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Abstract
Cyclin-dependent kinase 5 (Cdk5) is a serine/threonine kinase implicated in synaptic plasticity, behavior, and cognition, yet its
synaptic function remains poorly understood. Here, we report that physiological Cdk5 signaling in rat hippocampal CA1 neurons
regulates homeostatic synaptic transmission using an unexpectedly rapid mechanism that is different from all known slow
homeostatic regulators, such as beta amyloid (Aβ) and activity-regulated cytoskeleton-associated protein (Arc, aka Arg3.1).
Interestingly, overproduction of the potent Cdk5 activator p25 reduces synapse density, and dynamically regulates synaptic size
by suppressing or enhancing Aβ/Arc production. Moreover, chronic overproduction of p25, seen in Alzheimer’s patients, induces
initially concurrent reduction in synapsedensityand increase in synaptic size characteristic of theearlyAlzheimer-like pathology,
and later persistent synapse elimination in intact brains. These results identify Cdk5 as the regulator of a novel rapid form of
homeostasis at central synapses and p25 as the first molecule capable of initiating the early Alzheimer’s synaptic pathology.
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Introduction

Cyclin-dependent kinase 5 (Cdk5) is a serine/threonine kinase
highly expressed in the brain (Su and Tsai 2011; Cheung and Ip
2012). The pivotal role of Cdk5 in synaptic plasticity, behavior,
and cognition was first implicated by the chronic overproduction
of a potent Cdk5 activator, p25, and hyperactivated Cdk5 signal-
ing observed in the brain of Alzheimer’s patients (Patrick et al.
1999). The view was strengthened by later studies showing that
transgenic mice overexpressing p25 exhibit reduced synaptic
plasticity and impaired cognition. These and other relevant find-
ings establish the functional significance of Cdk5 signaling, but
also raise an important mechanistic question on how Cdk5 sig-
nals synaptic function and malfunction (Su and Tsai 2011;

Cheung and Ip 2012). Although subsequent studies have provided
more supports for the involvement of Cdk5 signaling at synapses,
the exact function of Cdk5 remains elusive. For example, some
studies showed that Cdk5 suppresses the N-methyl--aspartate
(NMDA)-sensitive glutamatergic receptor (-R)-mediated synaptic
transmission (Hawasli et al. 2007; Plattner et al. 2014), whereas
the others reported that Cdk5 signaled a rapid depression of α-
Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-
R-mediated transmission with a time course of less than an
hour, via a presumably rapid kinase mechanism (Chergui et al.
2004; Peng et al. 2013). Moreover, several laboratories independ-
ently demonstrated that Cdk5 regulated AMPA-R-mediated
transmission using a homeostasis-like mechanism (Seeburg
et al. 2008; Kim and Ryan 2010; Mitra et al. 2011), which is
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expected to take >2–12 h to occur (Turrigiano 2008). Furthermore,
if Cdk5 signaling does rapidly depress synaptic transmission,
sustained activation of Ckd5 signaling should suppress the pro-
duction of slow homeostatic regulators, such as Aβ (Turrigiano
2008). However, 2 studies found that chronic hyperactivation of
Cdk5 stimulated production of Aβ (Cruz et al. 2006; Wen et al.
2008). These seemingly paradoxical findings further underscore
the importance of clarifying the functional role of CDk5 at synapses.

Unveiling the molecule(s) responsible for the early pathogen-
esis of Alzheimer’s disease is central to developing the early diag-
nosis and effective treatment for the disorder (DeKoskyandMarek
2003; Selkoe2012). There isnowabundant evidence indicating that
synapses are the initial targets of Alzheimer’s disease (Sheng et al.
2012). In particular, independent groups have reported concurrent
reduction in synapse density and increase in synaptic size in
brains of patientswithAlzheimer’s disease, aswell as human sub-
jectswith subjective andmild cognitive impairments (Davies et al.
1987; Bertoni-Freddari et al. 1990; DeKosky and Scheff 1990; Scheff
et al. 2006). Interestingly, the changes in both synapse density and
synaptic size correlate with the levels of cognitive impairment in
the individuals with subjective-mild cognitive impairment and
Alzheimer’s disease (DeKosky and Scheff 1990; Scheff and Price
2006; Scheff et al. 2006), indicating an early pathology. Subsequent
studies have confirmed the characteristic synaptic pathology in
multiple brain areas vulnerable to the disease, including the front-
al cortex, temporal cortex, cingulate cortex, hippocampal CA1, and
dentate gyrus areas (Scheff and Price 2006; Arendt 2009). Over a
century of Alzheimer’s research has linked a large number of
molecules to progressive synaptic depression and synapse loss
(Su andTsai 2011; Cheung and Ip 2012; Guerreiro et al. 2012; Selkoe
2012), a common pathology shared by variousmental, neurologic-
al, and psychiatric disorders. Yet, whether any of thesemolecules
may have the capability of inducing the concurrent reduction in
synapse density and increase in synaptic size, a characteristic
synaptic pathology observed in Alzheimer’s brains, has never
been investigated.

In this study, we used the high-resolution multiple patch-
clamp recordings and electron microscopic techniques to
analyze synaptic Cdk5 signaling in the timescales ranging from
several minutes to multiple days. We discovered that Cdk5 sig-
naled synaptic homeostatic regulation with an unusually fast
feedback mechanism; Cdk5 was rapidly activated by synaptic ac-
tivity within ∼15 min, and in turn quickly depressed synaptic
transmission within ∼30 min. Interestingly, the unique rapid sig-
naling kinetics rendered Cdk5, when chronically stimulated by
p25, capable of dynamically regulating the production of slow
homeostatic regulators, such as Aβ and Arc. As a consequence,
chronic overproduction of p25 induced initially concurrent re-
duction in synapse density and increase in synaptic size by sim-
ultaneously enhancing Cdk5 signaling and suppressing Aβ/Arc
signaling, and later, persistent synapse elimination by stimulat-
ing both Cdk5 and Aβ/Arc signaling. Our results indicate that
Cdk5 regulates a novel rapid form of homeostasis at central
synapses and that p25 is the first molecule capable of initiating
the characteristic early Alzheimer-like synaptic pathology.

Materials and Methods
Biochemical Analysis

Cultured slices were prepared from postnatal 6–7-day-old male
and female rats following previously reported procedure (Qin
et al. 2005; Myers et al. 2012; Lim et al. 2014). All procedures for
animal surgery and maintenance were performed following

protocols approved by the Animal Care & Use Committee of the
University of Virginia (Protocol No. 3168) and in accordance
with US National Institutes of Health guidelines. Hippocampal
extracts were prepared by homogenizing rat hippocampal CA1
regions isolated from hippocampal cultured slices or cells. To
reduce the variance and increase the detection resolution, the
control and experimental tests were typically carried out using
the same sets of cultured slices, the hippocampal CA1 cell lysates
were simultaneously collected and processed, and the protein
concentration of the lysates was measured and normalized
with a spectrophotometer (Shimadzu). The expression levels of
endogenous and recombinantCdk5 inCA1neuronswere estimated
taking into account the expression in nonpyramidal neurons (see
Supplementary Fig. S1). Cdk5 kinase activity was measured using
a previously established Cdk5 kinase activity assay (Tsai et al.
1993; Sharma et al. 1999; Liu et al. 2001). Briefly, Cdk5 immunopre-
cipitated bymouse anti-Cdk5 (Millipore) was incubated at 4°C with
histone H1 and magnesium/ATP mixture at 30°C for 30 min. The
phosphorylated rabbit histone H1 was then blotted with specific
antiphospho-histone H1 antibody (1:1000; Millipore). Cdk5, Aβ,
Arc, and tubulin were blotted using rabbit anti-Cdk5 (1:1000; Milli-
pore), anti-Aβ (1:4000; Abcam), anti-Arc (1:10 000; Millipore), and
antitubulin (1:5000; Cell Signaling). Western blots were quantified
by chemiluminescence and densitometric scanning of the films
under linear exposure conditions. Released Aβ in the culture
media collected daily was measured using the rat Aβ (1–40) ELISA
kit (Wako) and rat Aβ (1–42) ELISA kit, high sensitive (Wako).

Constructs of Recombinant Proteins and Expression

Cdk5 mutant constructs, as well as p25 and p35 (Patrick et al.
1999; Seo et al. 2014), were subcloned into pEGFP-C1 (enhanced
green fluorescent protein [GFP]; Clontech) and/or pC/RFP-C1
(CFPandmCherrywere gifts fromR. Tsien). In some experiments,
RFP or GFP was coexpressed with p25 or amyloid precursor pro-
tein (APP) using an internal ribosomal entry site sequence
pCITE-RFP or pCITE-GFP. The tagged Cdk5, p25, p35, and APP, as
well as GFP and CFP, were then subcloned into Sindbis viral vec-
tors and expressed in CA1 neurons in cultured hippocampal
slices or intact brains for a period of 18 ± 1 h to 7 days following
previous studies (Qin et al. 2005; Hu et al. 2008). Cdk5-targeting
shRNAs and control constructs were subcloned into a lentiviral
vector and expressed in CA1 neurons in cultured hippocampal
slices for 66 ± 6 h. To increase infection efficiency and reduce tox-
icity, viruses were filtered with a 0.45 µm PVDF filter (Millipore)
and used within 2 weeks after preparation. The knockdown effi-
ciencies of 4 shRNAs that target different Cdk5 sequences were
assessed using cultured hippocampal neurons, and 2 effective
shRNAs and their control scrambled constructs were chosen to
use in this study. Expression of Rap1 and/or Rap2 mutants was
achieved using biolistic transfection for 18–20 h. For in vitro
expression, neurons were infected or transfected after 6–14
days in culture. For in vivo expression, P14–20 male and female
rats were initially anesthetized by an intraperitoneal injection
of ketamine and xylazine (10 and 2 mg/kg, respectively), then
placed in a stereotaxic frame with a hole of ∼1 × 1 mm drilled
above the right barrel cortex. A glass pipette was used to pene-
trate into the hippocampus according to stereotaxic coordinates
and ∼50 nL of viral solution was delivered by pressure injection.

