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Protein kinase M (PKM) is a persistently active protein kinase C isoform that is synthesized during long-term potentiation (LTP) and
is critical for maintaining LTP. According to “synaptic tagging,” newly synthesized, functionally important plasticity-related proteins
(PRPs) may prolong potentiation not only at strongly tetanized pathways, but also at independent, weakly tetanized pathways if synaptic
tags are set. We therefore investigated whether PKM is involved in tagging and contributes to a sustained potentiation by providing
strong and weak tetanization to two independent pathways and then disrupting the function of the kinase by a selective myristoylated
-pseudosubstrate inhibitory peptide. We found that persistent PKM activity maintains potentiated responses, not only of the strongly
tetanized pathway, but also of the weakly tetanized pathway. In contrast, an independent, nontetanized pathway was unaffected by the
inhibitor, indicating that the function of PKM was specific to the tagged synapses. To further delineate the specificity of the function of
PKM in synaptic tagging, we examined synaptic “cross-tagging,” in which late LTP in one input can transform early into late long-term
depression (LTD) in a separate input or, alternatively, late LTD in one input can transform early into late LTP in a second input, provided
that the tags of the weak inputs are set. Although the PKM inhibitor reversed late LTP, it did not prevent the persistent depression at the
weakly stimulated, cross-tagged LTD input. Conversely, although the agent did not reverse late LTD, it blocked the persistent potentiation
of weakly tetanized, cross-tagged synapses. Thus, PKM is the first LTP-specific PRP and is critical for the transformation of early into late
LTP during both synaptic tagging and cross-tagging.
Key words: hippocampus; learning; memory formation; synaptic tagging; synaptic cross-tagging; long-term potentiation; long-term
depression; late LTP; late LTD; protein kinase M

Introduction
Long-term potentiation (LTP) and long-term depression (LTD)
are considered physiological models of learning and memory
(Matthies, 1989; Bliss and Collingridge, 1993; Malenka, 1994).
Both forms of synaptic plasticity are characterized by early and
late phases, the latter dependent on protein translation (Krug et
al., 1984; Frey et al., 1988, 1996; Otani et al., 1989; Nguyen and
Kandel, 1996; Manahan-Vaughan et al., 2000). How newly synthesized proteins interact with specific activated synapses expressing LTP or LTD, but not with inactive synapses, is fundamental to the synapse specificity thought critical for memory.
One hypothesis to explain this specificity is “synaptic tagging,” in
which newly synthesized plasticity-related proteins (PRPs) interact with recently potentiated, “tagged” synapses (Frey and Morris, 1997, 1998). This hypothesis explains how a strong tetanus,
producing protein synthesis-dependent LTP (late LTP) in one
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pathway, prolongs the potentiation in an independent, weakly
tetanized pathway that would normally have produced only early
LTP. Recently, the synaptic tagging model has expanded to include interactions between LTP and LTD, referred to as “crosstagging” (Sajikumar and Frey, 2004). In cross-tagging, a late LTP/
LTD in one synaptic input transforms the opposite protein
synthesis-independent early LTD/LTP in an independent input
into its long-lasting form (Sajikumar and Frey, 2004). Crosstagging not only expands the repertoire of interactions between
pathways but raises the fundamental question of whether the
function of a newly synthesized PRP is to generally prolong the
action of a weak stimulus, or whether there are separate PRPs to
specifically prolong potentiation or depression.
Elucidating the molecular mechanisms that underlie synaptic
tagging has been hampered by our lack of knowledge of specific
molecules involved. Many signal transduction molecules have
been implicated in the induction of LTP (e.g., protein kinases) or
LTD (phosphatases) (Malenka, 1994; Malenka and Bear, 2004).
Synaptic tagging, however, is likely to involve the acquisition by a
synapse of the molecular mechanisms of maintenance, which are
less well characterized than those of induction.
Protein kinase C (PKC) has been implicated in LTP maintenance (Lovinger et al., 1987; Malinow et al., 1988; Reymann et al.,
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1988). Specifically, an unusual, autonomously active isoform of
PKC, called protein kinase M (PKM), is both necessary and
sufficient for maintaining LTP (Sacktor et al., 1993; Ling et al.,
2002). PKC consists of an N-terminal regulatory domain, containing an autoinhibitory pseudosubstrate sequence and secondmessenger binding sites, and a C-terminal catalytic domain
(Nishizuka, 1995). PKC is normally held in an inactive basal state by
interactions between these two domains. Second messengers activate PKC by binding to the regulatory domain and causing a conformational change that temporarily releases the autoinhibition.
