
Cellular/Molecular

Identification of Compartment- and Process-Specific
Molecules Required for “Synaptic Tagging” during
Long-Term Potentiation and Long-Term Depression in
Hippocampal CA1
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Protein synthesis-dependent forms of hippocampal long-term potentiation (late LTP) and long-term depression (late LTD) are promi-
nent cellular mechanisms underlying memory formation. Recent data support the hypothesis that neurons store relevant information in
dendritic functional compartments during late LTP and late LTD rather than in single synapses. It has been suggested that processes of
“synaptic tagging” are restricted to such functional compartments. Here, we show that in addition to apical CA1 dendrites, synaptic
tagging also takes place within basal CA1 dendritic compartments after LTP induction. We present data that tagging in the basal dendrites
is restricted to these compartments. Plasticity-related proteins, partially nonspecific to the locally induced process, are synthesized in
dendritic compartments and then captured by local, process-specific synaptic tags. We support these findings in two ways: (1) late
LTP/LTD, locally induced in apical or basal (late LTP) dendrites of hippocampal CA1 neurons, does not spread to the basal or apical
compartment, respectively; (2) the specificity of the synaptic plasticity event is achieved by the activation of process- and compartment-
specific synaptic tag molecules. We have identified calcium/calmodulin-dependent protein kinase II as the first LTP-specific and extra-
cellular signal-regulated kinase 1/2 as LTD-specific tag molecules in apical dendritic CA1 compartments, whereas either protein kinase A
or protein kinase M� mediates LTP-specific tags in basal dendrites.
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Introduction
Long-term potentiation (LTP) and long-term depression (LTD)
are considered as cellular models for memory. LTP/LTD mainte-
nance requires the synthesis of plasticity-related proteins (PRPs)
(Krug et al., 1984; Frey et al., 1988; Matthies, 1989; Otani et al.,
1989; Manahan-Vaughan et al., 2000). How PRPs interact only
with activated synapses expressing LTP or LTD is fundamental to
synapse specificity of the process and can be explained by the
“synaptic tagging” hypothesis (Frey and Morris, 1997). Synaptic
tagging has also been shown by other laboratories (Barco et al.,
2002; Dudek and Fields, 2002; Fonseca et al., 2004; Young and
Nguyen, 2005), and it was described for LTD (Kauderer and Kan-
del, 2000; Sajikumar and Frey, 2004a) and for invertebrates (Ca-
sadio et al., 1999).

Recently, the synaptic tagging model has expanded to include
functional interactions between LTP and LTD (“cross-tagging”)
(Sajikumar and Frey, 2004a). It describes the capability of late

LTP/LTD in one synaptic input to transform the opposite, pro-
tein synthesis-independent early LTD/LTP in an independent
synaptic input into its long-lasting form. Cross-tagging expands
the repertoire of functional interactions between different syn-
apses and raises the following questions: synaptic tags must mark
an activated synapse specifically for either LTP or LTD; which
molecules then make tags LTP or LTD specific? Also, PRPs can be
process specific, unspecific, and regulatory (“process-specificity”
here means its relation to the plasticity-type induced) (Na-
vakkode et al., 2004; Sajikumar et al., 2005b). Thus, can we search
for the specificity of the tag complex by using cross-tagging par-
adigms? If PRPs are not restricted to a synapse, is their synthesis
restricted to local dendritic compartments (Martin et al., 2000;
Steward and Schuman, 2001; Steward, 2002a,b; Kelleher et al.,
2004b; Sweatt, 2004) or can PRP synthesis affect synapses neuron
wide? First, evidence for functional compartmentalization has
recently been presented by Alarcon et al. (2006). CA1 neurons
receive their inputs in apical and basal dendrites from other hip-
pocampal neurons and extrahippocampal structures, such as the
amygdala, ventral tegmental area, and others (Amaral and Kurz,
1985; Alkon et al., 1991; Amaral and Witter, 1998; Pikkarainen et
al., 1999; Lisman and Grace, 2005). The question arises how
mechanisms of input-specificity, local dendritic protein synthe-
sis, and the interaction of different synaptic and modulatory in-
puts could interact in CA1 neurons to assure integrated informa-
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tion processing. The information from inputs containing spatial,
contextual, or relational information, or information with
system-relevant “decision” content, can be integratively pro-
cessed at the target neuron, for instance by processes of synaptic
tagging or cross-tagging.

Here, we show that the induction of late LTP sets a process-
specific synaptic tag that is mediated by calcium/calmodulin-
dependent kinase II (CaMKII), whereas induction of late LTD
sets its LTD tags mediated by mitogen-activated protein kinases
(MAPKs) in apical dendrites of hippocampal CA1. In basal den-
drites (stratum oriens), we studied processes of synaptic LTP
tagging and found that MAPKs and CaMKII are unimportant for
setting LTP tags, but either protein kinase A (PKA) or protein
kinase M� (PKM�) mediate the setting of tags. Furthermore, we
found that LTP or LTD induction is restricted to functional com-
partments in which PRP synthesis occurs. Under the investigated
conditions, the PRPs appeared compartment restricted.

Materials and Methods
We used 282 transverse hippocampal slices (400 �m) prepared from 282
male Wistar rats (7 weeks old) as described previously (Frey and Morris,
1997, 1998b; Sajikumar and Frey, 2003, 2004a; Sajikumar et al., 2005a).
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
whole procedure taking �3–5 min). Slices were incubated in an interface
chamber at 32°C, and the 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. The carbogen consump-
tion was 18 –32 L/h (depending on the chamber used), and the flow rate
of ACSF was 0.74 ml/min. In all experiments, at least two monopolar
lacquer-coated, stainless-steel electrodes (5 M�; AM Systems, Carlsborg,
WA) were positioned within the stratum radiatum of the CA1 region for
stimulating two separate independent synaptic inputs, rS1 and rS2 (see
Fig. 1 A). In stratum oriens studies, one or two additional stimulating
electrodes were positioned in separate inputs (oS3 and oS4) to the same
neuronal population. For recording the field EPSP (measured as its slope
function) and the population spike (PS) amplitude, two electrodes (5
M�; AM Systems) were placed in the CA1 apical dendritic and cell body
layer, respectively, of a single neuronal population to investigate plastic-
ity in the apical dendritic branches, and signals were amplified by a
custom-made amplifier. In cases in which tagging in the stratum oriens
was investigated, one recording electrode was positioned in the basal
dendritic layer between the stimulating electrodes rS3 and rS4 for record-
ing field EPSPs at the basal region. In a few cases, the EPSP portion of the
potential recorded with the PS electrode was used to analyze the field
EPSP in the stratum oriens. This type of recording revealed comparable
results with recordings obtained directly from the dendritic layer of the
stratum oriens. The signals were digitized using a CED 1401 analog-to-
digital converter and analyzed with custom-made software (PWIN).
Slices were preincubated for �4 h, which is critical for reliable long-time
recordings of late LTP and late LTD (for more details, see Sajikumar et al.,
2005a; Sajikumar and Frey, 2004a).

