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TrkB phosphorylation by Cdk5 is required for activity-
dependent structural plasticity and spatial memory

Kwok-On Lai!=3, Alan S L Wong!~3, Man-Chun Cheung!-3, Pei Xu!-3, Zhuoyi Liang!-3, Ka-Chun Lok!3,
Hui Xie*, Mary E Palko®, Wing-Ho Yung?, Lino Tessarollo®, Zelda H Cheung!~3 & Nancy Y Ip'-3

The neurotrophin brain-derived neurotrophic factor (BDNF) and its receptor TrkB participate in diverse neuronal functions,
including activity-dependent synaptic plasticity that is crucial for learning and memory. On binding to BDNF, TrkB is not only
autophosphorylated at tyrosine residues but also undergoes serine phosphorylation at S478 by the serine/threonine kinase cyclin-
dependent kinase 5 (Cdk5). However, the in vivo function of this serine phosphorylation remains unknown. We generated knock-in
mice lacking this serine phosphorylation ( TrkbS478A/S478A mice) and found that the TrkB phosphorylation—deficient mice displayed
impaired spatial memory and compromised hippocampal long-term potentiation (LTP). S478 phosphorylation of TrkB regulates its
interaction with the Rac1-specific guanine nucleotide exchange factor TIAM1, leading to activation of Rac1 and phosphorylation of
S6 ribosomal protein during activity-dependent dendritic spine remodeling. These findings reveal the importance of Cdk5-mediated
S478 phosphorylation of TrkB in activity-dependent structural plasticity, which is crucial for LTP and spatial memory formation.

BDNF and its cognate receptor TrkB are required for multiple aspects
of neuronal functions, including neuronal survival and differen-
tiation during development as well as synaptic plasticity of mature
neurons!. One form of BDNF-dependent synaptic plasticity is hip-
pocampal LTP at the CA3-CA1l synapses, which is widely regarded
as a cellular mechanism for learning and memory?3. The induction
of LTP in the Schaffer collateral of the hippocampus depends on the
NMDA receptor and is associated with dendritic spine remodeling,
such as enlargement of spine heads, as well as the formation of new
spines*-®. Such activity-dependent structural plasticity is believed to
underlie persistent changes in synaptic strength during late-phase
LTP (L-LTP) and involves both the regulation of actin cytoskeleton
and protein synthesis”8. Multiple lines of evidence indicate that the
neurotrophin BDNF is important for L-LTP and long-term memory?>.
Synaptic activity increases the secretion and local synthesis of BDNEF,
and transgenic mice with impaired activity-dependent release and
synthesis of BDNF show defects in both L-LTP and long-term
memory®~!l. BDNF promotes the formation and maturation of
dendritic spines!>!3, and endogenous BDNF is required for NMDA
receptor-induced cytoskeletal changes and dendritic spine remod-
eling during LTP®14. These findings suggest that the structural plas-
ticity elicited by BDNF following NMDA receptor activation is crucial
for L-LTP and long-term memory.

BDNF regulates synaptic function via activation of the receptor
tyrosine kinase (RTK) TrkB. Mice lacking TrkB or harboring a muta-
tion (Y816F) in the intracellular domain of TrkB exhibit defects in
LTP and hippocampus-dependent learning!>1°. In addition, the sur-
face expression and synaptic localization of TrkB can be regulated

by synaptic activity, which might explain the synapse specificity of
BDNF in modulating synaptic strength3. Similar to other conventional
RTKs, the signaling capability of TrkB depends on ligand-dependent
autophosphorylation of tyrosine residues in the intracellular domain.
In addition, we have previously reported that BDNF also unexpect-
edly triggers serine phosphorylation of TrkB in the juxtamembrane
region at $478 by the proline-directed serine/threonine kinase Cdk5
(ref. 17). Overexpression of a TrkB construct that lacks the Cdk5
phosphorylation site inhibits neurite outgrowth of cultured hippo-
campal neurons in response to BDNE, suggesting that serine phos-
phorylation might be crucial for TrkB signaling in vitro. Nonetheless,
the physiological importance of this serine phosphorylation of TrkB
remains largely unknown.

To understand the in vivo function of S478 phosphorylation of
TrkB, we generated phosphorylation-deficient knock-in mice
(TrkbS478AIS478A mice). Here we report that TrkB was phosphorylated
at S478 at neuronal synapses, and this phosphorylation was essen-
tial for glutamate-induced structural remodeling of dendritic spines
as well as hippocampal LTP and spatial memory. Furthermore, we
found that S478 phosphorylation was required for the interaction
of TrkB with the Rac-specific guanine nucleotide exchange factor
(GEF) TIAML1, leading to activation of Racl and phosphorylation of
S6 ribosomal protein essential for spine morphogenesis. Our results
suggest that Cdk5-mediated serine phosphorylation of TrkB regulates
NMDA receptor-dependent actin dynamics and protein synthesis
via signaling to TTAM1, which is essential for spine remodeling dur-
ing long-term synaptic plasticity and memory formation. Notably,
emerging evidence supports a crucial role for Cdk5 in different
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Figure 1 TrkB is phosphorylated at S478

at neuronal synapse. (a) Western blotting
confirmed that S478 phosphorylation was
absent in the brains of TrkbS478NS478A mjce,
TrkB phosphorylation at Y490 was similar
between wild-type (Trkb*'+) and TrkbS478A/S478A
mice, although TrkB expression was slightly
reduced in TrkbS478MNS478A prains. Data are
expressed as mean £ s.e.m. and were pooled
from three experiments (three pairs of mice

for each genotype; *P < 0.05, ***P < 0.001,
Student’s t-test). Full-length blots were
presented in Supplementary Figure 11. (b) TrkB
was phosphorylated at S478 in SPM and PSD
fractions of rat brains. Enrichment of specific
pre- and postsynaptic proteins in the SPM and
PSD fractions was verified by antibodies to
synaptophysin and PSD-95. (c) Colocalization
of phospho-S478 TrkB immunoreactivity

with the synaptic marker PSD-95 (arrows)

in cultured hippocampal neurons. (d) TrkB

was concentrated in the SPM fraction in both
wild-type and TrkbS478A/S478A prains, Similar
enrichment of TrkB was observed from two
different wild-type and TrkbS478A/S478A prains,
(e) Immunofluorescence staining of dissociated
hippocampal neurons showed similar
colocalization of total TrkB (red) with PSD-

95 (green) in TrkbWTWT and TrkpS478A/S478A
neurons. (f) Biotinylation of cultured cortical
neurons revealed similar levels of surface TrkB
expression (normalized with total TrkB in whole
cell lysate) in both TrkbWTWT and TrkpS478A/S478A
neurons (data are expressed as mean + s.e.m.
and were pooled from three experiments;

P> 0.05, Student’s t-test; difference in total
TrkB level between TrkbWTWT and TrkpS478A/S478A
neurons was significant; **P <0.01, Student’s
t-test). (g) Surface staining with antibody to the
extracellular domain of TrkB showed distinct
puncta of surface TrkB (red) in the dendrites
(blue) of TrkbWTWT and TrkpS478AS478A neurons
(middle and right). The specificity of the surface
staining was verified by the absence of red
puncta without TrkB antibody (left). Scale bars
represent 10 um.
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ously unknown cross-talk between BDNF-

TrkB signaling and Cdk5, in which TrkB

$478 phosphorylation by Cdk5 is critical for NMDA receptor—-
dependent structural and functional plasticity that underlies spatial
memory formation.

RESULTS

Characterization of TrkbS478A/S478A knock-in mice

To address the physiological role of TrkB S478 phosphorylation, we gen-
erated knock-in mice in which S478 of TrkB is replaced by alanine, and
the expression of the transgene was under control of the endogenous
Trkb (also known as Ntrk2) promoter (Supplementary Fig.1).

We confirmed homologous recombination of the targeting vector into
the mouse embryonic stem cell genome by Southern blot analysis.
Heterozygous Trkb*/S478A mice were intercrossed to generate wild-type
(Trkb*'*) and TrkbS478A/S478A homozygous offspring. A control mutant
mouse line (TrkbWT/WT), with only the loxP-PGK-neo-loxP cassette and
without the S478 A mutation, was also generated in parallel to ensure
that the genetic manipulation did not affect splicing and subsequent
Trkb gene expression. The complete absence of S478 phosphoryla-
tion in the TrkbS4784/5478A homozygous knock-in mice was confirmed
by western blot analysis using antibody that specifically recognized
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Figure 2 S478 phosphorylation of TrkB is required for BDNF-induced
spine morphogenesis and glutamate-induced spine enlargement.