PKM, in contrast, consists of an independent PKC catalytic
domain, which, lacking the autoinhibitory regulatory domain of
PKC, is autonomously active (Schwartz, 1993). In brain, only a
single isozyme, the atypical , forms a stable PKM (Sacktor et al.,
1993). In LTP, PKM increases by new protein synthesis through
increased translation from a PKM mRNA, producing the independent  catalytic domain (Hernandez et al., 2003). The persistent activity of PKM sustains the enhancement of AMPA receptor (AMPA-R) responses for hours, thus maintaining LTP (Ling
et al., 2002; Serrano et al., 2005).
Several groups have speculated that PKM could participate
in synaptic tagging (Drier et al., 2002, Martin and Kosik, 2002;
Hegde, 2004). We hypothesize that PKM is likely to function as
a PRP because it demonstrates three critical properties: (1) PKM
is newly synthesized by strong, but not weak, tetanization (Osten
et al., 1996), (2) postsynaptic whole-cell perfusion of the kinase is
sufficient to enhance AMPA-R-mediated synaptic transmission
(Ling et al., 2002), and (3) inhibition of the activity of the kinase
reverses late LTP (Serrano et al., 2005). Here, we studied the
function of PKM during synaptic tagging. We found that PKM
plays a critical role in both synaptic tagging and cross-tagging and
that the kinase represents an LTP-specific PRP.

gated, a transient early LTD was induced using a weak low-frequency
stimulation protocol (WLFS) consisting of 900 pulses at a frequency of 1
Hz, impulse duration of 0.2 ms per half-wave, with a total number of
stimuli of 900. Late LTP was induced using three stimulus trains of 100
pulses [strong tetanus (STET), 100 Hz; duration, 0.2 ms per polarity with
10 min intertrain intervals]. Early LTP was induced using a weak tetanization protocol (WTET) consisting of one 100 Hz train (21 biphasic
constant-current pulses; 0.2 ms pulse duration per half-wave; stimulus
intensity for tetanization, PS threshold). The population spike amplitude
and the slope of the field EPSP were monitored on-line. For clarity, only
the field EPSP data are shown, because the two recorded parameters
showed similar time courses in the experiments, except in cases in which
the population spike was abolished during LTD. The baseline was recorded for at least 60 min before LTP/LTD induction; four 0.2 Hz biphasic, constant-current pulses (0.1 ms per polarity) were used for baseline
recording and testing 1, 3, 5, 11, 15, 21, 25, and 30 min after tetanus or 21,
25, and 30 min after LFS and thereafter once every 15 min up to 8 h.
The myristoylated -pseudosubstrate peptide (myr-ZIP; myr-SIYRRGARRWRKL-OH; Biosource, Camarillo, CA) and the scrambled control
peptide (scr-myr-ZIP; myr-RLYRKRIWRSAGR-OH; Biosource) (Laudanna et al., 1998) were prepared in distilled water as a stock solution (10
mM) and stored at ⫺20°C. The required volume containing the final
concentration of 1 M was dissolved in ACSF immediately before bath
application. myr-ZIP is 142-fold more potent on PKM than on conventional PKC␣ and 196-fold more potent on PKM than on cAMPdependent protein kinase [assays described by Ling et al. (2002)].
The average values of the population spike amplitude (measured in
millivolts) and the slope function of the field EPSP (in millivolts per
millisecond) per time point were subjected to statistical analysis using the
Wilcoxon signed rank test when compared within one group or the
Mann–Whitney U test when data were compared between groups; p ⬍
0.05 was considered as statistically significant different. Data shown in
Figure 2, d and e, and Figure 3, a and e, were partially performed in
parallel and completed by additional experiments originally described by
Sajikumar and Frey (2004).

Materials and Methods

Results

We used 130 transverse hippocampal slices (400 m), prepared from 130
male Wistar rats (7 weeks of age), as described previously (Frey and
Morris, 1997, 1998; Sajikumar and Frey, 2003, 2004). The animals were
killed rapidly by a single blow to the back of the neck using a metallic rod
(cervical dislocation) and then decapitated (the entire procedure took
⬃3–5 min). Slices were incubated in an interface chamber at 32°C; incubation medium [artificial CSF (ACSF)] contained the following (in mM):
124 NaCl, 4.9 KCl, 1.2 KH2PO4, 2.0 MgSO4, 2.0 CaCl2, 24.6 NaHCO3, 10
D-glucose; carbogen consumption, 18 L/h; flow rate of ACSF, 0.74 ml/
min. In all experiments, two monopolar lacquer-coated, stainless-steel
electrodes (5 M⍀; A-M Systems, Carlsborg, WA) were positioned within
the stratum radiatum of the CA1 region for stimulating two separate
independent synaptic inputs, S1 and S2 (see Fig. 1a). For recording the
field EPSP (measured as its slope function) and the population spike
amplitude (PS), two electrodes (5 M⍀; A-M Systems) were placed in the
CA1 dendritic and cell body layer, respectively, of a single neuronal population, and signals were amplified by a custom-made amplifier. The
signals were digitized using a Cambridge Electronic Design (Cambridge,
UK) 1401 analog-to-digital converter and analyzed with custom-made
software (PWIN; Leibniz Institute for Neurobiology). Slices were preincubated for at least 4 h, which is critical for reliable long time recordings
of late LTP and late LTD (for more details, see Sajikumar and Frey, 2004).
