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SUMMARY
Kinesin 1 (KIF5) is one major type of motor protein in neurons, but its members’ function in the intact brain
remains less studied. Using in vivo two-photon imaging, we find that conditional knockout of Kif5b (KIF5B
cKO) in CaMKIIa-Cre-expressing neurons shows heightened turnover and lower stability of dendritic spines
in layer 2/3 pyramidal neurons with reduced spine postsynaptic density protein 95 acquisition in the mouse
cortex. Furthermore, the RNA-binding protein fragile X mental retardation protein (FMRP) is translocated to
the proximity of newly formed spines several hours before the spine formation events in vivo in control mice,
but this preceding transport of FMRP is abolished in KIF5B cKOmice. We further find that FMRP is localized
closer to newly formed spines after fear extinction, but this learning-dependent localization is disrupted in
KIF5B cKO mice. Our findings provide the crucial in vivo evidence that KIF5B is involved in the dendritic tar-
geting of synaptic proteins that underlies dendritic spine plasticity.
INTRODUCTION

Kinesin-1 (KIF5, with three members: KIF5A–KIF5C) is one of

the kinesin motor families expressed in neurons,1 which carry

dendritic cargoes such as postsynaptic density protein 95

(PSD95), gephyrin (Gep), and fragile X mental retardation protein

(FMRP) that are involved in synaptic function and plasticity.2–9

KIF5B and the closely related KIF5A have distinct functions in

dendritic spine formation and transport of RNA-binding protein

in cultured hippocampal neurons.10 Mice with conditional

knockout (cKO) of the Kif5b gene in the nervous system display

deficits in locomotion11 and learning/memory,10 indicating non-

redundant roles in vivo. Our previous study on mice with Kif5b

cKO in CaMKIIa-expressing neurons (CaMKIIa-Cre; kif5bfl/fl,

KIF5B cKO) revealed elevated spine turnover in layer (L) 5 pyra-

midal neurons.10 Yet, how KIF5B deficiency affects spine plas-

ticity and the underlying dendritic transport in the intact brain re-

mains elusive.
This is an open access article under the C
RESULTS

cKO of Kif5b increases dendritic spine turnover and
instability in L2/3 pyramidal neurons
We previously found that KIF5B cKOmice exhibited higher spine

instability in L5 pyramidal neurons in the frontal association cor-

tex (FrA), which has been implicated in fear learning.10,12,13 Then,

we asked whether KIF5B cKO has the same effect on L2/3,

which is known to be upstream of L5 in the FrA local microcir-

cuit.14,15 Mouse embryos were electroporated in utero with con-

structs that express EYFP, PSD95-mCherry, and Teal-Gep to

label spines and synaptic proteins and were subjected to two-

photon imaging from postnatal day 38 ± 1 (Figures 1A–1D and

S1).5,16 Compared to control, KIF5B cKO mice showed signifi-

cant increases in spine formation and elimination rates (Fig-

ure 1E), a higher proportion of highly recurrent spines, and lower

survival rates of both newly formed and re-formed spines

(Figures 1F–1H). The percentage of stable spines that persisted
Cell Reports 43, 113906, March 26, 2024 ª 2024 The Author(s). 1
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until day 12 was also significantly lower in KIF5B cKO mice (Fig-

ure S2A). Similar results were found in post-synaptic deletion of

Kif5b (ps-KIF5B KO), which was done by electroporating the FrA

of Kif5bfl/fl embryos with a Cre-expressing construct and a Cre-

dependent GFP construct (Figures S2B–S2H). To rule out the

possibility that our electroporation paradigm might lead to unin-

tended Cre-induced KIF5B KO in GFP-negative axons in the

vicinity, we electroporated the same plasmid mixture in Cre-

dependent tdTomato reporter mice (Ai9). We confirmed the pre-

dominant co-expression of tdTomato and GFP, and even a few

GFP-only neurons, without obvious tdTomato-en passant axonal

boutons in the vicinity of GFP-positive dendrites (Figure S2B).

Thus, our approach allowed the study of GFP-positive ps-

KIF5B KO neurons receiving normal pre-synaptic inputs. As

ps-KIF5B KO could recapitulate the effect of KIF5B cKO in L2/

3 pyramidal neurons, our data suggest that KIF5B has a specific

function in the post-synaptic regulation of spine plasticity

beyond axonal transport.

Lower stability of the dendritic spine is associated with
fewer PSD95 puncta in the dendritic spine in KIF5B cKO
mice
We next examined spine plasticity together with the dynamics of

excitatory and inhibitory synaptic scaffolding proteins (Figures 1I

and S2I–S2K). KIF5B cKO mice showed a higher spine density

but lower density of PSD95 puncta on day 0 (Figures 1J and

1K). However, KIF5B cKO did not alter the density of Gep puncta

(Figures 1L and 1M). We found that the total density of PSD95

and Gep puncta was significantly correlated with spine density

in control (Figures 1J and L), but this correlation between Gep

and spine density was not observed in KIF5B cKO mice (Fig-

ure 1L), suggesting that the lack of KIF5B affects the normal rela-

tionship between synaptic protein distribution and spine density.

Next, we categorized the synaptic composition of spines into
Figure 1. KIF5B cKO leads to higher dendritic spine turnover and fewe

(A and B) Plasmid constructs for labeling of dendritic spines (EYFP), excitatory s

pressed in cortical L2/3 pyramidal neurons of the frontal cortex by in utero elect

(C) Schematic diagram showing the cranial window implantation on the frontal a

(D) Representative images of dendrites of L2/3 pyramidal neurons in the FrA.

compared to day 0. Asterisks denote filopodia. Yellow circles denote recurrence

(E) Quantification of the rate of spine formation and elimination between days 0

(F–H) Schematic diagram and quantification of highly recurrent spines (F), total ne

time point (H, left) and the stability of re-formed spines on day 12 (H, right).

(I) Representative images of dendrites with PSD95-mCherry and Teal-gephyrin. P

Yellow empty circles denote dual negative (dual �ve) spines. Empty arrowheads

denote formation of PSD95 or gephyrin, compared to the previous time point. A

(J) Quantification and correlation of total PSD95 and spine densities on day 0 for

PSD95 density and spine density of each dendrite (red: control, r = 0.7607, p < 0.00

the median, and the dotted lines represent the quartiles of spine and PSD95 den

(K) Density of PSD95 in dendritic spine and shaft at each imaging time point.

(L) Quantification and correlation of total gephyrin and spine densities on day 0 for

gephyrin density and spine density of each dendrite (red: control, r = 0.8130, p

represent the median, and the dotted lines represent the quartiles of spine and g

(M) Density of gephyrin in dendritic spine and shaft at each imaging time point.

