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Polyubiquitin chains on proteins flag them for distinct fates depending on the type of polyubiquitin link-
age. While lysine48-linked polyubiquitination directs proteins to proteasomal degradation, lysine63-
linked polyubiquitination promotes different protein trafficking and is involved in autophagy. Here we
show that postsynaptic density (PSD) fractions from adult rat brain contain deubiquitinase activity that
targets both lysine48 and lysine63-linked polyubiquitins. Comparison of PSD fractions with parent sub-
cellular fractions by Western immunoblotting reveals that CYLD, a deubiquitinase specific for lysine63-
linked polyubiquitins, is highly enriched in the PSD fraction. Electron microscopic examination of hippo-
campal neurons in culture under basal conditions shows immunogold label for CYLD at the PSD complex
in approximately one in four synapses. Following depolarization by exposure to high K+, the proportion
of CYLD-labeled PSDs as well as the labeling intensity of CYLD at the PSD increased by more than eighty
percent, indicating that neuronal activity promotes accumulation of CYLD at the PSD. An increase in post-
synaptic CYLD following activity would promote removal of lysine63-polyubiquitins from PSD proteins
and thus could regulate their trafficking and prevent their autophagic degradation.

Published by Elsevier Inc.
1. Introduction

During the last decade, ubiquitination of synaptic proteins re-
ceived increasing attention [1–8]. Many of these studies focused
on ubiquitination as a tag for proteasomal degradation. The ubiqui-
tin proteasome system (UPS) is responsible for the degradation of
the main postsynaptic density (PSD) scaffolds PSD95 [2], Shank
and GKAP [1,6] and may promote endocytosis of AMPA receptors
[2–4]. Degradation of synaptic proteins by the UPS is thought to
be involved in aspects of synaptic plasticity [9].

While attachment of lysine48-linked polyubiquitin chains di-
rects proteins to proteasomal breakdown, attachment of another
type of ubiquitin chain, lysine63-linked polyubiquitin, promotes
different trafficking of proteins and is involved in diverse functions
such as DNA repair, endocytosis, NFkB signaling and most notably
in the formation and autophagic clearance of protein aggregates
[10,11]. Loss or suppression of autophagy has been demonstrated
to promote neurodegeneration [12,13], Thus an impairment of
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autophagy, in addition to, or instead of, an impairment of proteaso-
mal degradation may be a factor in the development of certain
neurodegenerative diseases.

CYLD, originally identified as cylindromatosis tumor suppressor
gene, encodes a deubiquitinase specific for lysine63-linked poly-
ubiquitin chains [14]. It is expressed in high levels in the brain
[15], although, so far, studies focusing on CYLD in brain have been
lacking. A study on p62, a CYLD-binding protein, implied that inhi-
bition of CYLD leads to accumulation of proteins with lysine63-
linked polyubiquitination in brains of p62�/� mice [16].

Mass spectrometric analysis of affinity-purified PSD prepara-
tions from rat forebrain revealed CYLD to be a prominent protein
in affinity purified PSD fractions [17]. Here we investigate the pres-
ence of CYLD at PSDs by immunoblotting and immunoEM, and test
whether there are changes in PSD-associated CYLD levels following
synaptic activity.
2. Materials and methods

2.1. Materials

Antibodies to CYLD:rabbit polyclonal (1:250 or 1:500 for West-
erns, 1:100 for EM) from Sigma (SAB4200060) and mouse mono-
clonal (E-4) from Santa Cruz (sc-74434, 1:500). Antibody to PSD-
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95 (1:5000):custom made rabbit polyclonal to residues 290–307
by New England Peptide (Gardener, MA). Antibody to alpha-CaM-
KII mouse monoclonal (clone 6G9, 1:500) Antibody to ubiqui-
tin:mouse monoclonal (clone Ubi-1, aka 042691GS) from
Millipore (MAB150).

Di-ubiquitins from Boston Biochem (Cambridge, MA) and poly-
ubiquitins from Enzo Life Sciences (Farmingdale, NY). CYLD lysate
(lysate from HEKT 293 cells overexpressing CYLD- transient over-
expression of CYLD transcript variant 2) and control cell lysate
(same type of cells transfected with empty vector) from Novus Bio-
logicals (Littleton, CO).

The protocols for obtaining brains for subcellular fractionation
and hippocampal cultures were approved by NIH Animal Use and
Care Committee and conformed to NIH guidelines.

Subcellular fractionation from rat cerebral cortices was carried
out as described previously [18]. Brains from adult Sprague Dawley
rats were collected and frozen in liquid nitrogen within 2 min of
decapitation by Pel-Freeze Biologicals (Rogers, AR). Frozen brains
were thawed for 1 min in 0.32 M sucrose at 37 �C and were imme-
diately dissected and homogenized. For rapidly processed PSD
preparations, cerebral cortices were dissected out from adult Spra-
gue Dawley rats and homogenized within an average of 1.5 min
after decapitation.