After the preincubation period, the test stimulation strength was determined for each input to elicit a population spike of 40% of its maximal
amplitude for all control and LTD-inducing inputs and 25% for LTPinducing inputs. For stimulation, biphasic constant-current pulses were
used. Late LTD was induced using a strong, low-frequency stimulation
protocol (SLFS) of 900 bursts [one burst consisted of three stimuli at 20
Hz; interburst interval, 1 s (i.e., f ⫽ 1 Hz); stimulus duration, 0.2 ms per
half-wave; total number of stimuli, 2700]. This stimulation pattern produced a stable late LTD in vitro for at least 8 h (Sajikumar and Frey, 2003,
2004). In experiments in which a weaker induction of LTD was investi-

Reversal of late LTP by PKM inhibition
Previous work on the role of PKM in late LTP has examined a
standard, strong, 100 Hz, 1 s, four-train, 5 min-intertrain interval
protocol, using hippocampal slices preincubated for 1–2 h (Osten
et al., 1996; Ling et al., 2002; Serrano et al., 2005). However, for
recording from slices for an extended period of time (⬃9 h), we
have optimized the hippocampal slice preparation and tetanic
stimulation protocols (see Materials and Methods) (Sajikumar
and Frey, 2004). To examine the role of persistent PKM activity
in the maintenance of late LTP under our conditions, we induced
late LTP in synaptic input S1 (Fig. 1a, filled circles) and also
recorded a control input S2 (Fig. 1a, open circles) and then applied myristoylated -pseudosubstrate peptide inhibitor (Fig.
1b). We used a low concentration of the inhibitor (1 M), selective for the effects of PKM on the consolidation phase of lateLTP maintenance (Serrano et al., 2005), which corresponds to the
time of synaptic tagging (Frey and Morris, 1997, 1998). A control
nontetanized pathway remained stable at baseline levels for the
entire experimental session (Fig. 1b, open circles). In contrast, in
the tetanized pathway, the application of myr-ZIP 1 h after the
induction of late LTP in S1 (drug application continued up to 5 h)
prevented its late maintenance (Fig. 1b, filled circles), returning
to baseline responses 135 min after tetanization ( p ⬍ 0.05; Wilcoxon signed rank test), thus confirming previous studies (Ling
et al., 2002; Serrano et al., 2005). Interestingly, under our conditions, after washout of the drug, the potentials further attenuated
below baseline levels from 4 h onwards, expressing a lasting depression ( p ⬍ 0.05; Wilcoxon signed rank test), although no
changes were observed during these times with the simulta-
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tionship (i.e., slope function of the EPSP/population spike amplitude); n ⫽ 5 for each group] 30 min before, 30 min after, and
8 h after tetanization, in the series with control late LTP (Fig. 1a)
and the induction of late LTP and subsequent application by
myr-ZIP (Fig. 1b). Input– output characteristics and the evaluation of the E/S coefficient revealed no changes in excitability and
normal E/S-shift behavior after LTP induction and its reversal by
myr-ZIP [E (in millivolts/millisecond)/S (in millivolts) values at
⫺30 min control, 2.01 ⫾ 0.1/1.65 ⫾ 0.2 vs myr-ZIP, 2.25 ⫾
0.2/2.06 ⫾ 0.2; ⫹30 min control, 3.54 ⫾ 0.3/4.18 ⫾ 0.3 vs 3.8 ⫾
0.2/4.31 ⫾ 0.2 in the myr-ZIP group; ⫹8 h control, 3.4 ⫾ 0.3/
4.02 ⫾ 0.3 vs myr-ZIP group, 1.65 ⫾ 0.2/1.38 ⫾ 0.2]. In addition,
we analyzed tetanus trains (interstimulus interval, 10 ms) with
and without drug treatment. No differences in the recorded potentials were detected (data not shown). Thus, the persistent activation of PKM not only maintains late LTP, but it appears that
strong tetanization alters the baseline properties of AMPA-Rmediated synaptic transmission in those pathways, so that they
become partially maintained by PKM.

Figure 1. Effects of PKM inhibition on LTP maintenance and synaptic tagging. a, Late LTP.