(N) Quantification of spine synaptic composition in control and KIF5B cKO mice

spines.

(O) Quantification of stability of different spine types between days 0 and 12. Num

are present on all imaging time points, and the rest are plastic spines. Control: n

Data are presented in mean +SD in (E)–(H), (K), and (M)–(O). *p < 0.05, **p < 0.01, *

(E), (K), and (M)–(O). Student’s t test for (F)–(H), (J), and (L). Pearson’s correlation
four types: dual positive (+ve), dual negative (�ve), PSD95-

only, and Gep-only spines. KIF5B cKO mice had fewer

PSD95-only and more dual �ve spines compared to control

(Figures 1N and S2K). The stability of dual�ve spines was signif-

icantly lowered in KIF5B cKO mice than control (Figure 1O).

Taken together, KIF5B cKO decreased the proportion of

PSD95-positive spines and increased dual �ve spines. Notably,

KIF5B cKO also significantly reduced the stability of Gep-only

spine (Figure 1O), indicating that its impact on spine stability

may involve various mechanisms. Since Gep-only spines only

make up of a small proportion of spines (Figure 1N), our data

suggest that the deficit in PSD95 acquisition in spines accounts

for the main cause of the overall spine instability in KIF5B

cKO mice.

cKO of Kif5b reduces PSD95 puncta gain and
maintenance in dendritic spines, leading to more spine
elimination
PSD95 and Gep puncta are constantly gained and lost in

spines.16–20 We next investigate if the stabilities of PSD95 and

Gep puncta in spines are affected by Kif5b deletion (Figure 2A).

The PSD95 stability in PSD95-only spines was significantly

lower compared to dual +ve spines in KIF5B cKO mice (Fig-

ure 2A). KIF5B cKO mice also had significantly fewer PSD95-

positive spines compared to control without affecting the Gep-

positive spines (Figures 2B and 2C), further suggesting a deficit

of PSD95 localization in KIF5B cKOmice instead of Gep localiza-

tion in spines. Since PSD95 recruitment is associated with higher

spine stability,5,16,20 we next traced the fate of PSD95-negative

spines across the whole imaging period in our data. Compared

to control, the KIF5B cKO neurons had a lower proportion of

PSD95-negative spines gaining PSD95 and a higher proportion

of these spines were eliminated (Figures 2D and S3A–S3E). To

confirm this, we further separated PSD95 gain into two
r PSD95 in both dendrites and dendritic spines

ynapses (PSD95-mCherry), and inhibitory synapses (Teal-gephyrin) were ex-

roporation.

ssociation cortex (FrA) and the experimental timeline. Scale bar, 1 mm.

Arrows denote spine formation, and arrowheads denote spine elimination,

spines. Yellow rectangles indicate the region of interest in (I). Scale bar, 5 mm.

and 3, 3 and 5, 5 and 8, 8 and 10, and 10 and 12.

wly formed spines that persisted until day 12 (G), and re-formed spines at next

urple arrowheads denote both PSD95 and gephyrin-positive (dual +ve) spines.

denote elimination of PSD95 (green) or gephyrin (blue), and filled arrowheads

sterisks denote filopodia. Scale bar, 5 mm.

control and KIF5B cKO mice. Each data point in the scatterplot represents the

1; blue: KIF5B cKO, r = 0.3354, p = 0.042). Dashed lines in violin plots represent

sities.

control and KIF5B cKOmice. Each data point in the scatterplot represents the

< 0.001; blue: KIF5B cKO, r = 0.2582, p = 0.168). Dashed lines in violin plots

ephyrin densities.

at each imaging time point. Statistical test compares proportion of dual �ve

bers in bars indicate the mean values. Stable spines are defined as spines that

= 6, KIF5B cKO: n = 7.

**p < 0.001, and ****p < 0.0001. Two-way ANOVA with post hoc Sidak’s test for

for (J) and (L).
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Figure 2. KIF5B cKO reduces PSD95 gain and maintenance in dendritic spines
(A–C) Quantification of the proportion of PSD95 and gephyrin puncta stability on stable spines that persisted until day 12 (A), PSD95-positive spines (B), and

gephyrin-positive spines (C) at each imaging time point.

(D) Quantification of the fate of PSD95-negative spines identified on day 0 over 12 days. Statistical test compares proportion of eliminated spines.

(E) Quantification of the proportion of PSD95-negative spines that gained PSD95 at the consecutive time point over 12 days.

(F) Quantification of the proportion of PSD95-positive newly formed spines among all newly formed spines at the consecutive time point over 12 days.

(G) Quantification of the fate of PSD95-positive spines identified on day 0 over 12 days. Statistical test compares proportion of eliminated spines.

(H) Quantification of the loss rate of PSD95 from stable spines at the consecutive time point over 12 days.

(I) Schematic diagram and quantification of the cumulated loss of PSD95 from stable spines and eliminated spines at different time points compared to day 0.

Control: n = 6, KIF5B cKO: n = 7.

Data are presented in mean ± SD for (A), (E), (F), and (H) and +SD for (B)–(D), (G), and (I). Scale bar, 5 mm. *p < 0.05, **p < 0.01, and ***p < 0.001. Two-way ANOVA

with post hoc Sidak’s test for (A)–(D), (G), and (I). Student’s t test for (E), (F), and (H).
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categories between two consecutive imaging time points over

12 days regardless of the starting time point of tracking: spine

with a gain of PSD95 (Figure 2E) and new spine formation with

concurrent PSD95 puncta (Figure 2F). We found that KIF5B

cKO reduced PSD95 gain in both categories, indicating that

Kif5b deletion affects both existing and newly formed spines.

In addition, KIF5B cKOmice showed a lower proportion of stable

PSD95-positive spines and a higher proportion of eliminated

PSD95-positive spines compared to control (Figures 2G

and S3F).