After the preincubation period, the test stimulation strength was de-
termined for each input to elicit a PS of 40% of its maximal amplitude for
all control and LTD-inducing inputs and 25% for LTP-inducing inputs.
For the determination of the test stimulus intensity in the stratum oriens,
a field EPSP of 40% of its maximal amplitude was determined. For stim-
ulation, biphasic constant-current pulses were used. Late LTD was in-
duced using a strong low-frequency stimulation (SLFS) protocol of 900
bursts [one burst consisted of three stimuli at 20 Hz, and the interburst
interval was 1 s (i.e., f � 1 Hz; stimulus duration, 0.2 ms/half wave; total
number of stimuli, 2700)]. This stimulation pattern produced a stable
late LTD in vitro for �8 h. In experiments in which a weaker induction of
LTD was investigated, a weak low-frequency stimulation protocol
(WLFS) was used consisting of 900 pulses at a frequency of 1 Hz, an
impulse duration of 0.2 ms/half wave, with 900 total stimuli. Late LTP
was induced using three stimulus trains of 100 pulses [“strong” tetanus

(STET), 100 Hz; duration, 0.2 ms/polarity; intertrain intervals, 10 min].
Early LTP was induced using a weak tetanization (WTET) protocol con-
sisting of one 100 Hz train (21 biphasic constant-current pulses for teta-
nization (TET) in the stratum radiatum or 14 pulses for stratum oriens;
pulse duration per half wave, 0.2 ms; stimulus intensity for TET, 40% of
maximal field EPSP). The PS and the slope of the field EPSP were mon-
itored on-line. For clarity, the field EPSP data are shown because the two
recorded parameters demonstrated similar time courses in the experi-
ments, except in cases in which the PS was abolished during LTD. The
baseline was recorded for �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 post-
tetanus or 21, 25, and 30 min post-LFS and thereafter once every 15 min
up to 8 h maximum.

The CaMKII inhibitors KN-62 (1-[NO-bis-1,5-isoquinolinesulfonyl]-
N-methyl-L-tyrosyl-4-phenylpiperazine; Calbiochem, La Jolla, CA) and
AIP (autocamtide-2-related inhibitory peptide; Calbiochem) were used
at a concentration of 5 �M, specific for CaMKII, dissolved in DMSO [the
final concentration of DMSO was 0.1%, a concentration which had no
effect on the basal synaptic transmission (Navakkode et al., 2004)] as a
stock solution (10 mM), and was stored at �20°C. The required volume
containing the final concentration of 5 �M was dissolved in ACSF imme-
diately before bath application. Stock solutions of the MEK inhibitors,
1,4-diamino-2,3-dicyano-1,4-bis[2-amino-phenylthio]butadiene
(U0126; Promega, Madison, WI) and 2-(2-amino-3-methoxyphenyl)-
4 H-1-benzopyran-4-one (PD 98059; Calbiochem) were prepared in
DMSO at a 10 mM stock solution, and the required volume containing
the final concentration of 20 �M was dissolved in ACSF immediately
before bath application (final concentration of DMSO was 0.1%). Ani-
somycin (25 �M; Sigma, St. Louis, MO) and emetine (20 �M; Tocris,
Ellisville, MO) were dissolved in ACSF. The PKA inhibitor KT5720 (Cal-
biochem) was used at a concentration of 1 �M (dissolved in DMSO to a
final concentration of 0.1%). The myristoylated pseudosubstrate pep-
tide, ZIP (myr-SIYRRGARRWRKL-OH; Biosource, Camarillo, CA) was
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.
The average values of the PS amplitude (measured in millivolts) and

the slope function of the field EPSP (millivolts per milliseconds) per time
point were analyzed using the Wilcoxon signed rank test when compared
within one group, or the Mann–Whitney U test when data were com-
pared between groups; p � 0.05 was considered as statistically signifi-
cantly different. The nonparametric test was used because the analyses of
prolonged recordings do not allow the use of parametric tests. Further-
more, the sample sizes did not always guarantee a Gaussian normal dis-
tribution of the data per series.

Results
Inhibition of CaMKII or MAPKs on LTP and LTD
There is considerable evidence that CaMKII as well as MAPKs are
critical for the induction of persistent LTP as well as LTD (Mali-
now et al., 1988, 1989; Stevens et al., 1994; Mayford et al., 1995;
Stanton and Gage, 1996; English and Sweatt, 1997; Bortolotto
and Collingridge, 1998; Schnabel et al., 1999; Winder et al., 1999;
Lee et al., 2000; Dudek and Fields, 2001; Giovannini et al., 2001;
Komiyama et al., 2002; Miller et al., 2002; Kelleher et al., 2004a;
Sweatt, 2004). In a first set of experiments, we have reproduced
these findings to show that our preparations functionally resem-
ble that of others. The application of specific CaMKII or MAPK
[MEK-dependent extracellullar-signal-regulated kinases (ERK)]
inhibitors block the induction of late LTP/LTD if applied during
its induction (Fig. 1B,D,F,H). Early LTP/LTD was phenotypi-
cally unaffected in its time course, although we cannot exclude
influences of the drugs on intracellular events less detectable with
our methods. Thus, U0126 caused a moderate inhibitory effect
on the amplitude of early LTD induction (Fig. 1H, filled circles)
as follows: depression from baseline by 29.22 � 5.6% 1 min after
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LTD induction and in the presence of
U0126 when compared with a depression
by 56.89 � 7.9% from baseline after LTD
induction without U0126 in Fig. 1 I (filled
circles). This U0126-related effect on LTD
induction could be because of a distinct
early involvement of local ERK-
dependent protein synthesis during the
induction and early maintenance of LTD
(Navakkode et al., 2005). However, if the
drugs were applied after the induction of
the late event, they were ineffective in pre-
venting the expression of LTP/LTD (Fig.
1C,E,G,I). Thus, both kinases are re-
quired for processes inducing late LTP as
well as late LTD. Comparing the effect of
the drugs on the level of induction of ei-
ther LTP or LTD, we found a direct, still
unknown influence of the kinase inhibi-
tors on LTD but not LTP; the reason for
this remains to be investigated.

