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The trafficking of AMPA receptors (Rs) to and from synaptic
membranes is a key component underlying synaptic plasticity
mechanisms such as long-term potentiation (LTP) and long-term
depression (LTD), and is likely important for synaptic development
in embryonic organisms. However, some of the key biochemical
components required for receptor trafficking in embryos are still
unknown. Here, we report that in embryonic zebrafish, the acti-
vation of PKC� by phorbol 12-myristate 13-acetate, strongly po-
tentiates the amplitude of AMPAR-mediated miniature excitatory
postsynaptic currents (AMPA-mEPSCs) via a N-ethylmaleimide-
sensitive fusion (NSF) and protein interacting with C-kinase-1
(PICK1)-dependent process. We found that the mEPSC potentiation
is DAG- and Ca2�-dependent, and occurs on application of active
PKC�. Peptides that prevent the association of NSF and PICK1 with
the GluR2 subunit, and the actin-polymerization blocker, latrun-
culin B, prevented the increase in mEPSC amplitude. Also, applica-
tion of tetanus toxin (TeTx), which cleaves SNARE proteins, also
blocked the increase in mEPSC amplitude. Last, application of a 5
mM K� medium led to an enhancement in mEPSC amplitude that
was prevented by addition of the PKC� and NSF-blocking peptides,
and the NMDA receptor blocker, 2-amino-5-phosphonovaleric acid
(APV). Thus, activation of PKC� is necessary for the activity-
dependent trafficking of AMPARs in embryonic zebrafish. This
process is NMDA and SNARE-dependent and requires AMPARs to
associate with both NSF and PICK1. The present data further our
understanding of AMPAR trafficking, and have important implica-
tions for synaptic development and synaptic plasticity.

Mauthner neuron � glutamate � NMDA � synapse � development

AMPA receptors (Rs) mediate fast excitatory synaptic trans-
mission in the CNS, and have critical roles in neuronal

formation and synaptic plasticity (1, 2). They are heterotet-
rameric cation channels composed of glutamate receptor sub-
units 1–4 (GluR 1–4) with varying stoichiometries (3). Synaptic
transmission at central glutamatergic synapses is enhanced by
several factors including modulation by enzymes such as protein
kinase A (PKA), calcium-calmodulin kinase (CaMK), tyrosine
kinase (TyK), and PKC (4–6). This enhancement in synaptic
transmission occurs via modulation of postsynaptic AMPA
receptor activity, but more recently has been shown to occur via
trafficking of AMPARs to and from synaptic membranes (7–9).

AMPAR phosphorylation by PKC is involved in various forms
of synaptic plasticity (10–12). For example, PKC phosphoryla-
tion of ser880 on the GluR2 subunit is critical for the expression
of long-term synaptic depression (LTD) in hippocampal CA1
and pyramidal neurons (7, 13). Also, PKM� phosphorylation of
GluR2 has been shown to maintain a stable enhancement of
synaptic transmission by increasing the number of functional
postsynaptic AMPARs through trafficking mechanisms (8, 9).
Regulation of the dynamic movement of AMPARs into and out
of synaptic membranes requires interactions between AMPAR
subunits and cytosolic scaffolding proteins such as glutamate
receptor-interacting protein (GRIP), AMPAR-binding protein
(ABP), protein interacting with C kinase 1 (PICK1) and N-ethyl-
maleimide-sensitive fusion protein (NSF) (14, 15).

We have been investigating the development of glutamate
synapses associated with Mauthner cells in embryonic zebrafish.
Zebrafish possess a single pair of Mauthner cells that are
tonically inhibited via glycine, but are transiently activated
through glutamate excitatory synapses (16, 17). Our previous
work suggested that Mauthner cells express GluR2 containing
AMPA receptors early in development (18). Also, they express
relatively high levels of PKC from early developmental stages
(19, 20). Therefore, we hypothesized that PKC might modulate
AMPAR function in embryonic zebrafish. In this study, we show
that application of the PKC activators, phorbol 12-myristate
13-acetate (PMA) and 1,2-dioctanoyl-sn-glycerol (DOG), en-
hance the amplitude of AMPARs-mediated miniature excita-
tory postsynaptic currents (mEPSCs) in embryonic zebrafish
Mauthner cells. This potentiation of AMPAR-mEPSCs is Ca2�-
dependent, and requires activation of the PKC� isoform. Also,
we show that activating PKC� leads to the movement and
insertion of AMPARs into the synaptic membrane via a
SNARE-dependent mechanism that requires the interaction of
AMPARs with both NSF and PICK1.