Although PSD95 loss from stable spines between all consec-

utive imaging time points was not significantly different between

control and KIF5B cKOmice (Figure 2H), we found a significantly

higher cumulative PSD95 loss from stable and eliminated spines

in KIF5B cKOmice (Figure 2I). This could reflect a limitation of the

temporal resolution of the experiments to capture PSD95 loss

prior to spine elimination. We repeated the same analysis for
4 Cell Reports 43, 113906, March 26, 2024
Gep and found that Kif5b deletion did not affect Gep gain and

loss in spines (Figures S3G–S3J). Therefore, Kif5b deletion spe-

cifically reduces PSD95 puncta in spines, resulting in more dual

�ve spines that are less stable. Taken together, our data suggest

that KIF5B regulates spine plasticity by affecting PSD95 avail-

ability in spines.

cKO of Kif5b dysregulates FMRP localization and
dynamics in both dendrites and dendritic spines
FMRP is a known cargo of KIF5s that controls PSD95 translation/

degradation and spine morphogenesis.2,4,6,7,10,21–26 To investi-

gate whether KIF5B also regulates the FMRP dendritic localiza-

tion and FMRP-associated spine plasticity, L2/3 pyramidal neu-

rons were transfected with constructs to label spines (dsRed)

and FMRP (FMRP-GFP) (Figures 3A–3C). We quantified the

spine plasticity and FMRP dynamics in basal dendrites since

FMRP is more localized in proximal dendrites27,28 (Figure S4A).
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There is limited literature that have studied FMRP dendritic local-

izations in vivo, so we first characterized dendritic FMRP puncta

distribution in dendrites. KIF5B cKO mice showed a lower spine

density, but no significant difference in total FMRP density at 0 h

when compared to control (Figures 3D, S4B, and S4C). The ma-

jority of the FMRP puncta were localized in dendritic shafts in

both control and KIF5B cKOmice (Figure S4D). The total density

of FMRP significantly correlated with spine density in control but

not in KIF5B cKOmice (Figure 3D). There was also a significantly

higher proportion of FMRP-positive spines in KIF5B cKOmice at

0 h (Figure 3E). These data suggest that KIF5B deficiency dysre-

gulates the normal distribution of FMRP in relation to spine

density.

Next, we examined if FMRP localization in dendritic shaft asso-

ciates with spine plasticity. Unlike in vitro time-lapse imaging

studies,2,10 we could not observe real-time (in minutes) transloca-

tion of FMRP puncta with our in vivo approach (data not shown).

Therefore, we addressed the association between FMRP and

spine plasticity by measuring the relative distance of the closest

shaft FMRP puncta to different spine types: stable, eliminated,

and newly formed spines in hour intervals (Figure 3F). On average,

the closest shaft FMRP distance to stable spines was similar be-

tween control andKIF5B cKOmice (Figure 3G). For the spine plas-

tic events that occurred at 4 h, FMRP was found to be localized

closer to the sites of spine formation 4 h prior to their formation

and remained close at 4 h compared to stable spines in both con-

trol and KIF5B cKO mice (Figures 3H–3K). This suggests that

FMRP localization is associated with spine formation.
Figure 3. KIF5B cKO dysregulates FMRP localization and dynamics in

(A) Plasmid constructs for labeling of dendritic spines (dsRed) and fragile X men

(B) Experimental timeline.

(C) Representative images of basal dendrite of L2/3 pyramidal neurons in the F

arrowheads denote spine elimination, compared to 0 h. Asterisks denote filopodi

FMRP puncta in spines. Scale bar, 5 mm.

(D) Quantification and correlation of total FMRP and spine densities at 0 h. Each

each dendrite (red: control, r = 0.3635, p = 0.012; blue: KIF5B cKO, r = 0.0733, p =

represent the quartiles of spine and total FMRP densities.

(E) Quantification of the dendritic shaft FMRP density and the proportion of FMR

(F) Representative dynamic shaft FMRP-spinogram shows the location of dendr

inated spines and newly formed spines before formation are presented as empty c

(blue rectangle) are highlighted. Scale, 5 mm.

(G) Quantification of the closest shaft FMRP puncta relative distance from stable

(H and I) Quantification of the closest shaft FMRP puncta relative distance at 0 an

newly formed spines (I). Every data point on the left (red: Control; blue: KIF5B cKO

FMRP punctum at the respective time point.

(J and K) Distribution of the closest shaft FMRP puncta at 4 h from stable (blue line

FMRP puncta are relatively closer to newly formed spines in both control (J) and

(L and M) Quantification of the closest shaft FMRP puncta relative distance at 0,

formed spines (M). Every data point on the left (red: control; blue: KIF5B cKO) re

FMRPpunctum at the respective time point. The pie charts in (M) indicate the prop

the mean value). Displacement >1 mm (solid) and %1 mm (empty).

(N and O) Distribution of the closest shaft FMRP puncta at 0 h from stable (blue line

in control (N) and KIF5B cKO (O).

(P) Survival rate of the newly formed spines identified at 4 (left) and 8 h (right) at

(Q and R) Schematic and proportion of FMRP puncta found in spines at the same

(beige: delayed gain) in 0–8 h (Q) and lost from spines before spine elimination (gr

(S) Quantification of the fate of FMRP puncta in stable spines that persisted from 0

n = 6, KIF5B cKO: n = 5.

Data are presented in mean +SD for (E), (P), and (S) and +SEM for (G)–(I), (L), and

Sidak’s test for (G)–(I), (L), (M), and (P). Student’s t test for (D), (E), and (S). Pearson

for (J), (K), (N), and (O).
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We performed the same analysis for the relative distance be-

tween FMRP and plastic spines identified at 8 h. The relative dis-

tance between FMRP and eliminated spine at 8 h was similar to

that of stable spines for both control and KIF5B cKO mice from

0 to 8 h (Figures 3L, 3N, and 3O). However, the closest FMRP

distance to 8 h newly formed spines was 4.24 ± 0.47 mm at 0 h

and was shortened over time in control (Figures 3F, highlighted

by blue rectangle, and 3M). Also, a lower proportion of FMRP

puncta showed more than 1 mm displacement in KIF5B cKO

mice compared to control from 0 to 4 h (Figure 3M), indicating

lower mobility of FMRP puncta in KIF5B cKO mice. When we

compared the relative distance of FMRP at 0 h to the sites of

plastic spines identified at 8 h, the newly formed spine was

significantly closer than that of stable and eliminated spines in

KIF5B cKOmice but not in control (Figures 3N and 3O). This sug-

gests that FMRP localization around plastic spines is likely selec-

tively regulated by KIF5B.

Indeed, we found that the distribution of FMRP puncta in den-

drites was not random when compared to random distribution

simulation (Figures S5A–S5F). The FMRP pairs within 10 mm

were distributed further away from each other than they would

be in a random distribution fashion (Figures S5A–S5F). Further-

more, we found that FMRP puncta are distributed closer to

spines than FMRP puncta simulated in a randomly distributed

manner in both control and KIF5B cKO mice, suggesting that

FMRPdistribution in dendrites was selectively regulated (Figures

S5G–S5L). It is also noted that the reduction of relative distance

between dendritic shaft FMRP puncta and newly formed spines
both dendrites and dendritic spines

tal retardation protein (FMRP-GFP) in cortical L2/3 pyramidal neurons.

rA with FMRP-GFP puncta. White arrows denote spine formation, and white

a. Green arrowheads denote FMRP puncta in dendrites. Yellow circles denote

data point in the scatterplot represents the FMRP density and spine density of

0.662). Dashed lines in violin plots represent the median, and the dotted lines

P-positive (+ve) spines at 0 h.

itic spines (red) and shaft FMRP puncta (green) in dendrite. Locations of elim-

ircle. Examples of newly formed spines identified at 4 (beige rectangle) and 8 h

spines at each imaging time point.

d 4 h time points from plastic spines identified at 4 h: eliminated spines (H) and

) represents the distance between a plastic spine identified at 4 h and its closest

), newly formed (orange line), and eliminated (green line) spines identified at 4 h.

