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Abstract 

Impaired modulation of emotional memory is a feature of several affective disorders, 

including depression, anxiety and PTSD. AMPA receptor trafficking during the first 

hours after memory retrieval is crucial in modulation of emotional memory. We 

questioned whether PKM!, a potential candidate for maintenance of synaptic localized 

AMPAR, could play a role in the reconsolidation process. At 7 h after retrieval, after 

training mice for contextual memory using fear conditioning, both GluA2 and PKM! 

expression was increased in the synaptic membrane fraction, concomitant with a faster 

decay of AMPA receptor-mediated EPSCs. The ZIP peptide that inhibits PKM! or 

unknown targets, when applied via cannulas into the dorsal hippocampus 6 h after 

memory retrieval, was able to normalize the GluA2 up regulation and the increase in 

retrieval-induced decay. There were no retrograde effects of ZIP on memory expression 

when ZIP was given 24 h after retrieval. Moreover, no unspecific effects of the ZIP 

peptide or its scrambled control were observed. Unlike its disputed role in memory 

maintenance in the amygdala, PKM!, or the yet unknown targets of ZIP, exerts a well-

timed inhibitory constraint on memory strengthening in the lingering process of 

reconsolidation, by maintaining GluA2-containing glutamate receptors at hippocampal 

synapses. In this way it might act to protect from excessive fear after memory retrieval. 

Thus, ZIP targets are interesting for the mechanistic dissection and potential treatment 

of aberrant fear. 
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Introduction 

Stressful events strongly modulate memory function in adult mammals, altering both strength 

and longevity of memories. Malfunction of the hippocampus leads to impaired modulation of 

memory, as apparent in several affective disorders, such as depression, anxiety and post-

traumatic stress disorder. The molecular mechanisms of the encoding and initial storage of 

memories are largely known69,145,148,164,276. However, the molecular and cellular processes 

related to synaptic plasticity events that regulate memory recall, subsequent re-storage and 

post-retrieval maintenance of memory, known as reconsolidation, are less clear. In particular, 

knowledge of the underpinnings of modulation of emotionally negative memories is crucial in 

terms of designing therapies for those suffering from impaired memory modulation and 

excessive fear205,277,278. 

Recently, we showed that AMPARs in the hippocampus play a role in protecting 

against excessive fear after recall of contextual fear memories, i.e. memories in which an 

otherwise neutral context is associated to an aversive stimulus229. The process of 

reconsolidation that is initiated after recall of memory is controlled by a biphasic wave of 

AMPAR membrane surface expression, in which the first part is likely involved in memory 

destabilization, and the latter part of the wave consists of increased surface expression of 

GluA2-containing AMPARs at 7 hours after retrieval, and depends on the preceding wave of 

synaptic depression229. As this phase occurs relatively late after recall, it offers a unique time-

window for therapeutic intervention. However, the molecular and cellular underpinnings of 

this synaptic insertion270 of GluA2-containing receptors is not known.  

A molecule that has been shown to be critical for synaptic potentiation in the 

perpetuation of spatial memory formation in hippocampus is the atypical protein kinase C 

isoform M! (PKM!), which lacks the N terminal regulatory domain135. PKM! has been 

suggested to provide persistent kinase activity, thereby propagating membrane maintenance 

of AMPARs through phosphorylation and maintenance of increased fast excitatory synaptic 

transmission, a requirement for sustained LTP134,135,145, a role that has recently been 

disputed139,140. However, the use of the peptide (ZIP) that inhibits PKM! and/or hitherto 

unknown kinases139,140 does not mediate consolidation and maintenance of contextual fear 

memory in the dorsal hippocampus147, and maintenance of these memories is not carried by 

changes in GluA2 surface expression229.  

Since reconsolidation of memory after retrieval has been shown to recruit distinct 

mechanisms from initial consolidation and maintenance, we investigated the potential 

involvement of PKM! or other ZIP targets (further together named PKM!/ZIP target) in the 
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recall-induced insertion and/or maintenance of synaptic GluA2-containing receptors that may 

keep the balance between normal and excessive fear. Implicating these ZIP targets in 

modulation of fear responses might enable intervention strategies targeting a specific phase of 

the memory process. 

 
Results 
 

Figure 1. Post-retrieval specific 
maintenance of GluA2 at the 
synaptic membrane by PKM!-
dependent mechanisms 7 h after 
retrieval. 
 A) Experimental design with 2 
groups in which mice –24 h prior 
to retrieval– were exposed to 
context only (NS-R), or received a 
shock (US-R). Timeline for 
collection of dorsal hippocampi 
for immunoblot analysis. b,d, 
Quantification of levels of PKM! 
and the GluA2 AMPA receptor 
subunit (% of respective NS 
control). Representative blots with 
samples that were compared on 
the same gel are shown 
(approximate MW indicated; n=4 
samples per condition). B) 
Membrane expression of GluA2 is 
downregulated at 1 h with no 
regulation of PKM!, whereas the 
GluA2 up regulation at 7 h is 
accompanied by PKM! up 
regulation. At 24 h after retrieval 
both GluA2 and PKM! had 
returned to base levels. C) 
Experimental design with 2 
groups in which mice –24 h prior 
to retrieval– were exposed to 
context only (NS-R), or received a 
shock (US-R), for which the latter 
either received retrieval in the 
training context (US-R) or in 
which retrieval was performed in 
a novel environment (US-RCB). 
Timeline for collection of dorsal 
hippocampi for immunoblot 
analysis and intervention. D) 