Electron Microscopy

Electronmicroscopic examination of synapses followedmethods
from previous studies (Kielland et al. 2009; Jiang et al. 2013;
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Lee et al. 2015). In brief, for in vivo preparation, ratswere anesthe-
tized by an intraperitoneal injection of ketamine and xylazine
and then intracardially perfused with freshly prepared 3% acro-
lein/2% paraformaldehyde in 0.1 M phosphate buffered saline
(PBS). The brain blocks containing the hippocampus were re-
moved, postfixed for 2 h in 2% paraformaldehyde, and sectioned
at 60 μm. For in vitro preparation, cultured slices were fixed in
freshly prepared 3% acrolein/4% paraformaldehyde in 0.1 M PBS
at room temperature overnight, and sectioned into 60 μm slices.
With high-titer viruses, >80% of CA1 neurons in intact brains and
>99% of CA1 neurons in cultured slices, identified by C/G/RFP
fluorescence and/or C/G/RFP immunostaining, were infected
near the injection sites. The highly infected CA1 stratum radia-
tum regions were then excised (from the same slices if examined
with fluorescence or neighboring slices if examined with immu-
nostaining) and resectioned into 80 nm ultrathin sections using
an ultramicrotome. Ultrathin sections were examined with a
transmission electron microscope (JEOL-1010; Japan Electron
Optic, Tokyo, Japan). Synapses were defined by the presence of
a clear postsynaptic density (PSD) facing a presynaptic structure
with synaptic vesicles. Synapse density was quantified by count-
ing synapses in 10 × 10 µm ultrathin sections and synaptic size
was determined by measuring the length of their PSDs.

Electrophysiology

Simultaneous multiple whole-cell recordings were obtained
from pairs, triplets, or quadruplets of nearby infected and nonin-
fected CA1neurons (Zhu et al. 2005; Jiang et al. 2013), under visual
guidance using fluorescence and transmitted light illumination,
using up to 4 Axopatch-200B or Axoclamp 2B amplifiers (Axon
Instruments, Foster City, CA). Bath solution (29 ± 1.5°C), unless
otherwise stated, contained (in mM): NaCl 119, KCl 2.5, CaCl2 4,
MgCl2 4, NaHCO3 26, NaH2PO4 1, glucose 11, picrotoxin (PTX) 0.1,
bicuculline 0.01, and 2-chloroadenosine 0.002, at pH 7.4 and
gassed with 5% CO2/95% O2. 2-chloroadenosine was included to
prevent bursting and PTX was excluded when γ-aminobutyric
acid (GABA) responses were examined. 2-chloroadenosine was
excluded and 2 μM tetrodotoxin (TTX) was included when mini-
ature excitatory postsynaptic currents (mEPSCs) were studied.
For experiments in which slices were maintained in culture
with additional 10 mM Mg2+, 2 μM TTX, 20 μM PTX, 5 µM
SP600125, 2 µM SB203580, 100 µM DL-APV, and/or 5 µM 5,7-
dichlorokynurenic acid (DCKA), these chemicals and/or com-
pounds were included at the time of viral infection and removed
during recordings. Patch recording pipettes (3–6 MΩ) for current
(voltage-clamp) recordings contained (in mM): cesium methane-
sulfonate 115, CsCl 20, HEPES 10, MgCl2 2.5, Na2ATP 4, Na3GTP 0.4,
sodium phosphocreatine 10, EGTA 0.6, and spermine 0.1, at pH
7.25; and for voltage (current-clamp) recordings contained: po-
tassium gluconate 115, HEPES 10, MgCl2 2, MgATP 2, Na2ATP 2,
Na3GTP 0.3 and KCl 20, at pH 7.25. Synaptic responses were
evoked by bipolar electrodes with single voltage pulses (200 µs,
up to 20 V) placed in the stratum radiatum ∼300–500 µm away
from the CA1 cells. Synaptic AMPA and NMDA responses at −60
and +40 mV were averaged over 90 trials. To minimize the effect
fromAMPA responses, the peakNMDA responses at +40 mVwere
measured after digital subtraction of estimated AMPA responses
at +40 mV. Quadruple recordings fromCFP-, p25-, APP-expressing
and nonexpressing neurons were made from CA1 neurons
>50 µm apart to avoid the effects resulting from diffused Aβ

(Wei et al. 2010). To ensure the detection of the smallest synaptic
events, mEPSCs were analyzed using only the high-quality
patch-clamp recordings with the low baseline noise (≤2 pA)

obtained by gently breaking-in high-resistance seal (>10 GΩ)
patches (Wang et al. 2015). Synaptic plasticity experiments fol-
lowed our previous reports (Zhu et al. 2002, 2005; McCormack
et al. 2006). Briefly, long-term potentiation (LTP) was induced by
a pairing protocol using 200 pulses at 2 Hz at −5 mV within
5 min after formation ofwhole-cell configuration. Depotentiation
was induced by a pairing protocol using 300 pulses at 1 Hz at
−45 mV 30 min after induction of LTP in the presence of
SB203580, which blocks long-term depression (LTD). To examine
the strength of Aβ/Arc signaling that mediates LTD and avoid in-
ducing the saturated LTD, submaximal LTD stimuli (i.e., 200 pair-
ing pulses at 1 Hz at −45 mV; cf. McCormack et al. 2006) were
delivered 15 min after formation of whole-cell configuration.
Slices were incubated in solution containing 5 µM SP600125 and
2 µM SB203580 before (for at least 1 h) and during LTP and LTD
in some experiments, respectively. Because no difference in
LTP was found in neurons recorded with the whole-cell and
perforated-patch recording techniques (see Supplementary
Table S1), the data were pooled together in analysis. Sindbis
viral expression system produced the rapid overexpression of re-
combinant proteins, including Cdk5 (see Supplementary Fig. S1),
p25 and p35 (Ctrl: 100.0 ± 5.9%; p25: 405.4 ± 21.6%; n = 12; P < 0.005;
p35: 381.9 ± 18.2%; n = 12; P < 0.005). The levels of overexpression
of p25 were comparable with the high end of p25 overproduction
observed in Alzheimer’s patients (Patrick et al. 1999; Tseng et al.
2002; Swatton et al. 2004). Correspondingly, p25-expressing rat
neurons exhibited the concurrent reduction in synapse density
and increase in synaptic size for ∼7 days, equivalent to ∼1–1.5
human years or the minimal time required for the conversion
from subjective-mild cognitive impairment to Alzheimer’s dis-
ease in human subjects (DeKosky and Marek 2003; Scheff et al.
2006; Reisberg et al. 2010). Approximately 5–15% neurons began
to show signs of deterioration after Sindbis viral expression of
recombinant proteins for >7 days; they display reduced input
resistance ( < 100 MΩ), increased holding current (>200 pA at
−60 mV), and recordings from these neurons were frequently
lost within ∼5 min. Therefore, to avoid the nonspecific effects,
all experiments, including the control GFP- or CFP-alone expres-
sion experiments, were performedwithin 7 days after expression
of recombinant proteins.

Statistical Analysis

Statistical results were reported asmean ± SEM. Statistical signif-
icances of the means (P ≤ 0.05; 2 sides) were determined using
Wilcoxon and Mann–Whitney Rank Sum nonparametric tests
for paired and unpaired samples, respectively.

Results
Cdk5 Signals a Novel Rapid Synaptic Homeostasis

To investigate the synaptic function of Cdk5 signaling, we acutely
expressed a series of GFP-tagged constructs designed to modu-
late Cdk5 signaling in hippocampal CA1 neurons in cultured
slices (Fig. 1A). Western blot analysis showed that ∼18 h after
infection, the expression levels of Cdk5-GFP ranged from ∼3–4
times the endogenous Cdk5 level in CA1 neurons (see Supple-
mentary Fig. S1). We then made simultaneous electrophysio-
logical recordings from nearby nonexpressing CA1 neurons and
CA1 neurons expressing the GFP-tagged physiological activators
of Cdk5, including both the long-lasting activator p25 (p25-GFP)
and short-lasting activator p35 protein (p35-GFP) (Su and Tsai
2011; Cheung and Ip 2012). Afferent fibers were stimulated and

Cdk5 Signals the Early Alzheimer’s Pathology Sheng et al. | 2939

http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhv032/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhv032/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhv032/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhv032/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhv032/-/DC1


Figure 1. Cdk5 regulates homeostasis of glutamatergic synaptic transmission. (A) Schematic drawing outlines in vitro experimental design. (B) Evoked AMPA-R- (−60 mV)

and NMDA-R- (+40 mV)mediated responses recorded from neighboring nonexpressing (Ctrl) and p25-GFP, Cdk5(dn)-GFP, shRNA1, or S-shRNA1 expressing cells in normal

media. (C) AMPA and NMDA responses in expressing neurons relative to neighboring nonexpressing control cells. Values for AMPA responses in neurons expressing

p25-GFP (Ctrl: −36.1 ± 3.9 pA; Exp: −24.0 ± 3.7 pA; n = 22; P < 0.01), p35-GFP (Ctrl: −35.6 ± 3.3 pA; Exp: −29.2 ± 3.5 pA; n = 26; P < 0.005), Cdk5(dn)-GFP (Ctrl: −33.8 ± 3.5 pA;

Exp: −42.9 ± 4.1 pA; n = 30; P < 0.005), p25-GFP with 25 µM roscovitine in culture media (Ctrl: −32.6 ± 4.0 pA; Exp: −35.4 ± 3.3 pA; n = 22; P = 0.64), and Cdk5(dn)-GFP with

25 µM roscovitine in culture media (Ctrl: −38.8 ± 2.4 pA; Exp: −37.0 ± 3.6 pA; n = 26; P = 0.73). Values for NMDA responses in neurons expressing p25-GFP (Ctrl:

48.5 ± 7.9 pA; Exp: 38.9 ± 5.3 pA; n = 22; P < 0.05), p35-GFP (Ctrl: 65.5 ± 6.3 pA; Exp: 55.3 ± 5.2 pA; n = 26; P < 0.05), Cdk5(dn)-GFP (Ctrl: 52.2 ± 5.0 pA; Exp: 61.7 ± 4.7 pA; n = 30;

P < 0.005), p25-GFP with 25 µM roscovitine in culture media (Ctrl: 74.8 ± 6.5 pA; Exp: 81.5 ± 5.9 pA; n = 22; P = 0.37), and Cdk5(dn)-GFP with 25 µM roscovitine in culture

media (Ctrl: 105.2 ± 9.3 pA; Exp: 100.1 ± 8.7 pA; n = 26; P = 0.79). (D) AMPA and NMDA responses in expressing neurons relative to neighboring nonexpressing control

cells. Values for AMPA responses in neurons expressing shRNA1 (Ctrl: −11.6 ± 1.5 pA; Exp: −16.3 ± 1.4 pA; n = 26; P < 0.05), S-shRNA1 (Ctrl: −19.9 ± 2.3 pA; Exp:

−19.2 ± 2.5 pA; n = 24; P = 0.84), shRNA2 (Ctrl: −19.2 ± 1.7 pA; Exp: −24.2 ± 2.3 pA; n = 28; P < 0.05), S-shRNA2 (Ctrl: −19.9 ± 2.0 pA; Exp: −19.1 ± 2.2 pA; n = 20; P = 0.82),

shRNA1 with 25 µM roscovitine in culture media (Ctrl: −19.9 ± 2.0 pA; Exp: −19.1 ± 2.2 pA; n = 20; P = 0.82), or shRNA1 with 12 mM Mg2+ in culture media (Ctrl:

−18.3 ± 1.1 pA; Exp: −17.1 ± 1.6 pA; n = 26; P = 0.23). Values for NMDA responses in neurons expressing shRNA1 (Ctrl: 32.8 ± 4.3 pA; Exp: 41.9 ± 3.4 pA; n = 26; P < 0.05),

S-shRNA1 (Ctrl: 70.6 ± 7.6 pA; Exp: 61.0 ± 5.8 pA; n = 24; P = 0.38), shRNA2 (Ctrl: 57.0 ± 6.1 pA; Exp: 67.6 ± 5.7 pA; n = 28; P < 0.05), and S-shRNA2 (Ctrl: 46.9 ± 4.5 pA; Exp:

43.7 ± 5.2 pA; n = 20; P = 0.79), shRNA1 with 25 µM roscovitine in culture media (Ctrl: 46.9 ± 4.5 pA; Exp: 43.7 ± 5.2 pA; n = 20; P = 0.79), or shRNA1 with 12 mM Mg2+ in

culture media (Ctrl: 40.6 ± 2.6 pA; Exp: 39.1 ± 2.4 pA; n = 26; P = 0.59). (E) Evoked AMPA-R- (−60 mV) and NMDA-R- (+40 mV) mediated responses recorded from

neighboring nonexpressing (Ctrl) and Cdk5(dn)-GFP expressing cells in media containing 12 mM Mg2+, 2 µM TTX, 20 µM PTX, or 20 µM PTX and 100 µM DL-APV. (F)

AMPA and NMDA responses in neurons expressing Cdk5(dn)-GFP relative to neighboring nonexpressing control cells. Values for AMPA responses in Cdk5(dn)-GFP

expressing neurons cultured in media with Cdk5(dn)-GFP with 12 mM Mg2+ in culture media (Ctrl: −28.5 ± 4.9 pA; Exp: −27.7 ± 3.4 pA; n = 20; P = 0.82), 2 µM TTX (Ctrl:

−32.8 ± 2.9pA; Exp: −33.5 ± 3.2 pA; n = 24; P = 0.61), 20 µM PTX (Ctrl: −31.3 ± 3.6 pA; Exp: −56.5 ± 6.4 pA; n = 30; P < 0.0005), 100 µM DL-APV (Ctrl: −32.7 ± 3.4 pA; Exp:

−33.9 ± 3.3 pA; n = 26; P = 0.71), or 20 µM PTX and 100 µM DL-APV (Ctrl: −28.5 ± 1.9 pA; Exp: −30.0 ± 2.7 pA; n = 26; P = 0.59), and values for NMDA responses in Cdk5(dn)-

GFP with 12 mM Mg2+ in culture media (Ctrl: 56.0 ± 8.0 pA; Exp: 57.3 ± 6.6 pA; n = 20; P = 0.97), Cdk5(dn)-GFP expressing neurons cultured in media with 2 µM TTX (Ctrl:

56.0 ± 6.0 pA; Exp: 58.9 ± 6.2 pA; n = 24; P = 0.53), 20 µM PTX (Ctrl: 52.9 ± 5.6 pA; Exp: 78.2 ± 7.8 pA; n = 30; P < 0.0005), 100 µM DL-APV (Ctrl: 73.9 ± 8.2 pA; Exp: 75.0 ± 7.3 pA;

n = 26; P = 0.83), or 20 µM PTX and 100 µM DL-APV (Ctrl: 59.7 ± 7.1 pA; Exp: 63.9 ± 7.9 pA; n = 26; P = 0.23). Note that the relative enhancements of AMPA and NMDA

responses in Cdk5(dn)-GFP expressing neurons cultured in media with 20 µM PTX are significantly greater than those cultured in normal media (P < 0.05; Mann–

Whitney Rank Sum test). AMPA-R- and NMDA-R-mediated current amplitudes and standard errors were normalized to average values from control cells. Asterisks

indicate P < 0.05 (Wilcoxon tests).
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excitatory postsynaptic currents (EPSCs) were recorded. Neurons
expressing p25-GFP or p35-GFP showed depressed NMDA-R- and
AMPA-R-mediated responses (by ∼25–30%) compared with near-
by control nonexpressing neurons (Fig. 1B,C). To test whether
endogenous Cdk5 activity depresses transmission, we expressed
a dominant negative mutant Cdk5(K33→T), Cdk5(dn)-GFP. Neu-
rons expressing Cdk5(dn)-GFP had increased NMDA and AMPA
responses comparedwith nearby nonexpressing control neurons
(Fig. 1B,C). Previous studies have shown that bath application of
roscovitine, a pharmacological inhibitor of Cdk5, inhibits Cdk5
signaling (Tomizawa et al. 2002; Yan et al. 2002). We included
roscovitine in culture media during expression of P25-GFP and
Cdk5(dn)-GFP. In the presence of roscovitine, neurons expressing
P25-GFP or Cdk5(dn)-GFP had the same NMDA and AMPA re-
sponses compared with nearby control nonexpressing neurons
(Fig. 1B,C). These results suggest that pharmacological inhibition
of endogenous Cdk5 signaling blocked the depression in p25-GFP

expressing neurons and occluded the potentiation in Cdk5(dn)-
GFP expressing neurons. Expression of p25-GFP and Cdk5(dn)-
GFP had no effects on intrinsic membrane properties (i.e., the
resting membrane potential, input resistance, and membrane
time constant), GABAergic responses and paired pulse facilita-
tion of AMPA responses (see Supplementary Fig. S2). These
results suggest that endogenous Cdk5 depresses postsynaptic
glutamatergic transmission in CA1 neurons.

To confirm that endogenous Cdk5 depresses glutamatergic
transmission, we knocked down endogenous Cdk5 in CA1 neu-
rons using short hairpin interference RNAs (shRNAs), which
were delivered along with GFP using a lentivirus. Expression of
Cdk5-targeting shRNAs (i.e., shRNA1 and shRNA2) for 60–72 h
reduced Cdk5 expression levels in neurons by ∼95%, whereas
expression of their scrambled controls (i.e., S-shRNA1 and
S-shRNA2) had no effect on Cdk5 expression (see Supplementary
Fig. S3). Electrophysiological recordings showed that neurons

Figure 2. Cdk5 signals a novel rapid homeostatic regulation at synapses. (A) Blots of phosphorylated histone H1 and total Cdk5 in CA1 tissues cultured in normal media,

media containing 2 µMTTX, ormedia containing 20 µMPTX for 1 or 18 h. (B) Relative levels of Cdk5 kinase activitymeasured using histoneH1 as the substrate after 15 min

(TTX: 80.5 ± 6.2%; n = 12; P < 0.05; PTX: 121.4 ± 8.8%; n = 12; P < 0.05; Wilcoxon tests compared with Ctrl: 100.0 ± 7.1%; n = 12), 30 min (TTX: 74.1 ± 8.3%; n = 12; P < 0.01;

PTX: 117.5 ± 7.2%; n = 12; P < 0.05; Wilcoxon tests compared with Ctrl: 100.0 ± 9.0%; n = 12), 1 h (TTX: 71.6 ± 14.1%; n = 12; P < 0.05; PTX: 144.8 ± 15.4%; n = 12; P < 0.05;

Wilcoxon tests compared with Ctrl: 100.0 ± 11.4%; n = 12), or 18 h (TTX: 68.5 ± 8.2%; n = 12; P < 0.05; PTX: 128.0 ± 12.9%; n = 12; P < 0.05; Wilcoxon tests compared with

Ctrl: 100.0 ± 14.3%; n = 12) and total Cdk5 after 15 min (TTX: 103.2 ± 5.7%; n = 12; P = 0.43; PTX: 102.8 ± 8.1%; n = 12; P = 0.43 Wilcoxon tests compared with Ctrl:

100.0 ± 6.0%; n = 12), 30 min (TTX: 100.5 ± 5.9%; n = 12; P = 0.58; PTX: 95.2 ± 7.4%; n = 12; P = 0.48 Wilcoxon tests compared with Ctrl: 100.0 ± 5.6%; n = 12), 1 h

(TTX: 100.3 ± 5.3%; n = 12; P = 0.64; PTX: 98.1 ± 4.2%; n = 12; P = 0.70 Wilcoxon tests compared with Ctrl: 100.0 ± 3.1%; n = 12), or 18 h (TTX: 97.5 ± 7.0%; n = 12; P = 0.70; PTX:

95.5 ± 7.6%; n = 12; P = 0.39 Wilcoxon tests compared with Ctrl: 100.0 ± 7.1%; n = 12) after TTX or PTX treatment. For each set of CA1 tissue cell lysates, 100 µg protein

was used to IP Cdk5 and perform the kinase activity assay, and 20–40 µg protein was used to blot total Cdk5. The relative values and standard errors were normalized

to average amounts of phos-H1 or total Cdk5 of CA1 cells cultured in normal media. (C) Evoked AMPA-R- (−60 mV) and NMDA-R- (+40 mV) mediated responses

recorded from neighboring nonexpressing (Ctrl) and p25-GFP (upper) or Cdk5(dn)-GFP (lower) expressing cells cultured in media containing 25 µM roscovitine for 18 h

followed by normal media for 0.5 or 4 h. (D) Amplitudes of synaptic AMPA and NMDA responses in p25-GFP (upper) or Cdk5(dn)-GFP (lower) expressing cells cultured

in media containing 25 µM roscovitine for 18 h followed by normal media for different times. Values for AMPA responses after cultured in normal media for 0.5 h (Ctrl:

−29.5 ± 2.3 pA; Exp: −25.1 ± 2.5 pA; n = 23; P < 0.05 for p25-GFP; Ctrl: −20.9 ± 1.8 pA; Exp: −24.8 ± 2.3 pA; n = 22; P < 0.05 for Cdk5(dn)-GFP), 1 h (Ctrl: −30.6 ± 2.7 pA;

Exp: −24.4 ± 2.3 pA; n = 30; P < 0.05 for p25-GFP; Ctrl: −19.4 ± 1.8 pA; Exp: −25.0 ± 1.8 pA; n = 31; P < 0.05 for Cdk5(dn)-GFP), 2 h (Ctrl: −21.8 ± 2.1 pA; Exp: −17.7 ± 1.8 pA;

n = 26; P < 0.05 for p25-GFP; Ctrl: −20.3 ± 1.5 pA; Exp: −28.2 ± 2.8 pA; n = 31; P < 0.05 for Cdk5(dn)-GFP), and 4 h (Ctrl: −32.5 ± 4.1 pA; Exp: −20.6 ± 1.7 pA; n = 26; P < 0.05 for

p25-GFP; Ctrl: −22.1 ± 2.1 pA; Exp: −32.9 ± 2.9 pA; n = 26; P < 0.005 for Cdk5(dn)-GFP), and NMDA responses after cultured in normal media for 0.5 h (Ctrl: 70.1 ± 4.6 pA;

Exp: 60.9 ± 5.0 pA; n = 23; P < 0.01 for p25-GFP; Ctrl: 61.3 ± 5.3 pA; Exp: 68.9 ± 4.7 pA; n = 22; P < 0.01 for Cdk5(dn)-GFP), 1 h (Ctrl: 69.8 ± 6.7 pA; Exp: 56.7 ± 6.2 pA; n = 30;

P < 0.05 for p25-GFP; Ctrl: 52.9 ± 5.2 pA; Exp: 66.8 ± 6.0 pA; n = 31; P < 0.05 for Cdk5(dn)-GFP), 2 h (Ctrl: 44.0 ± 3.7 pA; Exp: 36.2 ± 3.0 pA; n = 26; P < 0.05 for p25-GFP; Ctrl:

43.2 ± 2.8 pA; Exp: 54.3 ± 4.2 pA; n = 31; P < 0.05 for Cdk5(dn)-GFP), and 4 h (Ctrl: 67.3 ± 6.2 pA; Exp: 50.1 ± 5.4 pA; n = 26; P < 0.01 for p25-GFP; Ctrl: 57.4 ± 5.5 pA;

Exp: 70.4 ± 4.8 pA; n = 26; P < 0.05 for Cdk5(dn)-GFP). AMPA-R- and NMDA-R-mediated current amplitudes and standard errors were normalized to average values from

control cells. Asterisks indicate P < 0.05 (Wilcoxon tests).
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expressing Cdk5-targeting shRNAs had potentiated NMDA and
AMPA responses (Fig. 1B,D). In contrast, neurons expressing
scrambled shRNAs (S-shRNAs) had unaltered NMDA and AMPA
responses (Fig. 1B,D). In addition, including roscovitine in cul-
tured media occluded the shRNA-induced potentiation
(Fig. 1D). Collectively, the dominant negative overexpression,
shRNA knockdown and pharmacological inhibition experiments
consistently support the idea that endogenous Cdk5 depresses
glutamatergic transmission in CA1 neurons.

To determine whether activation of Cdk5 signaling requires
synaptic activity, we incubated slices in high Mg2+ (12 mM) cul-
ture media, which depresses synaptic activity (Zhu et al. 2000).
High Mg2+ occluded the potentiation induced by Cdk5(dn)-GFP
or Cdk5-targeting shRNA (Fig. 1D–F), suggesting the involvement
of synaptic activity in activation of Cdk5 signaling. To validate
this finding, we included 2 μM TTX (which blocks Na+ channels)
or 20 μM PTX (which blocks GABAA-Rs) in culture media to
down- or up-regulate synaptic activity, respectively. In the pres-
ence of TTX, neurons expressing Cdk5(dn)-GFP had the same
NMDA and AMPA responses as nearby nonexpressing neurons
(Fig. 1E,F). This result suggests that blocking synaptic activity
suppresses the depressive effects of endogenous Cdk5. In con-
trast, in the presence of PTX, neurons expressing Cdk5(dn)-GFP

had enhanced potentiation compared with those cultured in
normalmedia (Fig. 1E,F). This result suggests that enhancing syn-
aptic activity augments the depressive effects of endogenous
Cdk5. To further determine whether synaptic activity regulates
Cdk5 signaling via activation of NMDA-Rs, we included 100 µM
DL-APV, an NMDA-R blocker, in culture media. In the presence
of 100 µM DL-APV, the Cdk5(dn)-GFP-induced potentiation of
NMDA and AMPA responses were occluded with or without add-
itional PTX in culturemedia (Fig. 1E,F), suggesting that activation
of Cdk5 signaling requires synaptic NMDA-R activity. Together,
these results indicate that Cdk5 serves as a regulator of homeo-
static transmission at synapses, consistent with the previous
reports (Seeburg et al. 2008; Kim and Ryan 2010; Mitra et al. 2011).

We then examined how synaptic activity regulates Cdk5 sig-
naling bymeasuring the levels of Cdk5 kinase activity at different
timepoints after PTXandTTX treatments.We found thatTTXde-
creased and PTX increased Cdk5 kinase activitywithout affecting
the total levels of Cdk5 (Fig. 2A,B). Interestingly, TTX and PTX rap-
idly altered Cdk5 kinase activity within 15 min, and the effects
persisted for as long as 18 h (Fig. 2A,B). Because roscovitine can
rapidly and reversibly pass through the membrane to inhibit
Cdk5 (see Supplementary Fig. S4; see also Tomizawa et al. 2002;
Yan et al. 2002), we decided to use the inhibitor as a tool to

Figure 3. Cdk5 regulates synaptic homeostasis using a new signaling mechanism. (A) Evoked AMPA-R- (−60 mV) and NMDA-R- (+40 mV) mediated responses recorded

from neighboring nonexpressing (Ctrl) and p25-GFP or Cdk5(dn)-GFP expressing cells cultured in media containing 25 µM roscovitine for 18 h followed by media

containing 40 µM anisomycin for 4 h (upper) and neighboring nonexpressing (Ctrl) and p25-GFP expressing neurons cultured in 12 mM Mg2+ media or media with

100 µM DL-APV (lower). (B) (Left) Amplitudes of synaptic AMPA and NMDA responses in p25-GFP (upper) or Cdk5(dn)-GFP (lower) expressing neurons cultured in media

containing 25 µM roscovitine for 18 h followed bymedia containing 40 µManisomycin or 50 µM actinomycin D for 4 h. Values for AMPA responses in neurons treatedwith

anisomycin (Ctrl: −23.5 ± 2.0 pA; Exp: −17.9 ± 1.6 pA; n = 26; P < 0.05 for p25-GFP; Ctrl: −19.3 ± 1.7 pA; Exp: −24.5 ± 1.2 pA; n = 26; P < 0.05 for Cdk5(dn)-GFP), or actinomycin D

(Ctrl: −20.7 ± 2.5 pA; Exp: −16.7 ± 1.9 pA; n = 22; P < 0.05 for p25-GFP; Ctrl: −18.4 ± 1.8 pA; Exp: −23.8 ± 2.1 pA; n = 22; P < 0.05 for Cdk5(dn)-GFP), and NMDA responses in

neurons treated with anisomycin (Ctrl: 64.2 ± 4.3 pA; Exp: 48.0 ± 3.6 pA; n = 26; P < 0.005 for p25-GFP; Ctrl: 52.1 ± 2.5 pA; Exp: 65.7 ± 4.8 pA; n = 26; P < 0.05 for Cdk5(dn)-

GFP), or actinomycin D (Ctrl: 47.7 ± 5.4 pA; Exp: 36.6 ± 5.1 pA; n = 22; P < 0.05 for p25-GFP; Ctrl: 43.7 ± 4.4 pA; Exp: 58.2 ± 3.6 pA; n = 22; P < 0.005 for Cdk5(dn)-GFP). (Right)

AMPA and NMDA responses in neurons expressing p25-GFP relative to neighboring nonexpressing control cells. Values for AMPA responses in p25-GFP expressing

neurons cultured in media with 12 mM Mg2+ (Ctrl: −38.6 ± 4.4 pA; Exp: −36.0 ± 3.4 pA; n = 30; P = 0.58), 2 µM TTX (Ctrl: −31.6 ± 4.4 pA; Exp: −29.5 ± 3.4 pA; n = 22; P = 0.78),