Inhibition of CaMKII or MAPKs and
synaptic tagging
In a second set of experiments, we investi-
gated the role of CaMKII and MAPKs on
processes of synaptic tagging during LTP
or LTD. To do so, we first used the follow-
ing protocol: we induced late LTP or late
LTD by a repeated STET or a complex
SLFS (see Materials and Methods) in syn-
aptic input rS1 within the stratum radia-
tum (Fig. 2, filled circles). Fifteen minutes
later, KN-62, a specific CaMKII inhibitor,
was applied for the following 1 h. Forty-
five minutes after the induction of late
LTP or late LTD in rS1, late LTP or late
LTD in a second independent synaptic in-
put rS2 was triggered (Fig. 2, open circles),
but now under the influence of the
CaMKII inhibitor. Our initial working hy-
pothesis was that the investigated kinases
could initiate the synthesis of PRPs. Thus,
we blocked the kinases similar to protein

Figure 1. The effect of CaMKII or ERK inhibition on LTP and LTD in hippocampal CA1 neurons. A, The schematic location of the
electrodes to stimulate two separate synaptic inputs rS1 and rS2 in stratum (str.) radiatum in rat hippocampal slices in vitro. The
analog traces near to the recording electrodes show representative examples of recorded potentials. B, The action of the CaMKII

4

inhibitor, KN-62, on late LTP in rS1 if applied during its induc-
tion (filled circles). The drug was applied 30 min before TET for
a total of 1 h. Open circles represent the time course of the
control input rS2. n � 4. In C, the same stimulation protocol
was used as in B; however, the inhibitor was applied 15 min
after LTP induction in rS1 and remained in the bath for 1 h
(n � 4). D (n � 3) and E (n � 4) represent experiments
similar to those in B and C, with the exception that instead of
STET, an SLFS was applied to rS1 to investigate a possible
effect of the drugs on processes of LTD. Panels F (n � 6), G
(n � 3), H (n � 4), and I (n � 5) show adequate series of
experiments as in B–E, but with differences in the blockers
used; here, the MEK inhibitor U0126 was applied instead of
the CaMKII inhibitor. Gray boxes represent the time of drug
application. The inlets in each graph represent typical analog
traces per stimulated input 30 min before (dotted line), 30
min after (broken line), and 60 min after (full line) TET/low-
frequency stimulation. Error bars indicate SEM.
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synthesis in the original tagging experiments (Frey and Morris,
1997; Sajikumar and Frey, 2004a). Interestingly, we obtained dif-
ferent outcomes for the two kinase inhibitors for LTP and LTD.
As shown in Figure 2, the application of the CaMKII inhibitor,

KN-62, prevented synaptic tagging for rS2
during LTP (Fig. 2A) but not LTD (Fig.
2B), whereas inhibition of ERKs pre-
vented synaptic tagging in rS2 for LTD
(Fig. 2D) (potentials in rS2 returned to
baseline levels within 60 min after LTD
induction) but not for LTP (Fig. 2C).

In addition to the above protocol and
to further investigate the specificity of the
two kinases for LTP or LTD, we also used a
“strong before weak” protocol (Frey and
Morris, 1998b; Sajikumar and Frey,
2004a). Here, we induced a strong late
event in rS1 followed by the induction of
an early event in rS2 within a brief time
window. Induction of a late event in rS1
both sets its transient protein synthesis-
independent synaptic tag and activates the
synthesis of synapse-unspecific PRPs.
These PRPs can be captured by synaptic
tags at other synaptic inputs in rS2 within
the stratum radiatum [for example, at
those inputs where early LTP or early LTD
was induced (i.e., a protein synthesis-
independent transient form of LTP/LTD
that sets its own synaptic tag)] and thus,
transforming its normally transient plastic
form into a long-lasting form of LTP or
LTD (Frey and Morris, 1998b; Sajikumar
and Frey, 2004a). If the kinase inhibitors
were applied during the weak stimulation
of input rS2 [single WTET for early LTP or
a WLFS for early LTD in rS2], we obtained
similar results as presented in Figure
2A–D with a few differences in the LTP
series. Although synaptic tagging in rS2
does not occur (i.e., early LTP in rS2 is not
transformed into late LTP), the early LTP
in rS2 shows an intermediate reduction
immediately after TET for 1 h (Fig. 2E,
open circles). This could be explained by
the involvement of CaMKII-dependent
processes during depotentiation-like (Sa-
jikumar and Frey, 2004b) or metaplastic
phenomena of LTP (Tompa and
Friedrich, 1998), when preceded by a
strong event in a second independent in-
put. Alternatively, CaMKII-dependent
processes could be involved in a yet un-
known mechanism required for expressing a
specific intermediate, protein synthesis-
independent phase of LTP (Winder et al.,
1998). Thus, the strong before weak proto-
col revealed a similar result as above:
CaMKII-dependent processes are involved
in LTP but not LTD tagging, whereas ERK-
dependent processes are required for LTD
but not LTP tagging.

Inhibition of CaMKII or ERKs and synaptic cross-tagging
In the next series of experiments, we investigated the role of
CaMKII- and ERK1/2-dependent activity on processes of synap-
tic cross-tagging. We have recently shown that within apical den-

Figure 2. Role of CaMKII and ERKs for synaptic tagging during LTP and LTD. A, The time course of late LTP induced in rS1 (filled
circles) by a STET (arrows indicate the time points of STET) followed by the application of the CaMKII inhibitor KN-62 15 min after
the first tetanus that remained in the bath for 1 h. Forty-five minutes after the first tetanus in rS1, an additional STET was applied
to rS2 in the presence of KN-62 (open circles; n � 6). B, The same experiment as in A; however, instead of late LTP, an SLFS was
applied to induce LTD (n � 6). C, D, Experiments similar to those in A and B, except that the MEK inhibitor U0126 was applied (in
both series; n � 6). E, F, A set of experiments similar to those in A and B, except that instead of a strong stimulation to rS2, a WTET
in E (WTET, n � 8) or WLFS to S2 in F (n � 7) was delivered. G and H represent experiments similar to those in E and F with the
difference that instead of the CaMKII inhibitor, an ERK inhibitor was applied (both series, n � 7). Error bars indicate SEM. Symbols
and analog traces as in Figure 1.
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drites of pyramidal CA1 neurons, the in-
duction of a late protein synthesis-
dependent LTP or LTD can transform its
opposite transient form of plasticity into
its long-lasting form. Thus, the induction
of late LTP (in rS1) can transform early
LTD into late LTD (in rS2), or late LTD (in
rS1) can prolong early LTP into late LTP
(in rS2) if the two events are induced
within a time window, as described for
synaptic tagging (Sajikumar and Frey,
2004a). Thus, LTD tags or LTP tags in rS2
can capture PRPs whose synthesis was
originally initiated by the induction of late
LTP or late LTD in rS1. These results al-
lowed us to investigate two predictions:
(1) the tags must be process-specific, and
(2) the PRPs are synthesized as a pool of
proteins that may contain process-specific
as well as process-unspecific proteins
(Kelleher et al., 2004b; Sajikumar and
Frey, 2004a; Sajikumar et al., 2005b). Re-
cently, we identified PKM� as the first
process-specific PRP and the phosphodi-
esterase type 4B3 as a process-unspecific,
regulatory PRP (Ahmed and Frey, 2003;
Ahmed et al., 2004; Sajikumar et al.,
2005b). However, the identity of the mol-
ecules that make the local synaptic tag
complex specific for either LTP or LTD
remained to be investigated.