(a) Hippocampal neurons were co-transfected with GFP and vector

(mock), wild-type TrkB (WT), or TrkB S478A construct. Neurons were
treated with BDNF for 24 h. Representative images are shown. BDNF
increased the spine density (middle; ***P < 0.001, Student’s f test)

and spine area (bottom; ***P < 0.001, Kolmogorov-Smirnov test) in

mock or wild-type TrkB—expressing neurons, but not in neurons that
overexpressed the TrkB S478A mutant. We measured 36 dendrites from

12 neurons for each condition. Scale bars represent 10 um. (b) GFP-
transfected hippocampal neurons derived from control ( TrkbWT/WT) or
TrkbS478NS478A mice were treated with BDNF for 24 h. Representative
images are shown. Treatment with BDNF significantly increased the

spine density of the control neurons, but not that of neurons lacking

TrkB S478 phosphorylation (middle, 9-16 dendrites from 5-10 neurons
were measured for each condition; ***P < 0.001, one-way ANOVA,
Bonferroni’s multiple comparison test). BDNF also increased the spine area
in control neurons, but not in TrkbS478A/S478A neyrons (bottom; **P < 0.01,
Kolmogorov-Smirnov test). Scale bars represent 10 um. (c) GFP-
transfected hippocampal neurons (17-18 d in vitro (DIV)) cultured from
TrkbWTWT o TrkpS478AS478A mutant mice were stimulated by uncaging
MNI-glutamate, and the changes in spine size at different duration after
glutamate receptor activation were monitored by time-lapse confocal
microscopy. Representative images are shown (left). Quantification revealed
a significant difference in the fold change in spine area between TrkbWT/WT
and TrkbS478NS478A neurons in response to uncaged glutamate (right; data
were pooled from three experiments, 20 neurons were measured for each
genotype; *P < 0.05, Student’s t-test). Scale bar represents 5 um. Data are
expressed as mean + s.e.m. for the histograms in a—c.

phospho-S478 TrkB (Fig. 1a). TrkB expression was slightly reduced
in the knock-in mice (~20%, P < 0.05, Student’s t-test), whereas tyro-
sine phosphorylation of TrkB was similar to that of wild-type mice
(P> 0.05, Student’s t-test).

We then asked whether the subcellular localization of TrkB is
affected in the phospho-S478-deficient mutant mice. TrkB is syn-
aptically localized and regulates diverse synaptic functions, such as
spine formation and remodeling, trafficking of synaptic proteins and
dendritic protein synthesis. We therefore examined whether S478
of TrkB is phosphorylated at synapses. Postsynaptic density (PSD)
and synaptic plasma membrane (SPM) fractions were isolated from
adult rat brain, and western blotting was performed using antibody
to phospho-S478 TrkB (specificity of the antibody was verified using
TrkbS478A/5478A brain homogenate; Fig. 1a). Prominent phospho-5478
TrkB was detected in both the PSD and SPM fractions (Fig. 1b). The
phosphorylation of TrkB at neuronal synapses was verified by immuno-
fluorescence staining of dissociated hippocampal neurons (Fig. 1c
and Supplementary Fig. 2). However, the synaptic localization of
TrkB was not affected in the TrkbS478A/S478A knock-in mice (Fig. 1d,e).
Moreover, biotinylation and TrkB surface staining revealed that the
phospho-deficient TrkB could be targeted to the plasma membrane
(Fig. 1f,g). Taken together, our data suggest that the lack of S478
phosphorylation does not grossly affect the expression, tyrosine phos-
phorylation (and hence kinase activity) and localization of TrkB in
the TrkbS478A/S478A mutant mice.

BDNE-TrkB signaling has been implicated in various aspects of
neural development, such as neuronal survival, dendritic growth
and spine formation, and TrkB knockout mice die soon after birth.
However, the TrkbS478A/5478A homozygous knock-in mice were both
viable and fertile and did not show gross pathologies or developmental
defects. There was no substantial difference in lifespan or body weight
between the wild-type and knock-in mice. We also examined the hip-
pocampus morphology and did not observe notable abnormalities in
the TrkbS478A/S478A mice (Supplementary Fig. 3a). In addition, there
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was no significant difference (P > 0.05) in the dendritic arboriza-
tion and spine development of TrkbS478A/S478A neurons both in vitro
and in vivo (Supplementary Fig. 3b-d). The lack of developmen-
tal defects in the TrkbS4784/8478A mutant mice suggests that serine
phosphorylation does not affect the general signaling capability of
TrkB but instead might be involved in specific signaling pathways
downstream of the receptor. In particular, the observation that TrkB
was phosphorylated at neuronal synapses prompted us to examine
whether S478 phosphorylation might regulate the synaptic function
of TrkB in the adult brain.

Role of TrkB S478 phosphorylation in spine remodeling

One mechanism by which BDNF modulates synaptic transmission
in mature neurons is the regulation of dendritic spine growth and
remodeling. To address the role of TrkB S478 phosphorylation, we
examined whether Cdk5, which phosphorylates TrkB at S478, is
required for BDNF-induced spine morphogenesis. Cultured hippo-
campal neurons were transfected with GFP at 9 d in vitro (DIV)
and treated with BDNF for 24 h at 13 DIV. Consistent with previous
findings'3, BDNF treatment significantly increased (P < 0.001) the
density and area of dendritic spines without changing the spine
length (Supplementary Fig. 4a,f). Pharmacological inhibition of
CdkS5 by roscovitine or absence of the Cdk5 activator p35 completely
abolished the BDNF-induced spine formation and enlargement
(Supplementary Fig. 4b—e). We then asked whether the role of Cdk5
is specifically attributed to the serine phosphorylation of TrkB by co-
transfecting hippocampal neurons with GFP and either the wild-type
or S478A TrkB mutant construct, followed by treatment with BDNE.
Overexpression of the phosphorylation-deficient TrkB construct,
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Figure 3 S478 phosphorylation regulates the interaction between TrkB and the Rac GEF TIAM1. (a) BDNF-induced TrkB tyrosine phosphorylation
and phosphorylation of downstream targets such as AKT and ERK was not affected in TrkbS478AS478A cortical neurons (data were pooled from three
experiments with neurons cultured from three mice for each genotype; P> 0.05 between TrkbWT/WT and TrkbS478A/S478A neurons, one-way ANOVA,
Bonferroni’s multiple comparison test). Full-length blots were presented in Supplementary Figure 11. (b) BDNF induced tyrosine phosphorylation of
TIAM1 and co-immunoprecipitation of TrkB and TIAM1 in cultured cortical neurons. The specificity of the co-immunoprecipitation was confirmed
by absence of TrkB and phospho-Y829 TIAM1 in the control immunoprecipitation with 1gG. (c) Co-immunoprecipitation between TrkB and TIAM1
was performed in 293T cells that overexpressed Cdk5 and p35 together with either wild-type TrkB or TrkB S478A mutant. Mutation of TrkB at S478
substantially reduced its association with TIAM1. (d) TIAM1 was co-immunoprecipitated with TrkB in whole-brain lysate from control mice ( TrkpWT/WT),
but not the TrkbS478A/S478A mice (three pairs of mice for each genotype; ***P < 0.001, Student’s t-test). Immunoprecipitation with IgG served as a
control for the specificity of interaction. (e) Treatment of cortical neurons with BDNF triggered tyrosine phosphorylation of TIAM1 at Y829 in cortical
neurons derived from control mice (TrkbWTWT)  but the induction was completely abolished in TrkbS478AS478A cortical neurons. (f) TIAM1 is required

for BDNF-induced spine morphogenesis. Coexpression of dominant-negative

TIAM1 (TIAM1 PHCCEx) with GFP significantly reduced the area

(*P < 0.05, Kolmogorov-Smirnov test) and density (*P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA, Bonferroni multiple comparison test) of

dendritic spines before and after BDNF treatment. We measured 21-35 den
Data are expressed as mean + s.e.m. in the histograms of a, d and f.

drites from 13-19 neurons for each condition. Scale bar represents 10 um.

but not the wild-type TrkB, abolished the effect of BDNF on both
spine formation and spine enlargement (Fig. 2a). The importance of
$478 phosphorylation of TrkB was verified by culturing hippocampal
neurons from TrkbWT/WT control mice and TrkbS4784/S478A mutant
mice. Without exogenous BDNF, spine density and size were similar
in wild-type and TrkbS478A/S478A neurons. However, BDNF treatment
increased spine density and area only in wild-type neurons (Fig. 2b).
These results strongly indicate that S478 phosphorylation of TrkB by
CdKk5 is essential for mediating the growth and remodeling of den-
dritic spines in response to BDNF.

