fragile X Mental
Retardation 1 (FMR1) gene, which encodes the FXS Protein (FMRP), a polyribosome-as-
sociated RNA-binding protein that inhibits the translation of bound messenger (m)RNAs,
especially at synapses (4, 5). At the cellular level, it has been shown that spines [tiny
protrusions covering the dendrites of cortical pyramidal and spiny stellate neurons that
constitute the postsynaptic element of ~95% of all the excitatory synapses (6-8)] are
abnormally long and dense in mice models of FXS (FmrI-knockout (KO) mice) (9, 10).
These synaptic alterations suggest the presence of defects in the transmission, plasticity,
and integration of excitatory inputs in FXS (11, 12). At the circuit level, the neocortex
of FmrI-KO mice has been found to be hyperexcitable (13—17) with pyramidal neurons
exhibiting abnormally high and synchronous firing, leading to recurrent bursting
(18)—something long assumed to cause sensory hypersensitivity (reviewed in ref. 19).
A key function of the neocortex is to associate external sensory information with an
internal representation of the world to make predictions about the future (20-22).
Specifically, layer 5 (L5) pyramidal neurons integrate sensory inputs (feedforward) in their
basal dendrites with information from other cortical areas (feedback) at the apical dendrites
in layer 1 (20). Feedback information provides contextual or internal invariant predictive
representation of the world built from previous experiences, while feedforward inputs
provide external sensory information. Thus, to make predictions about the world (cogni-
tion and conscious perception) the brain has to combine aspects of perceived experience
(sensory feedforward information) with an internal representation of the world (predictive
feedback information) (23-26). L5 pyramidal neurons, vertically spanning all cortical
layers, are the main candidates believed to perform this task (20, 27). Hence, defects in
the processing and integration of excitatory inputs at the level of single dendritic spines
in the basal and/or distal apical tuft dendrites of L5 pyramidal neurons could contribute
to the functional cortical defects associated with neurological disorders such as FXS and
ASD. Indeed, previous work has shown during repetitive electrical stimulation of layer 1,
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an enhanced temporal summation of excitatory inputs in the api-
cal dendrites of FmrI-KO L5 pyramidal neurons (13). In addition,
this work also found an increase in the number of action poten-
tials, evoked during tactile stimulation, in FmrI-KO L5 pyramidal
neurons compared with those in wild-type (WT) neurons (13).
It remains unknown, however, how sensory inputs are processed
at the level of individual synapses in the basal dendrites of
Fmr1-KO L5 pyramidal neurons, and whether the synaptic inte-
gration impairments are equally or differentially affected within
feedforward and feedback pathways in L5 pyramidal neurons in
FXS.

Here, we aim to uncover if the integration of feedforward sensory
inputs at the level of single synapses in the basal dendrites of L5
pyramidal neurons is altered in Fm7I-KO mice and, if so, explore
the underlying mechanisms responsible for any observed differences.
To do so, we first determined how near-simultaneous inputs onto
neighboring spines are integrated in L5 pyramidal neuron dendrites
from FmrI-KO versus WT mice. As previously demonstrated (28),
we found that the basal dendrites of WT L5 pyramidal neurons
integrate inputs linearly before the generation of a dendritic spike,
whereas, surprisingly, synaptic inputs in L5 pyramidal neuron basal
dendrites summate sublinearly in F7/-KO mice. To try to under-
stand the underlying mechanism, we focused on spine channelopa-
thies that have been associated with FXS (29), in particular defects
in large-conductance voltage- and calcium-activated potassium (BK)
channels that have been described in the apical dendrites of Fmrl-KO
L5 pyramidal neurons (13). Previous work has further revealed that
FMRP interacts with the 4 regulatory subunit of BK channels (30),
which are localized to dendritic spines where they play a role con-
tributing to synaptic efficacy in L5 pyramidal neurons (31). Thus, in
WT mice, FMRP can sequester the p4 subunit, as has been shown
in the hippocampal pyramidal neurons (30), and prevent it from
interacting with BK channels, whereas in FmrI-KO animals, an
increased binding of BK channels and its $4 subunit would occur.
‘The P4 subunit decreases the probability of BK channels opening at
low calcium concentrations and increases it at high calcium concen-
trations while also slowing down activation and deactivation kinetics
(32, 33), which would ultimately affect L5 pyramidal neuron inte-
grative properties. Hence, we predicted that the sublinear integration
in the basal dendrites of FmrI-KO L5 pyramidal neurons was due
to altered BK channel activity via its interaction with the f4 subunit
in the absence of FMRP and subsequent increased dendritic repo-
larization when two spines are activated, compared with WT neu-
rons. Here, we found that knockdown of the B4 subunit of BK
channels, using short hairpin RNA (shRNA), rescues the linear inte-
gration of subthreshold inputs in the basal dendrites of FrI-KO L5
pyramidal neurons while injection of a scrambled version has no
effect. Numerical simulations corroborate these experimental results,
showing that synaptic integration occurs linearly only when the kinet-
ics of the a-subunit of spine BK channels are modeled, while the 4
subunit boosted the number of open BK channels per spine, leading
to a greater repolarization and sublinear integration of subthreshold
excitatory inputs in the basal dendrites of FrI-KO L5 pyramidal
neurons. Taken together, our findings support a model of FXS that
is more intricate than one simply characterized by a global cortical
hypersensitivity, and help to uncover the role of ion channels in excit-
atory input integration to identify localized dendritic targets for the
design of specific treatment options to alleviate symptoms associated

with FXS.