Figure 3A,B represent experiments in
which the protein synthesis-dependent
late LTD was induced in rS1 (filled circles)
followed by the induction of a protein
synthesis-independent early LTP in rS2
(open circles). Under normal circum-
stances, early LTP in rS2 would have been
transformed into late LTP by processes of
cross-tagging (i.e., cross-capturing of
PRPs originally provided by the late LTD
in rS1) (Sajikumar and Frey, 2004a).
However, induction of late LTD in rS1 fol-
lowed by the application of the CaMKII
inhibitors (Fig. 3A, KN62; Fig. 3B, AIP)
and induction of early LTP in rS2 pre-
vented the transformation of early into
late LTP in rS2. Similarly, as in experi-
ments presented in Figure 2E, an early
transient inhibition of early LTP in rS2 af-
ter late LTD in rS1 was observed that sup-
ports our hypothesis that CaMKII has
multiple actions on the different forms of
LTP including metaplastic events (see
above).

In contrast, in the opposite experiment
(Fig. 3C,D) (i.e., when the induction of
late LTP in rS1 was followed by the appli-
cation of the CaMKII inhibitors and early
LTD in rS2), the transformation process
from early into late LTD in rS2 was not
prevented. Thus, PRPs synthesized via late
LTP in rS1 could be cross-captured by the

Figure 3. Role of CaMKII and ERKs for synaptic cross-tagging between LTP and LTD. A, B, Synaptic cross-tagging experiment
(Sajikumar and Frey, 2004a) between late LTD in rS1 (filled circles) and early LTP in rS2 (open circles), and the influence of two
structurally different CaMKII inhibitors, KN-62 (A; n � 6) or AIP (B; n � 6) on these processes. SLFS was applied to rS1 (filled
circles) followed by the application of the drugs 15 min later that remained in the bath for the next hour. WTET was applied to rS2
(open circles) 45 min after STET to rS1 and under the influence of the inhibitors. In C (n � 6) and D (n � 5), the opposite order of
induction of the plasticity events compared with A and B were investigated. Here, STET was applied first to rS1 (filled circles),
followed by the application of the drugs and WLFS to rS2 (open circles). E (n � 7), F (n � 4), G (n � 7), and H (n � 3) resemble
the experiments from A–D, with the exception that instead of the CaMKII inhibitors, two structurally different ERK inhibitors were
investigated. Error bars indicate SEM. Symbols and analog traces are as in Figure 1.
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early LTD rS2 input in the absence of CaMKII activity. If CaMKII
would be directly involved in the synthesis of PRPs, the cross-
tagging should not have been observed. Therefore, CaMKII is
most likely involved in the tagging process specific for LTP rather
than on the local synthesis of PRPs required for the first 8 h of the
long-lasting plastic event. The latter, however, does not necessar-
ily exclude which CaMKII is involved in local protein synthesis-
dependent processes that might be required for tagging but are
phenotypically not detected by the application of protein synthe-
sis inhibitors.

The next experiments presented in Figure 3E–H were per-
formed to investigate the role of ERKs during cross-tagging.
Therefore, we used two different MAPK inhibitors (Frey et al.,
1993; Frey and Morris, 1998a; Navakkode et al., 2005). The ap-
plication of these inhibitors were ineffective in interfering with
processes of cross-tagging from late LTD in rS1 (Fig. 3E,F, filled
circles) to early LTP induced in rS2 (Fig. 3E,F, open circles).
Thus, PRPs synthesized via late LTD in rS1 could be captured by
LTP tags set in rS2 by cross-tagging processes. In the next exper-
iments (Fig. 3G,H), late LTP was induced in rS1 (filled circles)
followed by the application of the ERK inhibitors and early LTD
in rS2. Interestingly, the transformation from early into late LTD
was prevented under these circumstances, potentials in rS2 re-
turned to baseline within 2–3 h after WLFS, indicating that ERKs
are required for activation of LTD but not LTP tags.

Tagging is locally restricted
We now investigated whether PRPs synthesized locally at the
apical or basal dendrites could be captured by synapses in other
dendritic compartments (i.e., in the basal or apical dendrites,
respectively). To do so, we first determined specific stimulation
protocols to induce different forms of LTP in synapses in the
basal dendrites (stratum oriens). However, field stimulation in
the stratum oriens may also partially activate CA1 axons (i.e.,
activating antidromically the target cells). This somatic stimula-
tion could lead to a facilitation of plastic events in the stratum
radiatum (Dudek and Fields, 2002; Adams and Dudek, 2005).
Another possibility is that the requirements for inducing pro-
longed forms of plastic events in the basal dendrites may differ
from those in the apical dendrites (LTP; see below, LTP in basal
CA1 dendrites). To avoid these interferences, we first determined
specific stimulation protocols that induce different forms of LTP
in the stratum oriens synapses. Figure 4B represents the time
course of late LTP at synapses of basal dendrites (Fig. 4A, oS3). In
general, the time course of late LTP in basal dendrites (Fig. 4B,
filled triangles) is comparable with that obtained in the apical
dendrites after repeated TET (for details of the stimulation pro-
tocol in the basal dendrites, see Materials and Methods). Late LTP
in oS3 is input specific (i.e., it does not influence control poten-
tials in a separate synaptic input rS1 in the apical dendrites). By
stimulation with a single tetanus, early LTP in oS3 can also be
induced (Fig. 4C). Early LTP in the basal dendrites, however,
seems to be more robust compared with early LTP in the apical
dendrites. Potentials in oS3 were statistically significantly poten-
tiated up to 225 min [when compared with control oS4 inputs
(Fig. 4C, open triangles); Mann–Whitney U test; p � 0.05] and
up to 240 min when compared with its own baseline before TET
( p � 0.05; Wilcoxon signed rank test), and before they returned
to baseline levels. Late LTP in oS3 can be blocked in its mainte-
nance by the application of protein synthesis inhibitors (aniso-
mycin, emetine) during its induction (i.e., potentials return to
baseline within 2–3 h) (Fig. 4D,E) [LTP in oS3 in Fig. 4D (ani-
somycin) was statistically different from control potentials ob-

tained in input oS4 up to 105 min (open triangles); Mann–Whit-
ney U test; p � 0.05] and up to 90 min when compared with its
own baseline ( p � 0.05; Wilcoxon test). LTP in oS3 under eme-
tine was statistically different up to 135 min when compared with
control input oS4 (Fig. 4E, open triangles) (Mann–Whitney U
test; p � 0.05), and the potentiation was detectable up to 105 min
when compared with its own baseline before TET ( p � 0.05;
Wilcoxon test).