The top scheme represents a transverse hippocampal slice showing the positioning of the electrodes. The two independent synaptic inputs, S1 and S2, to the same neuronal population and
the recording sites for the population spike amplitude and the field EPSP, as well as analog
recording traces as representative examples, are shown. The graph illustrates that the induction
of late LTP in S1 (STET; filled circles) using high-frequency stimulation (HFS) resulted in late LTP
that was significantly different for 8 h, compared with the control input S2 (open circles; n ⫽ 8;
p ⬍ 0.05; U test). Control stimulation of S2 showed relatively stable potentials for the time
course investigated. b, Inhibition of PKM reverses LTP maintenance. Induction of late LTP (n ⫽
7) by applying HFS to S1 (filled circles) and application of the myristoylated -pseudosubstrate
peptide inhibitor (1 M; black bar) 1 h after its induction reversed the late phase of LTP, whereas
the potentials of the control pathway S2 remained stable throughout the recording period of 8 h
(open circles). c, Inhibition of PKM reverses late LTP maintenance at tagged synapses. Induction of late LTP (filled circles) in S1, followed by the induction of early LTP in S2 (open circles) by
WTET and subsequent application of myr-ZIP 30 min after WTET to S2 (1 M; black bar; n ⫽ 7),
is shown. LTP in S1 reversed to baseline 210 min after STET, and the potentiation in S2 reached
pretetanization baseline values 120 min after WTET (n ⫽ 7; p ⬍ 0.05; Wilcoxon test). d,
scr-myr-ZIP had no effect on synaptic tagging (1 M). Late LTP in S1 (filled circles) remained
stable over 8.5 h, and synaptic tagging was observed in S2 (open circles). The transformation of
early into late LTP in S2 by the previous induction of late LTP in S1 was maintained for 8 h,
compared with pretetanization levels (n ⫽ 4). e, f, Early LTP. Induction of early LTP by a weak
tetanus in S1 (filled circles) revealed a transient potentiation with a duration of 135 min (compared with control input S2; open circles in e; n ⫽ 5; p ⬍ 0.05; U test). Inhibition of PKM after
induction of early LTP (f; n ⫽ 5) revealed a time course in both inputs similar to that observed
in the control series without drug treatment [early LTP was maintained for 135 min in S1 (filled
circles) when compared with control input S2 (open circles); p ⬍ 0.05; U test]. Analog traces
represent typical field EPSPs 30 min before (solid line), 30 min after (hatched line), and 8 h after
(dotted line) tetanization of input S1 or, in cases in which S2 was also tetanized, before or after
the tetanization of that input. Arrows indicate the time point of tetanization. Bars represent the
period of drug application. Error bars represent means ⫾ SEM.

neously recorded nontetanized control pathway. Although the
decrease was specific to the tetanized pathway, we nonetheless
excluded changes in general excitability at these late time points
by comparing input– output relationships [measured as E/S rela-

Effects of PKM inhibition on synaptic tagging during LTP
We then examined whether the late phase of LTP acquired
through synaptic tagging can be influenced by application of
myr-ZIP. We induced late LTP in synaptic input S1 and subsequently early LTP in synaptic input S2 and then 30 min later
applied myr-ZIP. As seen in Figure 1c, late LTP in S1 was reversed
to baseline 210 min after STET, and, in addition, the potentiation
in S2 returned to pretetanization baseline values 120 min after
WTET ( p ⬍ 0.05; Wilcoxon test). Thus, the persistence of potentiation after synaptic tagging was prevented by the application of
myr-ZIP after tetanization. In contrast, application of an inactive
scrambled control peptide (1 M) did not prevent LTP synaptic
tagging between the two separate inputs (Fig. 1d). The transformation of early LTP into late LTP in S2 by the previous induction
of late LTP in S1 was maintained for 8 h. The effect of PKM was
specific to the late phase acquired by the weak tetanization after
synaptic tagging, because application of myr-ZIP 60 min after
induction of early LTP produced by a weak tetanus alone had no
effect on its time course (Fig. 1f ), compared with a control series
without drug treatment (Fig. 1e). Thus, the persistence of potentiation after synaptic tagging is through acquisition of a PKMdependent late phase.
Effects of PKM inhibition on LTD and synaptic tagging
during LTD
We next investigated whether myr-ZIP can reverse late LTD or
whether its effects are specific to late LTP. Figure 2a represents
the time course of late LTD induced by SLFS in S1 (filled circles).
The control input S2 remained relatively stable at baseline levels
for the entire session (Fig. 2a, open circles). Figure 2b represents
the time course of the field EPSP of input S1 when myr-ZIP was
applied 1 h after induction of late LTD. Application of the drug
up to 5 h after SLFS did not influence either early or late LTD (Fig.