Results
To determine whether activation of PKC resulted in modulation
of AMPAR activity in embryonic (2 days post fertilization; dpf)
zebrafish, we recorded AMPA mEPSCs in the presence of the
PKC activator, PMA and found that both the amplitude and
frequency increased significantly over control levels (amplitude,
from 32.0 � 1.5 to 54.1 � 3.3 pA; frequency, from 2.6 � 1.2 to
8.5 � 1.0 Hz; n � 7, P � 0.001) (Fig. 1 A and B). The kinetics
of the AMPA currents were not affected (Fig. S1). To confirm
that PMA activated PKC, we included the specific PKC blocker,
BIS-1 in the pipette, which prevented the increase in amplitude
(n � 6, P � 0.676), but which had no effect on the frequency (n �
6, P � 0.001) (Fig. 1 A and B). These results were consistent with
a presynaptic effect of PMA on mEPSC frequency, and a
postsynaptic effect on amplitude. Application of the diacylglyc-
erol (DAG) analog, DOG, resulted in an increase in mEPSC
amplitude (from 29.1 � 1.3 to 42.9 � 2.2 pA) and frequency
(from 3.2 � 0.3 to 8.3 � 0.8 Hz) (n � 5, P � 0.001) (Fig. S2 A),
but there was no effect on mEPSC kinetics (Fig. S2B). Also,
intracellular application of the calcium-chelating agent 1,2-bis(2-
aminophenoxy)ethane-N,N,N�,N�-tetraacetic acid (BAPTA),
blocked the effect of PMA (Fig. 1C) (and DOG; Fig. S2C) on
amplitude (n � 6 and n � 5 respectively, P � 0.783 and P � 0.864,
respectively), but not frequency. These results suggest that
activation of a DAG and Ca2�-dependent PKC isoform may be
necessary for the increase in AMPA mEPSC amplitude.

Author contributions: S.A.P. and D.W.A. designed research; S.A.P. performed research;
D.W.A. contributed new reagents/analytic tools; S.A.P. analyzed data; and S.A.P. and
D.W.A. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

1To whom correspondence should be addressed. E-mail: declan.ali@ualberta.ca.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0811171106/DCSupplemental.

6796–6801 � PNAS � April 21, 2009 � vol. 106 � no. 16 www.pnas.org�cgi�doi�10.1073�pnas.0811171106

http://www.pnas.org/cgi/data/0811171106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0811171106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0811171106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0811171106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/content/full/0811171106/DCSupplemental
http://www.pnas.org/cgi/content/full/0811171106/DCSupplemental


To determine which conventional PKC isoform might be
responsible for mediating the increase in mEPSC amplitude, we
performed immunohistochemistry on whole larvae with anti-
bodies directed against PKC�, �II, and �, and used the anti-3A10
antibody, a neurofilament marker that identifies Mauthner cells,
as a positive control. Our results indicated that Mauthner cells
express PKC�, but not PKC� or �II (n � 5) (Fig. 2A). Therefore,
we attempted to mimic the effect of PMA by applying active
PKC� directly to the cytosol. A 10-min application of active
PKC� via the recording pipette resulted in a gradual increase in
mEPSC amplitude, from 29.3 � 1.1 to 50.9 � 1.2 pA (n � 5, P �
0.001) (Fig. 2B; Fig. S3A), but there was no effect on mEPSC
kinetics (Fig. S3). Application of heat-inactivated PKC� had no
effect on mEPSC amplitude or kinetics (n � 4, P � 0.227) (Fig.
2B; Fig. S3). Next, we applied a specific PKC� inhibiting peptide
(�V5-3) to the Mauthner cell cytosol before PMA application,
and found that �V5-3 completely blocked the PMA-induced
increase in amplitude (n � 6, P � 0.001), whereas the control
peptide (C1) had no effect (Fig. 2C) (n � 4, P � 0.667).