Taking into account the similar properties of late LTP in oS3,
we then investigated whether synaptic tagging (i.e., capturing of
PRPs) is restricted to local dendritic compartments or whether
PRPs are spread across the neuron. We therefore induced a pro-
tein synthesis-dependent late LTP at the basal dendrites (oS3)
(Fig. 4F, filled triangles), followed by the induction of a normally
protein synthesis-independent early LTP in both rS1 and rS2 at
apical dendritic compartments (Fig. 4F, filled and open circles).
Early LTP in the latter inputs were not transformed into late LTP
by late LTP in oS3, suggesting that PRPs produced in basal den-
drites required to stabilize LTP in oS3 are unable to reach tagged
synapses at apical dendrites. To check that tagging is not nega-
tively influenced in the stratum radiatum by the stratum oriens
stimulation [either early LTP induction or control stimulation in
the oriens (Young and Nguyen, 2005)], we induced late LTP in
apical rS1 (Fig. 4G, filled circles), followed by the induction of
early LTP in apical rS2 (Fig. 4G, open circles) and in basal oS3
(Fig. 4G, filled triangles). Early LTP in the apical rS2 was trans-
formed into late LTP, whereas early LTP in the basal oS3 was
unaffected in its duration, suggesting that stimulation and the
induction of LTP in the stratum oriens does not prevent pro-
cesses of synaptic tagging within the apical dendrites. If early LTP
was induced in the basal inputs oS3 (Fig. 4H, filled triangles) and
oS4 (Fig. 4H, open triangles) before induction of late LTP in the
stratum radiatum (rS1) (Fig. 4H, filled circles), early LTP in the
stratum oriens could not benefit from late LTP in stratum radia-
tum, resulting in a decremental LTP in the basal inputs. These
data support the previous finding that LTP is restricted to func-
tional dendritic compartments.

In a next set of experiments, we studied whether synaptic
cross-tagging is affected by the cross-compartmentalized induc-
tion of various plastic events. As shown in Figure 4 I, we induced
late LTD in apical rS1 (filled circles), followed by early LTP in
apical rS2 (open circles) and in basal oS3 (filled triangles). Early
LTP in apical rS2 but not in basal oS3 was transformed into late
LTP, suggesting that rS1 LTD-induced synthesis of PRPs was
locally restricted to the apical dendrites where they could be cap-
tured by the compartment-specific rS2 tags but not the basal oS3
tags. Thus, processes of both synaptic tagging and cross-tagging
are restricted to functional dendritic compartments under these
conditions

The next questions we investigated was whether synaptic tag-
ging can be detected during LTP in the stratum oriens and if so,
whether tag molecules are identical or different in the stratum
oriens when compared with the stratum radiatum (Figs. 5, 6).

LTP in basal CA1 dendrites
Most hippocampal LTP studies have been performed in synapses
within the stratum radiatum. Because LTP is restricted to den-
dritic compartments, the question arises if the same intracellular
cascades are involved in processes of synaptic tagging and thus
maintaining LTP in apical as well as in basal dendritic compart-
ments. Therefore, we have induced late LTP in basal synaptic
inputs under the influence of various inhibitors (Figs. 4B–E, 5),
but also of the kinases (Fig. 5), for which we had shown a tag-
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specificity effect in apical dendrites (i.e.,
KN-62 to block CaMKII-activity as well as
U0126 to inhibit MAPKs). Surprisingly,
and in contrast to LTP in the apical den-
drites, late LTP in basal dendrites is unaf-
fected by these inhibitors (Fig. 5B,C).
However, as it is the case for radiatum
LTP, the maintenance of oriens LTP was
prevented by the inhibition of PKA (Fig.
5D) [LTP returned to baseline 300 min
after TET of oS3; Mann–Whitney U test
and Wilcoxon test, respectively; p � 0.05]
and PKM� (Fig. 5E) (LTP also returned to
baseline 300 min after TET of oS3; Mann–
Whitney U test or Wilcoxon test, respec-
tively; p � 0.05) activity during LTP in-
duction. The next question was how these
enzymes could be involved in processes of
synaptic tagging.

LTP in the stratum oriens: synaptic
tagging and LTP-specific tag molecules
We have now investigated whether synap-
tic tagging occurs within basal dendritic
compartments during LTP. Figure 6A
represents a series in which a WTET that
normally results in early LTP was induced
in the basal input oS3 (open triangles) fol-
lowed by a STET to basal input oS4 (filled
triangles) 45 min later. The normally early
LTP in oS3 was transformed into late LTP
by subsequent induction of late LTP in
oS4, supporting the fact that synaptic tag-

Figure 4. Restriction of synaptic tagging to neuronal functional compartments. The schematic figure in A represents the
location of additional electrodes to stimulate independent basal synaptic input (oS3 and oS4) to the CA1 pyramidal neuron and the
positioning of a third field EPSP recording electrode in the area of the basal dendrites between stimulating electrodes oS3 and oS4.
When the stratum oriens field EPSP was directly recorded, the electrode for recording the PS (dotted electrode) was omitted. The
rest is as in Figure 1 A. B, The time course of late LTP induced by a STET in oS3 (filled triangles) and the time course of control
recordings in oS4 (open triangles; n � 8). The transient maintenance of early LTP produced by a WTET to input oS3 is presented in