Results

Sublinear Integration of Synaptic Inputs in the Basal Dendrites
of L5 Pyramidal Neurons in Fmr1-KO Mice. To study synaptic
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integration in the basal dendrites of L5 pyramidal neurons in
acute brain slices of the mouse visual cortex from WT and FmrI-
KO mice, we applied two-photon (2P) uncaging of caged glutamate
(4-methoxy-7-nitroindolinyl ~ glutamate ~ (MNI)-glutamate,
2.5 mM; see Methods) at two individual spines separately and
then together near-simultancously (Fig. 1A4). Whole-cell patch
clamp recordings in current-clamp were performed to measure the
uncaging (u)-evoked excitatory postsynaptic potentials (uEPSP)
at the soma. This technique allows for the precise activation of
individual dendritic spines with responses that are similar to
those from physiological activation of single synapses (28, 31,
34-41). As shown previously (28), subthreshold synaptic inputs
onto spines in the basal dendrites of WT L5 pyramidal neurons
integrate linearly (Fig. 1A4). Specifically, we found that activating
individual spines triggered uEPSPs (black traces in Upper panel of
Fig. 1A4), which added linearly to accurately predict the response
when two spines were activated near-simultaneously (compare
black and blue dashed traces in the Upper Right panel of Fig. 14).
We quantified these results by calculating linearity indices, using
either the peak or integral of the uEPSP as well as a gain measure
(see Methods). Linearity indices were not significantly different
from 100% for WT L5 pyramidal neurons when we considered
each experiment individually (100.45 + 1.74%, P = 0.78, for
peak uEPSP, and 102.82 + 2.15% P = 0.20 for uEPSP integral,
Wilcoxon test, n = 40 spine pairs; Fig. 1B) or when we averaged
each individual experiment per mouse (98.35 + 2.82%, P = 0.49,
Wilcoxon test, n = 10 mice for peak uEPSE and 99.90 + 3.79%
P=10.32, Wilcoxon test, n = 10 mice for uEPSP integral; Fig. 1C).
We next computed a gain measure, which compares the time-
varying uEPSP in response to the activation of two spines to that
predicted from the linear summation of individual responses, with
a measure of one being a perfect match. We found that the gain
measure was not significantly different from the one for WT L5
pyramidal neurons (individual experiments: 1.03 + 0.02, P=0.29,
n = 40 spine pairs; average per mouse: 1.00 = 0.02, P = 0.98,
n = 10 mice; Wilcoxon test, Fig. 1 B and C). Surprisingly, we
observed uEPSP responses that were smaller in amplitude and
integral than expected based on the sum of individual responses in
FmrI1-KO mice (compare red and blue dashed traces in the Lower
Right panel of Fig. 14) with linearity indices significantly lower
than 100% (individual experiments: 91.27 + 1.47%, P < 0.0001
for peak uEPSP and 89.58 + 1.90%, P < 0.0001 for uEPSP
integral, Wilcoxon test, n = 74 spine pairs; average per mice:
88.56 + 1.79%, P < 0.0001 for peak uEPSP and 88.28 + 1.89%,
P < 0.0001 for uEPSP integral, Wilcoxon test, n = 16 mice;
Fig. 1 B and C) and the gain measure significantly lower than
one (individual experiments: 0.89 + 0.02, 2 < 0.0001, n = 74 spine
pairs, Wilcoxon test; average per mice: 0.87 + 0.03, P < 0.001,
n = 16 mice, Wilcoxon test; Fig. 1 B and C). These results were
surprising, since they contradict what would be expected from a
hyperexcitable cortex that has been described in FXS.

We found no difference in the intrinsic cellular properties
between Fmr1-KO versus WT L5 pyramidal neurons (SI Appendix,
Fig. S1), except for a significantly longer full width at half maxi-
mum (FWHM) of the action potential waveform in Fmrl-KO
L5 pyramidal neurons compared to WT (87 Appendix, Fig. S1F).
When we activated one (individual) versus two (combined) spines,
we found that individual and combined uEPSP responses were
smaller in the basal dendrites of Fmr1-KO versus WT L5 pyram-
idal neurons (S/ Appendix, Fig. S2). This effect was washed out,
however, when experiments were pooled per mouse (S Appendix,
Fig. S2). Thus, in some animals, there was an overrepresentation
of experiments yielding smaller uEPSP sizes. The morphology of
activated spines was comparable for FmrI-KO and WT mice
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Fig. 1. Sublinear summation of excitatory synaptic inputs in basal dendrites of Fmr7-KO L5 pyramidal neurons. (A) Representative basal dendrite selected for
2P glutamate uncaging to activate spines from WT (Top) and Fmr1-KO L5 pyramidal neurons (Bottom). Green dots indicate the site for uncaging. Spines were
first activated individually (Spine 1 or Spine 2) and then together (Spine 1 & Spine 2). Blue dashed traces correspond to the linear sum of individual events of
each spine. (B) Observed response has smaller amplitude, integral and gain than expected based on the sum of individual responses in Fmr1-KO mice, while in
WT mice, the responses summate linearly. (C) As in B, but values were averaged per mouse.

(SI Appendix, Fig. S2) as has been previously reported for thisage ~ data indicate that the sublinear integration in FmrI-KO L5
range (42). Moreover, spine density is also similar in WT and  pyramidal neurons cannot be explained by changes in intrinsic
Fmr1-KO L5 pyramidal neurons by age P14 (42). Overall, these  cellular properties or spine morphology.
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Expression of BK Channel and Its $4-Subunit in the Neocortex
of WT Versus Fmr1-KO Mice: Neocortical Excitatory Synaptic
Enrichment of the g4-Subunit in Fmr1-KO Mice. We next sought
to identify the mechanism for this sublinear integration of spine
activation in the basal dendrites of FmrI-KO L5 pyramidal
neurons. Large conductance calcium-activated potassium (BK)
channels are homogeneously distributed along the dendritic tree
of L5 pyramidal neurons and are believed to play an important
role in synaptic transmission and integration (31, 43). BK channels
are high-conductance potassium channels formed by a tetramer of
o subunits. Membrane depolarization and intracellular calcium
activate these channels, and in many tissues auxiliary subunits
modulate their kinetics (reviewed in: 44). For example, it has been
demonstrated in hippocampal CA3 pyramidal neurons that FMRP
modulates BK channel activity by sequestering its regulatory p4
subunit (30). The P4 subunit decreases the probability of BK
channel openings at low calcium concentrations but increases the
probability of channel openings at high calcium concentrations
while also slowing down activation and deactivation kinetics (32,
33). We thus predicted that Fmr1-KO L5 pyramidal neurons exhibit
altered BK channel activity in the absence of FMRP, compared with
WT neurons, which would ultimately affect L5 pyramidal neuron
integrative properties. Using Western blot analysis of total protein
(TP) and synaptoneurosomes (SN) prepared from the visual cortex,
we show that aBK subunits are enriched in synapses, and there is no
expression difference between WT and FmerI-KO mice (WT: 1.00 +
0.13 in SN versus 7.31 £ 0.31 in TP; KO: 1.54 + 0.09 in SN versus
731 +0.44 in TP, n = 3, P < 0.001, ANOVA) (Fig. 2 A and B).
By contrast, f4 subunits are not enriched in synapses in WT mice
but are enriched in those of Fmr1-KO mice (WT: 0.90 + 0.19 in
SN versus 0.51 + 0.09 in TP; FmrI-KO: 1.04 + 0.36 in SN versus
2.26+0.17in TP n =3, P<0.05, < 0.0001, ANOVA) (Fig. 2 C
and D). This increase in 4 immunoreactivity in cortical synapses of
FmrI-KO versus WT mice is consistent with FMRP sequestering
the B4 regulatory subunit, preventing its interaction with BK
channels. To demonstrate that FMRP also interacts with 4 in
the visual cortex, we designed an assay of coimmunoprecipitation
(co-IP) where FMRP can only be detected if it is pulled down by
interaction with 4 (Fig. 2E, diagram). The assay demonstrates a
specific interaction of FMRP with f4 in the mouse visual cortex
(Fig. 2E). In addition, immunofluorescence data in transgenic mice
expressing green fluorescent protein (GFP) in L5 pyramidal
neurons show that aBK (Fig. 2F) and p4 (Fig. 2G) subunits are
present in basal dendrites and spines from WT and Fmri-KO L5
pyramidal neurons, consistent with our previous immunoelectron
microscopy findings showing that aBK subunits are localized to
dendritic spines in the basal dendrites from L5 pyramidal neurons
with nanoscale resolution (31). Interestingly, quantitative image
analyses of 3D dendrite reconstructions (Fig. 2H) show an increase
in the B4 signal intensity in dendritic spines of FmrI-KO compared
with WT L5 pyramidal neurons (WT: 3.22 + 0.29%, n = 143;
KO: 6.05 + 0.68%, n = 206, P = 0.015. Mann-Whitney test;
Fig. 21) while the total number of spines with detectable levels of
f4 immunoreactivity remains unchanged (WT: 47.00 + 8.44%;
KO:36.00 + 3.81%, n = 5, P=0.31. Mann—Whitney test). Taken
together, these experiments, along with previous findings, provide
evidence that BK channel activity and its interaction and regulation
by the p4 subunit in cortical spines from FmrI-KO L5 pyramidal
neurons might be at the core of the altered integration of synaptic
inputs in these neurons.