One of the best-studied forms of activity-dependent structural
plasticity involves the enlargement of spine heads, which is BDNF-
dependent and correlated with enhanced AMPA receptor expression
and increase in synaptic strength®1°. Given that S478 phosphoryla-
tion of TrkB was crucial for BDNF-induced spine enlargement, we
asked whether S478 phosphorylation is also involved in activity-
dependent spine remodeling. To this end, we used photolysis of

MNI-glutamate to examine activity-dependent spine enlargement
of dissociated hippocampal neurons using time-lapse confocal
microscopy. Uncaging glutamate has been used to induce NMDA
receptor-dependent spine remodeling in both hippocampal slices
and dissociated hippocampal neurons®2%21. In our study, dissoci-
ated hippocampal neurons were transfected with GFP, and selected
spines were imaged at real time before and after glutamate uncaging.
After a brief 405-nm laser stimulation, we observed a rapid increase
in spine size, and the increase was absent without MNI-glutamate
(Supplementary Fig. 5), indicating that the spine enlargement was
triggered by the photolysis of MNI-glutamate instead of a nonspe-
cific side effect of laser illumination. Next, we examined and com-
pared the effect of glutamate uncaging on the increase in spine area
between hippocampal neurons cultured from either TrkbWT/WT or
TrkbS478A/S478A mice, Compared with that of control neurons, the
magnitude of the increase in spine area after glutamate uncaging
was significantly attenuated (P < 0.05) in the TrkbS¥784 neurons
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Figure 4 Cdk5-mediated phosphorylation of TrkB at S478 is required for BDNF-induced Rac1 activity and glutamate-induced PAK phosphorylation.

(a) BDNF induced Racl activity in cultured cortical neurons, as indicated by an increase in GTP-bound Racl. The induction of Racl activity by BDNF
was abolished in the presence of roscovitine. (b) The induction of Rac1 activity by BDNF was abolished in Cdk5~~ cortical neurons. (¢) The enhanced
Rac1 activity after BDNF stimulation was blocked in neurons expressing dominant-negative TIAM1. (d) BDNF-induced Racl activity was abolished

in cortical neurons derived from TrkbS478NS478A mice (data were pooled from three experiments for a—c and four experiments for d; *P < 0.05,

*** P<0.001, one-way ANOVA, Bonferroni’s multiple comparison test). (e) Cortical neurons (14 DIV) were silenced for 4 h by tetrodotoxin and NBQX
before treatment with glutamate (50 uM) for 5 min. Glutamate increased phosphorylation of PAK in cortical neurons (**P < 0.01), and the increase was
significantly attenuated in the presence of TrkB-1gG (1 ug mi=1) (pooled from three experiments, *P < 0.05, one-way ANOVA, Tukey multiple comparison
test). (f) The induction of PAK phosphorylation by glutamate was observed in cortical neurons derived from the control mice TrkbWTWT, but the increase
in PAK phosphorylation was significantly reduced in TrkbS478A/S478A mutant cortical neurons (data were pooled from three experiments, with neurons
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cultured from three mice for each genotype; *P < 0.05, **P < 0.01, one-way ANOVA, Tukey multiple comparison test). Data were expressed as

mean + s.e.m. Full-length blots were presented in Supplementary Figure 11.

(Fig. 2¢), supporting the notion that S478 phosphorylation of TrkB
is involved in activity-dependent spine remodeling.

TrkB interaction with TIAM1 requires S478 phosphorylation

To investigate the molecular mechanisms underlying how S478 phos-
phorylation of TrkB regulates dendritic spine growth and remod-
eling, we examined BDNF-induced signaling pathways in cultured
cortical neurons derived from Trkb54784/5478A mjce. BDNF-induced
tyrosine phosphorylation of TrkB was normal in TrkbS478A/S478A
neurons (Fig. 3a), which is consistent with our previous find-
ing that Cdk5 does not regulate TrkB tyrosine phosphorylation!”.
Moreover, the induction of phospho-ERK and phosho-AKT by
BDNEF, which depends on TrkB phosphorylation at Y515 (ref. 16),
was also unaffected in TrkbS478A/S478A peurons. Next, we explored
the potential role of TrkB S478 phosphorylation in regulating Rho
GTPases. We focused on the Rho GTPase Racl, a well-established
signaling protein that promotes spine growth and maturation by
regulating actin dynamics?>?3. Among the different Rac GEFs,
TIAM1 has been reported to interact with TrkB2% Consistent with
this, we found that TTAM1 was recruited to TrkB and became phos-
phorylated at Y829 after BDNF treatment (Fig. 3b). We found that
TIAMI1 was colocalized with phospho-S478 TrkB in cultured hip-
pocampal neurons (Supplementary Fig. 6a), raising the possibility
that S478 phosphorylation of TrkB might regulate BDNF-triggered
TIAMI1 activation. To test this possibility, we investigated whether
the interaction between TIAMI1 and TrkB was affected by S478
phosphorylation. Overexpression in 293T cells revealed that the

amount of TrkB S478A mutant that was co-immunoprecipitated
with TIAMI was substantially reduced compared with wild-type
TrkB (Fig. 3¢). In contrast, the interaction between TrkB and TIAM 1
did not require Y829 phosphorylation of TITAM1 (Supplementary
Fig. 6b). Overexpressed wild-type TrkB also induced stronger
Y829 phosphorylation of TIAM1 in 293T cells as compared to the
S478A TrkB mutant (Supplementary Fig. 6¢). Notably, TIAM1
was co-immunoprecipitated with TrkB only in the brain lysate of
TrkbWT/WT control mice (Fig. 3d), indicating that S478 phosphor-
ylation of TrkB is required for its interaction with TIAM1 in vivo.
In addition, treatment with BDNF induced Y829 phosphorylation of
TIAM1 in TrkbWT'WT cortical neurons but not the TrkbS478A/5478A neurons
(Fig. 3e). These observations strongly suggest that S478 phosphor-
ylation of TrkB is essential for its signaling to TIAM1.

To determine whether TIAM1 is essential for BDNF-induced spine
morphogenesis, we expressed dominant-negative pleckstrin homol-
ogy, coiled-coil and extra (PHCCEx) domain of TTAM1 along with
GFP in cultured hippocampal neurons. The spine density and area
was then examined with or without BDNF treatment. Expression of
dominant-negative TITAM1 significantly reduced (P < 0.05) the den-
sity and area of dendritic spines without BDNF treatment. Notably,
the induction of spine formation and enlargement by BDNF was
completely abolished in neurons expressing dominant-negative
TIAMI1 (Fig. 3f). Taken together, our findings suggest that S478
phosphorylation of TrkB is crucial for its interaction with TIAM1
and the subsequent tyrosine phosphorylation during BDNF-induced
spine morphogenesis.
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Figure 5 Cdk5-mediated phosphorylation of TrkB at S478 is required for increased S6 phosphorylation and PSD-95 expression following NMDA
receptor activation. (a) Treatment of cultured cortical neurons (14 DIV) with bicuculline (20 uM) and glycine (200 uM, 15 or 30 min) increased

TrkB phosphorylation at both Y490 and S478 (pooled from three experiments; *P < 0.05, **P < 0.01, Student’s t-test). (b) The induction of TrkB
phosphorylation at S478 was abolished in the presence of the NMDA receptor antagonist AP5 (200 uM, 30min; pooled from four experiments,

*P < 0.05, one-way ANOVA, Bonferroni's multiple comparison test). (c) The Cdk5 inhibitor roscovitine (Ros, 10 uM) abolished the NMDA receptor—
induced TrkB phosphorylation at S478 (pooled from three experiments, *P < 0.05, one-way ANOVA, Newman-Keuls multiple comparison test). (d) The
induced TrkB phosphorylation was absent in cortical neurons derived from Cdk5~/~ mice (pooled from four experiments, and neurons were cultured from
four mice for each genotype, *P < 0.05, ***P < 0.001, one-way ANOVA, Tukey’s multiple comparison test). (e) Treatment of control (TrkbWT/WT) cortical
neurons with bicuculline and glycine (15 min for phospho-Akt; 30 min for phospho-S6 and PSD-95) significantly increased phosphorylation of Akt and
S6 ribosomal protein, and expression of PSD-95. The induction was absent in TrkbS478~S478A mytant neurons (for phospho-Akt and phospho-S6, data
were pooled from three experiments and neurons were cultured from three mice for each genotype; for PSD-95, data were pooled from five experiments
with neurons being cultured from five mice for each genotype; **P < 0.01, ***P < 0.001, one way ANOVA, Tukey multiple comparison test). Full-length
blots were presented in Supplementary Figure 11. Data were expressed as mean + s.e.m.