4

C (filled triangles; n � 9). Open triangles represent the time
course of the control pathway oS4. D, E, Results with structur-
ally different protein synthesis inhibitors (D, anisomycin, n �
7; E, emetine, n � 4) when bath applied 45 min before STET
(filled triangles) until 45 min after TET to basal oS3. Early LTP
(C) was slightly affected by anisomycin (D) but not by emetine
(E). Our own unpublished work revealed a moderate unspe-
cific effect of anisomycin but not emetine on PS recordings
that could be related to the soma near unspecific effects of
anisomycin, especially in the case of stratum oriens LTP.
Therefore, the second structural inhibitor is required to sup-
port its specificity on protein synthesis. Open triangles repre-
sent the time course of the control pathway oS4. F, Induction
of late LTP in oS3 (filled triangles), followed by WTET to the
apical rS1 (30 min after STET to oS3; filled circles) and apical
rS2 (40 min after STET to oS3; open circles). n � 7. In G, a
similar set of experiments as in F is shown, with the difference
that STET was applied to apical rS1 (filled circles) followed 30
min later by WTET to apical rS2 (open circles) and 40 min later
by WTET to basal rS3 (filled triangles; n � 7). H, If early LTP
was induced in the basal inputs oS3 (filled triangles) and oS4
(open triangles) before induction of late LTP in the stratum
radiatum (rS1; filled circles), early LTP in the stratum oriens
could not benefit from late LTP in the stratum radiatum, re-
sulting in decremental LTP in the basal inputs (n � 7). I, Late
LTD was induced in the apical rS1 by SLFS (filled circles), fol-
lowed by WTET to the apical rS2 30 min later (open circles)
and WTET to the basal oS3 (filled triangles) 40 min after SLFS
to S1. n � 7. Error bars indicate SEM. Symbols and analog
traces are as in Figure 1.
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ging also takes place in the basal dendritic compartments of rat
hippocampal pyramidal CA1 neurons. Next, we investigated
whether inhibition of CaMKII (Fig. 6B) or MAPKs (Fig. 6C)
specifically interferes with synaptic tagging in oS3. The inhibitors
were applied during the WTET of oS3 and then rapidly washed
out to assure that STET applied to oS4 was not influenced any-
more by the drugs. If synaptic tags were set in oS3, these tags
could capture PRPs produced by the late LTP in oS4, transform-
ing the normally early LTP into late LTP in oS3. As shown in
Figure 6B,C, CaMKII or MAPKs are not involved in setting syn-
aptic tags in the basal dendritic region of hippocampal CA1 neu-
rons, which is in contrast to the apical dendritic compartments
represented in Figure 2. In search for other possible involved
enzymes, we studied the role of PKA (Fig. 6D) and PKM� (Fig.
6E) for setting basal synaptic tags. Although KT5720 (PKA inhib-
itor) slightly affected the induction of early LTP in oS3 (Fig. 6D,
open triangle), its transformation into late LTP was not pre-
vented when late LTP was subsequently induced in a separate
basal input oS4 (filled triangle). A similar result was obtained
when ZIP, a specific PKM� inhibitor, was applied during the
WTET of oS3 (Fig. 6E). Interestingly, if a mixture of the inhibi-
tors for PKA and PKM� were applied during WTET of oS3, syn-
aptic tagging in this input was prevented, resulting in no trans-
formation of early LTP into late LTP of oS3 by subsequent
induction of late LTP in oS4 (Fig. 6F). The potentiation in oS3
returned to baseline levels 240 min after WTET to oS3 (Wilcoxon
test; p � 0.05). It remains unclear whether different mixtures
(i.e., simultaneous inhibition of other enzymes) would also pre-
vent the tag setting in basal dendrites. Additional studies need to
be conducted to answer this question. It also remains unclear
whether analogous processes in different animal species exist. It
was shown, for instance, that PKA activity has a different function
in mouse LTP induced in apical dendrites (Young et al., 2006).

To verify the specificity in preventing the setting of basal syn-
aptic tags, we also investigated the potential role of PKA during
synaptic tagging in the apical dendritic compartment (Fig. 6G–I).
Similar to PKM� (Sajikumar et al., 2005b), PKA is not involved in
processes of setting the tag in that compartment (i.e., the apical
dendrites but affects the synthesis of PRPs) (Fig. 6G).

Discussion
CaMKs and MAPKs are multifunctional enzymes important for
LTP and LTD only in apical dendrites and not in basal dendrites
of hippocampal CA1 neurons. Both enzymes are required for the
induction of late LTP/LTD. In addition to these general func-
tions, however, ERK1/2 marks synaptic tags in an LTD specific
way to capture PRPs and thus to transform early into late LTD.
MAPKs, although involved in the maintenance of LTD and LTP,
are not required for LTP tagging in apical dendrites. Similar re-
sults for MAPK were described for different forms of memory in
Aplysia (Sharma et al., 2003). In contrast to the role of MAPKs,
CaMKII is specific for processes occurring at LTP tags (i.e., it is

4

Figure 5. Late LTP and kinases in basal CA1-dendrites. A, The schematic location of the
electrodes in the stratum oriens (symbols as in Fig. 4). B, Late LTP in basal dendrites is unaf-
fected by inhibition of CaMKII by KN-62 when applied during its induction in oS3 (filled trian-
gles). Control stimulation of oS4 revealed no effect of the drug on baseline potentials (open
triangles; n � 6). C, Similar to B, inhibition of MAPKs by U0126 was also ineffective in prevent-
ing late LTP in basal synaptic inputs (n � 7). However, application of the PKA inhibitor KT5720
(D) or the PKM� blocker ZIP (E) prevented the maintenance of LTP in oS3 (filled triangles)
without affecting the control input oS4 (D, n � 7; E, n � 7). Error bars indicate SEM. Symbols
and analog traces are as in Figure 1.
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required to capture/process PRPs to ensure the transformation of
early into late LTP in the apical dendrites).

MAPKs and CaMKs may exert a general role for the synthesis
of PRPs throughout the prolonged maintenance of the plasticity
events, most likely at restricted local dendritic sites (apical den-
drites) (Sweatt, 2001; Miller et al., 2002; Kelleher et al., 2004a,b).
This is supported by a continuous long-lasting activation of
MAPKs during different phases of LTP (Ahmed and Frey, 2005),
which is quite similar to the prolonged activation of CaMKII seen
in some (Giovannini et al., 2001; Ahmed and Frey, 2005; Atkins et
al., 2005) but not other (Chen et al., 2001; Lengyel et al., 2004)
laboratories. The differences with respect to the prolonged phos-
phorylation of CaMKII could be explained by methodological
issues (Sajikumar et al., 2005a; Cooke et al., 2006). The MAPK
and CaMK family may exert various effects during plasticity

events induced in the apical dendrites. Our findings obtained in
basal dendrites are in contrast to the role of MAPKs and CaMKII
in apical dendrites. In the stratum oriens, MAPK or CaMK inhib-
itors are ineffective in interfering with LTP (Fig. 5) or synaptic
tagging (Fig. 6). Strikingly, PKA as well as PKM�, which have a
specific function for LTP maintenance in the apical dendrites
(Frey et al., 1993; Sajikumar et al., 2005b), are required for the
induction of late LTP and synaptic tagging in the basal dendrites.
In apical dendrites, PKA activity is specifically required for the
induction of the synthesis of PRPs (Frey et al., 1993) (Fig. 6G–I),
whereas PKM� represents an LTP-specific PRP (Sajikumar et al.,
2005b). In addition to the function of both enzymes in the apical
dendrites, they are involved in activating the tagging process in
basal dendrites. It remains to be investigated by which pathway
each of these enzymes is activated, and whether both enzymes are