2b, filled circles). The control input S2 (Fig. 2b, open circles)
remained stable in the presence of the agent. Thus, in contrast to
LTP, the maintenance of late LTD is independent of persistent
increased PKM activity. Next, we examined the possible effect of
myr-ZIP on processes of synaptic tagging during LTD. We studied synaptic tagging between synaptic inputs treated either with
SLFS or WLFS and subsequent blockade of PKM activity. SLFS
of S1 (filled circles) followed by WLFS in S2 (open circles) resulted in synaptic tagging (i.e., in the transformation of early into
late LTD of S2) whether in the presence (Fig. 2c) or absence (Fig.
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potentiated synapse by strong LTD caused
by acquisition of PKM, although the kinase has no apparent role in LTD
maintenance?
We first addressed whether crosstagging from strong LTP to weak LTD requires PKM (Fig. 3a). We began by delineating the potential temporal windows
within which PKM might be involved in
this form of cross-tagging. Thus, we first
asked whether PKM might be important
in the induction phase of strong LTP to
weak LTD cross-tagging by bath applying
myr-ZIP to two independent pathways
(Fig. 3b) and then 2 h later delivering
STET to S1 (filled circles), followed by
WLFS in S2 (open circles). We found that
myr-ZIP blocked LTP, supporting the
data presented in Figure 1, but, additionally, no cross-tagging was observed (i.e.,
no transformation of early into late LTD).
We confirmed the specificity of this effect
by applying the scrambled inactive version
of ZIP and observed normal strong LTP to
weak LTD cross-tagging responses (Fig.
3c). Interestingly, when PKM was inhibited at this early phase of cross-tagging
(Fig. 3b), the time course of early LTD appeared modestly shorter than usual (e.g.,
compared with Fig. 2e,f ). This suggested
that PKM might have an effect on LTD
induction, rather than on cross-tagging
per se and the acquisition of the maintenance mechanism of LTD.
To address this question, we applied
myr-ZIP during the maintenance phase of
cross-tagging. We applied STET to S1
Figure 2. Effects of PKM inhibition on LTD maintenance and synaptic tagging. a, Late LTD. Application of an SLFS to S1 (filled (Fig. 3d, filled circles), followed by WLFS
circles) resulted in a significant depression of that input, compared with a control input S2 (open circles; n ⫽ 7; p ⬍ 0.05; U test). in S2 (Fig. 3d, open circles) and then apb, Late LTD that was induced using the same protocol as in a was unaffected when the myr-ZIP (1 M; n ⫽ 7) was bath applied plied myr-ZIP 30 min later (i.e., within the
1 h after its induction (filled circles). c, d, Synaptic tagging during LTD under the influence of myr-ZIP. c represents the time course effective time window of 1 h shown in preof the field EPSP after SLFS of S1 (filled circles) followed by WLFS in S2 (open circles) and subsequent application of myr-ZIP (n ⫽
vious studies from our laboratory to be
5). This protocol resulted in synaptic tagging (i.e., in the transformation of early into late LTD of S2) regardless of the blockade of
critical for the tagging and cross-tagging
PKM activity by myr-ZIP. d represents a control series of synaptic tagging during LTD without drug treatment (n ⫽ 10). e, f, Early
LTD. e, Time course of control early LTD in S1 (filled circles) induced by a WLFS (dashed arrow; n ⫽ 10) with a duration of 185 min processes) (Frey and Morris, 1997, 1998;
(compared with control input S2; U test; p ⬍ 0.05; n ⫽ 6). f, This early LTD was unaffected when the myr-ZIP was applied 1 h Sajikumar and Frey, 2004). We found that
after its induction. Control stimulation of S2 in e and f showed relatively stable potentials for the time course investigated (open late LTP in S1 was reversed, similar to that
circles). Analog traces represent typical field EPSPs 30 min before (solid line), 30 min after (hatched line), and 8 h after (dotted line) observed in Figure 1, b and c. However,
low-frequency stimulation of input S1 or, in cases in which S2 was also treated with LTD-inducing stimulation, before or after the although late LTP was blocked in S1,
LFS of that input. Dashed arrows represent weak or strong low-frequency stimulation of the corresponding synaptic input. Bars cross-tagging and persistence of the weak
represent the period of drug application. Error bars represent means ⫾ SEM.
LTD still occurred (i.e., early LTD was
transformed into late LTD in S2). This re2d) of myr-ZIP. myr-ZIP also had no effect on the maintenance
sult suggests that a PRP produced by strong tetanization, other
of early LTD induced by WLFS (Fig. 2e,f ).
than PKM, is important for transforming early LTD into late
LTD.