KIF5B cKO (K).

4, and 8 h from plastic spines identified at 8 h: eliminated spines (L) and newly

presents the distance between a plastic spine identified at 8 h and its closest

ortion of FMRPpuncta displacement degree in 0–4 and 4–8 h (numbers indicate

), newly formed (orange line), and eliminated (green line) spines identified at 8 h

each subsequent time point.

time point of spine formation (blue: gain with spine formation) or later time point

een: loss before spine) or same time point (purple: loss with spine) in 0–8 h (R).

until 8 h. Statistical test compares proportion of stable FMRP puncta. Control:

(M). Scale bar, 5 mm. *p < 0.05 and **p < 0.01. Two-way ANOVA with post hoc

’s correlation for (D). Chi-squared test for (Q) and (R). Kolmogorov-Smirnov test
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might be a transient event (within 8 h), as we did not observe

similar changes in newly formed spines that were identified at

24 and 48 h (Figures S4E–S4H). The survival rate of newly formed

spines identified at 4 h was also significantly lower at 24 and 48 h

in KIF5B cKO mice (Figure 3P). These data suggest that the

newly formed spines in KIF5B cKOmicemay arise based onmis-

localized FMRP, which is not aligned with bona fide presynaptic

cues and proper postsynaptic protein transport mechanisms

necessary for stable spine formations, hence a lower rate of sur-

vival. Taken together, the FMRP puncta on dendritic shaft were

localized near newly formed spines within an 8 h period before

spine formation in control mice, and this preceding translocation

was abolished in KIF5B cKO mice.

Next, we examined the dynamics of FMRP puncta in spines.

During the 8 h imaging period, most of the FMRP puncta in

newly formed spines were found concurrently with the spine

formation in the control, while most of the new spines in

KIF5B cKO mice showed a delayed gain of FMRP (Figure 3Q).

For elimination of FMRP +ve spines, the majority of FMRP

puncta were lost from the spine head before the spine elimina-

tion in control, but not in KIF5B cKO mice (Figure 3R). We next

investigated the dynamics of FMRP (fluctuate, gain, loss, and

stable) in stable spines that persisted over 8 h. More than

half of the FMRP puncta fluctuated in spines in both the control

and KIF5B cKO mice, consistent with previous studies showing

activity-dependent FMRP trafficking and translation around

synapses in vitro (Figure 3S).28–32 However, there was less

FMRP puncta loss and significantly more stable FMRP puncta

in spines in KIF5B cKO mice (Figure 3S). Since FMRP also reg-

ulates synaptic plasticity as a repressor of translation,33 the

abnormally low FMRP puncta turnover rate in spines may

suppress proper local protein synthesis and lead to aberrant

synaptic function and plasticity in KIF5B cKO mice. Our find-

ings therefore suggest that KIF5B plays specific roles in spine

plasticity through regulating the localization and dynamics

of FMRP.

cKO of kif5b impairs fear-learning-dependent spine
plasticity and the associated FMRP localization
Previous study showed that fear conditioning (FC) leads to spine

elimination while fear extinction induces spine formation on the

apical dendrites of L5 pyramidal neurons in the FrA.12 Since

we previously found that Kif5b deletion impaired fear memory,10

we next examined spine plasticity and FMRP localization in the

basal dendrite of L2/3 pyramidal neurons after fear learning.

Head-fixed awake imaging was adopted to minimize the impact

of anesthesia (Figures 4A–4C). We found that the KIF5B cKO

paired group (conditioned stimulus [CS]-foot shock pairing)

showed a significantly lower FC-induced freezing behavior and

FC-induced spine elimination when compared to the control

paired group; it also had a significant increase of spine formation

when compared to the control unpaired group (Figures 4D and

4E). The degree of freezing response in recall was significantly

correlated with spine elimination, suggesting that these spine

changes were associated with fear learning behavior (Fig-

ure S6A). On the other hand, repeated exposure to CS in fear

extinction induced a significant increase of spine formation in

the control paired group but not in KIF5B cKO group
(Figures 4F and 4G). Therefore, deletion of Kif5b impaired fear

learning and the learning-induced spine plasticity in L2/3 pyrami-

dal neurons.

Next, we asked if FMRP localization is associated with FC-

and extinction-induced spine plasticity. We quantified the rela-

tive distance between shaft FMRP puncta and the closest elim-

inated spines or newly formed spines induced by fear learning. In

control, FC induced no significant difference in the FMRP relative

distance to both eliminated spines or newly formed spines when

comparing paired and unpaired control groups (Figures 4H and

4I). For fear extinction, while the rate of spine formation was

significantly higher in the control paired group than in the un-

paired group, we found that the median FMRP relative distance

to newly formed spines was shorter in the control paired group,

indicating that more FMRP puncta were localized closer to the

newly formed spines, but no such observations can be found be-

tween the FMRP relative distance and the sites of spine elimina-

tion (Figures 4J and 4K). Therefore, FMRP dendritic localization

is associated with spine formation but not spine elimination,

which is consistent with our findings in baseline FMRP localiza-

tion (Figure 3).

Interestingly, Kif5b deletion led to abnormal FMRP puncta

proximity to plastic spines: (1) after FC, the FMRP puncta pop-

ulation shifted further away from eliminated spines (Figure 4H)

but shifted closer to newly formed spines in the KIF5B cKO

paired group when compared to the control paired group (Fig-

ure 4I), and (2) after fear extinction, the FMRP puncta popula-

tion shifted closer to eliminated spines and further away from

newly formed spines in the KIF5B cKO paired group (Figures

4J and 4K). In summary, there is specific fear-learning-depen-

dent FMRP localization toward newly formed spines but not

eliminated spines after fear extinction in control. Notably,

Kif5b deletion not only abolished fear-learning-induced spine

plasticity but also altered this learning-dependent FMRP

dendritic localization, underscoring the specific roles of KIF5B

in experience-dependent spine plasticity by regulating the

FMRP localization.