S478 phosphorylation is required for TIAM1 signaling
We then asked whether TrkB phosphorylation at S478 is required
for BDNF-induced activity of the Rho GTPases Racl and Cdc42.
We performed pulldown assays using the p21-binding domain of
Pak (Pak-PBD), which indicated the amount of GTP-bound (active)
Racl. Treatment of cultured cortical neurons with BDNF increased
Racl activity in a Cdk5-dependent manner, as the induction was
abolished by roscovitine and in Cdk5~/~ neurons (Fig. 4a,b).
Moreover, BDNF-induced Racl activation depended on TIAMI,
as the induction was blocked by the expression of dominant-
negative TIAM1 (Fig. 4c). Consistent with our hypothesis that
$478 phosphorylation of TrkB regulates TIAM1 function, we found
that BDNF failed to activate Racl in neurons from TrkbS478A/S478A
mice (Fig. 4d). In contrast, BDNF-induced Cdc42 activity was not
affected in TrkbS478A/S478A pneyrons (Supplementary Fig. 7). This
suggests that the defect in BDNF-induced spine morphogenesis is a
result of impaired activation of Racl rather than Cdc42.
Activation of NMDA receptor increases Racl activity and the
subsequent phosphorylation of PAK to promote spine growth?>-%7.
Given the observed deficits in activity-dependent spine remodeling
in TrkbS478A/S478A mutant neurons (Fig. 2), we reasoned that BDNE-
TrkB signaling might mediate activity-induced Racl activation and
phosphorylation of PAK, and that this induction could be impaired
by the loss of TrkB S478 phosphorylation. We first examined whether
TrkB is involved in NMDA receptor-dependent phosphorylation of
PAK. A brief stimulation of cortical neurons with glutamate increased
PAK phosphorylation, and this induction was significantly attenuated
(P <0.05) in the presence of TrkB-IgG (a recombinant fusion protein
comprising the extracellular domain of human TrkB and IgG), which
scavenges endogenous BDNF (Fig. 4e). Notably, the induction of PAK

phosphorylation by glutamate was significantly reduced (P < 0.05)
in TrkbS478A/S478A cortical neurons (Fig. 4f). These findings suggest
that S478 phosphorylation of TrkB is required for the activation of
the Rac-PAK pathway by the NMDA receptor.

In addition to reorganization of actin cytoskeleton through Racl
and PAK, activity-dependent spine remodeling also requires pro-
tein synthesis®. BDNF and the mTOR signaling pathway have been
implicated in protein synthesis during L-LTP23. In addition to its
anticipated function in regulating Racl activity, TTAM1 can also
directly regulate the PI3K-AKT and mTOR pathway?>%°. We therefore
asked whether serine phosphorylation of TrkB might also regulate
NMDA receptor-dependent protein synthesis. To this end, we treated
cultured cortical neurons with bicuculline and the NMDA receptor
co-factor glycine to activate synaptic NMDA receptors®). We found
that treatment with bicuculline and glycine increased both tyrosine
(Y490) and S478 phosphorylation of TrkB (Fig. 5a). The increase in
$478 phosphorylation was mediated by NMDA receptor and required
Cdks5, as it was blocked by the NMDA receptor antagonist D(-)-2-
amino-5-phosphonovaleric acid (AP5) and the Cdk5 inhibitor ros-
covitine, as well as in Cdk5~/~ neurons (Fig. 5b-d).

Next, we examined the phosphorylation of S6 ribosomal protein,
a downstream target of mMTOR and S6 kinase3!. Treatment with bicu-
culline and glycine induced S6 phosphorylation in cultured cortical
neurons. The induction was inhibited by AP5, TrkB-IgG and roscovi-
tine, and was absent in Cdk5~/~ neurons (Supplementary Fig. 8a-c).
These observations indicate that NMDA receptor activation induces
S6 phosphorylation in a BDNF- and Cdk5-dependent manner.
Notably, the induced S6 phosphorylation after stimulation with bicu-
culline and glycine was greatly attenuated in TrkbS478A/S478A neurons
(Fig. 5e), indicating a crucial role for TrkB S478 phosphorylation.
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The induction of Akt phosphorylation after stimulation with bicu-
culline and glycine was also reduced in TrkbS4784/S478A neurons. To
further study the role of Cdk5-mediated TrkB phosphorylation in
activity-dependent protein synthesis, we examined the expression
of PSD-95, which is critically involved in structural and functional
plasticity, and the translation of Psd-95 (also known as Dlg4) mRNA
is regulated during synaptic plasticity2. Stimulation with bicucul-
line and glycine increased the expression of PSD-95 in an NMDA
receptor- and mTOR-dependent manner (Supplementary Fig. 8),
and the increase was abolished in Cdk5~/~, as well as TrkbS478A/S478A
neurons (Fig. 5e and Supplementary Fig. 8c). Taken together, our
findings suggest that TrkB S478 phosphorylation is required for
NMDA receptor-dependent signaling pathways that regulate actin
dynamics and protein synthesis for promoting spine remodeling.

TrkbS478A/S478A mice show impaired LTP and memory
The impairment of activity-dependent spine remodeling and relevant
signal transduction in TrkbS478A/S478A neurons prompted us to inves-
tigate whether hippocampal LTP is also affected. To elucidate the
role of p35 and TrkB S478 phosphorylation, we first examined the
effect of exogenous BDNF on the potentiation of synaptic strength in
neonatal slices®3. BDNF application facilitated LTP in wild-type and
TrkbWT'WT control mice, as indicated by the increase in field excita-
tory postsynaptic potential (fEPSP) amplitude. Notably, the effect of
BDNF was completely abolished in hippocampal slices from either
357/~ (also known as Cdk5r1) or TrkbS478A/S478A mice (Fig. 6a).
BDNF treatment also increased the fEPSP slope (as a percentage
of baseline) in p35*/+ and TrkbWT'WT mice (p35*/*: before BDNF,
112.9 £ 2.8%; after BDNE, 148.6 + 5.5%; TrkbWT/WT: before BDNE,
118.6 + 4.4%; after BDNE, 151.6 + 4.9%; P < 0.001), and the increase
was absent in p35~/~ or TrkbS478A/S478A mice (p35~/~: before BDNF,
112.7 £ 4.2%; after BDNE 110.2 + 4.2%; TrkbS478A/S478A. before BDNF,
121.2 £ 2.9%; after BDNF, 117.9 + 4.9%; P > 0.05). We then inves-
tigated whether TrkB S478 phosphorylation is required for LTP in
adult hippocampal slices that depend on endogenous BDNF. It was
previously shown that mice lacking p35 have normal hippocampal
LTP induced by 100-Hz tetanus®, a form of LTP that is independent
of endogenous BDNF?>. We therefore used theta-burst stimulation
(TBS), which induces L-LTP that requires endogenous BDNE3S, to
induce LTP in the CA3-CA1 synapses of hippocampal slices derived
from TrkbS478A/S478A mice and wild-type littermates. Although
LTP could be induced in both wild-type and TrkbS478A/S478A glices,
the magnitude of the increase in fEPSP amplitude (as a percent-
age of baseline) 170-180 min after TBS was significantly less in
TrkbS478A/S478A glices as compared to wild-type slices (wild type,
162.7 £ 6.6%; TrkbS¥78A/S478A, 1321 + 6.0%; P < 0.01, Student’s
t-test; Fig. 6b). The fEPSP slope was also significantly reduced in
TrkbS478AIS478A glices (wild type, 195.9  7.7%; TrkbS478A/S478A 1657 +
8.0%; P < 0.05, Student’s ¢-test). We also examined paired-pulse facili-
tation (PPF), which is a measure of the enhanced synaptic response
by a second stimulus in short time intervals and represents a pre-
synaptic form of short-term plasticity. Consistent with previous find-
ings of normal PPF in TrkB conditional knockout hippocampus!®,
we did not observe a significant difference (P> 0.05) in PPF between
wild-type and TrkbS478A/S478A hippocampal slices (Supplementary
Fig. 9). These findings indicate that the TrkB S478 phosphorylation—
deficient mice have reduced LTP at CA3-CA1l synapses but retain
normal presynaptic function.

Finally, we examined whether the TrkbS478A/S478A mice
exhibit impaired hippocampus-dependent learning and memory.
TrkbS478A/S478A mutant mice and their wild-type littermates
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Figure 6 Impaired hippocampal LTP in TrkbS478A/S478A mytant mice.

(a) BDNF-facilitated LTP in hippocampal slices was abolished in

p35~/~ mice (top) and TrkbS478ANS478A mice (bottom). Early phase LTP
(E-LTP) was induced by a train of 100 Hz in the presence or absence

of recombinant BDNF, and the fEPSP amplitude was recorded for 1 h
after the tetanus. Exogenous BDNF significantly increased the fEPSP
amplitude in wild-type p35*/+ (control, n= 15 slices, 11 mice; BDNF,

n =9 slices, 3 mice; **P < 0.01, one-way ANOVA; top) or the TrkpWT/WT
control mice (control, n= 10 slices, 6 mice; BDNF, n = 9 slices, 5 mice;
*P < 0.05, one-way ANOVA; bottom). The facilitation effect of BDNF was
abolished in both the p35~/~ mice (control, n = 10 slices, 4 mice; BDNF,
n =9 slices, 3 mice; top) and TrkbS478MS478A mutant mice (control, n=7
slices, 5 mice; BDNF, n = 6 slices, 4 mice; bottom). (b) TBS-induced LTP
at the CA3-CA1 synapses of hippocampal slices from wild-type (Trkb*/*)
(n =16 slices, 7 mice) or TrkbS478AS478A mutant (n= 17 slices, 8 mice).
Quantification indicated that the fold change in average fEPSP amplitude
170-180 min after TBS stimulation was significantly reduced in the
TrkbS478MS478A mice when compared with wild-type mice (**P < 0.01,
Student’s t-test). Data were expressed as mean £ s.e.m.