Effects of PKM inhibition on cross-tagging
The next question was, what would happen if we reverse the
These results show that persistent increased PKM activity plays a
order of the induction of plasticity phenomena (i.e., when strong
critical role in the maintenance of LTP and synaptic tagging of
LTD precedes cross-tagged weak LTP) (Fig. 3e)? We first adpotentiated responses but not for the maintenance of LTD. We
dressed whether reversing the order of the stimuli had any effect
next asked whether there is a specific role for PKM in the proon the blockade of induction, which we had observed in Figure
cesses of synaptic cross-tagging. Is the prolongation of a cross3b. Again, applying myr-ZIP before stimulation blocked the intagged, weakly depressed synapse by strong LTP, thus transformduction processes of both LTP and LTD (Fig. 3f ). We then asked
ing it into persistent LTD, caused by the persistent action of
whether PKM inhibition affected the maintenance processes of
PKM? Conversely, is the prolongation of a cross-tagged, weakly
strong LTD followed by weak LTP. We first obtained strong LTD
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Figure 3. Effects of PKM inhibition on synaptic cross-tagging. a, Late LTP transforms cross-tagged early LTD synapses into persistent LTD. Induction of late LTP in S1 (filled circles) by STET was
followed 30 min later by WLFS in S2 (open circles). Here, early LTD in S2 was transformed into late LTD, demonstrating synaptic cross-tagging between LTP and LTD (n ⫽ 7). b, Bath application of
myr-ZIP 2 h before until 2 h after the tetanization of S1 prevented LTP and LTD induction (n ⫽ 7). S1 (filled circles) tetanized with high-frequency stimulation; 30 min later, WLFS was applied to S2
(open circles) to induce early LTD. c, Similar experiment as that in b but with the inactive scrambled peptide (1 m) instead of myr-ZIP (n ⫽ 8). No effect on LTP, LTD induction, or cross-tagging was
observed. d, PKM inhibition does not affect late LTP to cross-tagged early LTD synapse interactions that establish late LTD. Cross-tagging followed by the application of myr-ZIP 1 h after
its induction reversed the maintenance of late LTP in S1 (filled circles); the early LTD in S2 (open circles) was nonetheless transformed into a late LTD regardless of the blockade of late
LTP in S1 (n ⫽ 7). e, Late-LTD transformation of cross-tagged early LTP synapses. Induction of late LTD in S1 (filled circles) by SLFS was followed 1 h later by WTET in S2 (open circles; n ⫽
7). Here, early LTP in S2 was transformed into late LTP, demonstrating synaptic cross-tagging between LTD and LTP. f, PKM inhibition blocks induction of LTD followed by LTP. Similar
experiment as that in b but in a reverse manner (n ⫽ 7) [i.e., S1 with late-LTD induction (filled circles) and S2 with early LTP (open circles)]. g, PKM inhibition prevents LTP maintenance
at cross-tagged synapses. The experiment is similar to e but with the subsequent application of myr-ZIP. The ability of late-LTD synapses (filled circles) to interact with and to prolong
the maintenance at cross-tagged LTP synapses was prevented by myr-ZIP, revealing early LTP in S2 (open circles) with a subsequent long-lasting depression 5 h after tetanization
(compared with baseline values before tetanization; n ⫽ 7; p ⬍ 0.05; Wilcoxon test). h, scr-myr-ZIP (1 M) had no effect on cross-tagging (n ⫽ 4) [i.e., early LTP in S2 (open circles) was
transformed into late LTP by the previous induction of late LTD in S1 (filled circles)]. Analog traces as well as symbols are similar to Figure 1. Error bars represent means ⫾ SEM.

in S1 followed by weak LTP in S2 and then 30 min later applied
myr-ZIP (Fig. 3g). Late LTD in S1 was not influenced by myrZIP. In contrast, PKM inhibition completely prevented the ability of late LTD to prolong early LTP (i.e., the WTET of S2 resulted
only in early LTP with a late, long-lasting depression below pretetanus baseline levels 5 h after tetanization; see above) (Fig. 1b,c).
Application of the inactive scrambled peptide had no effect (Fig.
3h). Together, these results indicate that PKM is critical for tagging or cross-tagging interactions with the maintenance mechanism of LTP but not between tagging or cross-tagging and the
maintenance mechanism of LTD.

Discussion
Synaptic tagging provides a conceptual basis for characterizing
the mechanisms by which newly synthesized proteins that prolong functional changes in synaptic strength may act at specific,
recently activated synapses. Although work on synaptic tagging at
the descriptive level has advanced since the first report in 1997 by
Frey and Morris (Frey and Morris, 1997, 1998; Kauderer and
Kandel, 2000; Barco et al., 2002; Dudek and Fields, 2002; Martin,
2002; Fonseca et al., 2004; Kelleher et al., 2004; Navakkode et al.,
2004; O’Carroll and Morris, 2004; Sajikumar and Frey, 2004), few
core molecules directly involved in the tagging process have been
identified. We now find that interaction between synaptic tags
and the persistently active isoform of PKC, PKM, is critical for
the transformation of a weakly potentiated synapse into a persistently potentiated one. Our results extend previous observations
on the critical role of PKM in the late phase of LTP and, particularly, in the exploration of cross-tagging, demonstrate unexpected specificity for the roles of newly synthesized PRPs.