DISCUSSION

Heightened dendritic spine turnover is commonly observed

in various mouse models of neurological and psychiatric dis-

eases with behavioral and learning deficits.4,18,34–37 Here, we

demonstrated that conditional38–41 and post-synaptic KO of

Kif5b heightened spine turnover in L2/3 pyramidal neurons. By

evaluating two synaptic scaffolding proteins transported by

KIF5s,3,8,42 we found that the increased spine instability in

KIF5B cKO mice was related to dendritic localization of PSD95

but not Gep. Although previous studies proposed lateral diffu-

sion as the major mode of PSD95 trafficking to spines,43–45 a

recent study demonstrated that microtubule invasion into spines

was a predicative factor for PSD95 enrichment,46 suggesting po-

tential KIF5-dependent PSD95 trafficking into spines. Bleed

through of YFP signals to blue channel (Gep-Teal) was not

observed in our images, and the Gep-Teal image was essentially

the same before and after conducing spectral linear unmixing

(Figure S1). However, it is noted that Gep density in spines in

the FrA was higher than the primary visual cortex reported
Cell Reports 43, 113906, March 26, 2024 7
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Figure 4. KIF5B cKO impairs fear-learning-dependent spine plasticity and the associated FMRP localization

(A and B) Experimental timeline for fear conditioning (FC), recall test (RC), and extinction (Ext trials) (A) with head-fixed awake animal imaging (B).

(C) Representative images of basal dendrites (dsRed) of L2/3 pyramidal neurons with FMRP-GFP. White arrows denote spine formation, and white arrowheads

denote spine elimination, compared to 0 h. Green arrowheads denote FMRP puncta in dendrites. Yellow circles denote FMRP puncta in spines. Scale bar, 5 mm.

(D and F) Quantification of freezing response in RC during pre- and conditioned stimulus (CS) periods (D) and during the CS period of fear extinction (F).

(E and G) Quantification of the rate of spine elimination (Elim) and formation (Form) after FC (E) and after fear extinction (G).

(H and I) Distribution (left) and the box and whisker plots (right) of (H) the closest eliminated spines and (I) the closest newly formed spines distance from shaft

FMRP puncta after FC. Solid line in boxplots represent the median relative distance.

(J and K) Distribution (left) and the box and whisker plots (right) of (J) the closest eliminated spines and (K) the closest newly formed spines distance from shaft

FMRP puncta after fear extinction. Solid line in boxplots represents the median relative distance. Control paired: n = 6, control unpaired: n = 4, KIF5B cKO: n = 4.

Data are presented inmean ±SD for (F) and +SD for (D), (E), and (G). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared to control unpaired. #p < 0.05,

##p < 0.01, ###p < 0.001, and ####p < 0.0001 compared to control paired. Two-way ANOVA with post hoc Tukey’s test for (D)–(G). Kruskal-Wallis with post hoc

Dunn’s test for (H)–(K). Kolmogorov-Smirnov test for (H)–(K) cumulative fraction.
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previously,16 suggesting a different distribution of Gep in FrA

compared to other cortical regions.

Besides protein trafficking, local mRNA translation and protein

degradation could affect the availability of PSD95 in spines.22

Indeed, FMRP can regulate PSD95 availability via mRNA trans-

lation and proteasomal degradation. Although FMRP is a well-
8 Cell Reports 43, 113906, March 26, 2024
established translational repressor, recent studies have demon-

strated the regulation of nearly all aspects of gene expression by

FMRP (see review47). Different from cultured neurons,2,10,48,49

our data showed that FMRP puncta appeared to move slower

in vivo and were translocated closer to the sites of newly formed

spines 4–8 h preceding to the spine formation in the control mice.
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KIF5B cKO mice lacked such FMRP dendritic translocation,

although eventual spine formation still occurred closely around

FMRP puncta. We speculate that KIF5B’s absence might

compromise this activity-dependent dendritic targeting of

FMRP for mRNA delivery and local translation and lead to lower

survival rate of spines. On the other hand, although the relative

distance of FMRP to eliminated spines in KIF5B cKO mice was

significantly different when compared to the control paired group

after both FC and extinction, there was no significant difference

between the unpaired and paired groups in control mice

(Figures 4H and 4J). Furthermore, FMRP puncta were localized

closer to the newly formed spines than to eliminated spines in

the control paired-extinction group (Figure S6B). Therefore, the

dendritic localization of FMRP is likely associated with

learning-dependent spine formation but not elimination. Our

data suggest that KIF5B could play a more intricate role in cargo

transport than generally believed: KIF5B fine-tunes the precise

positions of FMRP close to individual spines, and its absence

could compromise proper synaptic plasticity, in particular spine

formation events and spine stability.

Overall, our study demonstrated specific functions of KIF5B in

PSD95 and FMRP dendritic localization, as well as spine plas-

ticity both in baseline condition and in fear learning. The stability

of PSD95 in spine could be maintained directly by KIF5B-medi-

ated trafficking. KIF5 might also mediate dendritic trafficking of

other synaptic proteins, which can be concurrently regulated

by FMRP for local translation; these could all contribute to the

modification of spine plasticity and maintenance.

Limitations of the study
First, our in utero electroporation approach is advantageous in

co-expressing multiple fluorescence-tagged target proteins in

layer-specific cortical neurons but implies their overexpression.

Future experiments can consider using transgenic mice or

Cas9/SLENDR to tag endogenous PSD95 or FMRP in vivo.50

Second, based on prior knowledge that FMRP interacts with

the 30 UTR of PSD95 mRNA, it is conceivable that KIF5B also

modulates synaptic PSD95 during spine plasticity through trans-

lational control via FMRP. However, the PSD95-mCherry plas-

mids in the study do not contain the 50 UTR and the 30 UTR.16

Therefore, our current findings on the transport of exogenous

PSD95-mCherry could not address the causal relationship be-

tween FMRP and PSD95 puncta distribution. Third, PSD95 and

FMRPwere not simultaneously imaged at the same time. Fourth,

the temporal resolution of in vivo imaging experiments was

limited, and the actual movement of individual puncta cannot

be tracked over the imaging time course. Finally, the current

study is limited to provide interpretation of the KIF5B-FMRP as-

sociation in auditory-cued FC.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Buprenorphine (Temgesic�) Indivior Reg no: HK-28719

Carprofen (Rimadyl�) Zoetis UK N/A

Dexamethasone Sigma-Aldrich CAS: 2392-39-4

Enrofloxacin (Baytril�) Bayer AG N/A

Ketamine/Xylazine Alfasan International B.V. Reg no: HK-37715/HK-56179

Isoflurane RWD Life Science Cat#R510-22-16

Experimental models: Organisms/strains

Mouse: B6.Cg-Tg(CaMK2a-cre) T29-1Stl/J The Jackson Laboratory JAX#005359

Mouse: B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J The Jackson Laboratory JAX#007909