(4-5 months old) were subjected to the Morris water maze behavioral
test, in which mice were trained to swim in a water tank of opaque
water in the presence of external visual cues, and the time to reach
the hidden platform (escape latency) was determined on each train-
ing day. After the last training day, a probe trial was performed
in which the platform was removed, and the percentage of time
which the mice spent in the targeted quadrant was measured. In
the probe trial, wild-type mice (Trkb*/*) spent significantly more
time in the targeted quadrant than the other quadrants (P < 0.001,
one-way ANOVA), indicating that they were able to locate the posi-
tion of the hidden platform on the basis of spatial memory of the
visual cues (Fig. 7a). In contrast, the TrkbS478A/S478A mice did not
show any quadrant preference in the probe trial, as the time spent
in the targeted quadrant was not significantly different from the
time spent in the other quadrants (P > 0.05, one-way ANOVA) and
was close to that of chance (25%). The time that the TrkbS478A/S478A
mice spent in the targeted quadrant was also significantly reduced
when compared with wild-type littermates (P < 0.05, two-way
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Figure 7 TrkbS478NS478A mice display impaired memory in Morris water maze and novel object recognition, but have normal fear memory. (a) Wild-type
(Trkb**, n = 16) and TrkbS478ASA78A (n = 15) littermates were tested in a Morris water maze. Trkb*+ mice spent significantly more time in the

target quadrant (Q2) than any of the other quadrants in the probe trial (P < 0.001, one-way ANOVA, Newman-Keuls multiple comparison test). For
TrkbS478NS478A mice, the time spent in the target quadrant was similar to that spent in the other quadrants (P> 0.05, one-way ANOVA, Newman-
Keuls multiple comparison test). Compared with wild-type mice, the target quadrant occupancy of TrkbS478AS478A mice was also significantly reduced
(*P < 0.05, two-way ANOVA, Bonferroni multiple comparison test). The dotted line indicates the chance level (25%). Swimming velocity was similar
between Trkb**+ and TrkbS478AS478A mice (Trkb++ =21.73 £ 0.57 cm s~1, TrkbS478NS478A = 21 76 + 0.64 cm s~1; P> 0.05, Student’s t-test).

(b) Escape latency between Trkb*/*+ and TrkbS478A/'S478A mice in the Morris water maze was similar on any given training day (P> 0.05, two-way ANOVA,
Bonferroni multiple comparison test). (c) In the novel object recognition task, Trkb*+ mice (n= 11), but not TrkbS478AS478A mice (n = 10), preferred
to explore the novel object during test day (three experiments, *** P < 0.001; one-way ANOVA, Tukey multiple comparison test). (d) In the passive
avoidance task, the step through latency on day 3 (24 h after foot-shock) was similar between Trkb** (n = 6) and TrkbS478A/S478A mice (n = 5)

(P> 0.05, one-way ANOVA, Newman-Keuls multiple comparison test). (e) There was no significant difference in percent freezing between Trkb*'+
(n=8) and TrkbS478A/S478A mice (n = 13) in contextual fear conditioning (P> 0.05, one-way ANOVA, Tukey multiple comparison test). Data are

expressed as mean + s.e.m. in all panels.

ANOVA; Fig. 7a), further highlighting the spatial memory deficit
of the mutant mice. On the other hand, there was no significant dif-
ference in escape latency between the wild-type and TrkbS478A/S478A
mice during training (P > 0.05, two-way ANOVA; Fig. 7b), suggest-
ing that both the wild-type and mutant mice could similarly acquire
spatial learning, and the mutant mice had visual acuity, motor coor-
dination and swimming ability comparable to that of wild-type ani-
mals. The defective performance in the probe trial, which is a more
sensitive measure of reference memory than escape latency37-3%,
strongly suggests that the TrkbS478A/5478A mutant mice have impaired
spatial memory. To rule out the possibility that the spatial memory
deficit displayed by the TrkbS4784/S478A mice was a result of the inser-
tion of the loxP site during genetic manipulation, we also examined
the spatial learning and memory for the TrkbWT/WT control mouse
line. Unlike the TrkbS478A/S478A mice, the TrkbWT/'WT mice showed
quadrant preference and performed similarly in the probe trial to
their wild-type littermates (Supplementary Fig. 10). Thus, we con-
clude that the observed spatial memory deficits of the TrkbS478A/S478A
mice were a result of the lack of TrkB S478 phosphorylation.

In addition to the Morris water maze, the wild-type and
TrkbS478A/S478A mice were subjected to a novel object recognition
task, which is also hippocampus-dependent and requires
BDNF404l, On the day of habituation, the distance traveled by the
TrkbS478AIS478A mice was similar to that of the wild-type mice in the
open field (wild type, 1,951 + 108 cm; TrkbS478A/S478A 3 158 + 109 cm;
P > 0.05, Student’s t-test). On the test day, wild-type mice spent
significantly more time exploring the novel object (P < 0.001, one-way
ANOVA), indicating that the mice could remember the familiar object
and distinguish it from the novel one. In contrast, the TrkbS478A/5478A
mice spent similar time exploring the novel and familiar objects
(P > 0.05, one-way ANOVA), indicating impaired recognition
(Fig. 7c). The impaired performance of the TrkbS478A/S478A knock-in
mice in two different memory tasks suggests that TrkB S478 phosphor-
ylation is essential for hippocampus-dependent memory formation.
Notably, however, the TrkbS4784/5478A knock-in mice showed normal
performance in contextual fear conditioning and passive avoid-
ance (Fig. 7d,e). This is consistent with some earlier studies, which

reported normal contextual fear conditioning and passive avoidance
in BDNF and TrkB conditional knockout mice!640. We therefore con-
clude that TrkB S478 phosphorylation is essential for memory forma-
tion in specific hippocampus-dependent learning tasks.

DISCUSSION
Elucidating the signaling pathways involved in NMDA receptor-
dependent structural and functional modification of synapses
is fundamental to our understanding of memory formation.
One well-accepted notion is that protein phosphorylation is impor-
tant for regulating the function of diverse synaptic proteins during
synaptic plasticity. The BDNF receptor TrkB has been identified as
one of the critical kinases that modulate activity-dependent changes
in synaptic strength crucial for learning and memory3. Our results
provide compelling evidence that serine phosphorylation of TrkB
at S478 by Cdk5 is required for synaptic plasticity and memory
formation. Mutant mice lacking the Cdk5-mediated phosphoryla-
tion of TrkB exhibited reduced LTP in the hippocampal CA3-CAl
synapses. This is associated with impaired performance in Morris
water maze and novel object recognition. Mechanistically, we found
that phospho-S478 TrkB was present at neuronal synapses and was
required for functional interaction with the postsynaptic Rac GEF
TIAM1. Notably, we observed attenuation of activity-dependent spine
remodeling and NMDA receptor-dependent signal transduction in
primary neurons that lacked TrkB S478 phosphorylation, which is
consistent with TIAM1 being involved in activity-dependent spine
morphogenesis?®. To the best of our knowledge, our results represent
the first genetic evidence that serine phosphorylation of an RTK has
an important physiological function in neurons, and thus opens a
new avenue in the study of neuronal signaling cross-talk between
RTKs and serine/threonine kinases in regulating neuronal function.
Several serine/threonine kinases, including CaMKII, PKC, PKA
and MAPK, have been reported to have specific roles in LTP and
hippocampus-dependent learning. Recent findings have shown that
CdKk5 is also a crucial regulator of synaptic plasticity and learning.
Cdk5 activity is regulated following NMDA receptor activation?,
and studies using various Cdk5 and p35/p25 knockout and transgenic
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mice have revealed altered synaptic plasticity and learning!®. However,
the precise role of Cdk5 in activity-dependent synaptic plasticity and
memory formation remains enigmatic. For example, Cdk5 conditional
knockout mice and p25 transgenic mice with transient increase in
Cdk5 activity both exhibit enhanced synaptic plasticity and improved
learning®3#4. It is noteworthy that many different synaptic proteins,
including ion channels, scaffold proteins, adhesion molecules and
signaling proteins, have been identified as Cdk5 substrates, and the
interaction and phosphorylation of different proteins with Cdk5
might lead to changes in synaptic strength in opposing directions!8.
For example, although phosphorylation of NR2A by Cdk5 increases
conductance of the ion channel*, Cdk5 also promotes calpain-medi-
ated degradation of NR2B and negatively regulates the clustering
of PSD-95 (refs. 44,46). In Cdk5 conditional knockout mice with
enhanced memory, Cdk5 expression is reduced by ~50% rather than
totally eliminated4. It is therefore possible that S478 phosphorylation
of TrkB might not be largely affected in those mice and its involve-
ment in synaptic plasticity and memory is masked by dysregulation
of other Cdk5 substrates. This highlights the difficulty in deciphering
how Cdk5 functions precisely in synaptic plasticity and learning by
simply genetically manipulating the levels of Cdk5 and p35 expres-
sion. To gain further insights into Cdk5 function at the synapses, it
is crucial to identify the Cdk5 phosphorylation sites of the synaptic
proteins of interest and generate phosphorylation-deficient mutant.
Consistent with this effort, we generated TrkbS478A/S478A mice on the
basis of our previous findings that S478 of TrkB is the major Cdk5
phosphorylation site!”. Our study is therefore distinguished from
previous reports using Cdk5 and p35 transgenic mice by our attempt
to specifically address the importance of Cdk5 in synaptic plasticity
and memory formation with regard to its phosphorylation of one
specific substrate.