Application of �V5-3 or C1 alone had no effect on basal mEPSC
amplitude. To confirm that the blocking peptide prevented the
activation, and translocation of PKC� to the membrane, we
immunoblotted zebrafish CNS tissue with anti-PKC� in the
presence and absence of �V5-3 and PMA. Inactive PKC� was
largely limited to the cytosol, and activation by PMA led to the
movement of PKC� from the cytosol to the membrane, as
expected (n � 4, P � 0.001) (Fig. 2D). Addition of �V5-3
completely blocked the translocation of PKC� from the cytosol
to the membrane. Together, our results suggest that PKC� is
responsible for the increase in mEPSC amplitude.

We then sought to determine the mechanism whereby acti-
vation of PKC� led to an increase in AMPAR mEPSCs ampli-
tude. First, we performed nonstationary fluctuation analysis
(NSFA) on AMPA mEPSCs to determine whether the single
channel conductance increased, or whether the number of
synaptic AMPARs changed after application of PMA. NSFA
indicated that the channel conductance of AMPARs did not
change after bath application of PMA (n � 7, P � 0.865) (Fig.
S4 A and B). However, there was a significant increase in the
number of synaptic AMPA receptors, from 33.7 � 1.3 to 63.3 �
4.6 (n � 7, P � 0.001), which was prevented by including BIS 1
in the recording pipette (P � 0.788, n � 6) (Fig. S4B). This data
suggested that the PMA-induced increase in mEPSC amplitude
was probably due to receptor trafficking rather than an increase
in channel conductance. Therefore, we tested this hypothesis by
bath applying a general actin polymerization blocker, latrunculin
B, which is known to prevent receptor trafficking (21). We found
that latrunculin B completely inhibited the PMA-induced in-
crease in amplitude (n � 5, P � 0.001) (Fig. S4C), which is
consistent with a trafficking mechanism.

To determine the subunit composition of the AMPARs, we
tested the ability of the GluR2 blocker, pentobarbital (PB), and
the non-GluR2 blocker, NASPM, to block mEPSC amplitude
before and after PMA application. PB (100 �m) blocked mEPSC
amplitude by 79 � 4% in control recordings, and by 92 � 3%
after PMA application (n � 6, P � 0.05) (Fig. 3A), suggesting
that the majority of AMPARs contain the GluR2 subunit. Also,
the non-GluR2 blocker, NASPM (10 �m) blocked the mEPSC
amplitude by 13 � 3% in control recordings, and by 6 � 3% after
addition of PMA (n � 5, P � 0.05) (Fig. 3A). Last, the presence
of GluR2 subunits may be inferred from a linear or outward
rectification of AMPA currents (22). Therefore, we examined
the mEPSC rectification index (I�40 mV/I�60 mV) before and after
addition of PMA, and found there to be no difference (0.99 �
0.03 before vs. 1.01 � 0.04 after application of PMA; n � 6; Fig.
3B). Together, these data suggest that zebrafish Mauthner cells
express, and up-regulate, GluR2 containing AMPARs via re-
ceptor trafficking.

To gain more insight into the mechanism of AMPAR traf-
ficking, we tested whether a peptide (pep2m), which interferes
with the interaction between NSF and the GluR2 subunit (Fig.
S5), would prevent the effect of PMA. Pep2m (200 �M) com-
pletely prevented the increase in mEPSC amplitude (n � 4, P �
0.001) (Fig. 3C), whereas the inactive control peptide, pep4c, had
no effect (n � 4, P � 0.173) (Fig. 3C). The AMPAR interacting
protein PICK1 is also known to regulate the surface expression
of GluR2-containing AMPARs (13). Therefore, we blocked the
interaction between PICK1 and GluR2 with the peptide pep2-
EVKI (200 �M), and found that it prevented the effect of PMA
(n � 4, P � 0.001). The control peptide, pep2-SVKE (200 �M),
had no effect (n � 4, P � 0.378) (Fig. 3D). Together, these results
suggest that the effect of PKC� can be fully accounted for via
trafficking of GluR2-containing AMPARs to the synapse in a
NSF and PICK1-dependent manner. To determine whether a
SNARE complex was involved in the insertion of AMPARs into
the membrane, we applied the tetanus toxin (TeTx) light chain
to the Mauthner cell cytosol before PMA application. TeTx (200