Mouse: Kif5bfl/fl mice Cui et al.41 N/A
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Genotyping primers for Kif5bfl/fl mice Cui et al.41 N/A

Primers: FMRP forward: 50- gttgcaaccggttccggactcagatctcgagc -3’;

FMRP reverse: 50- gttgcagcggccgcttagggtactccattcacg -30
This paper N/A

Primers: GFP forward: 50- cggccagaattctgatggtgagcaagggcgagg-3’;
GFP reverse: 50- cggccaaccggtcttgtacagctcgtccatgc-30

This paper N/A

Recombinant DNA

pAAV-CAG-GFP Edward Boyden Addgene#37825

pCAG-Cre Matsuda et al.51 Addgene#13775

pCALNL-DsRed Matsuda et al.51 Addgene#13769

pFU-dio-YFP-W Villa et al.16 Addgene#73858

pFU-dio-PSD95-mCherry Villa et al.16 Addgene#73919

pFU-dio-Teal-gephyrin-W Villa et al.16 Addgene#73918

pFRT-TODestFLAGHAhFMRPiso1 Ascano et al.52 Addgene#48690

pCALNL-GFP This paper, subcloning N/A

pCALNL-GFP-FMRP This paper, subcloning N/A

pCAG-DsRed Isshiki et al.18 N/A

Software and algorithms

Fiji Schneider et al.53 SCR_002285

Metamorph Molecular devices SCR_002368

Imaris Bitplane Imaris SCR_007370

MATLAB MathWorks SCR_001622

GraphPad Prism GraphPad Software SCR_002798

MATLAB code for analysis Deposited at GitHub Zenodo: https://doi.org/10.5281/

zenodo.10571308
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Cora

S.W. Lai (coraswl@hku.hk).

Materials availability
Further information and requests for mouse reagent should be directed to and will be fulfilled by Dr. Cora S.W. Lai (coraswl@hku.hk).
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Data and code availability
d The data supporting the findings of this study will be shared by the lead contact upon request.

d The MATLAB code has been deposited at GitHub and is publicly available as of the date of publication. DOI is listed in the key

resources table.

d Any additional information required to re-analyze the data reported in this paper will be provided by the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
CaMKIIa-Cre (JAX#005359) and Ai9 (JAX# 007909) mice were purchased from the Jackson Laboratory. Kif5bfl/fl mice were gifts

from Prof. Jiang-Dong Huang’s lab.54 CaMKIIa-Cre knock-in mice were used to breed with mice homozygous for the Kif5bfl/fl

transgene to yield KIF5B cKO (CaMKIIa-Cre; Kif5bfl/fl) mice. CaMKIIa-Cre mice were used as control. Both males and females

were used in this study by random sampling. Mice were group-housed under a 12 h light/dark cycle in the Center for Comparative

Medicine Research, The University of Hong Kong, accredited by Association for Assessment and Accreditation of Laboratory An-

imal Care International. Food and water were provided ad libitum. 4–5 weeks old mice were used in this study. All experiments

were approved and performed in accordance with the University of Hong Kong Committee on the Use of Live Animals in Teaching

and Research guidelines.

METHOD DETAILS

Auditory-cued fear conditioning and fear extinction
FreezeFrame system (Coulbourn Instruments) was used to train and test mice. Each fear conditioning chamber was contained in a

sound-attenuating enclosure (Coulbourn Instruments). Actimetrics FreezeFrame software (version 2.2; Coulbourn Instruments) was

used to control the stimulus presentation by a pre-set program. For training, the fear conditioning chamber was equipped with stain-

less-steel shocking grids, which connected to a precision feedback current-regulated shocker (Coulbourn Instruments). Mice were

habituated for 1 min on a shocking grid (context A: shocking floor grids, ethanol scent). Fear conditioning was conducted by present-

ing a 30 s, 4000Hz, 80 dB auditory cue (CS) and thenwith a 2 s, 0.5mA scrambled foot shock (US) at the end of tone presentation. The

intertrial interval was 20 s. One min after conditioning, mice were returned to their home cages. For recall testing, the shocking grids

were replaced with non-shocking test grids that was different from the shocking grids used during conditioning. Mice were placed in

a different context (context B: patterned chamber walls, test floor grids, 1% Pinesol) for an initial 2-min period (pre-CS) and this was

followed by tone presentation for 2 min (CS). Each trial of fear extinction was the same as the setting of the recall test. Fear extinction

was carried out in two days with 5 trials per day. Animals were recorded using low-light video cameras throughout the test. All equip-

ment was thoroughly cleaned with water.

DNA constructs
pAAV-CAG-GFP, pCAG-Cre, pCALNL-DsRed, pFU-dio-YFP-W, pFU-dio-PSD95-mCherry and pFU-dio-Teal-gephyrin-W were pur-

chased from Addgene. pCAG-DsRed was a gift from Prof. Shigeo Okabe.18 pCALNL-GFP-FMRP was constructed by amplifying the

FMR1 gene from the plasmid, pFRT-TODestFLAGHAhFMRPiso1, which was purchased from Addgene, with forward primer: 50-
gttgcaaccggttccggactcagatctcgagc -30 and reverse primer: 50- gttgcagcggccgcttagggtactccattcacg -3’. EGFP gene was amplified

from pEGFP-C1, purchased from Addgene, with forward primer: 50-cggccagaattctgatggtgagcaagggcgagg-30 and reverse primer:

50-cggccaaccggtcttgtacagctcgtccatgc-3’. The FMR1 insert was subcloned into AgeI and NotI cloning sites of pCALNL-DsRed.

EGFP insert was subcloned into EcoRI and AgeI cloning sites of the vector pCALNL-DsRed. The original dsRed insert of the vector

plasmid would be removed during the digestion step as a result. The resulting plasmid was a Cre recombinase-dependent expres-

sion plasmid of the insert GFP-FMRP.