Knock-Down of BK Channel 4 Subunit in L5 Pyramidal Neurons
of Fmr1-KO Mice Rescues the Subthreshold Linear Integration
of Synaptic Inputs. In order to test the hypothesis that the lack of
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EMRP in Fmr1-KO mice leads to an elevated binding of the 4
subunit to BK channels in spines and dendrites, thus disrupting the
linearity of incoming synaptic inputs, we performed a knockdown
of the p4 subunit of BK channels, using shRNA in FmrI-KO L5
pyramidal neurons (Fig. 34). Two shRNA sequences recognizing
the open reading frame of the mouse kenmb4 gene encoding the
B4 subunit (B4shRNA, see Methods) were inserted into a viral vector
to produce adeno associated virus (AAV) (Fig. 34). The efficiency
of the p4shRNA was first validated in mouse brain by IP-western
blot showing a ~50% reduction in 34 protein consistent with sparse
neuronal expression observed during imaging (S/ Appendix, Fig. S3
A-C) and in 293T cells analyzed by qRT-PCR showing a significant
B4 mRNA expression inhibition (S/ Appendix, Fig. S3 D and E,
control: 100.67 + 9.68%), P4shRNA: 43.33 + 1.45%, P = 0.0042,
unpaired # test) with 31.09 + 4.29% of P4-expressing cells also
expressing P4shRNA, assessed by fluorescent image analysis
(81 Appendix, Fig. S3 F-G).

Mice were injected with f4shRNA-expressing AAV's at postnatal
day 18, and 2 wk later we performed 2P uncaging of caged gluta-
mate at two individual spines separately and then together near-si-
multaneously as described above. Analyzing each experiment
individually, we found that expression of f4shRNAs rescued the
subthreshold linear integration of synaptic inputs in the basal den-
drites of FmrI-KO L5 pyramidal neurons whereas the expression
of a nonspecific scrambled version of the shRNA did not (peak
linearity: 106.64 + 2.62 versus 86.61 + 4.51%, P = 0.001; integral
linearity: 103.37 + 2.88 versus 85.93 + 5.17%, P = 0.0082; gain
linearity: 1.13 + 0.06 versus 0.87 + 0.05, P=0.0063; Mann—
Whitney test; Fig. 3 B-D). Similar results were found when the
average per mouse was instead considered (peak linearity: 105.36
+ 4.47 versus 88.02 + 4.68%, P = 0.03; integral linearity: 106.28
+ 3.66 versus 87.67 + 4.63%, P =0.0017; gain linearity: 1.20 +
0.09 versus 0.89 + 0.06, P = 0.0017; Mann-Whitney test; Fig. 3E).
Moreover, we found no significant difference between linear indices
calculated from experiments in L5 pyramidal neurons from
Fmrl-KO mice expressing 4 subunit shRNA versus those per-
formed on WT L5 pyramidal neurons (individual experiments:
peak linearity: P = 0.18; integral linearity: P = 0.99; gain linearity:
P = 0.12; Mann-Whitney test; ST Appendix, Fig. S4 E-G).