Figure 6. LTP in stratum oriens: synaptic tagging and LTP tag molecules. A, Early LTP was induced in the basal input oS3 by a WTET (open triangles) followed by a STET to basal input oS4 (filled
triangles) 45 min later. The normally early LTP in oS3 was transformed into late LTP by subsequent induction of late LTP in oS4 (n � 9). Inhibition of CaMKII by KN-62 (B, n � 8) or MAPKs by U0126
(C, n � 8) did not interfere with synaptic tagging in oS3 when the drug was applied 30 min before the induction of early LTP in oS3 (open triangles) and subsequently washed out (30 min after WTET)
sufficiently before STET to oS4 (filled triangles). In D (n � 7), the PKA inhibitor KT5720 was applied during the WTET of oS3 similarly as in B and C; synaptic tagging in oS3 was not prevented by the
drug and subsequent induction of late LTP to oS4 after washing out of KT5720 (filled triangles). E, Experiment similar to that in D, with the exception that instead of the PKA inhibitor, the PKM�
blocker ZIP was applied. Also, here, synaptic tagging was not prevented (n � 8). If a mixture of the inhibitors for PKA and PKM� were applied during WTET of oS3 shown in F, synaptic tagging in this
input was prevented, resulting in no transformation of early LTP into late LTP of oS3 (open triangles) by subsequent induction of late LTP in oS4 (filled triangles; n � 8). To verify the specificity in
preventing the setting of basal synaptic tags, G–I represent experiments in which we investigated the potential role of PKA during synaptic tagging in the apical dendritic compartment. G, WTET in
rS1 of apical dendrites was applied (open circles). Thirty minutes later, the PKA inhibitor KT5720 was applied, and another 30 min later, under the influence of the drug, STET was applied to rS2 (filled
circles; n � 7). Synaptic tagging did not take place; late LTP in rS2 was prevented. In H, the order of LTP induction was reversed: STET was induced in rS2 (filled circles) followed by the application
of KT5720 30 min later. Another 30 min later (but now under PKA inhibition), WTET was applied to rS1 (open circles). Normally, this TET paradigm should only result in early LTP in rS2, but rS2 PRPs
could be captured by the rS1 tags, thus transforming its early into late LTP (n � 7). I, Series of experiments similar to that in G, but now the PKA inhibitor was applied during WTET of rS1 (open circles)
followed by induction of late LTP in rS2 (filled circles) without inhibition of PKA (n � 7). As it was the case in H, if the synthesis of rS2 PRPs was not prevented, the rS2 tags (immune against PKA
inhibition) could capture these PRPs and thus paradoxically transform its normally early LTP into late LTP. Error bars indicate SEM. Symbols and analog traces are as in Figure 1.
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also involved in the induction of the syn-
thesis of PRPs in the basal dendrites. The
region-specific differences in the cellular
functional pathways used for the induc-
tion of lasting plasticity events could be
explained by the various information pro-
cessed in these compartments via different
activity patterns resulting in the activation
of different receptors/channels including
voltage-dependent calcium channels
and/or neuromodulatory inputs.

Our data show that even the computa-
tionally interesting and novel property of
late-associative interactions during synap-
tic tagging, cross-tagging, as well as
compartment-specific plasticity follows
specific rules for both establishing and
maintaining its functional specificity.
Thus, in addition to process- and
compartment-specific PRPs, such as
PKM� for LTP in apical dendrites, there
are process- and compartment-specific
tags to guarantee the expression of one
long-term plasticity event at a particular
synapse. Thus, a specific interaction be-
tween CaMKII and PKM� in apical den-
drites could be responsible for the
synapse-specific expression of late LTP
there. However, the systematic integration
of afferent information at the cellular level
during encoding and consolidation of
memory is determined by the restriction
of the tagging processes to local dendritic
compartments and by compartment-
specific different intracellular pathways.

Our results support the hypothesis that
instead of formation of a memory trace
within a single synapse, functional synap-
tic populations (i.e., functional integrative
compartments) exist within neural net-
works (Mel, 1993; Bonhoeffer, 1997;
Kelleher et al., 2004b; Polsky et al., 2004;
Alarcon et al., 2006; Engert and Govin-
darajan et al., 2006; Reymann and Frey,
2007). We suggest that tagging processes
are locally restricted for a more efficient
and reliable controlling of systemic and
organism-relevant information process-
ing (Frey, 2001; Polsky et al., 2004; Sajiku-
mar et al., 2005b). However, recent work
from others suggests that this local restric-
tion to functional compartments can be
overcome under distinct circumstances.

What is the function of dendritic com-
partmentalization versus uncompartmen-
talization of synaptic plasticity to the
mammal’s behavior? We favor a model
that is supported by our work in intact
behaving animals (Frey et al., 2001; Korz
and Frey, 2004): under normal, nonlife-
threatening situations, a restricted, com-
partmentalized regulation of PRPs is
achieved by specific neuromodulatory in-

Figure 7. Scheme representing the theory of compartmentalized synaptic tagging and cross-tagging in a hippocampal pyra-
midal CA1 neuron. The induction of late LTP (and similarly late LTD) in the apical synaptic input rS1 activates postsynaptically via
a heterosynaptic synergistic interaction of glutamatergic and dopaminergic receptors. A transient, protein synthesis-independent
synaptic tag, which is made specific for LTP by CaMKII-dependent processes and the synthesis of a pool of PRPs. PRPs consist of
LTP-specific proteins, in particular PKM�, regulatory proteins such as phosphodiesterase type 4B3 (PDE4B3), and most likely not
yet identified LTD-specific PRPs. Both the tag as well as the PRPs have a distinct half-life. During that time window, the interaction
between the two must take place, maintaining LTP in rS1 for �8 h. If, within the time window of available PRPs and within the
dendritic compartment, a second independent synaptic input is stimulated to set a synaptic tag (e.g., by inducing early LTD or early
LTP), the latter can benefit from the compartment-restricted availability of PRPs, thus transforming the normally transient
plasticity form into an enduring one. In the example shown, early LTD is transformed into late LTD by processes of cross-tagging or
capturing of the PRPs provided through input rS1. If, within the same time window at a basal dendritic compartment oS3, an early
event is induced even with a synaptic tag set (here, early LTP by a WTET), these tags cannot benefit because the availability of PRPs
is compartmentalized in the apical dendrites, thus resulting in a transient expression of early LTP at basal inputs. Cross-
compartmental tagging does not occur. Interestingly, setting of synaptic tags and LTP expression in synapses of the basal dendrites
require the action of different enzymes as in the apical dendrites. Where CaMKII is a molecule that mediates LTP-specific tags in the
stratum radiatum, the setting of LTP-specific tags in stratum oriens requires the PKA or PKM� activity but not necessarily the two
together at the same time. PKM� is an LTP-specific PRP in the apical dendrites; however, whether it has a dual function in basal
dendrites remains to be investigated. Similarly, it remains to be investigated which molecular key players are relevant for stratum
oriens LTD. It also remains unclear if basal plasticity events require nonglutamatergic modulatory inputs. For a prolonged main-
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puts (e.g., dopaminergic inputs at apical dendrites) (Fig. 7). In
contrast, the processing of very important information for the
organism, like a life-threatening event with a high emotional or
cognitive content, requires information storage in a large number
of neuronal networks by losing compartment specificity. Basal
dendrites with their close relation to the soma (Fig. 7) may regu-
late a neuron-wide synthesis of PRPs, possibly via a direct activa-
tion of gene expression (Dudek and Fields, 2002; Adams and
Dudek, 2005; Reymann and Frey, 2007), thus providing a cellular
mechanism for a general increase in the capacity to store relevant
information within the neuron.