100 µM DL-APV (Ctrl: −37.4 ± 3.0 pA; Exp: −33.3 ± 3.8 pA; n = 28; P = 0.11), 5 µM DCKA (Ctrl: −33.8 ± 4.7 pA; Exp: −31.0 ± 4.2 pA; n = 20; P = 0.88), 5 µM SP600125 (Ctrl:

−31.1 ± 3.0 pA; Exp: −28.8 ± 3.0 pA; n = 24; P = 0.44), or 2 µM SB203580 (Ctrl: −32.6 ± 3.2 pA; Exp: −25.2 ± 2.8 pA; n = 23; P < 0.05), and values for NMDA responses in p25-GFP

expressing neurons cultured in media with 12 mM Mg2+ (Ctrl: 67.1 ± 7.5 pA; Exp: 52.6 ± 5.8 pA; n = 30; P < 0.05), 2 µM TTX (Ctrl: 53.3 ± 5.2pA; Exp: 41.7 ± 3.8 pA; n = 22;

P = 0.75), 100 µM DL-APV (Ctrl: 63.4 ± 7.0 pA; Exp: 49.5 ± 5.8 pA; n = 28; P < 0.05), 5 µM DCKA (Ctrl: 55.4 ± 6.8 pA; Exp: 42.4 ± 4.8 pA; n = 20; P < 0.01), 5 µM SP600125 (Ctrl:

52.9 ± 4.3 pA; Exp: 43.0 ± 4.3 pA; n = 23; P < 0.05) or 2 µM SB203580 (Ctrl: 52.9 ± 4.5 pA; Exp: 42.1 ± 4.2 pA; n = 23; P < 0.05). AMPA-R and NMDA-R mediated current

amplitudes and standard errors were normalized to average values from control cells. Asterisks indicate P < 0.05 (Wilcoxon tests).
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determine whether the altered Cdk5 activities had immediate
impacts on synaptic transmission. We first expressed p25-GFP
or Cdk5(dn)-GFP in CA1 neurons cultured in media containing
roscovitine for 18 h (Fig. 2C,D), and then measured transmission
at different times after removal of the inhibitor. Within 30 min
after the removal of roscovitine (to remove the inhibition of
Cdk5), neurons expressing p25-GFP and Cdk5(dn)-GFP had de-
pressed and enhanced NMDA and AMPA responses, respectively
(Fig. 2C,D). Together, these results showed that Cdk5 could be ac-
tivated by synaptic activitywithin ∼15 min and in turn depressed
transmission within ∼30 min. Because all known homeostatic
regulators take at least 1–2 h to execute homeostatic feedbacks
on synaptic transmission (Turrigiano 2008), our results indicate
that Cdk5 regulates a new rapid homeostatic mechanism at
synapses.

We wished to further explore the properties of homeostatic
regulation of Cdk5 signaling. Previously identified homeostatic
regulators control synaptic transmission using transcription-
and/or translation-dependent mechanisms, which take at least
1 h to initiate homeostatic responses (Turrigiano 2008). We
found that neither the transcription inhibitor, actinomycin
D, nor the translation inhibitor, anisomycin, blocked the p25-
GFP-induced synaptic depression and Cdk5(dn)-GFP-induced
synaptic potentiation (Fig. 3), suggesting a transcription- and
translation-independent mechanism. The classic slow homeo-
static regulators depress AMPA responses prior to NMDA re-
sponses (Hsieh et al. 2006; Rial Verde et al. 2006; Seeburg et al.
2008; Evers et al. 2010; Sun et al. 2013). On the other hand, the
rapid action of Cdk5 makes it uncertain whether Cdk5 depresses
AMPA responses first (Tomizawa et al. 2002; Yan et al. 2002; Cher-
gui et al. 2004), or suppressesNMDA responses first (Hawasli et al.
2007; Plattner et al. 2014). We investigated the synaptic depres-
sions induced by p25 overexpression (Fig. 3), which is expected
to constitutively stimulates Cdk5 signaling in the absence of up-
stream signaling (Patrick et al. 1999). We found that including
high Mg2+, TTX, NMDA-R antagonists APV or DCKA in culture
media, which blocks NMDA-R-dependent modification of AMPA
transmission (Malinow and Malenka 2002; Stornetta and Zhu
2011; Huganir and Nicoll 2013), blocked the p25-induced

depression in AMPA responses but not the depression in NMDA
responses (Fig. 3). These results suggest that Cdk5 signaling de-
presses NMDA responses prior to AMPA responses. The same
AMPA responses in expressing and nonexpressing neurons are
also suggestive of no effect of postsynaptic Cdk5 signaling on pre-
synaptic glutamate release. Finally, previously reported homeo-
static regulators depress AMPA responses via a signaling
process that is sensitive to p38MAPK inhibitor SB203580, but
not JNK inhibitor SP600125 (Hsieh et al. 2006; Origlia et al. 2008;
Li et al. 2011). In contrast, the p25-induced synaptic depression
of AMPA responses was blocked by SP600125, but not by
SB203580 (Fig. 3B). Collectively, the biochemical, electrophysio-
logical, and pharmacological analyses reveal that Cdk5 signals
a rapid homeostasis of synaptic transmission using a novel feed-
backmechanism, different from the slow homeostatic regulators
in kinetics, signaling transduction pathways, and physiological
consequences (Turrigiano 2008).

Chronic Cdk5 Signaling Dynamically Regulates Slow
Homeostatic Regulators

The rapid kinetics of Cdk5 signaling suggest that chronic stimu-
lation of Cdk5 signaling should suppress production of slow
homeostatic regulators (e.g., Aβ and Arc) by depressing synaptic
activity (Turrigiano 2008). Yet, previous studies have shown
that chronic hyperactivation of Cdk5 stimulates production of
Aβ via a slow transcription-dependent process (Cruz et al. 2006;
Wen et al. 2008). To resolve the apparent contradiction, we mea-
sured the protein levels of Aβ and Arc after 1–7 days of p25 over-
expression.Western blot analysis revealed that overexpression of
p25 in CA1 cells induced an initial decrease, followed by an in-
crease in Aβ and Arc production that surpassed the baseline
(Fig. 4). We further examined the effect of overexpression of p25
on the levels of extracellular Aβ, which is crucial for synaptic
depression and synapse loss (Hsieh et al. 2006; Wen et al. 2008).
Enzyme linked immunosorbent assay (ELISA) measurement
showed that the levels of released Aβ in the culture media
followed the same time course (Fig. 4C). Moreover, the culture
media induced the Aβ-like effects on transmission following

Figure 4.Chronic overproduction of p25 dynamically regulates Aβ andArc signaling. (A) Expression of Aβ, Arc and tubulin after 1-, 3-, 5-, and 7-day overexpression of p25 in

CA1 cells. Note the relatively weak bands of low-order Aβ oligomers (≤24 kDa) appeared after a longer exposure time, reflecting presumably the reduced retention of low

molecular weight proteins by the standardmembrane used in the experiment, and all bands detected by anti-rat Aβ have the same time course. (B) Relative amounts of Aβ

(1-day: 80.7 ± 6.1, n = 15, P < 0.005; 3-day: 88.2 ± 6.9%, n = 15, P < 0.05; 5-day: 101.5 ± 8.2, n = 15; P = 0.87; 7-day: 111.2 ± 7.2, n = 15; P < 0.05; Wilcoxon tests compared with

Ctrl: 100.0 ± 7.3%, n = 15), low-order Aβ oligomers (1-day: 75.1 ± 9.5, n = 12, P < 0.005; 3-day: 85.0 ± 9.6%, n = 12, P < 0.05; 5-day: 97.8 ± 11.1, n = 12; P = 0.75; 7-day: 113.4 ± 9.6,

n = 12; P < 0.05; Wilcoxon tests compared with Ctrl (0-day): 100.0 ± 8.8%, n = 12), Arc (1-day: 88.1 ± 7.1, n = 18, P < 0.005; 3-day: 94.7 ± 6.4%, n = 18, P = 0.15; 5-day: 103.0 ± 6.6,

n = 18; P = 0.27; 7-day: 117.7 ± 8.2, n = 18; P < 0.05 Wilcoxon tests compared with Ctrl (0-day): 100.0 ± 6.2%, n = 18), and tubulin (1-day: 101.7 ± 6.0, n = 25, P = 0.48; 3-day:

98.6 ± 5.3%, n = 25, P = 0.62; 5-day: 101.4 ± 6.7, n = 25; P = 0.54; 7-day: 103.3 ± 6.6, n = 25; P = 0.99; Wilcoxon tests compared with Ctrl (0-day): 100.0 ± 4.8%, n = 25) in p25-

expressing cells compared with control nonexpressing CA1 cells. Each lane was loaded with 45 µg hippocampal CA1 cell lysate protein. (C) Relative levels of released

Aβ-40 (1-day: 255.3 ± 20.8 pM, n = 11, P < 0.005; 2-day: 255.8 ± 11.7 pM, n = 11, P < 0.05; 3-day: 293.5 ± 25.5 pM, n = 11; P = 0.16; 4-day: 336.1 ± 36.8 pM, n = 11; P = 0.93; 5-day:

339.9 ± 37.7 pM, n = 11; P = 0.86; 6-day: 389.0 ± 35.9 pM, n = 11; P = 0.18; 7-day: 448.4 ± 49.3 pM, n = 11; P < 0.05; Wilcoxon tests compared with Ctrl (0-day): 337.7 ± 39.0 pM,

n = 11), and Aβ-42 (1-day: 28.3 ± 1.7 pM, n = 11, P < 0.005; 2-day: 30.5 ± 2.6 pM, n = 11, P < 0.01; 3-day: 36.0 ± 2.8 pM, n = 11; P = 0.06; 4-day: 41.0 ± 2.7 pM, n = 11; P = 0.11; 5-

day: 42.6 ± 3.3 pM, n = 11; P = 0.29; 6-day: 50.6 ± 4.4 pM, n = 11; P = 0.99; 7-day: 61.3 ± 4.4 pM, n = 11; P < 0.05; Wilcoxon tests compared with Ctrl (0-day): 47.6 ± 2.5 pM,

n = 11) in culture media after 1−7 days of overexpression of p25 in CA1 cells in cultured slices. Asterisks indicate P < 0.05.
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the same time course (see Supplementary Fig. S5; cf. Hsieh et al.
2006; Wen et al. 2008). These results confirm that the chronic
overproduction p25 dynamically regulates Aβ production. To-
gether, these results suggest a notion that the p25-stimulated
Cdk5 signaling initially inhibits the slow homeostatic regulator
signaling via suppressing synaptic activity, and later enhances
the slow homeostatic regulator signaling via stimulating tran-
scription, which reconciles the previous seemingly contradictory
findings (Cruz et al. 2006; Turrigiano 2008; Wen et al. 2008).