2.2. Electrophoresis and immunoblotting

Samples were separated by SDS–PAGE on 4–15% gradient Tris-
HCl gels from BioRAD or 4–15% gradient Bis-Tris gels from Life
Technologies and transferred to nitrocellulose membranes,
blocked, incubated with specified primary antibodies and then
with horseradish peroxidase-conjugated secondary antibodies
(1:50,000 dilution), and the signal was finally visualized by chemi-
luminescence (SuperSignal West Pico, Thermo Scientific).

2.3. Deubiquitination assay

Di- or polyubiquitins (0.25 lg in 1 mg/ml BSA) were incubated
at 37 �C with PSD fractions (25 lg) in medium containing 0.5 mM
EDTA, 0.5 mM EGTA, 100 mM HEPES pH 7.4 in a final volume of
25 ll. Reactions were terminated by the addition of SDS-contain-
ing electrophoresis sample buffer. In controls, enzymes were
heat-inactivated by 2 min incubation of the PSD fraction at 99 �C.

2.4. Preparation and treatment of dissociated hippocampal cultures

Hippocampal cells from 21-day embryonic Sprague–Dawley
rats were dissociated and grown on a glial cell layer as described
previously [19] for 19–21 days. Cell cultures were treated as de-
scribed previously [20]. Control incubation medium contained
124 mM NaCl, 2 mM KCl, 1.24 mM KH2PO4, 1.3 mM MgCl2,
2.5 mM CaCl2, 30 mM glucose in 25 mM HEPES at pH 7.4. High
K+ medium contained 90 mM KCl with the NaCl concentration re-
duced accordingly to preserve isotonicity.

2.5. Pre-embedding immunogold-labeling and electron microscopy

After treatment, neuronal cultures were processed for pre-
embedding immunogold-labeling as described previously [20].
Briefly, cultures were fixed in 4% paraformaldehyde (EMS, Hatfield,
PA) in PBS for 30–45 min at room temperature, permeabilized,
incubated with primary and secondary antibodies (Nanogold,
Nanoprobes, Yaphank, NY) for 1–1.5 h, then fixed with 2% glutaral-
dehyde in PBS, silver enhanced (HQ kit, Nanoprobes), and pro-
cessed for electron microscopy. Only parallel samples from the
same experiment were directly compared because the overall
labeling sensitivity may differ between experiments.
2.6. Morphometry and statistical analysis

Excitatory synapses are identified by structural characteristics
of clustered synaptic vesicles in the presynaptic terminal, the uni-
form 20 nm separation of the pre- and postsynaptic membrane,
and the postsynaptic density (PSD) of dense material underneath
the postsynaptic membrane [21]. The PSD complex was defined
as the postsynaptic specialization that comprises the electron
dense PSD core and the contiguous network [20,22]. The measure-
ment area of the PSD complex was marked by the postsynaptic
membrane, a parallel dashed line drawn at 120 nm to the postsyn-
aptic membrane, and two vertical lines to demarcate the area
(Fig. 4, bottom right panel). The distance of this measurement
border from the PSD complex was set at 120 nm based on previous
studies [20,23]. CYLD labels appear as individual black grains in the
PSD complex, and labeling intensity was quantified as number of
labels per lm length of the postsynaptic membrane.

Every synaptic profile encountered was scored for CYLD anti-
body labeling on the microscope as negative (0–2 grains) or posi-
tive (3 or more grains), and the percentage of CYLD-labeled PSDs
was calculated for each sample. Every cross-sectioned, CYLD-posi-
tive PSD was photographed with a CCD camera (XR-100 from AMT,
Danvers, MA, USA) for the calculation of labeling intensity. Statis-
tical analysis (KaleidaGraph, Synergy Software) was carried out
by Student’s t test with confidence levels set at P < 0.01 unless
otherwise indicated.
3. Results

3.1. PSD fractions from rat brains contain deubiquitinase activity

Incubation of multi-ubiquitin chains (Diubiquitins or a mixture
of polyubiquitins of differing chain lengths) linked through either
lysine48 or lysine63 with PSD fractions, leads to their time-depen-
dent breakdown (Fig. 1). On the other hand, no loss of multi-ubiq-
uitins is observed up to 60 min in control samples when PSD
fractions are heat-inactivated prior the incubation. These results
indicate the presence in isolated PSDs of deubiquitinases that tar-
get lysine48- as well as those that target lysine63-linked multi-
ubiquitin chains. Biochemical and immunoEM experiments were
carried out to test whether CYLD is one of the deubiquitinases inte-
gral to the PSD.