Since activity-dependent spine morphological changes [spine
head: (45), neck: (36, 38) or both: (46)] have been correlated with
synaptic efficacy by altering the biochemical and electrical spine
properties (reviewed in: 40), we analyzed spine shape in mice
transfected with either the p4 subunit shRNA (f4shRNA) or the
scramble shRNA. We found that spine head volume and neck
length, as well as spine density remained the same in the basal
dendrites of FmrI-KO L5 pyramidal neurons transduced with
shRNA against the p4 subunit of BK channels (34shRNA) versus
the scrambled version (spine density: 5.6 + 1.4, n = 10 images
versus 4.1 + 0.5 spines per 10 pm, n = 12 images; P = 0.432; spine
head volume: 0.18 + 0.02, n = 30 spines, versus 0.19 + 0.03 um’,
n = 28 spines, P = 0.932; neck length: 0.50 + 0.05, n = 33 spines,
versus 0.60 + 0.05 pm, n = 34 spines, P = 0.096, Mann—Whitney
test; Fig. 3 Fand G). We also found no difference in the intrinsic
cellular properties between Fmr/-KO L5 pyramidal neurons trans-
fected with either the 4 subunit shRNA (84shRNA) or the scram-
ble shRNA (SI Appendix, Fig. S4). These findings indicate that
altered synaptic integration in the basal dendrites in FmrI-KO L5
pyramidal neurons arises from an increased activity of the regula-
tory 4 subunit. This increase can be explained by the lack of
FMRP-mediated B4 sequestering in FmrI-KO mice (30) leading
to an elevated binding of the f4 subunit to BK channels impacting
the integration of incoming synaptic inputs in the basal dendrites
L5 pyramidal neurons.
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Fig. 2. Expression of aBK and p4 subunits in synapses of Fmr71-KO mice. (A and B) Mouse visual cortex TP and Synaptoneurosome (SN) fractions were
analyzed by western blot with specific monoclonal antibodies and normalized by the expression of y-tubulin. (A) Expression of aBK (20 pg/line). Synaptic
enrichment in the SN fraction was confirmed by the expression of the postsynaptic density (PSD) marker PSD95. (B) aBK expression normalized by
y-tubulin and by the expression in WT/TP (n = 3, P < 0.0001, ANOVA). (C) Expression of p4. A mix of three samples for each condition was loaded at
decreasing concentrations (24, 12, 6 pg/line). (D) p4 expression normalized by y-tubulin and by the expression in WT/TP (n =3, P <0.05, P < 0.0001, ANOVA).
(E) Representation of the experimental workflow (see Methods) and blots corresponding to co-IP of FMRP, immunoprecipitation (IP) of f4 and the loading
control y-tubulin (200 pg/sample input protein). Left side of the bottom panel, co-IP Western blot performed using anti-p4 antibody to precipitate and
detect a protein complex containing FMRP bound to p4 subunit in the visual cortex and hippocampus of Fmr71-KO and control mice P25+1 (n = 3, pooled
samples). Right side (pre-IP) shows the composition of the original sample (16 pg/line). (F-/) Expression of channel subunits in excitatory synapses was
studied in P26+1 Fmr1-KO and control transgenic mice expressing GFP in L5 pyramidal neuron (green) by immunofluorescent detection of aBK (F) and p4
subunits (red) (G) Dendritic spine channel expression is shown in one <1-um confocal optical slice. Arrow heads indicate spines with detectable expression
of the BK subunit. Insets (yellow boxes) and additional examples at higher magnification are shown below each group with clear aBK or p4 subunit spine
localization. (Scale bar, 1 pm.) (H) Examples of dendrite 3D reconstructions from the same neurons shown in G), above threshold 4 subunit immunoreactivity
and signal overlapping with the spine head are shown as red dots. (/) Mean intensity of the p4 subunit signal in each spine head was compared between
Fmr1-KO and control mice. (Fmr1-KO, n = 206 spines, WT, n = 143 spines, P < 0.05, Mann-Whitney test).
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Fig.3. Knock-down of 4 subunit of BK channels rescues sublinearity of synaptic inputs in the basal dendrites of Fmr7-KO L5 pyramidal neurons. (A) Schematic
of the shRNA vector used to knockdown p4. (B and C) shRNA knock-down of the p4 subunit of BK channels rescues the sublinearity in the basal dendrites of
Fmr1-KO L5 pyramidal neurons (B) while injection of scrambled shRNA has no effect (C). (D) Observed responses were not significantly different in amplitude,
integral, and gain than that expected based on the sum of individual responses in Fmr7-KO mice injected with the p4shRNA, while those injected with a scrambled
version, the responses summate sublinearly. (E) As in D, but values were averaged per mouse. (F and G) Spine density (F) and spine morphology (G) are not
significantly different in Fmr71-KO L5 pyramidal neurons injected with shRNA targeted to the p4 subunit of BK channels versus nonspecific scrambled shRNA in
L5 of the visual cortex.

Biophysical Simulations of Synaptic Integration in Basal Dendrites in Fmr1-KO Mice. To corroborate our experimental observations
of Fmr1-KO and WT L5 Pyramidal Neurons: Increased Number  indicating the interaction of the 4 subunit with BK channels in
of Synaptically Activated BK Channels upon p4 Subunit Binding spines impacts the integration of subthreshold excitatory inputs
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in the basal dendrites of L5 pyramidal neurons, and gain detailed
information on the mechanistic underpinnings of this process,
we turned to multicompartmental simulations in the NEURON
environment (47). Briefly, a morphologically realistic L5 pyramidal
neuron was built (adapted from refs. 31 and 48) where two spines
were simulated with neck lengths of 1 pm and head volumes 0f 0.18
um’, which matched the morphology of spines probed in our 2P
experiments (Fig. 4 A and B). The dendritic spines were connected
to a randomly selected basal dendrite located 170 pm away from
the soma of the modeled L5 pyramidal neuron. a-amino-3-hydr
oxy-5-methyl-4-isoxazolepropionic acid (AMPA)-receptors(R),
N-methyl-D-aspartate NMDA)-receptors(R), voltage-gated calcium
channels, sodium channels, and BK channels were placed in the
plasma membrane of each spine head compartment (see Methods;
Fig. 4 A and B). In one set of simulations, a WT L5 pyramidal
neuron was modeled by incorporating the activation/deactivation

parameters and kinetics of the a-subunit of BK channels, while in
another group a FmrI-KO L5 pyramidal neuron was modeled by
using those obtained when the 4 subunit is bound to the a-subunit
of BK channels (49). We then simulated our 2P experiments by
modeling synaptic inputs onto two individual spines separately and
then together (Fig. 4 A and B, Right). The simulations show that
synaptic integration occurs linearly in the simulated WT neuron,
when o-subunit of BK channels in spines are modeled (Fig. 44),
while inputs integrate sublinearly in the simulated Fmrl-KO
neuron when the 4 subunit are incorporated in spines (Fig. 4B),
emulating our experimental observations. We quantified these results
by calculating linearity indices, using either the peak or integral of
the EPSP as well as a gain measure (Fig. 4C). To understand the
mechanistic underpinnings underlying the sublinear integration in
Fmr1-KO L5 pyramidal neurons, we analyzed the number of open
BK channels per spine when one versus two spines were activated in
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Fig. 4. Biophysical modeling shows the effect of the BK channel p4 subunit on synaptic integration in dendritic spines. (A and B) Left panels: Schematic of the
model used to assess synaptic integration in the basal dendrites of a WT L5 pyramidal neuron (A) expressing FMRP, which sequesters the p4 subunit so only the
a subunit is present in the spine and a Fmr1-KO L5 pyramidal neuron (B), which does not express FMRP so the p4 subunit is free to bind the BK channel. Right
panels: Spines were first activated individually (Spine 1 or Spine 2) and then together (Spine 1 & Spine 2), and the EPSP generated at the soma was recorded.
Blue dashed traces correspond to the linear sum of individual events of each spine. In the WT neuron, the actual and expected EPSP responses match (compare
black and dashed blue traces), whereas in the KO neuron, the actual EPSP response is much less than expected (compare dashed red and blue traces).
(C) Observed response has smaller amplitude, integral, and gain than the expected based on the sum of individual responses in Fmr1-KO neuron, while in WT mice,
the responses summate linearly. (D) Number of BK channels open during activation of 1 spine or 2 spines in the modeled WT and Fmr7-KO L5 pyramidal neuron.
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WT versus Fmrl-KO L5 pyramidal neurons. Our simulations show
that more BK channels are open when two spines are activated, butin
the presence of the 4 subunit there is a significantly larger boost in
the number of open BK channels per spine (Fig. 4D), leading to the
sublinear integration of subthreshold excitatory inputs in the basal
dendrites—mimicking our experimental results found in FrI-KO
L5 pyramidal neurons (Fig. 14).