The TrkbS478A/S478A hippocampal neurons showed reduced LTP
mainly in the maintenance, rather than the induction, of LTP. What
are the potential mechanisms that underlie impaired LTP maintenance
in TrkB S478 phosphorylation-deficient neurons? One possibility
involves deficits in spine remodeling. We found that the BDNF-
induced spine growth and glutamate-induced spine enlargement
were substantially attenuated in TrkbS478A/S478A hippocampal neu-
rons, which is consistent with defects in signaling through the Rac
GEF TIAM1. Given that BDNF-dependent spine remodeling has been
implicated in the consolidation of synaptic plasticity®1447, we favor
the idea that the defect in spine morphogenesis contributes, at least
in part, to the impaired LTP maintenance of the TrkbS478A/S478A hip_
pocampal neurons. Nonetheless, it has been suggested that BDNF
regulates different synaptic functions in both the pre- and post-
synaptic sites®. It remains possible that TrkB S478 phosphorylation
might also regulate synaptic function in addition to structural plasticity.
TrkbS478AIS478A neyrons showed normal PPF, suggesting that this pre-
synaptic form of short-term plasticity does not depend on TrkB S478
phosphorylation. On the other hand, BDNF has been shown to pro-
mote AMPA receptor-mediated mEPSC in hippocampal neurons?.
It would be interesting to know whether the expression and trafficking
of AMPA receptors also depend on TrkB S478 phosphorylation.

Although tyrosine phosphorylation of an RTK is indispensible
for signal propagation, much less is known about how serine phos-
phorylation affects the function of an RTK. The better character-
ized examples from early studies include EGF receptor and insulin
receptor, whose kinase activities are negatively regulated following
serine phosphorylation that might be involved in ligand-induced
desensitization®®. Previously, we found that kinase activity of ErbB
can be modulated by serine phosphorylation®. In contrast with

these studies, S478 phosphorylation did not seem to affect the kinase
activity of TrkB, as BDNF-induced autophosphorylation at Y490 was
normal in TrkbS478A/S478A neurons. How might the function of TrkB
be regulated by serine phosphorylation? The surface and synaptic
localization of TrkB was normal in TrkbS4784/S478A peurons. Although
TrkB level was reduced (~20%) in the knock-in mice, we do not think
this is the major reason to account for the defects of TrkbS478A/5478A
mice/neurons, as we did not observe a corresponding reduction of
BDNF-induced signaling (such as TrkB tyrosine phosphorylation and
Cdc42 induction) in TrkbS478A/S478A neurons. Moreover, the effect of
$478 phospho-deficient TrkB on spine growth was confirmed by exog-
enous expression of the TrkB S478A construct. Finally, it was previ-
ously reported that spatial memory in the Morris water maze was not
affected in heterozygous TrkB mice, which showed an approximately
twofold reduction in TrkB expression!>. It is therefore unlikely that
the small reduction in the level of TrkB expression in the TrkbS4784/
$478A mice could explain their impaired memory in the Morris water
maze. We propose that S478 phosphorylation does not grossly affect
the expression, localization and general signaling capability of TrkB
but instead regulates specific aspects of TrkB signaling, such as activa-
tion of the Rac GEF TIAMI.

Our results suggest that TTAM1 is crucial for mediating the activa-
tion of Racl by BDNF during spine morphogenesis, and failure to
couple to TIAM1 activation in TrkbS4784/54784 neurons might account
for the observed impairments in activity-dependent spine remodeling
and signal transduction. The interaction between TIAM1 and TrkB,
as well as TIAM1 Y829 phosphorylation, was completely absent in
TrkbS478A/S478A mice, This suggests that S478 phosphorylation either
enhances TrkB binding to TIAMI1 directly or promotes recruitment of
TIAM1 via interaction with other adaptor proteins. Given that TTAM1
is required for NMDA receptor-dependent spine growth, the lack of
TIAMI interaction with TrkB and its subsequent Y829 phosphoryla-
tion could explain the impaired activity-dependent spine enlargement
observed in TrkbS478A/S478A neurons. Nonetheless, it is noteworthy that
TIAMI1 also acts downstream of receptors other than TrkB, includ-
ing EphB receptor. This would explain why expression of dominant-
negative TIAM1 resulted in more severe phenotypes in spine density
than expression of the TrkB S478 A mutant. In addition, the synaptic
localization of TTAM1 was not affected in the TrkbS4784/5478A knock-
in mice (data not shown), indicating that TTAM1 can interact with
synaptic transmembrane proteins other than TrkB. Finally, TTAM1
has been shown to be unusual among different Rac GEFs because of
its ability to regulate the activity of S6 kinase through Rac1?>?°. Our
finding that NMDA receptor-dependent phosphorylation of AKT
and S6 ribosomal protein was impaired in TrkbS478A/S478A neurons
might therefore be explained by the lack of functional interaction
between TrkB and TIAM1. Whether TIAM1-deficient mice exhibit
deficits in protein synthesis—dependent long-term synaptic plasticity
and spatial memory remains to be investigated.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Generation of the TrkbWT/WT and TrkbS478A/$478A transgenic mice. For tar-
geting the exon containing S478 in the Trkb locus, a targeting vector was con-
structed using a C57Bl/6] mouse bacterial artificial chromosome (BAC clone
10719 from the RPCI-23 BAC Resource library, Children’s Hospital Oakland
Research Institute)°!. The nucleotides encoding codons serine 476, alanine 477
and serine 478 were mutated from 5’-TCTGCCAGC-3" to 5-TCTGCAGCA-3’
to incorporate a PstI site and to change Ser478 to alanine. After introducing this
mutation in the BAC, a 9.6-kb DNA fragment spanning a 5-kb upstream and
4.4-kb downstream sequence of exon 12 was retrieved into pBluescript II contain-
ing a diphtheria toxin A chain cassette used for negative selection. A neomycin-
resistance cassette flanked by loxP sites was inserted 450 bp downstream of exon
12. The targeting vectors were then linearized and used for gene targeting in the
v6.4 embryonic stem (ES) cell line as described elsewhere>2. DNAs derived from
G418-resistant ES cell clones were screened by Stul and EcoRI digestion using
a 5" and 3’ probe external to the targeting vector sequence, respectively. Pstl
digestion using the internal probe (Supplementary Fig. 1) was used to screen
for the S478 mutation. Recombinant clones were obtained at a frequency of 1 in
6. Two targeted ES cell clones for both the wild-type and S478 A mutant alleles
were injected into C57B1/6 blastocysts to generate chimeras that transmitted the
mutated allele to the progeny3. Mice with the targeted mutation were bred to a
[3-actin-cre transgenic mouse to remove the neomycin-resistance cassette. Mice
were bred in a specific pathogen-free facility with food and water ad libitum.
Animals were housed at 12-h light-dark cycle (lights were on 7:00 to 19:00) at
22 °C. All animal studies were approved by the Animal Care Committee at the
Hong Kong University of Science and Technology in accordance with institu-
tional guidelines.

DNA constructs, chemicals and antibodies. The Flag-tagged TIAM1-C1199
and TIAM1 PHCCEx constructs were gifts from W. Mobley (University of
California, San Diego). TrkB expression constructs were described previously!”.
Bicuculline, glycine and r-glutamic acid were purchased from Sigma, pL-AP5
and MNI-glutamate from Tocris, and TrkB-IgG from R&D Systems. The rabbit
polyclonal antibody to phospho-S478 TrkB (1:3,000) was raised from synthetic
peptide (CISNDDDSApSPLHHIS) as previously described!”. The antibodies to
phospho-TIAM1 (Y829) (1:1,000) and phospho-PAK (1:2,000) were gifts from
M. Greenberg (Harvard Medical School). The chicken antibody to the TrkB extra-
cellular domain (1:200) was a gift from L. Reichardt (University of California,
San Francisco). We also used antibodies to PSD-95 (1:1,000, Thermo Scientific
MA1-046), TrkB (1:1,300, BD Biosciences 610102), actin (1:6,000, Sigma A3853),
Cdk5 (1:500, DC17, Santa Cruz) and TIAM1 (1:500, C16, Santa Cruz) as primary
antibodies. Antibodies to p35 (1:1,000, 2680), AKT (1:3,000, 9272), S6 ribosomal
protein (1:2,000, 2317), PAK (1:1,000, 2602), ERK (1:1,000, 9102), phospho-
TrkA (Y490) (1:500, 9141), phospho-AKT (S473) (1:2,000, 9271), phospho-S6
(S235/236) (1:1,000, 4856) and phospho-ERK (T202/Y204) (1:4,000, 9101) were
from Cell Signaling, as were horseradish peroxidase—conjugated goat antibodies
to rabbit (1:2,000-4,000, 7074) and mouse (1:2,000-8,000, 7076). Alexa Fluor
488-conjugated (A-11008 and A-11001) or Alexa Fluor 546-conjugated (A-11010
and A-11003) secondary antibodies (1:2,000) were from Molecular Probes.