Fig. 1. Activation of PKC enhances the amplitude and frequency of AMPA
mEPSCs. (A) Representative recordings of mEPSCs in an embryonic zebrafish
Mauthner-cell before and after application of PMA (100 nM) and the PKC
inhibitor BIS 1 (500 nM). (B) PMA increased the mean mEPSC amplitude and
frequency (n � 7, P � 0.001). Intracellular application of Bisindolymaleimide
I (BIS I, 500 nM; n � 6), before PMA application, blocked the increase in
amplitude (n � 6, P � 0.676), but had no effect on the frequency. (C) Inclusion
of the Ca2�-chelating agent, BAPTA (5 mM), in the patch pipette blocked the
PMA-induced increase in amplitude (n � 6, P � 0.783), but had no effect on the
mEPSC frequency. ***, significantly different, P � 0.001.
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nM) completely prevented the increase in mEPSC amplitude
(n � 6, P � 0.001) (Fig. 3E), but had no effect on frequency (Fig.
S6A). Miniature EPSC amplitude during the TeTx wash, before
application of PMA, was not significantly different from control
recordings (Fig. 1B). Application of heat-inactivated TeTx had
no significant effect on either the amplitude or frequency of
mEPSCs (n � 3, P � 0.474) (Fig. 3E; Fig. S6A).

Last, to determine whether endogenous PKC� can induce the
trafficking of AMPARs via a more physiological mechanism, we
mimicked depolarization of the Mauthner cells via 2 separate
methods. First, we bath applied a 5 mM K� medium for 10 min
to depolarize the cell and its synaptic afferents. Second, we
induced a direct depolarization of the Mauthner cell using a
depolarization protocol (DPP) (23). The 5 mM K� treatment
caused an enhancement in mEPSC amplitude (from 29.3 � 1.0

to 51.3 � 1.4 pA) and frequency that was similar to that of PMA
(n � 6, P � 0.001) (Fig. 4 A and B; Fig. S7). However, direct
depolarization of the Mauthner cell using the DPP had no effect
on mEPSC amplitude (n � 5, P � 0.675) (Fig. 4C). Together,
these results suggest that depolarization of the afferents onto
Mauthner cells leads to an increase in AMPA mEPSC
amplitude.

To determine whether PKC� was activated after 5 mM K�

treatment, we applied the PKC� blocking peptide �V5-3 (n � 5,
P � 0.001), which blocked the 5 mM K�-induced increase in
amplitude, whereas the control peptide (C1) had no effect (n �
5, P � 0.219) (Fig. 4D). We tested whether trafficking mecha-
nisms were involved in the 5 mM K� effect applying pep2m to
the cytosol of the Mauthner cell before application of the 5 mM
K� medium. We found that pep2m (n � 5, P � 0.001) prevented