Discussion

Previous work suggested that FXS and ASD are characterized by
a hyperexcitable neocortex (13—17), thought to be the main con-
tributor to hypersensitivity of sensory stimuli observed in autistic
individuals (reviewed in ref. 19). Our experimental findings pre-
sented here challenge this generalized view that there is a global
hypersensitivity in the neocortex associated with FXS, as they show
that the integration of subthreshold excitatory inputs onto the
basal dendrites, the main recipients of sensory inputs, of L5
pyramidal neurons in FmrI-KO mouse is sublinear (i.e., combined
response smaller than arithmetic sum of individual events). We
further studied the mechanism for this sublinear integration. BK
channels and their p4 subunit are localized to basal dendritic
spines of WT and FmrI-KO L5 pyramidal neurons (Fig. 2) (31)
and FMRP (absent in FmrI-KO mice) binds the 4 subunit in
the neocortex of WT mice (Fig. 2E) thus preventing it from bind-
ing to BK channels and altering their activation/deactivation
parameters and kinetics (32, 33). We thus investigated how BK
channels and their p4 regulatory subunit affect synaptic integra-
tion in FmrI-KO L5 pyramidal neurons. We found that a knock-
down of the P4 regulatory subunit in FmrI-KO L5 pyramidal
neurons rescued linearity from the sublinear integration previously
observed in their basal dendrites. Finally, our numerical simula-
tions corroborate these findings, as they show that the linear inte-
gration of excitatory synaptic inputs occurs only when the kinetics
of the a-subunit of BK channels are modeled, while when the 4
subunit is incorporated the number of open BK channels per spine
is boosted, leading to an enhanced repolarization when two spines
are activated and sublinear integration of subthreshold excitatory
inputs.

To make predictions about the future, the brain has to associate
feedforward sensory with feedback predictive information (20—
22). Hypersensitivity to sensory stimuli is described as one of the
classical symptoms experienced by individuals with FXS and other
forms of ASD (reviewed in ref. 19). One might think that being
hypersensitive to certain stimuli makes you better able to detect
itand perform certain behavioral tasks more aptly, which does not
actually seem to consistently be the case for autistic individuals or
mouse models of ASD. For example, children with ASD exhibit
increased detection thresholds during tactile stimulation (50).
While it has been shown that Fmr1-KO mice exhibit an enhanced
acoustic startle response at low sound intensities; they actually
show a decreased response to high-intensity sounds (51, 52).
Fmr1-KO mice also showed impaired learning in a visual discrim-
ination task and took longer to reach expert-level performance
comparable to WT animals (53). Moreover, this study did not
find a significant increase in either spontaneous or visually evoked
activity in Layer 2/3 pyramidal neurons of Fmr-KO mice. Thus,
the results of these behavioral studies are in agreement with those
we report here, in that they cannot consistently be explained by
hyperexcitability of the cortex to sensory stimuli. Our data show
that near simultaneous activation of two spines in the basal den-
drites generates a subthreshold depolarization that summates
sublinearly in Fmr1-KO mice, whereas, in their WT counterparts,
this integration occurs in a linear fashion (Fig. 1 and see also ref.
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28). The apical dendrites of L5 pyramidal neurons receive con-
textual information from other brain areas, and exhibit a greater
density of hyperpolarization-activated cyclic nucleotide-gated
(HCN) channels (54), in contrast to BK channels, which are
homogenously distributed across the dendritic tree of L5 pyram-
idal neurons. The apical dendrites of Fmr-KO pyramidal neurons
are hyperexcitable due to an increased impedance caused by the
reduction of HCN channels in apical dendrites, resulting in an
enhanced temporal summation of excitatory input (13). Thus,
taken together, the hypersensitivity characterized in FXS is not
simply due to an upweighting of sensory inputs at the level of L5
pyramidal neurons, but instead by a hyposensitivity of sensory
inputs and a hypersensitivity of predictive inputs. Specifically, the
overrepresentation of predictive inputs onto the apical dendrites
of L5 pyramidal neurons, coinciding with a down-representation
of sensory inputs at the level of the basal dendrites of cortical
pyramidal neurons, may be at the core of the behavioral pheno-
types associated with FXS. These changes would likely have sig-
nificant effects on the input/output properties of L5 pyramidal
neurons, and thus in the ability of the cortex to decipher sensory
signals in order to make predictions about the future. Moreover,
the results from the present study highlight the need to study, in
EXS and other forms of ASD, cortical feedforward and feedback
pathways independently, their associations, and how they ulti-
mately affect cortical pyramidal neuron’s output to shape behav-
ioral learning.

The relevance for the subthreshold activation of clustered
spines, synaptic microclusters (38) (-2 to 5 spines), in L5 pyram-
idal neuron dendrites for representing multiple independent tasks
and stabilizing learning has been observed by recent computa-
tional studies (55, 56), and is supported by anatomical (57-61)
and functional (31, 61-63) observations. Hence, the sublinear
integration in spine microclusters would likely affect the threshold
for the induction of synaptic plasticity, sensory task representations
in basal dendrites, and ultimately learning in Fmr/-KO mice.

Although the present study focused on L5 pyramidal neurons
in Fmr1-KO mice, there have been many studies on how FXS and
ASD in general alters the activity of cortical interneurons. Cortical
pyramidal neuron activity is modulated by inhibitory interneu-
rons, which control the firing of their postsynaptic target neurons
to maintain network activity within a certain range and prevent
epileptic episodes (64). Many mouse models of ASD exhibit
altered interneuron function and development (65). Specifically,
compared with WT animals, FmrI-KO mice displayed delayed
learning of a visual discrimination task, and reduced activity of
parvalbumin (PV) interneurons in the visual cortex. Restoring PV
cell activity accelerated the learning in Fmrl-KO mice (53).
Moreover, the somatosensory cortex of Fmrl-KO mice has a sig-
nificant reduction in the density of PV neurons (66). Thus, it is
likely that the stereotypical behavior observed in FXS is caused by
complex alterations in cortical circuits, where both the computa-
tions performed by L5 pyramidal neurons integrating feedforward
sensory and feedback predictive inputs in addition to their mod-
ulation by inhibitory interneurons are impaired (67).