Infusion of ZIP at 6 h after retrieval blocked up regulation of GluA2, with no significant difference 
between ZIP vs. NS samples, and no difference between NS samples vs. retrieval in context B. All 
data points shown are mean±SEM, significant P-values are indicated. 
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Concomitant regulation of GluA2 and PKM! 7 h after memory retrieval 

We first tested whether PKM! could be maintaining retrieval-induced insertion of GluA2 by 

examining the endogenous levels of GluA2 subunits and PKM! after retrieval of contextual 

fear in the dorsal hippocampus. First, at 1 hour, when GluA2 is significantly down-

regulated229, PKM! (Supplemental Fig. 1) was at baseline levels when compared with no-

shock controls (Fig. 1A,B). At 7 hours after retrieval, a concomitant increase in expression of 

PKM! and GluA2 was observed (PKM!: 35%, P<0.05; GluA2: 36%, P<0.05) with a return to 

baseline levels 24 hours after retrieval (Fig. 1A,B). To value whether PKM!/the ZIP 

target139,140 has a causal role in this, we locally applied the pseudosubstrate ZIP279, using a 

dorsohippocampal injection (2.5 nmol per side). Compared with control-treatment (Scr), the 

increase in retrieval-induced surface expressed GluA2 was partially blocked by ZIP (Fig. 

1C,D), with expression of GluA1 and GluA3 subunits being unaffected. Moreover, ZIP by 

itself had no effect in no-shock (NS) animals, neither in animals that were re-exposed to a 

novel non-related context, i.e., context B (Fig. 1C,D). Hence, the temporally defined 

increased level of GluA2 at the synaptic membrane induced by memory recall might well rely 

on a PKM!- / ZIP target- dependent receptor insertion mechanism. This increase in 

hippocampal GluA2 and PKM! is specific to post-retrieval mechanisms, as protein levels of 

PKM! and GluA2 expression at similar time points after acquisition of contextual fear 

without a retrieval session (Fig. 2A) were not different 1 and 7 h after training (Fig. 2B). In 

addition, we corroborated the absence of regulation of both GluA2 and PKM! 24 h after 

training (Fig. 2B). Further support that PKM! is not required for maintenance of contextual 

fear memory in the hippocampus, in mice and rats alike147, is the absence of a behavioral 

effect of ZIP when injected into the hippocampus during consolidation (Fig. 2C,D). Together, 

this indicates that PKM! or other unidentified ZIP targets might have a role in the 

hippocampus after retrieval that is absent in the initial consolidation and storage of contextual 

fear.  

ZIP specifically determines AMPAR decay times  

We next tested whether the faster decay of AMPAR-mediated EPSCs observed 7 h after 

retrieval229 resulted from a possible PKM!- / ZIP target-dependent maintenance of GluA2 

subunits. Given that fast decay times of AMPARs depend on GluA2 subunits271, the use of 

ZIP as blockade of maintaining AMPAR in the membrane, should slow EPSC kinetics, as the 

presence of newly inserted retrieval-induced GluA2-containing receptors can no longer be 

maintained229.  
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Figure 2. PKM!  is not involved in the consolidation and long-term maintenance of contextual 
fear memories in the hippocampus.  
A) Experimental design with 2 groups in which mice were exposed to context only (NS-C), or 
received a shock (US-C). Timeline for collection of dorsal hippocampi (n=4 samples per condition) 
for immunoblot analysis. B) Quantification of levels of PKM! and the GluA2 AMPA receptor subunit 
(% to NS), show no change due to previous conditioning at any of the time points. Representative 
blots with NS and US samples that were compared on the same gel are shown (approximate MW 
indicated). All data points shown are mean±SEM. C) Experimental design with 2 groups testing the 
effect of ZIP (n=8), or its control (Scr; n=8), by dorsohippocampal injections after training (receiving 
a shock (US)) on the expression of fear tested 24 h later in a retrieval test (RT1 Day 3). D) As shown 
previously in rats (Serrano et al., 2008), maintenance of contextual fear memories does not depend on 
PKM! activity, as expression of fear using ZIP was the same as control (Scr). 
 

 

First, to test possible effects of the ZIP or Scr peptides on basal AMPAR kinetics, a 

dorsohippocampal injection of ZIP was given in naïve animals. ZIP did not alter decay times 

of pharmacologically isolated AMPAR miniature EPSCs (mEPSCs) significantly, nor were 

they different from the use of ZIP in animals without fear induction (NS) (Supplemental Fig. 

2). 