Our results allow us to further develop the hypothesis of com-
partmentalized memory consolidation at the cellular level (Frey,
2001; Korz and Frey, 2004; Sajikumar and Frey, 2004a; Sajikumar
et al., 2005b; Reymann and Frey, 2007). We suggest that process-
ing, encoding, and consolidation of a memory trace under
nonlife-threatening situations takes place in functional dendritic
compartments (Frey and Morris, 1998a; Sajikumar and Frey,
2004a). The functional relevance of compartmentalized cellular
memory formation is determined by the physiological relevance
of the afferent information. As described previously (Morris and
Frey, 1997; Frey and Morris, 1998a; Frey, 2001; Korz and Frey,
2004; Sajikumar and Frey, 2004a; Sajikumar et al., 2005b), in the
intact animal, an afferent stimulus might be automatically and
transiently stored at glutamatergic synapses (e.g., by processes of
early LTP/LTD), regardless of their final relevance for the organ-
ism. However, if the system decides that the information is rele-
vant to be stored more permanently, within the time window of
�30 min, the system can regulate PRP synthesis in an associative
manner within distinct functional compartments to transfer the

transient memory into a long-lasting one. This can happen by
modulatory dopaminergic signals or other neuromodulators to
compartments or neuron wide by stress hormones. Figure 7 sum-
marizes our concept of cellular memory formation in a pyramidal
CA1 neuron.

The here described new properties of late-plasticity events in
hippocampal neurons support a new principle of cellular infor-
mation storage (i.e., the idea of a “compartmentalized processing
and information storage”) (Frey, 2001; Reymann and Frey,
2007). This general idea was already outlined in more theoretical
papers (Mel, 1993; Polsky et al., 2004) and was further developed
by the “clustered engram” theory (Govindarajan et al., 2006), in
which it was proposed that these cellular mechanisms of infor-
mation processing represent a general principle of long-term in-
formation storage. Our data support these hypotheses and pro-
vide the first experimental evidence for the existence of
functional clusters during cellular information storage by study-
ing processes of hippocampal plasticity. Recent results using
functional magnetic resonance imaging in humans suggest simi-
lar events in humans and strengthen the above assumptions
(Schott et al., 2004; Wittmann et al., 2005). Many questions re-
main, for instance, the impact of LTD induced in the basal inputs
to other compartments. Another question is whether the apical
dendrites can be further divided into more functional compart-
ments by a rather localized stimulation of dendritic branches, etc.
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tenance of a plastic event beyond 8 h, the expression of genes has been shown to be required, which is also schematically
represented in the figure. Summarizing, the induction of a late, protein synthesis-dependent form of functional plasticity can exert
dramatic long-lasting effects on a population of synapses within specific functional dendritic compartments. Hereby, the following
specific rules can be described: (1) specific afferent stimulation can induce either LTP or LTD at a specific set of synapses. The
physiological meaning of LTP or LTD for the organism hereby still remains to be investigated. However, local processes guarantee
the expression of only one form at a particular synapse over time by the possibility of setting a process- and compartment-specific
tag (i.e., CaMKII-dependent mechanisms for LTP in apical dendrites, PKA- or PKM�-dependent processes for LTP in basilar den-
drites, as well as ERK-dependent processes for LTD in apical dendrites of rat hippocampal CA1 neurons). (2) If the afferent
stimulation was strong enough to induce a more enduring form of LTP/LTD, in adult animals, the heterosynaptic activation/
regulation of the synthesis of PRPs is required, consisting of process-specific PRPs (e.g., PKM� for apical LTP, and perhaps other
molecules for LTD as well as plasticity in basilar dendrites) and process-unspecific regulatory proteins (e.g., PDE4B3). Process-
specific PRPs with a specific half-life can be captured by synaptic tags within a time window and may further regulate the
processing of proteins as well as the induction of gene expression. The latter could require, in addition, the action of process-
unspecific regulatory proteins that would lead to the synthesis of mRNA most likely specific for the compartment from which the
induction of gene expression was generated (Steward et al., 1998; Steward and Halpain, 1999; Young and Nguyen, 2005). Thus,
this mRNA would be transported to the local, restricted dendritic compartment under normal conditions, or in conditions with a
high emotional or cognitive impact, this mRNA could provide the neuron with PRPs used neuron wide for the transformation of
early into late plasticity. (3) A time window of �30 min in intact animals or of �1–2 h in slices maintained at a temperature of
32°C (Sajikumar et al., 2005a) was detected for cross-synaptic late-associative interactions within a dendritic compartment to
occur: within this time interval, which is longer than that conventionally considered for heterosynaptic associative processes,
heterosynaptic processes can induce/regulate the availability of a pool of the above mentioned local PRPs, which contains process-
specific proteins (e.g., PKM� in apical dendritic compartments) and process-nonspecific proteins. The latter would be required for
local processing at the synapses or the induction of a prolonged regulation of the availability of local sets of mRNA by activation of
gene expression. The latter two properties may require a system-wide evaluation of the information to be consolidated, including
extrahippocampal brain structures, to determine the information as sufficiently relevant to store it more permanently. In that case,
the activation of heterosynaptic inputs within the above time interval is sufficient to effectively transform the transient into a
long-lasting event by regulating the availability of PRPs. We suggest that there are different kinds of neuromodulators fulfilling
different but specific functions by regulating the synthesis of PRPs within different dendritic, functional compartments or neuron
wide in the case of the processing of “very important” information. Thus, as mentioned above, general modulators like stress
hormones may interfere with neuron-wide, compartment-unspecific PRP synthesis, whereas dopaminergic inputs in the stratum
radiatum of the hippocampal CA1 carrying relational or contextual information may regulate local protein synthesis at apical
dendrites. Other, as yet unknown modulators could be required for the synthesis of PRPs in the basal dendritic compartments. DA,
Dopaminergic receptor; ac, adenylate cyclase.
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