Studies investigating how the BK channel f4 subunit impacts
the activity of hippocampal and neocortical pyramidal neurons
have shown that FMRP interacts with the 4 subunit [in the
hippocampus (30) and in the cortex (Fig. 2E)] and that the lack
of FMRP leads to excessive broadening of pyramidal neuron
action potentials, and consequently their inter-spike-interval dur-
ing repetitive activity (30). Thus, FMRP can regulate neural firing
patterns through a BK channel-mediated mechanism by the inter-
action of FMRP and the BK channel 4 subunits (30). The effect
of the 4 subunit on BK channels is complex as it decreases the
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probability of BK channels opening at low intracellular calcium
concentrations but promotes channel opening at high intracellular
calcium concentrations while also slowing down activation and
deactivation kinetics (32, 33). Thus, how the 4 subunit will affect
BK channel opening depends on intracellular calcium levels. In
the present study, we focused on how the BK channel p4 subunit
influences the integration of subthreshold inputs onto spines (i.e.,
uEPSPs). Our results showing that knockdown of the 4 subunit
of BK channels rescues synaptic integration are in agreement with
the activation voltage range of BK channels at intracellular calcium
levels reached in the spine upon synaptic activation [V, of ~-50
mV versus ~-20 mV, for f4-bound BK channels versus unbound,
respectively, for intracellular calcium concentration of ~20 uM
(49)] and the dendritic spine depolarization generated by activat-
ing clustered spine pairs (Fig. 4D). How the behavior of these
rescued FrmrI1-KO mice is affected is a future direction of research.
Taken together, our results along with previous studies show that
in Fmrl-KO pyramidal neurons, the p4-bound BK channels
causes 1) subthreshold inputs to be integrated sublinearly in the
basal dendrites due to a greater repolarization when two spines
are activated and 2) alterations in the timing of action potentials
and information transmission compared with WT mice (30). Both
of these defects can severely influence how sensory information is
transmitted to downstream neurons from L5 pyramidal
neurons.

This is a demonstration of hyposensitivity of sensory inputs at
the level of L5 pyramidal neurons in a mouse model of ASD.
Specifically, these results reveal a hyposensitivity of basal integra-
tion of sensory inputs in FmrI-KO L5 pyramidal neurons through
a mechanism dependent on the interaction between BK channels
and P4 subunit. This work adds to our understanding of FXS by
demonstrating that it is not solely characterized by a global sensory
hypersensitivity at the cellular level and provides instead a more
complex picture where the differential integration of feedforward
and feedback inputs in L5 pyramidal neurons could be at the core

of the cellular basis of FXS.

Materials and Methods

Animals. C57B/6 (WT, RRID:IMSR_JAX:000664) and Fmr1-KO (B6.129P2-
Fmr1"™<"/J, RRID:IMSR_JAX:003025) and Fmri-KO;thy1GFPM (Fmr1-KO
backcrossed to Tg(Thy1-EGFP)MJrs/J, RRID:IMSR_JAX:007788) mice were used
in this study and housed on a 12-h light/dark cycle with ambient temperature
20to 24 °Cand 40 to 70% humidity. Since FXS is more prevalent in males than
females, only male mice were used in this study.

Brain Slice Preparation and Electrophysiology. Mice (P14-37), anesthetized
with isoflurane, were decapitated, and their brains dissected and placed in cold
(4 °C) carbogenated sucrose cutting solution containing (in mM) 27 NaHCO;,
1.5 NaH,P0,, 222 sucrose, 2.6 KCl, 1 CaCl,, and 3 MgS0,. Coronal brain slices
(300-pm-thick) of the visual cortex were prepared using a Vibratome (V11000 S,
Leica) and slices were incubated for 30 min at 32 °C in Artificial cerebrospinal
fluid(ACSF) (in mM: 126 NaCl, 26 NaHCO,, 10 dextrose, 1.15 NaH,PO,, 3 KCI, 2
CaCl,, 2 MgS0,) and then at room temperature until ready for use. MultiClamp
700 B amplifiers (Molecular Devices) were used for electrophysiological record-
ings of L5 pyramidal neurons with a patch electrode (4 to 7 MQ) filled with
internal solution containing (in mM): 0.1 Alexa-568, 130 Potassium D-Gluconic
Acid (Potassium Gluconate), 2 MgCl,, 5 KCI, 10 HEPES, 2 MgATP, 0.3 NaGTP, pH
7.4, and 0.4% Biocytin. DIC optics were used to clearly visualize and patch the
soma of L5 pyramidal neurons.

Two-Photon Imaging and Two-Photon Uncaging ofGIutamate.TWO-photon
imaging was performed using a custom-built two-photon laser scanning micro-
scope (37, 38), consisting of 1) a Prairie scan head (Bruker) mounted on an
Olympus BX5TWI microscope with a x60, 0.9 NA water-immersion objective;
2)atunableTi-Sapphire laser (Chameleon Ultra-Il, Coherent, >3 W, 140-fs pulses,
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80 MHz repetition rate), 3) two photomultiplier tubes (PMTs) for fluorescence
detection. Fluorescence images were detected with Prairie View 5.4 software
(Bruker).

Fifteen minutes following break-in, two-photon scanning images of basal den-
drites were obtained with 720 nm at low-power (<5 mW on sample) excitation
light and collected with a PMT. Two-photon uncaging of MNI-caged L-glutamate
(2.5 mM; Tocris) was performed using a 4-ms pulse at 720 nm and ~30 mW
on sample (28) with the uncaging spot ~0.3 pm away from the upper edge
of the selected spine head. The uEPSPs were recorded with the patch pipette
at the soma of L5 pyramidal neurons. To assess the integration of individual
synaptic inputs onto the basal dendrites of L5 pyramidal neurons, two-photon
uncaging of MNI-glutamate was used. Uncaging was performed first at two neigh-
boring spines separately and then together (interstimulus interval of <0.1 ms)
with a 2-s delay in between each uncaging event. This sequence was repeated
10 times. Recordings were obtained using a MultiClamp 700B amplifier (Axon
Instruments) interfaced to a dedicated computer by a BNC-2090A data acquisi-
tion board (National Instruments). The electrophysiological signals were acquired
at 10 kHz using the Pack/O open-source software package (https://github.com/
apacker83/PacklO).

Electrophysiology and Imaging Data Analysis. Offline data analysis was per-
formed with the MATLAB (Mathworks) EphysViewer package (https://github.com/
apacker83/EphysViewer) and custom written algorithms. We first quantified our
results by calculating linearity indices, using either the peak or integral of the
UEPSP, as described in the following equations:

Linearit Max(UEPSP1q57)
I 1 =
Y peak max (uEP.S'Psp1 + UEPSPSpZ) [1]
and
Linearit, = I UEPSP sp18&sp2
e ] UEPSP; + UEPSP,," [2]
where uEPSP, ,, UEPSP,;, and UEPSP, 1q,.,» are the time varying uEPSP responses

when we applied 2P uncaging of glutamate at spine 1, spine 2, and then together
near-simultaneously, respectively.