3.2. CYLD is highly enriched in the PSD fraction

Two antibodies raised against epitopes representing non-over-
lapping sequences of CYLD were used to probe the distribution of
the protein in subcellular fractions from brain. The specificity of
the antibodies was checked using lysates from HEK 293 cells over-
expressing CYLD (Fig. 2A). Both antibodies recognize a band around
110 KDa in PSD fractions, and a band of slightly lower mobility in ly-
sates from cells overexpressing CYLD but not in control lysates. The
lower mobility of the band in lysates is due to a DDK tag.

Comparison of subcellular fractions from rat brain in western
blots probed with these two CYLD antibodies show a drastic
enrichment of the protein in the PSD fraction compared to parent
fractions (Fig. 2B). The enrichment of CYLD in the PSD fraction is
comparable to that of PSD-95, a marker for PSDs.

3.3. CYLD is less prevalent in PSD fractions from rapidly processed
brains

It is known that the relative amounts of CaMKII in the PSD frac-
tion depend on the speed of processing of brains between decapi-
tation and homogenization [24,25]. Presumably, CaMKII



Fig. 1. PSD fraction contains deubiquitinase activities that target lysine63- as well
as lysine48-linked polyubiquitins. Lysine48- or lysine63-linked diubiquitins
(above) and polyubiquitin mixtures of differing chain lengths (below) were
incubated with the PSD fraction at 37 �C. Controls (cont): PSD enzymes were
heat-inactivated before co-incubation with polyubiquitins.
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accumulates on the PSD, during ischemic/excitatory conditions
that prevail following the cessation of blood flow [26]. Thus a dif-
ference in levels of a protein in PSDs from rapidly vs. slowly pro-
cessed brains is usually an indication of its activity-induced
movement to/from the PSD. Comparison of PSD fractions from rap-
idly processed and commercially obtained brains (Fig. 3) shows
that CYLD has a similar pattern to CaMKII, suggesting that it may
show activity-induced redistribution.
3.4. CYLD accumulates at the PSD upon depolarization

Possible activity-induced redistribution of CYLD was investi-
gated by immuno-electron microscopy of dissociated hippocampal
Fig. 2. CYLD is highly enriched in PSD fractions. (A) Western immunoblots using two a
sequences on the CYLD protein, recognized a band of �110 KDa in PSD fractions and a ba
CYLD with a DDK tag. The band was absent in lysates from control (empty vector) cells. Th
Western immunoblots comparing levels of CYLD and PSD-95 in PSDs and parent subc
enrichment of CYLD in PSDs, in parallel to PSD-95, a marker for PSDs. Each lane contains
CYLD is 106.7 KDa. H: homogenate; S: supernatant; P: pellet; Syn:synaptosome; PSD: p
cultures under basal and depolarizing conditions. Under basal con-
ditions, only about 1 in 4 synapses were scored as CYLD-positive
(Ab 1) at the PSD (Table 1). Upon depolarization with high K+ med-
ium for 2 min, the percentage of CYLD-labeled PSDs consistently
increased (five experiments, Table 1).

Moreover, CYLD labeling intensity at the PSD complex also in-
creased significantly after depolarization (Fig. 4). Under basal con-
ditions, the dense material underneath the postsynaptic
membrane appeared thin, and only a few CYLD labels were present
within the measurement area (Fig. 4A). After depolarization, the
PSD complex appeared thicker, and there were more CYLD labels
within the measurement area (Fig. 4B). We measured an average
81% increase in the intensity of labeling for CYLD at the PSD (five
experiments, Table 2).

4. Discussion

Western immunoblotting using two antibodies that recognize
distinct, non-overlapping sequences on CYLD reveal substantial
enrichment of this deubiquitinase in PSD fractions compared to
parent fractions. These results, together with previous mass spec-
trometric analyses of affinity-purified PSDs [17] suggest that CYLD
is part of the PSD complex. The conclusion from biochemical re-
sults is validated by immunoEM studies that show CYLD labeling
of PSDs.

Like CaMKII [24,25], the amount of CYLD recovered in the PSD
fraction varies according to post mortem processing of brains, pre-
sumably reflecting varying degrees of excitatory conditions. Simi-
larly, in immunoEM experiments, CYLD labeling of PSDs
increases significantly upon depolarization, confirming the correla-
tion between activity and CYLD accumulation at the PSD. However,
it should be noted that while CYLD labeling at PSDs increases sig-
nificantly during activity, it is also detected under basal conditions,
albeit to a lesser degree, implying that the presence of CYLD at the
PSD does not necessarily require intense or pathological activity
and might be promoted by normal levels of brain activity.

The activity-induced redistribution of CYLD places it into a
group of dynamic protein components of the PSD. This group in-
ntibodies (AbI and AbII), raised against peptides corresponding to non-overlapping
nd of slightly higher molecular weight in lysates from HEK293T cells overexpressing
e CYLD peptide sequences recognized by the antibodies is illustrated at the right. (B)
ellular fractions. Two CYLD antibodies described in (A) show a similar pattern of
15 lg protein, except the first PSD lane that contains 5 lg. The molecular weight of
ostsynaptic density.