The above mentioned analysis suggests that Cdk5 signaling
is mediated by JNK signaling (see Fig. 3B), which controls depo-
tentiation (Zhu et al. 2005; Yang et al. 2011). In contrast, Aβ/Arc
signaling is mediated by p38MAPK signaling (Hsieh et al. 2006;
Origlia et al. 2008; Li et al. 2011), which controls LTD (Hsieh
et al. 2006; Rial Verde et al. 2006). Thus, we reasoned that
prolonged overproduction of p25 may modulate the signal-
ing mechanisms of both JNK-mediated depotentiation and
p38MAPK-mediated LTD. To dissect p25-mediated effects on
the signaling mechanisms, we first measured synaptic plasticity

after overexpression of p25-GFP for 16 h, which had not yet pro-
duced a significant change in transmission or production of Aβ
and Arc (Fig. 5A,B). Neurons overexpressing p25 for 16 h had re-
duced LTP, but unaltered LTD (Fig. 5C). To determine whether
overexpression of p25 actually reduces LTP and/or enhances de-
potentiation, we measured depotentiation in p25-expressing
neurons. SB203580 was included in the bath solution in this
experiment to prevent induction of LTD (Zhu et al. 2005). We
found that in addition to the progressive loss of potentiation
after LTP induction, neurons expressing p25 had reduced synap-
tic depression after application of the depotentiation stimuli
(Fig. 5C), which is suggestive of constitutively enhanced depoten-
tiation signaling (cf. see Zhu et al. 2005). To confirm this idea, we
measured LTP again in the bath solution containing additional
SP600125, which blocks depotentiation (Zhu et al. 2005; Yang
et al. 2011). In the presence of SP600125, p25-expressing neurons
had the same LTP as nonexpressing neurons (Fig. 5C). These
results suggest that activating Cdk5 signaling by acute overex-
pression of p25 selectively enhances the signaling mechanism

Figure 5.Acute overproduction of p25 stimulates depotentiation. (A) Overexpression of p25-GFP for 18 h, but not 16 h, induced significant depressions in AMPA andNMDA

responses in p25-GFP expressing neurons. Values for AMPA (Ctrl: −21.5 ± 3.5 pA; Exp: −17.2 ± 3.3 pA; n = 20; P = 0.28) and NMDA (Ctrl: 62.0 ± 13.7 pA; Exp: 55.6 ± 12.9 pA;

n = 20; P = 0.79) responses in neurons after 16-h overexpression of p25-GFP (see Fig. 1C for the values for those after 18 h of overexpression of p25-GFP). Note no

significant difference in the relative depressions after 16 and 18 h of overexpression of p25-GFP (16-h: 20.0%; 18-h: 33.4%; P = 0.21; Mann–Whitney Rank Sum test).

AMPA-R and NMDA-R mediated current amplitudes and standard errors were normalized to average values from control cells. (B) (Left) Expression of Aβ, Arc and

tubulin after 16-h overexpression of p25 in CA1 cells. (Right) Relative amounts of Aβ (Ctrl: 100.0 ± 10.7%; 16-h: 98.5 ± 11.1; n = 14, P = 0.71), Arc (Ctrl: 100.0 ± 8.7%; 16-h:

92.5 ± 8.6; n = 14, P = 0.33), and tubulin (Ctrl: 100.0 ± 12.6%; 16-h: 95.0 ± 11.1; n = 14, P = 0.88) in p25-expressing cells compared with control nonexpressing CA1 cells.

(C) (Upper left) Schematic drawing outlines in vitro plasticity experimental design. Relative LTP, depotentiation, LTP in SP600125, and LTD in expressing neurons

compared with control nonexpressing neurons after 16-h overexpression of p25. Values for the potentiation and depression between control nonexpressing neurons

and p25-expressing neurons in LTP (Ctrl: 199.0 ± 15.7%; Exp: 154.1 ± 11.9%; n = 18; P < 0.005 for paired pathways; Ctrl: 94.2 ± 8.6%; Exp: 97.5 ± 5.6%; n = 18; P = 0.93 for

control pathways), depotentiation (Ctrl: 99.3 ± 7.4%; Exp: 59.9 ± 10.6%; n = 14; P < 0.05 for paired pathways; Ctrl: 96.3 ± 5.1%; Exp: 93.2 ± 6.3%; n = 14; P = 0.78 for control

pathways), LTP in SP600125 (Ctrl: 207.3 ± 10.2%; Exp: 204.1 ± 9.7%; n = 14; P = 0.88 for paired pathways; Ctrl: 95.3 ± 11.5%; Exp: 98.1 ± 4.8%; n = 14; P = 0.55 for control

pathways), and LTD (Ctrl: 68.3 ± 5.0%; Exp: 69.8 ± 4.2%; n = 18; P = 0.74 for paired pathways; Ctrl: 100.4 ± 3.4%; Exp: 100.8 ± 4.1%; n = 18; P = 0.65 for control pathways) after

16-h overexpression of p25. Asterisks indicate P < 0.05 (Wilcoxon tests).
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of JNK-mediated depotentiation without affecting the signaling
mechanisms of LTP and LTD.

We then examined the effects of chronic overexpression of
p25 on the signaling mechanisms of LTP, depotentiation and
LTD (Fig. 6).Wemeasured synaptic plasticity after overexpression

of p25-GFP for 2 days, at which time the protein levels of Aβ and
Arc had a significant reduction. Neurons overexpressing p25 for
2 days had reduced LTP, unaltered LTP in the presence of add-
itional SP600125, enhanced depotentiation, and reduced LTD
(Fig. 6B–E). These results suggest that chronic overproduction of

Figure 6. Chronic overproduction of p25 stimulates depotentiation and dynamically regulates LTD. (A) Schematic drawing outlines in vitro plasticity experimental design.

(B–E) Relative LTP, depotentiation, LTP in SP600125, and LTD in expressing neurons compared with control nonexpressing neurons after 2-day overexpression of p25.

Values for the potentiation and depression in control nonexpressing neurons and p25-expressing neurons in LTP (Ctrl: 198.9 ± 4.6%; Exp: 150.9 ± 8.2%; n = 17; P < 0.005

for paired pathways; Ctrl: 95.3 ± 5.4%; Exp: 98.9 ± 4.4%; n = 17; P = 0.55 for control pathways), depotentiation (Ctrl: 109.0 ± 10.7%; Exp: 57.4 ± 6.4%; n = 14; P < 0.05 for paired

pathways; Ctrl: 97.4 ± 4.9%; Exp: 93.8 ± 4.4%; n = 14; P = 0.47 for control pathways), LTP in SP600125 (Ctrl: 206.3 ± 10.4%; Exp: 208.3 ± 12.8%; n = 15; P = 0.96 for paired

pathways; Ctrl: 89.9 ± 13.0%; Exp: 95.2 ± 3.3%; n = 15; P = 0.46 for control pathways), and LTD (Ctrl: 68.1 ± 4.3%; Exp: 93.6 ± 3.8%; n = 17; P < 0.005 for paired pathways;

Ctrl: 97.1 ± 3.9%; Exp: 95.4 ± 4.9%; n = 17; P = 0.88 for control pathways) after 2-day overexpression of p25. (F–J) Relative LTP, depotentiation, LTP in SP600125, and LTD in

expressing neurons compared with control nonexpressing neurons after 7-day overexpression of p25. Values for the potentiation and depression in control

nonexpressing neurons and p25-expressing neurons in LTP (Ctrl: 195.1 ± 9.0%; Exp: 142.3 ± 5.9%; n = 18; P < 0.005 for paired pathways; Ctrl: 102.9 ± 8.3%;

Exp: 100.2 ± 4.3%; n = 18; P = 0.90 for control pathways), depotentiation (Ctrl: 103.8 ± 10.7%; Exp: 54.9 ± 7.9%; n = 14; P < 0.01 for paired pathways; Ctrl: 92.1 ± 4.8%;

Exp: 96.0 ± 4.8%; n = 14; P = 0.22 for control pathways), LTP in SP600125 (Ctrl: 205.3 ± 9.0%; Exp: 199.2 ± 8.3%; n = 13; P = 0.55 for paired pathways; Ctrl: 92.3 ± 5.4%; Exp:

95.4 ± 3.5%; n = 13; P = 0.51 for control pathways), LTD (Ctrl: 72.2 ± 5.4%; Exp: 55.8 ± 3.9%; n = 17; P < 0.005 for paired pathways; Ctrl: 100.3 ± 2.9%; Exp: 100.0 ± 3.2%; n = 17;

P = 0.91 for control pathways), and LTD with additional SB203580 (Ctrl: 97.0 ± 5.9%; Exp: 92.9 ± 2.9%; n = 16; P = 0.47 for paired pathways; Ctrl: 94.1 ± 3.3%; Exp: 94.5 ± 3.6%;

n = 16; P = 0.68 for control pathways) after 7-day overexpression of p25.
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Figure 7. Chronic overproduction of p25 induces Alzheimer-like synaptic alterations in intact brains. (A) Schematic drawing outlines in vivo experimental design.