In utero electroporation
In utero electroporation was carried out on mouse embryos of embryonic day (E) 14.5–15.5 to target progenitors that are destined to

layer 2/3. Pregnant mice were anesthetized by subcutaneously injecting ketamine/xylazine (20 mg/mL and 3 mg/mL, respectively in

saline, 6 mL/g body weight). A 3 mm incision was made at the abdomen to expose the uterine horns. Around 1 mL of plasmid solution

wasmicroinjected into the right brain ventricle of the embryos. A pair of tweezer-type electrodes was placed on the embryonic brains

with the positive electrode contacting the frontal cortex. Five 50ms square electric pulses at 1 Hz were applied with an electroporator

(BTX, Harvard Bioscience, Inc). The voltage used depends on the plasmids mix in the injecting solution. For experiments in Figures 1

and 2 (pCAG-Cre, pFU-dio-YFP-W, pFU-dio-PSD95-mCherry and pFU-dio-Teal-gephyrin-W) and Figures 3 and 4 (pCAG-Cre,

pCALNL-DsRed and pCALNL-GFP-FMRP), 30–35 Vwas used. For experiments in Figure S2B (pCAG-Cre, pCALNL-GFP, pcDNA3.1)

and Figures S2C–S2H (pCAG-Cre, pFU-dio-YFP-W), 25–35 Vwas used. After electroporation, embryos were gently placed back into

the abdomen and the incision was sutured.
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In vivo imaging of dendritic spines, synaptic markers and FMRP-GFP
Preparation for thinned-skull window imaging

Dendritic spine plasticity in Figure S2 (Figure S2C–S2H) was examined in longitudinal experiment by imaging the mouse cortex

through a thinned-skull window as described previously.12 One-month-old mice were anesthetized with ketamine/xylazine injection

(intraperitoneally, 20 mg/mL, 3 mg/mL respectively in saline, 6 mL/g body weight) and head-fixed to an imaging platform by cyano-

acrylate glue. Thinned-skull windows were made with high-speed microdrills. Skull thickness was reduced to about 20 mm. Artificial

cerebrospinal fluid (ACSF) was used to moist the drilling area to reduce friction-induced temperature rise. ACSF contained 119mM

NaCl, 2.5 mM CaCl2, 1 mM NaH2PO4, 2.5 mM KCl, 1.3 mM MgSO4, 26.2 mM NaHCO3, and 22 mM glucose. A two-photon micro-

scope (25Xwater immersion lens, N.A. = 1.05) was used to acquire images. For re-imaging, previous regions were identified by align-

ing the brain vasculature. Microsurgical blades would be required to re-thin the region of interest. The area of the imaging region was

216 mm 3 216 mm. The center of imaging region was located at the frontal association cortex (+2.8 mm bregma, +1.0 mm midline).

Preparation of cranial window

Cranial window implantation protocol was as described previously.37,55 P27 ± 2micewere anesthetized by intraperitoneal injection of

ketamine/xylazine (20mg/mL, 3mg/mL respectively in saline, 6 mL/g body weight). Three drugs were given prophylactically including

dexamethasone (2 mg/kg, Sigma-Aldrich), carprofen (5 mg/kg, Norbrook Laboratories Ltd) and buprenorphine (0.1 mg/kg, Indivior

Pty Ltd) to lower intracranial pressure, reduce surgery-induced inflammation and relief pain, respectively. Scalp was removed and a

customized metallic head-mount was glued to the skull by cyanoacrylate glue and dental acrylic cement (Megadental GmbH) for the

purpose of fixing mouse heads onto surgical and future imaging platforms. A craniotomy (square area about 2 mm 3 2 mm) was

made and replaced by a #2 glass coverslip (Thermo Fisher Scientific) of the same size. The seams between the coverslip and the

skull were sealed by firstly a layer of tissue adhesive (Vetbond, 3M Company) and secondly a layer of cyanoacrylate glue. Finally,

dental acrylic cement was applied to cover the exposed skull and to secure the metallic head-mount. As post-operative prescription,

mice were given carprofen (5 mg/kg) and buprenorphine (0.1 mg/kg) twice a day for 5 days. Enrofloxacin (Baytril, 2.5% oral solution)

was administered in drinking water (diluted to 0.5%) to prevent microbial infection. Mice will be recovered for 10-day before imaging.

Two-photon imaging

Mice were anesthetized by ketamine/xylazine and head-fixed onto a customized platform. The two-photon microscope (Olympus

FVMPE-RS) usedwas equipped with two lasers with tuning range from 680 nm to 1080 nm (Chameleon Vision II, Coherent). To image

YFP signal, GFP signal or Teal (mTFP1) signal, a laser of 880 nm was used. To image dsRed signal or mCherry signal, a laser of

1080 nm was used. Independent filters were used for three different channels (Blue: 435–485 nm, Green/Yellow: 510–560 nm,

Red: LP590 nm). The water immersion objective lens had a magnification of 253 and a numerical aperture (N.A.) of 1.05. z stack im-

ages of dendritic spines, synaptic markers, and FMRP puncta were acquired at high resolution (0.14 mm/pixel XY resolution, 0.75 mm

step size). Themaximumarea of imaging field was 2163 216 mm. The region of interest was at the frontal association cortex (+2.8mm

bregma, +1.0 mm midline).

Awake imaging

For head-fixed awake imaging, an air-suspended platform (Mobile HomeCage, Neurotar) was used, which comprised of a light-

weight carbon fiber cage and an air-cushion generating system. Mice used for awake imaging were implanted with a customized

metallic head-mount that provided a tight-fit to the head-fix clamping system of Mobile HomeCage. Mice with head mount were

clamped on the platform and placed into air-lifted carbon fiber cage so thatmice couldmove freely with head-fixation. The air cushion

also provided shock-absorbance effect to stabilize the head-fixing and image acquisition. The whole platform with the head-fixed

mouse was placed under the 2-photon microscope objective lens for image acquisition. At the end of an imaging session, mice

were released from platform and returned to home cage.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis
Analysis for dendritic spines

Metamorph software (Molecular Devices) was used to analyze dendritic spine plasticity from 3D-image stacks. The criteria of iden-

tifying dendritic protrusions were as described previously.37,55 Briefly, the number and location of dendritic protrusions, which pro-

trusion lengths were more than one-third of the dendritic shaft diameter, were tracked manually along with the dendritic segments.

Dendritic protrusions were classified into filopodia and spines. Filopodia were identified as long, thin structures (generally larger than

twice the average spine length, the ratio of head diameter to neck diameter <1.2:1, and ratio of length to neck diameter >3:1). The

remaining protrusions were classified as spines. Spines were considered as identical between views if their positions were un-

changed with respect to adjacent landmarks. Dendritic segments were randomly sampled within the stacks of images acquired,

which covered a maximum volume of 216 mm 3 216 mm 3 100 mm below the pia surface. Images were processed by 2D-deconvo-

lution in Metamorph software. Dendritic spine plasticity was tracked across different time points. Three-dimensional stacks were

used for analysis instead of z-projection images to ensure that tissue movements and rotation between imaging intervals did not

hinder spine identification. Spines were identified as stable between time points if their positions remained the same with regards

to adjacent landmarks. The percentage of spines/puncta formation and elimination represented the number of spines/puncta formed

or eliminated between the first and second view divided by the total number of spines/puncta counted at the first view in eachmouse.
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Unless specified, the n number for analysis of imaging experiments refers to the number of animals analyzed in each group. For image

display, images of dendrites were highlighted by removing irrelevant dendrites and out-of-focus dendritic spines manually using

Adobe Photoshop. The resulting image stacks that highlight the dendrites of interest were then projected to generate two-dimen-

sional images and adjusted for contrast and brightness.