We first confirmed the work by Ling et al. (2002) and Serrano

et al. (2005), who showed a specific role of PKM in the maintenance of the late phase of LTP. We applied a low dose of the
PKM-selective inhibitor myr-ZIP 1 h after tetanization and observed a reversal of potentiated responses, and not of baseline
untetanized synaptic transmission, simultaneously recorded
within the hippocampal slices. Furthermore, consistent with the
role of PKM in LTP maintenance, washout of the drug did not
result in a return to a potentiated response but in a modest and
delayed, but long-lasting, depression of the potentiated input
below baseline during very late phases beyond 4 h. We could
exclude nonspecific changes in excitability. This suggests that
tetanization, in addition to potentiating synapses, may also cause
depression in some synapses that is usually masked but now revealed in our experiments when potentiation is specifically reversed by myr-ZIP. Alternatively, tetanization could partially destabilize the mechanisms that maintain baseline synaptic
responses. Phosphorylation by PKM enhances AMPA-Rmediated synaptic transmission (Ling et al., 2002), and it was
shown that AMPA-R function is attenuated during LTD (Carroll
et al., 1999; Hirai, 2001; Gutlerner et al., 2002). Therefore, persistently increased PKM activity synthesized by the tetanization
may thus maintain both enhanced AMPA responses and, in part,
the baseline responses specific to the activated pathway. The ability of tetanization to cause modest depression that is masked by
potentiation or to destabilize baseline responses has been noted
previously (Hrabetova and Sacktor, 2000).
Interestingly, when the PKM inhibitor myr-ZIP was applied
both during and after the tetanization, the late depression below
baseline was not observed (Fig. 3b). This suggests that PKM may
have dual roles: (1) during induction, it may participate in the
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destabilization process, which permits plasticity, and (2) during
maintenance, it is instructive for potentiating synaptic strength.
The block of LTP induction observed here (Fig. 3b) appears
stronger than that reported by Serrano et al. (2005). The threetrain, 10 min intertrain interval at moderate stimulus intensity
used to induce LTP in our study, however, was somewhat weaker
than the four-train, 5 min intertrain interval at maximal stimulus
intensity used by Serrano et al. (2005). This is supported by the
observations that our initial early LTP is ⬃150% above the baseline (set at 100%), whereas in the work by Serrano et al. (2005), it
is ⬃175–200%. The increased early phase in the work by Serrano
et al. (2005) may have led to a longer myr-ZIP-independent response. Furthermore, the role of PKM in induction may not be
specific for the direction of synaptic change, because myr-ZIP
also blocked the induction of LTD (Fig. 3f ). In contrast, the role
of PKM in maintenance of potentiation appears remarkably
specific (see below).
We next examined the role of PKM in synaptic tagging and
observed that the persistence of the potentiation of the tagged
synapse was dependent on the persistent activity of PKM, because the late phase of its potentiation was now reversed by application of myr-ZIP. Because PKM directly causes synaptic potentiation in the late phase of LTP (Ling et al., 2002; Serrano et al.,
2005), and because PKM is synthesized during strong, but not
weak, tetanic stimulation (Osten et al., 1996), the simplest interpretation of our results is that newly synthesized PKM is a PRP
that maintains potentiation at the weakly activated, tagged synapse (Fig. 4, available at www.jneurosci.org as supplemental material). Interestingly, the mRNA that produces PKM appears in
both the soma and dendrites of hippocampal pyramidal neurons
(Muslimov et al., 2004). Future work will be required to determine the source of the newly synthesized PKM protein that
maintains potentiation at tagged synapses.
The low dose of myr-ZIP used in this study (1 M) is sufficient
to reverse LTP maintenance during the temporal window of synaptic tagging and cross-tagging (Frey and Morris, 1997, 1998;
Ling et al., 2002; Sajikumar and Frey, 2004; Serrano et al., 2005).
Interestingly, slightly higher doses (2.5–5 M) are required to
reverse established late LTP at later times and to fully block the
potentiating effects of whole-cell perfused PKM on AMPA-Rmediated synaptic transmission (Serrano et al., 2005). Because
myr-ZIP is a competitive substrate, this suggests the possibility
that PKM may phosphorylate a different, additional substrate
during the critical transition period when tagging takes place. We
speculate that this substrate could be a component of the
potentiation-specific tag complex (see below).