Behavioral studies. In the Morris water maze, the hidden platform procedure
was performed in a circular tank (diameter, 1.8 m) filled with opaque water.
The swimming path of the mouse was recorded by video camera and analyzed
by Ethovision XT version 7.0 (Noldus software). For training, the male mouse
(4-5 months old) was placed in the tank at four random points. The mouse was
allowed to search for the platform for 90 s. Two training trials were given every
day and the latency for each trial was recorded. Probe trial was performed on
day 6 or 7. The mouse was allowed to swim in the tank for 90 s without the
platform, and performance was assessed on the basis of the time spent in the
quadrant in which the hidden platform was originally located. In the open
field test, the mouse was placed in the center of an open top chamber (50 x 50 x
40 cm) and was allowed to explore in the arena for 30 min. The locomotor activ-
ity of the animal was recorded by video camera. In novel object recognition, the
mouse (~3 months old) was allowed to acclimate in the open field box on day 1 for
5 min. On day 2, the mouse was subject to a training session, with two identi-
cal objects placed in the box. The mouse was allowed to explore for 5 min, and
the amount of time spent at each object was recorded. Exploration of the object

was characterized when the head of the mouse was facing and within 1 inch of
the object or any part of the body, except the tail, was touching the object. On
day 3, the mouse was placed in the same box, which contained the original object
in the training session (familiar) and the new object (novel). The amount of time
the mouse spent with each object was recorded. In passive avoidance, the mouse
was placed in the lighted compartment and allowed to explore for 30 s. Then the
door was raised and the mouse was allowed to explore freely. The latency to enter
the dark compartment with all four paws was recorded. On day 2, the latency to
enter the dark compartment was similarly recorded. We delivered a foot shock
(0.5 mA, 2-s duration) 3 s after the door was closed. The mouse was removed to
its home cage 30 s after the foot shock. On test day (24 h after training), the mouse
was returned to the lighted compartment. After 5 s, the guillotine door was lifted,
and the latency to enter the dark compartment was recorded. For contextual
conditioning, the mouse was acclimatized to the conditioning chamber for 3 min,
after which it was presented with one pairing of tone (85 dB and 2,800 Hz for 30 s)
and foot shock (0.4 mA, administered during the last 2 s of the tone). The mouse
was removed from the chamber 60 s after the last foot shock presentation. On test
day (24 h after training), the mouse was transferred to the conditioning chamber
for 5 min without tone and shock, and freezing behavior was recorded. All of the
behavioral experiments were performed and analyzed blinded.

Electrophysiological measurements. Mice were decapitated and the brains
were immediately removed and immersed in ice-cold artificial cerebrospinal
fluid (ACSF; 125 mM NaCl, 2.0 mM KCl, 1.2 mM MgSOy, 2.5 mM CaCl,,
1.2 mM KH,POy, 11 mM glucose and 26 mM NaHCOj3), which was continuously
bubbled with 95% O, and 5% CO,. Parasagittal sections (300 m) were cut using a
vibrating microtome (Integraslice 7550MM, Campden Instruments). Slices were
pre-incubated in oxygenated ACSF at 34+ 1 °C for at least 1 h. Afterward, a slice
was transferred to a submersion-type recording chamber perfused constantly
with ACSF at a rate of 1.0-1.3 ml min~!. The temperature of the ACSF in the
recording chamber was maintained at 34 + 1 °C by a heat exchanger.

A planar multi-electrode recording setup (MED64 system, Alpha Med
Sciences) was used to record the fEPSP as described*. Each slice was superfused
by 100 ml of oxygenated ACSE, which was re-circulated at a flow rate of 1-1.5 ml
min~!. fEPSPs were recorded from the dendritic layer of CA1 neurons by choos-
ing an electrode in the Schaffer collateral pathway as the stimulating electrode.
First, an input-output relationship was generated by delivering 10-100-ULA electri-
cal stimuli, and the amplitude of the peak fEPSPs was measured. A stimulation
intensity that evoked the fEPSP with a magnitude of 30-40% of the maximum
response was chosen. After allowing a stable baseline of 30 min, an induction
protocol that evoked either E-LTP or L-LTP was applied. E-LTP induction pro-
tocol consists of one train of 100-Hz stimulus that lasted for 1 s, and the field
potential response for 1 h after the tetanus was recorded. For L-LTP induction, we
applied five spaced trains (inter-train intervals of 5 min), each of six theta bursts
(100 Hz, interburst interval of 300 ms). The field potential was monitored for
3 h after the conditioning stimuli. The magnitude of L-LTP was quantified
as the percentage change in the average amplitude of the fEPSP taken from
170-180-min interval after L-LTP induction, compared with that of the baseline
average. To test the effect of BDNF, recombinant BDNF was diluted in ACSF con-
taining 200 ptg ml~! bovine albumin, and re-circulated in a volume of 20 ml. To
characterize the paired-pulse ratio, twin stimuli that were separated by a variable
time interval (25, 50, 75, 100 or 200 ms) were delivered to the CA3-CA1 pathway
ten times each, and the average ratio of the amplitude of the second evoked fEPSPs
over the first one was determined. All the electrophysiology experiments were
performed and analyzed blinded.

Cell culture and transfection. 293T cells were transfected using Lipofectamine
2000 (Invitrogen). Primary cortical and hippocampal neurons were prepared
from embryonic day 18-19 rat embryos as previously described2. Cortical
neurons (6 x 109 cells per 100 mm dish or 2.5 x 10 cells per 60 mm dish) were
plated on poly-L-lysine-coated (0.1 mg ml~!) dishes and fed with Neurobasal
medium supplemented with 2% B27 (by volume) and 10 mM L-glucose. Rat
hippocampal neurons were seeded on 18-mm coverslips coated with poly-p-
lysine (1 mg ml™!) (0.5 x 10° cells per coverslip for immunocytochemistry,
1.5 x 10° cells per coverslip for transfection with GFP expression construct).
To study BDNF-induced spine formation, we serum-starved hippocampal
neurons (9 DIV) with DMEM medium (Invitrogen) for 1 h at 37 °C before
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transfecting them with different plasmids plus EmGFP using calcium phos-
phate precipitation as previously described>>.

Immunoprecipitation and western blot. Synaptosome and PSD fraction were
prepared as described®2. For most of the biochemical studies, cortical neurons
were lysed by RIPA plus various protease and phosphatase inhibitors. For co-
immunoprecipitation, HEK293T cells and cultured cortical neurons were lysed
in Buffer A (20 mM Tris, pH 7.6, 50 mM NaCl, 1 mM EDTA, 1 mM NaF, 0.5%
Nonidet P-40 (by volume)) with protease and phosphatase inhibitors. Rat brains
were homogenized in phosphate-buffered saline (PBS) plus protease and phos-
phatase inhibitors. After low-speed centrifugation, the supernatant was diluted
by equal volume of 2x Buffer A. Co-immunoprecipitation of HEK293T cell or
whole brain lysate was performed in Buffer A. Lysate (1 mg for HEK293T cells,
2 mg for cultured cortical neurons or brain homogenate) was incubated with
the corresponding antibody (1-2 ug) at 4 °C for either 2 h or overnight and then
incubated with 50 ul of protein G-Sepharose at 4 °C for 1 h. Samples were washed
with buffer A and resuspended in SDS sample buffer. Co-immunoprecipitated
proteins were detected by western blot. Densitometric quantification of protein
band intensity was performed using Photoshop (Adobe).

Pharmacological treatment of cortical and hippocampal neurons. Cortical
neurons (5 DIV) were starved in serum-free Neurobasal medium for 4-6 h at
37 °C before addition of BDNF (100 ng ml™!) for the indicated duration. To exam-
ine dendritic spines of cultured hippocampal neurons, half of the medium was
changed the day before BDNF treatment, and neurons (13 DIV) were treated with
BDNF (100 ng ml™!) for 24 h. To examine glutamate-induced PAK phosphoryla-
tion, cortical neurons (13 DIV) were silenced by tetrodotoxin (1 uM) and NBQX
(10 uM) in MEM for 4 h before treatment with glutamate (50 uM) for 5 min.
Stimulation of cortical neurons (14-16 DIV) by bicuculline (20 uM) and glycine
(200 uM) was performed in Mg?*-free buffer (140 mM NaCl, 1.3 mM CaCl,,
5mM KCl, 25 mM HEPES and 33 mM glucose) as previously described*’.