Linear optimization techniques were also used to quantify the linearity of
synaptic inputs for WT and Fmr7-KO mice. Specifically, the uEPSP response to
near-simultaneous uncaging of neighboring spines was modeled using the
following equation:

UEPSP 1000 (t) = gain x (UEPSP, (t) + UEPSP,(t)) , [3]

where UEPSP; (1), UEPSP,(t), and UEPSP, 144, (t) are the time varying uEPSP
responses when we applied 2P uncaging of glutamate at spine 1, spine 2,
and then together near-simultaneously, respectively and gain is a measure of
how close the expected (based on the arithmetic sum) and actual responses to
uncaging spine 1 and spine 2 are to each other-a measure of linearity of the
time-varying uEPSP responses. When only older animals (range P22-37) are con-
sidered, we obtain the same statistical results for linearity indices and gain meas-
ure of WT versus Fmr1-KO L5 pyramidal neurons (peak linearity: 101.7 = 2.22
versus 91.4 = 1.67%, P = 0.0004; integral linearity: 103.8 + 2.77 versus 90.9 +
2.37%, P=0.0005; gain linearity: 1.04 = 0.03 versus 0.88 = 0.02, P = 0.0002,
Mann-Whitney test).

Analysis of the spine morphology was performed in the open source image
processing package Fiji (NIH). Specifically, the spine neck was measured as the
proximal edge of the spine head to the edge of the dendrite. In cases where the
spine topology could not be precisely determined, the spine neck length was
estimated as the shortest orthogonal distance between the base of the spine
head and the edge of the dendrite. When the spine neck could not be measured,
aminimum value of 0.2 um was used. For the spine head size, the longest and
corresponding orthogonal diameter was measured. These measures were com-
puted from a Gaussian curve fit to the fluorescent profile of these axes, generated
from a z-stack over the entire spine heads (Az = 0.4 um). The corresponding
spine head volume (V, in pm3) was estimated using the following formula:

3
_ 4 dlong + donh
V=3n (T , [4]
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where dj,,, and d,.,, are the FWHM of the spine head along the longest and
corresponding orthogonal dimension, respectively. The FWHM was calculated
using the SD (o) of the Gaussian curve fit to the fluorescent profile of the spine
heads (FWHM = 2.335 6).

Synaptoneurosome (SN) Preparation. An adaptation of a previously described
method was used (68, 69) as follows: P14 mouse visual cortex was dissected,
flash frozen, and stored at —80 °C. Individual samples (approx. 1 mg) were
homogenized in 700 pL SN lysis buffer (10 mM Hepes, pH 7.4, containing
proteinase inhibitor) using a 2-mL Kimble-Chase tissue grinder (Thermo Fisher
K885300-0002) and applying six loose pestle and 12 tight pestle strokes. A 150
uL aliquot of this TP fraction was boiled in 10% sodium dodecyl sulfate (SDS)
for 10 min and stored. The remaining fraction was centrifuged at 2,000 g for 2
min at 4 °C to remove cellular and nuclear debris. The supernatant was loaded
into a 1-mL syringe and filtered through three layers of a prewetted 100-um
pore nylon filter (Millipore NYTH04700). The filtrate was directly loaded into
5-um-pore centrifugal filters (Ultrafree-CL, Millipore UFC40SV25) and centri-
fuged at 5,000xg for 15 min in a fixed angle rotor at 4 °C. The supernatant
was carefully removed, and the loose pellet resuspended in boiling SN buffer
(containing 2% SDS), boiled for 10 min and stored at —80 °C (SN protein frac-
tion). Protein concentration was determined with the Bicinchoninic acid(BCA)
protein assay kit (Thermo Fisher 23227) using a bovine serum albumin (BSA)
standard curve.

Co-IP. Proteins were prepared adapting a previously described method (70).
The flash frozen visual cortex and hippocampus from P25+1 Fmr7-KO and
control mice were homogenized over ice using a 2-mL glass/glass tissue
homogenizer (Kontes, Fisher K885300-0002) in 400 pL ice-cold lysis buffer
containing 20 mM Tris (pH 7.4), 200 mM NaCl, 1% NP-40, and proteinase
inhibitors. Proteins were then extracted by incubating the homogenate onice
with occasional agitation for 30 min and then centrifugating at 15,000 g for
20 min.The pellet was resuspended in 200 pl lysis buffer, and the extraction
step repeated. Both supernatants were pooled, and protein concentration was
determined using the BCA method (Pierce 23227). Dynabeads protein G were
used as suggested by the manufacturer (Thermo Fisher 10007D): For each
sample 50 pL magnetic beads were cross-linked to 5 pg anti-p4 antibody
(Antibodies Inc 75-086) with 230 pL 5 mM BS® (Thermo Fisher A39266).
Samples were incubated with the prepared beads for 16h at 4 °C. The super-
natant containing the unbound proteins (post-IP) was stored and the beads
washed. Finally, the bound protein (IP) was recovered in 10 uL elution buffer
(50 mM Glycine pH 2.8) and used directly for Western blot with the addition
of desaturating loading buffer.

Western Blot. An adaptation of a previously described method was used (71) as
follows: protein samples were separated in NuPAGE™ 3 to 8% Tris-Acetate Protein
Gels (Thermo Fisher EA03755) in Tris-Acetate-EDTA running buffer (Thermo Fisher
BP13354) at 200V for 1 h for aBK and Bis-Tris 4 to 12% polyacrylamide gradient
gels (Thermo Fisher NP0323, NW0412B) in MES-SDS running buffer (Thermo
Fisher B0002) at 200V for 30 min for B4 subunit. Separated proteins were trans-
ferred into a PVDV membrane using a mini trans-blot cell (BioRad 170-3930) at
200V for 1 h for aBK and at 150 V for 50 min for the p4 subunit. Ponceau red
staining was performed after transfer and recorded. Membranes were blocked in
0.1% Tween20 in phosphate-buffered saline (PBS) starting block (Thermo Fisher
37538)and incubated with primary antibodies diluted in the same buffer: anti-BK
channel 1:500 (Antibodies Inc 75-022) or 1:100 anti-BKbeta4 potassium chan-
nel (Antibodies Inc 75-086) and after striping a mix of anti-y-tubulin 1:10,000
(Sigma-Aldrich,T5326,) and anti-PSD95 1:5,000 (Antibodies Inc 75-028), in addi-
tion, for the Co-IP: 1:1,000 anti-FMRP (Clone 2F5, a gift from the Darnell lab)
and 1:500 anti-p4 (KCNMB4) (Alomone APC-061). Signal was developed using
ECL substrate (BioRad 170-5060) and recorded on film or using a bio imager.
Densitometric analysis was performed with the open-source program FlJI (72),
and data were plotted using Prism9 (GraphPad).