(B) Miniature EPSCs recorded simultaneously from nearby control nonexpressing CA1 neurons, CA1 neurons overexpressing CFP, APP-GFP, or p25-RFP in acute slices

after 4 days of in vivo expression. (C) Average mEPSC frequencies of control nonexpressing CA1 neurons, CA1 neurons overexpressing CFP, APP-GFP, or p25-RFP (left),

and cumulative distributions of mEPSC amplitudes of control nonexpressing CA1 neurons, CA1 neurons overexpressing CFP, APP-GFP, or p25-RFP (right) after 4 days of

in vivo expression. (D) Electron microscopic images from hippocampal CA1 stratum radiatum regions of control rats, rats overexpressing CFP, APP-GFP, or p25-RFP after

4 days of in vivo expression. Cyan asterisks indicate individual synapses. (E) Average synaptic densities of control nonexpressing CA1 tissues, CA1 tissues overexpressing

CFP, p25-RFP, or APP-GFP (left), and cumulative distributions of PSD lengths of control nonexpressing CA1 tissues, CA1 tissues overexpressing CFP, APP-GFP, or p25-RFP

(right) after 4 days of in vivo expression. (F) (Left) RelativemEPSC frequency in control nonexpressing CA1 neurons, CA1 neurons overexpressing CFP, APP-GFP, or p25-RFP

at different expression time. Value for the averagemEPSC frequency of each neuron group after 2-day (CFP: 0.44 ± 0.05 Hz, n = 20, P = 0.77; APP: 0.32 ± 0.06 Hz, n = 20, P < 0.01;

p25: 0.33 ± 0.05 Hz, n = 20, P < 0.05; Wilcoxon tests compared with Ctrl: 0.44 ± 0.05 Hz, n = 20), 4-day (CFP: 0.50 ± 0.06 Hz, n = 17, P = 0.62; APP: 0.30 ± 0.06 Hz, n = 17, P < 0.005;

p25: 0.34 ± 0.05 Hz, n = 17, P < 0.05;Wilcoxon tests comparedwith Ctrl: 0.49 ± 0.05 Hz, n = 17), and 7-day (CFP: 0.59 ± 0.06 Hz, n = 18, P = 0.95; APP: 0.27 ± 0.05 Hz, n = 18, P < 0.01;

p25: 0.23 ± 0.05 Hz, n = 18, P < 0.005; Wilcoxon tests compared with Ctrl: 0.59 ± 0.06 Hz, n = 18) in vivo overexpression. (Right) Relative mEPSC amplitude in control

nonexpressing CA1 neurons, CA1 neurons overexpressing CFP, APP-GFP, or p25-RFP at different expression time. Values for the average mEPSC amplitude of each

neuron group after 2-day (CFP: 9.21 ± 0.70 pA, n = 20, P = 0.94; APP: 9.44 ± 0.77 pA, n = 20, P = 0.85; p25: 9.88 ± 0.75 pA, n = 20, P = 0.19; Wilcoxon tests compared with Ctrl:
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p25 initially enhances the signaling mechanism of depotentia-
tion and suppresses the signaling mechanism of LTD. Moreover,
we measured synaptic plasticity after overexpression of p25-GFP
for 7 days, atwhich time the protein levels of Aβ andArc had a sig-
nificant increase. Neurons overexpressing p25 for 7 days had re-
duced LTP, unaltered LTP in the presence of additional SP600125,
enhanced depotentiation and enhanced LTD (Fig. 6F–I). Finally,
including the bath solution SB203580, which inhibits the Aβ and
Arc downstream signaling effector p38MAPK (Hsieh et al. 2006;
Rial Verde et al. 2006), blocked the enhanced LTD inneurons over-
expressing p25 (Fig. 6J). These results suggest that prolonged
overexpression of p25 enhances the signaling mechanisms of
Cdk5–JNK-mediated depotentiation and p38MAPK-mediated
LTD. Collectively, the biochemical, ELISA, and synaptic plasticity
assessments all suggest that chronic stimulation of Cdk5 sig-
naling constitutively stimulates the signaling mechanism of
JNK-mediated depotentiation and dynamically regulates the sig-
naling mechanism of Aβ/Arc–p38MAPK-mediated LTD.

We speculated that Cdk5 signaling may induce complex
changes in synapse density and synaptic size since it could
alter both JNK- and p38MAPK-mediated signaling mechanisms.
To test this idea, we examined in CA1 neurons expressing
Rap2-GFP and/or Rap1-RFP (see Supplementary Fig. S6A), which
can modulate JNK and p38MAPK signaling, respectively (Zhu
et al. 2002, 2005; Huang et al. 2004; Machida et al. 2004; Kielland
et al. 2009). We measured frequency and amplitude of mEPSCs,
indicators of synaptic synapse density and synaptic size, respect-
ively. Neurons expressing Rap2(wt)-GFP alone, which stimulates
JNK signaling (Zhu et al. 2005; Kielland et al. 2009), had reduced
mEPSC frequency but unaltered mEPSC amplitude (see Supple-
mentary Fig. S6B,C). These results suggest that acute overproduc-
tion of p25 may reduce synapse density without affecting
synaptic size. In contrast, neurons coexpressing Rap2(wt)-GFP
and Rap1(dn)-RFP, which stimulate JNK signaling and suppress
p38MAPK signaling, respectively (Zhu et al. 2002, 2005; Kielland
et al. 2009), had slightly reduced mEPSC frequency but consider-
ably increasedmEPSC amplitude (see Supplementary Fig. S6D,E).
Moreover, neurons coexpressing Rap2(wt)-GFP and Rap1(wt)-RFP,
which stimulate JNK signaling and p38MAPK signaling, respect-
ively (Zhu et al. 2002, 2005; Kielland et al. 2009), had reduced
mEPSC frequency and amplitude (see Supplementary Fig. S6F,
G). These results suggest that simultaneously enhancing Cdk5–
JNK signaling and suppressing Aβ/Arc–p38MAPK signaling in-
duces the concurrent reduction in synapse density and increase
in synaptic size, whereas simultaneously enhancing Cdk5–JNK

signaling and Aβ/Arc–p38MAPK signaling induces concomitant
reduction in synapse density and synaptic size.

Chronic Overproduction of p25 Induces the
Alzheimer-Like Pathology

Wewere intrigued by the finding that simultaneously enhancing
Cdk5–JNK signaling and suppressing Aβ/Arc–p38MAPK signaling
can induce the concurrent reduction in synapse density and in-
crease in synaptic size, the characteristic early Alzheimer-like
synaptic pathology (Davies et al. 1987; Bertoni-Freddari et al.
1990; DeKosky and Scheff 1990). To determine whether chronic
overproduction of p25, seen in Alzheimer’s brain (Cruz and Tsai
2004), may induce the Alzheimer-like synaptic pathology, we
examined synaptic effects of overexpression of p25 in CA1 neu-
rons in cultured slices (see Supplementary Fig. S7) and intact
brain (Fig. 7A–G) for up to 7 days.We firstmade functional assess-
ment of the synaptic changes with electrophysiological record-
ings of mEPSCs, and then validated the results with direct
ultrastructural measurements of synapse density and synaptic
size. At Day 2, electrophysiology recordings revealed that p25-
expressing neurons had significantly reduced (by ∼25%) mEPSCs
frequency but slightly increased (by ∼5%) mEPSCs amplitude.
Correspondingly, electron microscopic images showed that
p25-expressing neurons had reduced synapse density but en-
hanced synaptic size. These results are consistentwith an overall
Cdk5-mediated synaptic depression. By Day 4, expression of p25
induced a small additional reduction (∼5%) in mEPSCs frequency
but a large increase (∼25%) in mEPSCs amplitude, which were as-
sociated with the same changes in synapse density and synaptic
size. These results are consistentwith the engagement of Aβ- and
Arc-mediated homeostatic regulation by day 4. At Day 7, expres-
sion of p25 began to reduce both mEPSCs frequency (by ∼35%)
and amplitude (by ∼20%) rapidly, which were mirrored by the
changes in synapse density and synaptic size as well, consistent
with the involvement of the unified action of Cdk5, Aβ, and Arc
signaling in synaptic depression. As controls, we found that over-
expression of GFP (see Supplementary Fig. S7) or CFP (Fig. 7B–G)
alone had no effects on mEPSCs frequency and amplitude, and
synapse density and synaptic size during the same period. As
an additional control, we also overexpressed GFP-tagged amyloid
precursor protein (APP) that overproduces Aβ (Kamenetz et al.
2003; Hsieh et al. 2006), in CA1 neurons in intact brains. Overex-
pression of APP progressively reduced mEPSCs frequency and
synapse density, but had no effect on mEPSCs amplitude and

9.23 ± 0.69 pA, n = 20), 4-day (CFP: 8.82 ± 0.72 pA, n = 17, P = 0.65; APP: 8.48 ± 0.55 pA, n = 17, P = 0.41; p25: 12.64 ± 0.81 pA, n = 17, P < 0.005; Wilcoxon tests Ctrl: 9.07 ± 0.50 pA,

n = 17), and 7-day (CFP: 9.46 ± 0.59 pA, n = 18, P = 0.91; APP: 9.57 ± 0.55 pA, n = 18, P = 0.40; p25: 10.45 ± 0.49 pA, n = 18, P < 0.05; Wilcoxon tests compared with Ctrl:

9.45 ± 0.62 pA, n = 18) in vivo overexpression. (G) (Left) Relative synapse density in control nonexpressing CA1 neurons, CA1 neurons overexpressing CFP, APP-GFP, or

p25-RFP at different expression time. Values for the average synapse density, counted as synapses per 100 µm2, after 2-day (CFP: 12.4 ± 0.4, n = 50 ultrathin sections

from 8 animals, P = 0.59; APP: 10.7 ± 0.4; n = 49 ultrathin sections from 8 animals, P < 0.005; p25: 10.9 ± 0.4, n = 50 ultrathin sections from 8 animals, P < 0.005; Mann–

Whitney Rank Sum tests compared with Ctrl: 12.5 ± 0.4, n = 50 from 8 animals), 4-day (CFP: 12.4 ± 0.4, n = 50 ultrathin sections from 8 animals, P = 0.71; APP: 9.7 ± 0.3;

n = 50 ultrathin sections from 9 animals, P < 0.001; p25: 10.2 ± 0.3, n = 50 ultrathin sections from 9 animals, P < 0.001; Mann–Whitney Rank Sum tests compared with