Fig. 2. PKC� is expressed in the Mauthner cell, and its activation leads to an increase in mEPSC amplitude. (A) Anti-3A10, anti-PKC�, anti-�II, and anti-�
immunoreactivity in zebrafish (n � 5). Anti-3A10 is a neurofilament marker that identifies Mauthner cells and is used as a positive control. Only anti-PKC� labels
the Mauthner cell. (Scale bar, 50 �M.) (B) Ten-minutes application of the active form of PKC� to the Mauthner cell cytosol caused an increase in mEPSC amplitude
(n � 5, P � 0.001); 10-min application of heat inactivated PKC� had no effect (n � 4). Controls represent a recording of AMPA mEPSCs at the 10-min time point
in normal intra and extracellular solutions. (C) Intracellular application of �V5-3 (10 nM) blocked the PMA-induced increase in the amplitude (n � 6), whereas
the control peptide (C1; 10 nM) had no effect (n � 4). (D) Immunoblot analysis of cytosolic and membrane fractions from zebrafish brain after incubation with
or without �V5-3 and PMA (5 nM); �V5-3 inhibited the PMA-induced loss of PKC� from the cytosolic fraction (n � 4, P � 0.001). ***, significantly different,
P � 0.001.
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the enhancement of mEPSC amplitude, whereas the control
peptide pep4c had no effect (n � 5, P � 0.089) (Fig. 4E). Both
�V5-3 and pep2m had no effect on mEPSC frequency (Fig. S6
B and C). Together, these results suggest that depolarization of
the afferents onto Mauthner cells leads to activation of endog-
enous PKC� and the subsequent trafficking of GluR2-
containing AMPARs to the synapse via a NSF-dependent
mechanism. Last, we tested whether the trafficking process was
NMDA-dependent by blocking NMDA receptor activation with
2-amino-5-phosphonovaleric acid (APV; 50 �M). We found that
APV abolished the 5 mM K� induced increase in mEPSC
amplitude (n � 7, P � 0.001) (Fig. 4F).

Discussion
The present results show that activation of PKC� enhances
AMPAR-mEPSC amplitude in an embryonic organism by in-
ducing the insertion of GluR2-containing AMPA receptors into
synaptic membranes. Also, the trafficking mechanism requires
AMPARs to associate with the scaffolding proteins NSF and
PICK1, and occurs through NMDA- and SNARE-dependent
processes.

To our knowledge, this is the first study to report the PKC�-
induced trafficking of GluR2-containing AMPARs in an em-
bryonic organism, and one of the few to implicate a combined
role for both NSF and PICK1 in the movement and insertion of
AMPARs into synaptic membranes. Several lines of evidence
support our conclusions. First, PKC� is highly expressed in
Mauthner cells. Second, application of active PKC� increases
AMPAR-mEPSC amplitude. Third, the PKC� blocking peptide
�V5-3 completely prevented the effect of PMA. Fourth, peptides

that specifically block the association of NSF and PICK1 with the
AMPA GluR2 subunit prevent the PMA-induced increase in
mEPSC amplitude. Fifth, the GluR2 blocker PB blocks �90% of
the AMPA current after application of PMA. Thus, we conclude
that PKC� is the principal PKC isoform in zebrafish Mauthner
cells that is required for the trafficking of GluR2-containing
AMPAR into synaptic membranes. We cannot discount the
possibility that other PKC isoforms may be partially involved in
the process, but the ability of �V5-3 to completely prevent the
5 mM K�-induced increase in mEPSC amplitude indicates that
PKC� is the principal isoform. How is PKC� activated after an
increase in cellular activity? We do not yet know, but the ability
of APV to prevent the effects of 5 mM K� indicates a crucial role
for NMDA receptor activation similar to that shown in adult
systems (21).

Both PMA and DOG caused large increases in mEPSC fre-
quency, presumably via acting presynaptically on transmitter re-
lease. These findings are consistent with other studies (24, 25), and
may be due to an increase in the vesicle recycling rate, an increase
in the size of the readily releasable pool (26), an increase in
presynaptic Ca2� influx (27), or the induction of new release sites.

Our results suggest that the PKC�-induced delivery of AM-
PARs to embryonic synapses depends on an interaction with
NSF. PICK1 is also known to regulate the surface expression of
GluR2-containing AMPARs (32). Here, we report that PICK1
is involved in the PKC�-driven insertion of AMPARs into the
membrane. Our findings are supported by a recent study on rat
hippocampal neurons, where it was shown that PKM� interacts
with PICK1 to direct AMPARs to the synaptic membrane (9).
Thus, our results show the requirement of both NSF and PICK1
for the trafficking of AMPARs to the synaptic membrane.