Scoring for synaptic markers and FMRP-GFP puncta

Metamorph software (Molecular Devices) were used to analyze the dynamics and localization of synaptic marker and FMRP-GFP

puncta. Similar to the analysis method of dendritic spines, images were first processed by 2D-deconvolution. The identification of

synaptic marker puncta or FMRP puncta was defined by the following 3 criteria: (1) The signal was clustered over at least 6 pixels;

(2) The signal was present in at least two contiguous z planes; (3) The signal intensity was higher than 3 times of the background noise.

The presence and absence of synaptic markers or FMRP-GFP puncta at each time point were counted and calculated.

Measurement of FMRP localization

Every dendrite was assumed to be a 1-D linear structure for this analysis. Every dendritic spine and FMRPpuncta could then be regis-

tered with a location datum, which was the distance away from the reference spine measured with Metamorph software (Molecular

Devices). And the location datum for the reference spine was set to be zero. Custom-written MATLAB codes were used to calculate

and tabulate all possible distance measurements between the locations of FMRP puncta and all dendritic spines. Therefore, the

closest relative distance between dendritic spine and FMRP punctum were identified and plotted into a box-and-whisker diagram.

FMRP distribution simulation

In order to determine if FMRP puncta are distributed randomly along individual dendritic segments, we calculated the distance be-

tween the location of closest FMRP puncta pair, or between the location of closest FMRP puncta and dendritic spine pair. We used

custom-written MATLAB codes to simulate the location of FMRP puncta along the dendritic segments. The simulation was conduct-

ed under the assumption that the FMRP puncta are distributed randomly (uniform statistical distribution) along dendritic segments.

Accordingly, we generated FMRP puncta at random positions along dendritic segments, considering the actual lengths of dendrites

and the numbers of FMRP puncta observed in the data. Subsequently, we calculated the closest distance between the simulated

FMRP puncta pair or between the actual location of dendritic spine and the simulated FMRP puncta. We then repeated this simu-

lation 1,000 times to generate the null distribution of closest distances along dendritic segments under the assumption of FMRP

puncta random distribution. Finally, we compared the cumulative probabilities of distances calculated from the observed data

and from the simulation using Kolmogorov-Smirnov test.

Measurement of dendritic length

Each dendrite analyzed was measured with either Imaris or the ImageJ plugin, SNT. The software measures accurate distance of a

dendrite by reconstruction of path considering the 3D reconstruction of the z stack images. Total dendritic length analyzed was thus

obtained by summing up all the individual dendritic lengths in each sample group. The average length ±SD per mouse is also pre-

sented in the respective figure legends.

Total dendritic length and dendritic spine counts

Figure 1: Control: n = 6 mice, total 1112 dendritic spines, in which Dual +ve 433 spines, PSD95-only 323 spines, gephyrin-only (Gep-

only) 104 spines, Dual -ve 252 spines, on Day 0. KIF5B cKO: n = 7 mice, total 1020 dendritic spines, in which Dual +ve 295 spines,

PSD95-only 253 spines, Gep-only 67 spines, Dual -ve 405 spines, on Day 0. Total analyzed dendrite lengths are 1721.2 mm (Control)

and 1347.1 mm (KIF5B cKO). Average dendritic length analyzed (±SD) is 286.9 ± 56.2 mm (Control) and 192.4 ± 63.8 mm (KIF5B cKO).

Figure 2: Control: n = 6 mice, total 1112 dendritic spines, 756 PSD95-positive spines, 356 PSD95-negative spines, 537 Gep-pos-

itive spines, 575 Gep-negative spines, on Day 0. KIF5B cKO: n = 7mice, total 1020 dendritic spines, 550 PSD95-positive spines, 470

PSD95-negative spines, 362Gep-positive spines, 658Gep-negative spines, on Day 0. Total analyzed dendrite lengths are 1721.2 mm

(Control) and 1347.1 mm (KIF5B cKO). Average dendritic length analyzed (±SD) is 286.9 ± 56.2 mm (Control) and 192.4 ± 63.8 mm

(KIF5B cKO).

Figure 3: Control: n = 6 mice, total 1138 dendritic spines and 393 FMRP puncta, at H0; KIF5B cKO: n = 5 mice, total 740 dendritic

spines and 305 FMRP puncta, at H0. Total analyzed dendrite lengths are 2241.24 mm (Control) and 1905.96 mm (KIF5B cKO). Average

dendritic length analyzed (±SD) is 373.5 ± 47.7 mm (Control) and 382.0 ± 97.5 mm (KIF5B cKO).

Figure 4: Control unpaired: n = 6 mice, total 1088 dendritic spines and 377 FMRP puncta; Control paired: n = 4 mice, total 698

dendritic spines and 144 FMRP puncta; KIF5B cKO paired: n = 4 mice, total 708 dendritic spines and 244 FMRP puncta. Total

analyzed dendrite lengths are 2305.67 mm (Control unpaired), 1989.08 mm (Control paired) and 1787.63 mm (KIF5B cKO paired).

Average dendritic length analyzed (±SD) is 398.9 ± 51.4 mm (Control unpaired), 497.3 ± 135.8 mm (Control paired) and 446.9 ±

59.1 mm (KIF5B cKO paired).

Statistical analysis
For statistical analysis, GraphPad Prism software version 8.0 (GraphPad Software) was used. Each data point in graphical represen-

tation indicates one mouse unless otherwise specified. To test for normal distribution of data, Shapiro-Wilk test was used. Q-Q plot

was used to confirm normality in two-way ANOVA test. For normally distributed data, either one-way ANOVA or Student’s t-test was

used to compare means between multiple groups or two groups, respectively. For non-normally distributed data, either Mann-

Whitney U-test or Kruskal-Wallis test was used for 2-group comparisons or multiple-group comparisons, respectively. For compar-

ison of data with 2 independent variables, two-way ANOVA was used instead of one-way ANOVA. Post hoc tests were carried out
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when significantly different results (p values less than 0.05) were found. Tukey’s test was used for both one-way ANOVA and two-way

ANOVA. Sidak multiple comparison test was used for two-way ANOVA when the number of groups to be compared was only two.

Dunn’s test was used for Kruskal-Wallis test. Kruskal-Wallis test was also used as a statistical test for the median for the analysis of

FMRP localization. Post hoc Dunn’s test was used for the multiple comparison. Pearson’s correlation coefficient analysis was used

for the simple linear regression. Kolmogorov-Smirnov test was used to compare cumulative distribution fractions. In all analyses,

p values less than 0.05 were considered as statistically significant.
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