Ctrl: 12.5 ± 0.4, n = 50 ultrathin sections from 9 animals), and 7-day (CFP: 12.5 ± 0.3, n = 50 ultrathin sections from 8 animals, P = 0.89; APP: 8.1 ± 0.3; n = 50 ultrathin

sections from 8 animals, P < 0.001; p25: 7.2 ± 0.3, n = 50 ultrathin sections from 8 animals, P < 0.001; Mann–Whitney Rank Sum tests compared with Ctrl: 12.7 ± 0.4, n = 50

from 8 animals) in vivo overexpression. (Right) Relative PSD length in control nonexpressing CA1 neurons, CA1 neurons overexpressing CFP, p25-RFP, or APP-GFP

at different expression time. Values for the average PSD length of each group after 2-day (CFP: 228.3 ± 3.3 nm, n = 619 synapses from 8 animals, P = 0.81;

APP: 225.7 ± 4.0 nm, n = 526 synapses from 8 animals, P = 0.80; p25: 238.4 ± 3.9 nm, n = 545 synapses from 8 animals, P < 0.01; Mann–Whitney Rank Sum tests compared

with Ctrl: 225.2 ± 3.5 nm, n = 625 from 8 animals), 4-day (CFP: 224.2 ± 2.9 nm, n = 616 synapses from 8 animals, P = 0.85; APP: 230.4 ± 2.9 nm, n = 484 synapses from 9

animals, P = 0.07; p25: 272.7 ± 3.0 nm, n = 510 synapses from 9 animals, P < 0.001; Mann–Whitney Rank Sum tests compared with Ctrl: 222.9 ± 2.7 nm, n = 626 synapses

from 9 animals), and 7-day (CFP: 226.7 ± 3.7 nm, n = 623 synapses from 8 animals, P = 0.90; APP: 227.9 ± 4.7 nm, n = 407 synapses from 8 animals, P = 0.73; p25:

244.9 ± 5.0 nm, n = 361 synapses from 8 animals, P < 0.005; Mann–Whitney Rank Sum tests compared with Ctrl: 229.4 ± 4.3 nm, n = 595 from 8 animals) in vivo

overexpression. The relative values and standard errors were normalized to average mEPSC frequency, amplitude, synapse density, and PSD length from control cells.

Note the significantly more reductions in mEPSC frequency and synapse density in p25-expressing CA1 neurons compared with APP-expressing neurons after 7-day

overexpression. Asterisks indicate P < 0.05. (H) A schematic model describes physiological and pathological Cdk5 signaling.
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synaptic size during the same 7-day period (Fig. 7B–G), consistent
with previous reports (Sun et al. 2009; Wei et al. 2010). Collective-
ly, these results suggest that chronic overproduction of p25 in-
duces the characteristic Alzheimer-like synaptic pathology.

Discussion
In this study, we have investigated the properties and function of
Cdk5 signaling at hippocampal CA1 synapses. Our investigation
reveals that Cdk5 signals a novel, rapid form of homeostasis of
synaptic transmission (Fig. 7H). Our analysis also reveals that
chronic overproduction of p25 can induce the concurrent altera-
tions in synapse density and synaptic size characteristic of the
early Alzheimer-like synaptic pathology (Fig. 7H).

Physiological Cdk5 Signaling

We report here that Cdk5 signals synaptic depression via a
homeostatic synaptic mechanism (Fig. 7H), consistent with pre-
vious reports (Seeburg et al. 2008; Kim and Ryan 2010; Mitra
et al. 2011). Our data suggests that Cdk5 can rapidly depress
NMDA and AMPA responses, using a transcription- and transla-
tion-independent mechanism, and that Cdk5 depresses trans-
mission via a kinase mechanism (Chergui et al. 2004; Peng et al.
2013). Interestingly, Cdk5 reacts quickly (within ∼15 min) in
response to altered synaptic transmission. In fact, Cdk5 can
respond and execute homeostatic regulation to preserve homeo-
static transmission within ∼15–30 min; thus, the kinetics of Cdk5
signaling are far faster than previously characterized homeostat-
ic regulators that take from 1–12 h to react and produce a re-
sponse (Turrigiano 2008). It is known that Hebbian synaptic
plasticity can change transmission strength within ∼15 min
(Stornetta and Zhu 2011), and unbalanced transmission may
induce destructive status epilepticus within 1–2 h (Fountain
and Lothman 1995; Rakhade and Jensen 2009). The rapid Cdk5
homeostatic signaling provides an explanation for the long-
standing conundrum of how neurons may preserve homeostasis
intermediately after Hebbian synaptic plasticity to avoid status
epilepticus.

Pathological Cdk5 Signaling

Our results suggest that chronic stimulation of Cdk5 signaling by
overproduction of p25 enhances JNK signaling and dynamically
regulates production of Aβ and Arc. Initially, overproduction of
p25 stimulates JNK signaling, which depresses synaptic trans-
mission and reduces synapse density by removing the newly
delivered synaptic AMPA-Rs (Zhu et al. 2005; Kielland et al.
2009; Nadif Kasri et al. 2009). This initial synaptic depression is
expected to cause homeostatic suppression of production of Aβ
and Arc (Turrigiano 2008). The reduced Aβ and Arc signaling,
which controls synaptic removal of AMPA-Rs from the existing
synapses (Hsieh et al. 2006; Rial Verde et al. 2006), should thus
result in an increase in the size of the residual synapses. In con-
trast, the prolonged overproduction of p25 stimulates Aβ and Arc
production, presumably via a slower, more powerful transcrip-
tion-dependent mechanism (Cruz et al. 2006; Wen et al. 2008).
Together, the up-regulated JNK- and Aβ/Arc-mediated synaptic
depressions can work in unison to depress and eliminate
synapses.

Previous electron microscopic analysis identifies the concur-
rent reduction in synapse density and increase in synaptic size
to be a pathological hallmark of Alzheimer’s disease (DeKosky
and Scheff 1990; Scheff and Price 2006; Scheff et al. 2006). Our

electrophysiological and ultrastructural analyses show that
chronic overexpression of p25 induces a concurrent reduction
in synapse density and increase in synaptic size (Fig. 7H). These
results lead us to conclude that p25 is amolecule capable of indu-
cing the hallmark early Alzheimer-like synaptic pathology. This
finding is also supported by additional lines of evidence. For ex-
ample, direct measurement of the level of p25 shows multiple-
fold increases in p25 accumulation in Alzheimer’s brains (Patrick
et al. 1999; Tseng et al. 2002; Swatton et al. 2004), although no sig-
nificant change (Taniguchi et al. 2001; Tandon et al. 2003) and
even a reduction (Engmann et al. 2011) in p25 expression in
human patients have also been reported. The differences re-
ported in these studies are likely to result from the technical dif-
ficulty in postmortem preservation of p25 (Cruz and Tsai 2004).
Nevertheless, the marked enhancement in Cdk5 activity and
Cdk5-mediated specific phosphorylation are consistently
observed at all stages of Alzheimer’s disease (Lee et al. 1999;
Swatton et al. 2004; Cole et al. 2007). Moreover, overproduction
of p25 alters both JNK- and Aβ/Arc–p38MAPK-mediated synaptic
depressions, consistent with the apparently normal ERK sig-
naling, but aberrant JNK and p38MAPK activities in the early
Alzheimer’s brains (Ferrer et al. 2005; Stornetta and Zhu 2011).
Furthermore, the prolonged overproduction of p25 dynamically
regulates production of Aβ and Arc. This is congruentwith the re-
cent observations madewith the improved indicators and/or im-
aging techniques that the high expressions of Aβ andArc are only
seen during the late stages of Alzheimer’s disease, with reduced
and unchanged (rather than increased) levels of Aβ and Arc
observed in human brains prior to these stages (Ingelsson et al.
2004; Jack et al. 2010; Gomar et al. 2011; Wu et al. 2011). Finally,
overproduction of p25 pushes the regulation of synaptic Cdk5
and Aβ/Arc signaling away from their “happy-medium” dynamic
ranges (i.e., being either too low to achieve proper activation or
too high to stay away from saturation at synapses), which de-
creases the capacity for synaptic plasticity (McCormack et al.
2006), and impairs cognition (Costa and Silva 2003; Thomas and
Huganir 2004; Stornetta and Zhu 2011). This can explain why
both decreased synapse density and increased synaptic size are
correlated with cognitive impairment during the preclinical and
early stages of Alzheimer’s disease (DeKosky and Scheff 1990;
Scheff and Price 2006). These findings also predict that the tran-
sient, subtle change in synaptic signaling might enhance select-
ive form(s) of plasticity and/or learning, while the prolonged,
prominent alternation in synaptic signaling would inevitably de-
viate the “happy-medium” signaling and impair the overall plas-
ticity and cognition, as observed for Cdk5 signaling (Fischer et al.
2005; Plattner et al. 2014). Consistent with the previous reports
(Sun et al. 2009;Wei et al. 2010), our electrophysiological and elec-
tron microscopic data suggest that overproduction of Aβ reduces
synapse density and synaptic size. These results support a view
that overproduction of Aβ alone may not be sufficient to initiate
the early Alzheimer-like concurrent reduction in synapse density
and increase in synaptic size. Instead, our analysis suggests that
Aβ contributes to initially the increase in synaptic size and later
the persistent synapse elimination during the general disease
development process. Obviously, Aβ, if validated, may still be
the primary cause of the synaptic pathology of ∼1–2% of patients
with early onset familial Alzheimer’s disease (Selkoe 2012). To
the best of our knowledge, our results provide the very first evi-
dence that links Cdk5 signaling to the early pathogenesis of the
majority of Alzheimer’s cases. Therefore, there is a good reason
to hope that our new findings will inspiremore research and per-
haps also development of testablemodels for the early pathogen-
esis of the disease.
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