What is the developmental significance of AMPAR traffick-
ing? Some of the earliest inputs onto Mauthner cells appear to
be formed just before 24 h pf (36), around the time that embryos
acquire a touch/startle response (37). However, synaptic devel-
opment continues, and at �2 dpf, embryos start to hatch out of
the egg casing, at which point they can swim away from a
stimulus. Our previous work suggested that AMPARs switch
subunits (and exhibit faster kinetics) between 33 and 48 h,
immediately before hatching (18). Thus, the generation of faster
AMPA currents, combined with the ability to up-regulate
AMPA currents in an activity-dependent manner, would likely
lead to a more efficient and a stronger startle response.

In summary, we show that activation of PKC� leads to the
trafficking of GluR2-containing AMPARs into excitatory syn-
apses on embryonic Mauthner cells (Fig. S8). This process
depends on an interaction with NSF, PICK1, and SNARE
proteins, and occurs in an NMDAR- and activity-dependent
manner. Our study provides insights into the role of PKC� and
the movement and insertion of AMPARs into synaptic mem-
branes of an embryonic organism, and indicates that PKC� is a
necessary intermediate in the trafficking of GluR2-containing
AMPA receptors.

Materials and Methods
Preparation. Wild-type Zebrafish (Danio rerio) embryos were raised at 28.5 °C,
and collected and staged as previously described (SI Materials and Methods) (18).

Electrophysiology. Preparations were recorded as previously described (18).
The extracellular recording solution contained (in mM) 134 NaCl, 2.9 KCl, 2.1
CaCl2, 1.2 MgCl2, 10 Hepes, and 10 glucose, osmolarity adjusted to 280 mOsm,
pH 7.8. The Cs-gluconate intracellular patch clamp solution was composed of
(in mM) 115 Cs-gluconate, 15 CsCl, 2 MgCl2, 10 Hepes, 10 EGTA, and 4 Na2ATP,
osmolarity adjusted to 290 mOsm, pH 7.2. Chemical depolarization of the
Mauthner cell was induced by a 10-min bath application of a 5 mM K�, low
Mg2� depolarizing medium that contained (in mM): 130 NaCl, 5 KCl, 2.1 CaCl2,
0.3 MgCl2, 10 Hepes, 10 glucose, and 1 TEA, osmolarity adjusted to 280 mOsm,
pH 7.8. Postsynaptic depolarization was induced by a DPP (SI Materials and
Methods) (23).

Fig. 3. GluR2-containing AMPAR trafficking depends on NSF and PICK1, and
requires assembly of a SNARE complex. (A) Application of the GluR2 blocker,
PB (100 �M, n � 6) reduces mEPSC amplitude in the absence and presence of
PMA, whereas the non-GluR2 blocker, NASPM (10 �M, n � 5) had little effect.
(B) The mEPSC rectification index (I�40 mV/I�60 mV) did not change on applica-
tion of PMA (n � 6). (C) Intracellular application of pep2m (200 �M, n � 4)
blocked the effect of PMA on amplitude, whereas the control peptide, pep4c
(200 �M, n � 4) had no effect. (D) Inclusion of pep2-EVKI (200 �M, n � 4) in
the patch pipette prevented the PMA-induced increase in mEPSC amplitude,
whereas the control peptide pep2-SVKE (200 �M, n � 4) had no effect. (E)
Intracellular application of TeTx (200 nM; n � 6) prevented the PMA-induced
increase in mEPSCs, whereas application of heat-inactivated TeTx (n � 3) had
no effect. ***, significantly different, P � 0.001; *, significantly different,
P � 0.05.
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Analysis of mEPSCs. Synaptic activity was monitored by using pClamp 8.1
software (MDS Analytical Technologies), and analyzed with Axograph X as
previously described (SI Materials and Methods) (18).

NSFA. We performed NSFA to estimate the single-channel current (i) and the
available number of channels (N) as previously described (SI Materials and
Methods) (18, 38).

Immunohistochemical Procedures. Zebrafish 2 dpf embryos were processed for
immunohistochemistry by using anti-3A10, anti-PKC�, anti-PKC�II, and anti-
PKC� antibodies as previously described (SI Materials and Methods) (20).

Western Blot Analysis. Zebrafish brains were immunoblotted for PKC� in the
absence and presence of PMA, with or without the PKC� inhibitor peptide
(�V5-3) (SI Materials and Methods).
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