Glutamate uncaging and live cell imaging. Hippocampal neurons (2 x 10° neu-
rons per dish) were seeded on 35-mm dishes with 18-mm central coverglasses
(SPL Lifesciences) coated with poly-p-lysine (1 mg ml™!). Neurons (10 DIV)
were transfected with EmGFP by calcium phosphate precipitation. At 17-18 DIV,
neurons were switched to the Mg?+-free buffer described above and treated with
MNI-glutamate (1 mM). Imaging was performed using a Nikon A1l scanning
confocal microscope at 5% CO, and 37 °C using stage top incubator (Tokai Hit).
Dendritic segments on basal dendrites of GFP-positive neurons were imaged
by 60x oil-immersion objective with 4x optical zoom using the Galvano scan-
ning mode, and eight to ten serial optical sections that covered ~4-um depth of
field were taken before glutamate uncaging. Photolysis of caged glutamate was
performed by 405-nm laser (36 mW). A region of interest was selected in close
proximity to the spine of interest. The region of interest was illuminated by four
trains of laser at 1 Hz (7-ps pixel dwell time) using the Resonant scanning mode.
The dendritic segment was then imaged using the Galvano scan mode (with the
same acquisition setting before photolysis) over a period of 20 min. Image analy-
ses were performed with Metamorph software (Meta image series 7.5, Universal
Imaging). For quantification, the same dendritic spine before and at different
times after glutamate uncaging was outlined after thresholding the background.
The fold change in spine area (as compared with the one before glutamate uncag-
ing) at the indicated time points after glutamate uncaging was measured.

Immunofluorescence staining, Golgi staining, image acquisition and quan-
titative analysis. To examine the localization of p-S478 TrkB and PSD-95,
low density hippocampal neurons were fixed with 4% paraformaldehyde/4%
sucrose (wt/vol) for 15 min, followed by blocking (0.4% Triton X-100 (vol/vol)
and 1% BSA (vol/vol)) for 45 min, and incubated with antibodies to phospho-
$478 TrkB (1:150) and PSD-95 (1:400) in blocking solution at 4 °C overnight.
After washing three times with washing buffer (0.02% Triton X-100 and

0.25% BSA in PBS), neurons were incubated with Alexa Fluor-conjugated
secondary antibodies (diluted in 0.02% Triton X-100 and 1% BSA in PBS) at
22-25 °C for 1 h, washed twice by the washing buffer, and mounted by hydro-
mount (National Diagnostics). For co-staining of total TrkB and PSD-95, neu-
rons were fixed with methanol at =20 °C for 15 min. Neurons were incubated
with primary antibodies diluted in GDB buffer (30 mM phosphate buffer
pH 7.4 containing 0.2% gelatin (by weight)), 0.5% Triton X-100 and 0.8 M NaCl) at
4 °C overnight. After washing three times with washing buffer (20 mM phos-
phate buffer and 0.5 M NaCl), neurons were incubated with secondary anti-
bodies (diluted in GDB buffer) at 22-25 °C for 1 h, washed three times by the
washing buffer, and mounted by hydromount. For TrkB surface staining, hip-
pocampal neurons were incubated with the chicken antibody to TrkB (diluted
in conditioned medium, 1:200) at 37 °C for 10 min. After a brief wash by PBS,
neurons were immediately fixed by 4% paraformaldehyde/4% sucrose for
8 min. Neurons were incubated with Alexa Fluor-conjugated antibody to chicken
(diluted in GDB buffer) for 1 h, after which cells were washed by washing buffer
(20 mM phosphate buffer, 0.5 M NaCl) and PBS, and incubated with antibody
to MAP2 at 4 °C overnight, followed by procedure as described above. For the
double-staining of phospho-S478 TrkB and TIAM1, sequential staining with the
two primary antibodies was performed, and the tyramide signal amplification kit
(Invitrogen) was used to detect phospho-S478 TrkB.

Golgi impregnation was performed with the FD Rapid Golgistain Kit accord-
ing to the manufacturer’s instruction: Trkb*/+ and TrkbS478A/S478A mice were killed
at postnatal day 75. Half of the brains were immersed in solutions A and B for
5 d and incubated with solution C for 1 week. The brains were imbedded in dis-
tilled water and cut into 100-um coronal sections using cryostat. Sections were
mounted on gelatinized glass slides and processed for the Golgi staining proce-
dure. Pyramidal neurons in hippocampal CA1 and CA3 regions were imaged for
the quantification of dendritic arbors. Dendritic protrusions on the secondary
branching from the apical dendrite of CA1 pyramidal neurons were quantified.

For image acquisition, images were acquired by a Nikon A1 confocal micro-
scope with a 60x oil-immersion objective. We collected 8-12 serial individual
optical sections (z interval of 0.4 m). Images from the same experiment were
obtained using identical acquisition settings. For imaging of dendritic spines
in GFP-transfected hippocampal neurons, images were acquired by Olympus
Fluoview FV1000 confocal microscope with a 60x oil-immersion objective using
z serial scanning mode, and image analyses were performed with Metamorph
software. For quantification, two to three dendrite segments from each neuron
were analyzed. The basal threshold values for the background of all images in
each experiment were measured. The average of these threshold values was then
applied to all images in the same experiment.

Statistical analysis. Statistical analysis was performed, where appropriate,
using Student’s t-test or ANOVA followed by tests as indicated in the figure
legends. Statistical significance of experiments involving two experimental
conditions was assessed by unpaired Student’s ¢-test (two-sided), whereas that
of experiments involving three or more experimental conditions was assessed
by one-way ANOVA followed by Tukey, Newman-Keuls or Bonferroni’s
post-hoc test. All experiments were performed at least three times except those
specifically indicated.

51. Liu, P. et al. Bcll1a is essential for normal lymphoid development. Nat. Immunol.
4, 525-532 (2003).

52. Southon, E. & Tessarollo, L. Manipulating mouse embryonic stem cells. Methods
Mol. Biol. 530, 165-185 (2009).

53.Reid, S.W. & Tessarollo, L. Isolation, microinjection and transfer of mouse
blastocysts. Methods Mol. Biol. 530, 269-285 (2009).

54.Xie, H. et al. Brain-derived neurotrophic factor rescues and prevents chronic
intermittent hypoxia-induced impairment of hippocampal long-term synaptic
plasticity. Neurobiol. Dis. 40, 155-162 (2010).

55. Fu, W.Y. et al. Cdk5 regulates EphA4-mediated dendritic spine retraction through
an ephexinl-dependent mechanism. Nat. Neurosci. 10, 67-76 (2007).

doi:10.1038/nn.3237

NATURE NEUROSCIENCE



	TrkB phosphorylation by Cdk5 is required for activity-dependent structural plasticity and spatial memory
	RESULTS
	Characterization of TrkbS478A/S478A knock-in mice
	Role of TrkB S478 phosphorylation in spine remodeling
	TrkB interaction with TIAM1 requires S478 phosphorylation
	S478 phosphorylation is required for TIAM1 signaling
	TrkbS478A/S478A mice show impaired LTP and memory

	DISCUSSION
	Methods
	ONLINE METHODS
	Generation of the TrkbWT/WT and TrkbS478A/S478A transgenic mice.
	DNA constructs, chemicals and antibodies.
	Behavioral studies.
	Electrophysiological measurements.
	Cell culture and transfection.
	Immunoprecipitation and western blot.
	Pharmacological treatment of cortical and hippocampal neurons.
	Glutamate uncaging and live cell imaging.
	Immunofluorescence staining, Golgi staining, image acquisition and quantitative analysis.
	Statistical analysis.

	Acknowledgments
	AUTHOR CONTRIBUTIONS
	COMPETING FINANCIAL INTERESTS
	References
	Figure 1 TrkB is phosphorylated at S478 at neuronal synapse.
	Figure 2 S478 phosphorylation of TrkB is required for BDNF-induced 
spine morphogenesis and glutamate-induced spine enlargement.
	Figure 3 S478 phosphorylation regulates the interaction between TrkB and the Rac GEF TIAM1.
	Figure 4 Cdk5-mediated phosphorylation of TrkB at S478 is required for BDNF-induced Rac1 activity and glutamate-induced PAK phosphorylation.
	Figure 5 Cdk5-mediated phosphorylation of TrkB at S478 is required for increased S6 phosphorylation and PSD-95 expression following NMDA receptor activation.
	Figure 6 Impaired hippocampal LTP in TrkbS478A/S478A mutant mice.
	Figure 7 TrkbS478A/S478A mice display impaired memory in Morris water maze and novel object recognition, but have normal fear memory.


	Button 1: 
	Page 1: Off