Fig. 3. PSD fractions from rapidly processed brains contain less CYLD. Westerns
show relative quantities of three proteins in PSD fractions prepared from rapidly
processed brains homogenized within 1.5 min after decapitation (1); or commer-
cially obtained brains frozen and thawed as described in Methods (2). Similar to
CaMKII, CYLD levels in PSD fractions vary according to the post-mortem processing
of brains, suggesting translocation under excitatory conditions.

Table 1
Number of PSDs with CYLD label increases upon depolarization.

Percentage of PSDs with CYLD label

Basal % High K+ %

Experiment 1 15.9 (126) 45.6 (68)
Experiment 2 27.8 (90) 49.8 (215)
Experiment 3 27.8 (151) 42.0 (69)
Experiment 4 30.4 (69) 61.4 (88)
Experiment 5 28.2 (117) 44.7 (132)
Mean ± SEM 26.0 ± 2.4 48.7 ± 3.4

(n): number of synapses scored.
P < 0.005, paired t-test for five experiments.

Table 2
Intensity of CYLD label at the PSD increases upon depolarization.

Median number of gold labels/lm of PSD length

Basal High K+

Experiment 1 9.6 ± 1.2 (30) 20.1 ± 1.8 (33) **

Experiment 2 10.2 ± 1.2 (22) 20.6 ± 2.2 (28) **

Experiment 3 8.6 ± 1.6 (11) 14.2 ± 1.6 (22) *

Experiment 4 8.9 ± 1.7 (16) 15.5 ± 1.7 (27) *

Experiment 5 9.0 ± 1.2 (13) 13.5 ± 1.9 (11) N.S.
Mean ± SEM 9.3 ± 0.3 16.8 ± 1.5

(n): number of synapses CYLD-labeled PSDs measured.
P < 0.005, paired t-test for five experiments. Student’s t-test in individual experi-
ments:** P < 0.0005; * P < 0.05; N.S. non-significant.
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cludes CaMKII and Shank1, proteins that move towards the PSD
under excitatory conditions [23,27] and contribute to the ‘‘thicken-
ing’’ of the PSD [21,27]. Proteins that converge upon the PSD during
activity may constitute a coordinated team that mediates activity-
induced re-organization at the synapse.

Enzymatic activity of CYLD gives some clues as to the functional
consequences of its accumulation at the PSD. CYLD is a deubiqu-
itinase specific for lysine63-linked polyubiquitins. Proteins tagged
with lysine63-linked polyubiquitins are not normally destined for
proteasomal degradation because lysine63-linked polyubiquitina-
tion mediates trafficking of proteins into different subcellular com-
partments [11]. Most notably, lysine63-linked polyubiquitination
targets proteins to aggresomes and promotes formation and auto-
Fig. 4. CYLD labeling at PSDs increases upon depolarization. Electron micrographs compa
high K+ for 2 min) cultures. Immunogold label is for CYLD. More label for CYLD appears in
delineated by the postsynaptic membrane, two vertical solid lines 120 nm long mar
postsynaptic membrane. Intensity of immunogold labeling intensity was calculated as the
of the postsynaptic membrane. Scale bar: 100 nm.
phagic clearance of protein inclusions [10,28–30]. Thus accumula-
tion of CYLD at the PSD following synaptic activity may remove
lysine63-linked polyubiquitin chains from proteins and thus pre-
vent trafficking and autophagic degradation of PSD components.
Such a mechanism has been proposed for the sorting of an endo-
somal cargo protein, EGF receptor, where AMSH, a lysine63-linked
deubiquitinase, is thought to rescue the cargo from lysosomal deg-
radation and promote recycling of the receptor [31]. It is possible
ring synapses from cultured hippocampal neurons in control (A) and depolarized (B.,
the PSD complex after stimulation. Bottom right panel: The area of measurement is

king the lateral boundary of the PSD complex and a dashed line parallel to the
number of labels (black grains) inside the measurement area, divided by the length
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that CYLD may have a similar regulatory effect on the sorting of
glutamate receptors at excitatory synapses.

Up to now ubiquitination of synaptic proteins has been largely
considered to be a prelude to proteasomal degradation. Localiza-
tion of CYLD, a deubiquitinase specific for lysine63-linked poly-
ubiquitins, at the PSD suggests a more complex scenario of
protein ubiquitination at the synapse where the type of ubiquitina-
tion is an important determinant of function. In this context CYLD
could be a pivotal molecule at the cross-roads between the prote-
asomal and autophagic degradation pathways and could be a
promising target for pharmacological intervention.
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