Immunofluorescence. Anesthetized P25-27 Fmr1-KO;thy1GFPM mice were
intracardially perfused with 4% PFA in PBS. Postfixing of the brain was done in
4% PFAfor 2 h at 4 °Cfollowed by washes in PBS and dehydrated in 30% sucrose
at 4 °C and then mounted in OCT by freezing in a bath of 2-methylbutane at
—50 °C.The 40-pm cryosections were cut at —18 °C and placed over glass slides
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treated with tissue capture pen (Electron Microscopy Sciences 71314) and stored
at —80 °C. Cryosections were permeabilized and blocked in TSA blocking reagent
(Perkin Elmer FP1020). Primary antibodies used were anti-BK 1:100 (Antibodies
Inc AB_224953), 1:300-1:100 anti-BKbeta4 potassium channel (Antibodies Inc
75-086) and anti-GFP 1:500 (Rockland 600-101-215). Incubations were per-
formed for 16 h at 4 °C followed by incubation with secondary antibodies: Alexa
568 anti-mouse 1:200 (Thermo Fisher A10037), and Alexa 488 anti-goat 1:200
(Thermo Fisher A11055) for 2 h at room temperature (RT) in TSA blocking rea-
gent.Washes were done in PBS.The samples were mounted in ProLong Diamond
Antifade Mountant with DAPI (Thermo Fisher P36971) or Vectashield (Vector Labs
H-1200), and the basal dendrites from L5 pyramidal neurons were imaged using
a Zeiss LSM700 confocal microscope (IRIC bio-imaging core). Each optical slice
was 0.7 to 1.0-um thick.

Image Processing for Immunofluorescence Experiments. The Laser
Scanning Microscopy (LSM) toolbox Fiji (72) plugin was used to process the
confocal images as follows: Raw images saved in LSM format were opened and
optical slices of the z stack with good dendritic morphology observed in the green
(GFP) channel were duplicated (to extract one slice), rotated, and cropped. Red
(aBK or B4 subunit) and green channels were separated with the color split
function and contrast and brightness were manually adjusted to achieve clear
images of similar intensity in both channels. Gaussian blur setat 1to 2 (the same
for both channels) was then applied to smooth the pixels. Both channels were
stacked using the color merge channel function, which generates a yellow color
(merge) in overlapping areas of similar intensity. Scale bars were automatically
drawn using the LSM bar tool function.

For quantitative analysis of B4 subunit expression in spine heads, Imaris soft-
ware (Oxford Instruments version 9.8) was used for semi-automatic dendrite and
spine reconstruction of the GFP signal, followed by spine head object generation
with a MATLAB tracking plugin (total spine heads). Dots generated from the B4
channel signal overlapping with spine heads were selected, and their mean inten-
sity determined. In addition, the data were used to calculate the percentage of
spines with detectable signal. We discarded the signal in the spine neck because
the confocal images of transgenic GFP did not allow for a good estimation of the
real shape and volume.

Virus Injection. To perform the knockdown of the P4 subunit of BK
channels, a mix of two different AAV1 were used, each containing a dif-
ferent shRNA based on kcnmbé4 the mouse sequence (NM_021452): shkc-
nb4-NM_021452.126s1c1:  5’-CCGGCCCGCCUUGCAGGAUCUGCAACUCGAG
UUGCAGAUCCUGCAAGGCGGGUUUUUG-3" (binding nucleotides 126 to 146)
and shkenb4_NM_021452.1-266s1c: 5'-CCGGCGUGAACAACUCCGAGUCCAA
CUCGAGUUGGACUCGGAGUUGUUCACGUUUUUG-3' (binding nucleotides 266-
189)oracontrol customscramble shRNA: 5’-CCGGACCACCGTCGAATCGTGACAACTCG
AGTTGTCACGATTCGACGGTGGTTITTTG-3" cloned downstream of the U6 promoter
in a pAAV-shRNA-tdTomato vector and prepared at a concentration of 10 x 10"
GC/mL (abm, Canada). The moming of the surgery, Fmr1-KO mice (P18) were
given sustained-release buprenorphine (1 mg/kg). Mice were then deeply anes-
thetized with 3% isoflurane, confirmed by the absence of a toe pinch response
and placed into a stereotaxic frame (Kopf Instruments). An incision was made into
the disinfected bare skin to expose lambda and bregma landmarks. A small hole
was drilled into each side of the skull at 3 mm posterior and 2 mm lateral to the
bregma.The virus was loaded into a Hamilton syringe and injected 0.5 mm below
the pial surface. The virus (450 pL) was injected bilaterally, over the course of 20
min followed by a 5-min wait period before the syringe was slowly and carefully
removed. The incision was sutured and mice were returned to their home cage
and given 2 wk to recover and obtain a good virus expression. 2P uncaging exper-
iments, as described above, were performed on L5 pyramidal neurons expressing
the reporter gene tdTomato.

Modeling. We used a morphologically realistic L5 pyramidal neuron NEURON
model (31, 48) to study the effects of the p4 subunit on synaptic integration.
Two spines, with neck lengths of 1 um and spine head volumes of 0.18 pm?,
were inserted 170 pm from the soma on a randomly selected basal dendrite.
The neck width was estimated based on the head volume using previously
reported linear relationships that found a positive correlation between head
size and neck width in distal dendrites (7), also been observed in-vivo using
Stimulated emission depletion (STED) nanoscopy (73) and other cortical
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pyramidal neurons (74). Neck and spine head axial resistances were set to
500and 150 MQ, respectively, based on published values (75, 76). High volt-
age-activated (HVA) calcium channels (https://senselab.med.yale.edu/mod-
eldb/ShowModel?model=135787&file=/ShuEtAl20062007/ca.mod#tabs-2),
calcium buffering/removal mechanisms [resting concentration of 1nM (77)],
Nav1.6 sodium channels [4 S/cm” (78)], and BK channels (14 S/cm?) (31, 49)
were inserted in the spine heads. In one set of simulations, we incorporated
the activation/deactivation parameters and kinetics of the a-subunit of BK
channels, while in another set of simulations we used those obtained when
the B4 subunitis bound to BK channels (49).To activate individual synapses,
we used an ionotropic glutamate receptor stimulation mechanism (79) such
that AMPA-R and NMDA-R conductances (10 nS and 0.086 nS, respectively)
were calibrated to obtain physiologically realistic EPSPs at the soma (~0.5
t0 0.6 mV).

Ethics. These studies were performed in compliance with experimental proto-
cols (13-185,15-002, 16-011,17-012,18-011,and 19-018) approved by the
Comité de déontologie de I'expérimentation sur les animaux of the University
of Montreal and protocol 2020-2634 approved by the Comité institutionnel
des bonnes pratiques animales en recherche of the Centre de Recherche,
CHU Ste-Justine.
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