Whole-cell perfusion of PKM into CA1 pyramidal cells is also
sufficient to cause sustained potentiation at most, if not all, glutamatergic synapses in the cell, suggesting that synaptic tags are
not required for potentiation under these conditions. The simplest explanation for this apparent discrepancy is that during LTP
the amount of PKM synthesized is limiting, and synaptic tags (in
their potentiation-specific forms) are high-affinity binding sites
required to “capture” the kinase. In contrast, whole-cell perfusion of PKM through the recording pipette, even at the low
nanomolar concentrations used, might provide an abundant
source of the enzyme that obviates the need for a tag.
Inhibition of PKM did not affect baseline responses, implying that, before our experimental manipulation, no synapses are
persistently potentiated by the kinase. This may be surprising if
PKM were important for memory storage in vivo. One possibility is that the novel experience of the caged animals used in our
experiments is relatively deprived and that the storage of older
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memories may have declined in the hippocampus, while being
maintained elsewhere in the brain. Alternatively, the preparation
of hippocampal slices may have eliminated evidence of previous
potentiation, perhaps as a result of the glutamate release (Fiala et
al., 2003), or subsequent homeostatic mechanisms triggered by
the procedure (Kirov et al., 1999), or by a possible shortened
half-life of PRPs (such as PKM) of ⬃2 h (Sajikumar and Frey,
2004).
Additional hypotheses relevant to PKM and synaptic tagging
are that the preexisting kinase may participate in the tagging
process or that the newly synthesized PKM may then act as a tag
for other downstream proteins or mRNAs important for persistent potentiation. Because recent work has indicated that PKM
enhances synaptic transmission by increasing the number of
postsynaptic AMPA-Rs through regulation of the trafficking of
the receptor (Ling et al., 2004), there may be multiple levels
of tagging that are essential for the molecular mechanisms of
LTP. In addition, other processes relevant to synaptic plasticity,
including translation, possibly transcription, and structural
changes, may be regulated by persistent PKM phosphorylation.
The role of PKM was specific to maintaining potentiation. In
contrast to its essential role in LTP maintenance, we did not
observe any effect of PKM on LTD maintenance, because application of myr-ZIP did not reverse early or late LTD. Our results
with cross-tagging then provided additional evidence for the
functional specificity of PKM. We have hypothesized previously
(Sajikumar and Frey, 2004) that the induction of either late LTP
or late LTD leads to the synthesis of a pool of PRPs. At that time,
we proposed that these PRPs could be either one kind of protein
or several different kinds of proteins (Kelleher et al., 2004; Sajikumar and Frey, 2004). Our new cross-tagging data with the
inhibition of PKM after the establishment of LTP and LTD support the hypothesis that late plasticity forms initiate the synthesis
of a pool of different and, indeed, process-specific PRPs. We first
showed that whereas late LTP was suppressed under the influence
of PKM inhibition (Fig. 3d), early LTD in the second input was
nonetheless transformed into late LTD. Because the induction of
early LTD is unable to initiate the synthesis of PRPs but sets its
process-specific synaptic tags (Sajikumar and Frey, 2004), the
PRPs captured by these tags must be initiated by the strong tetanization in the separate synaptic input, even while late LTP was
suppressed by myr-ZIP. This confirms that PRPs other than
PKM mediate the transformation of early into late LTD.
Furthermore, in the converse experiment (Fig. 3g), applications of myr-ZIP, while not affecting the maintenance of strong
LTD, nonetheless prevented the transformation of weakly potentiated synapses into persistently potentiated synapses. This suggests that PKM is synthesized during late LTD but functionally
interacts, perhaps through phosphorylation, only with the tags of
theweaklypotentiatedsynapses(Fig.4,availableatwww.jneurosci.
org as supplemental material). These results also indicate that
PKM is fundamental for persistent LTP, even when the sustained enhancement of synaptic efficacy in an input is obtained
by dramatically different stimulation paradigms.
Thus, PKM is the first LTP-specific PRP. Therefore, we extend our hypothesis of the synthesis of a pool of relatively nonspecific PRPs (Sajikumar and Frey, 2004) by the notion that PRPs
include process-specific proteins. The pool consists of PRPs specific for either LTP or LTD, as well as process-nonspecific proteins, such as the phosphodiesterase type-4B3, for which we have
shown recently a role during both LTP and LTD (Ahmed and
Frey, 2003; Ahmed et al., 2004; Navakkode et al., 2004), as determined by the level of the activation of the enzyme. Together, our
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results suggest that not only does the process-specific tag consist
of a complex machinery of molecules (Frey and Morris, 1998;
Sajikumar and Frey, 2004), but also PRPs represent a pool of
proteins expressing their effector roles by selective interactions
with these process-specific tag complexes (Fig. 4, available at www.jneurosci.org as supplemental material). Future work will be
required to determine which molecules of the potentiationspecific tag interact with PKM.
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