This indicates that ZIP in the dorsal hippocampus in this paradigm does not have unspecific 

effects, as previously suggested140, and there is no essential role of PKM! / ZIP target in 

maintaining basal levels of GluA2 subunits at hippocampal synapses in the absence of fear 

memory. To analyze the effect of ZIP on the decay of mEPSCs at 7 hours after fear-memory 

retrieval, animals were given a dorsohippocampal injection with ZIP or its scrambled control 

peptide 6 h after retrieval (Fig. 3). As we showed previously229, retrieval of a contextual  
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Figure 3. ZIP impairs the faster decay of AMPAR mediated EPSCs 7 h after retrieval.  
A) Experimental design in which mice –24 h prior to retrieval– received a shock (US-R) or no shock 
(NS-R), and timeline for intervention (PKM! block, ZIP; control peptide, Scr) in the dorsal 
hippocampus, and brain dissection for in vitro slice physiology. (B-D) Representative recordings (B) 
of AMPAR mEPSC and cumulative frequency of mEPSC decay times (C) and corresponding bar 
graphs (D), 7 h after retrieval showed a change in decay of AMPAR-mediated mEPSCs229 in the 
presence of the Scr peptide (NS-R, n=13 (cf. Supplemental Figure 2); US-R, n=6) that could be 
prevented by intervention with ZIP (US-R-ZIP n=8), but was unaffected by ZIP in NS animals. Note 
that ZIP in US-R animals normalized the decay beyond control (P=0.058), but not in NS-R animals, 
nor in naïve controls (cf. Supplemental Figure 2). All data points shown are mean±SEM, significant P-
values (t-tests) are indicated, ns = non-significant 
 

 

memory decreased the mEPSCs decay times (Fig. 3B–D; USR-Scr: "=4.00±0.20 ms; P<0.05) 

compared with control NS animals (NS-Scr; "=4.81±0.18 ms), which correlated with GluA2-

insertion into the membrane (see Fig. 1). Under these conditions, the ZIP blockade (Fig. 3D) 

prevented the shortening of the mEPSC decay times (Fig. 3D; USR-ZIP: "=5.41±0.25 ms; 

P<0.01), suggesting that PKM! is required for maintaining elevated GluA2 levels at the 

synapse after fear memory retrieval. Thus, the change in decay kinetics observed 7 h after 

retrieval results from a switch in AMPAR subunit composition at the membrane, favoring 

maintenance of GluA2-containing receptors. Taken together, we show for the first time that in 

vivo application of ZIP hampers natively occurring changes in synaptic plasticity induced by 

recall of memories. 

 

GluA2 insertion aids to constrain memory reconsolidation during a limited time window 

after recall 

Previously, we showed that the acute retrieval-induced endocytosis of GluA2-containing 

AMPARs229 exerts an inhibitory constraint on memory strengthening and underlies the loss of 

fear response by reinterpretation of memory content during adaptive reconsolidation.  
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Figure 4. PKM!/ZIP target maintains a temporally restricted inhibitory constraint on memory 
strength. 
A,C,E,G) Experimental design with 2 groups in which mice –24 h prior to retrieval– were exposed to 
context only (NS-R), or received a shock (US-R), for which the latter either received retrieval in the 
training context (US-R) or in which retrieval was performed in a novel environment (US-RCB), and 
timeline for intervention (PKM! block: B/D/E/F, ZIP, n=16/10/7/8; control peptide, Scr, n=16/9/8/7) 
in the dorsal hippocampus, and behavioral testing. B) Interference with PKM! activity showed a 
significant between-subject effect of treatment (F(1,30)=4.381, P=0.045), as well as a linear within-
subject contrast for treatment*time (F(1,30)=2.901; P=0.063), and a trend for within-subject effect for 
treatment*time (F(2,60)=2.901; P=0.063) by repeated measure ANOVA for all retrieval tests (RT1–
RT3). Fear was increased by ZIP both the day after interference (RT2), and on day 14 (RT3). D) 
Interference with PKM! activity outside the window of reconsolidation, i.e., 24 h after retrieval, had 
no effect on the expression of fear on the next day. F,H) Interference with PKM! activity in NS 
animals or in animals that experienced retrieval in a novel environment did not alter freezing (F,H: 
P=0.71 and P=0.69, respectively; the 40% freezing line of US-R animals is indicated in gray). As 
freezing was low (~10%) for NS animals, exploration is shown as additional measure of locomotor 
behavior (F; P=0.90). All data points shown are mean±SEM, P-values are indicated 
 
 

As this first wave of hippocampal depotentiation 1–4 hours after retrieval determines the 

occurrence of the second wave of synaptic potentiation at 7 hours229, it is likely that 
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hippocampal PKM!/ZIP target activation at this time point is necessary for maintaining this 

inhibitory constraint on reconsolidation through GluA2-dependent AMPAR trafficking (Fig. 

1). To test this, mice were allowed to retrieve contextual fear memory 24 hours after 

conditioning and were injected with ZIP or Scr peptide 6 hours later (Fig. 4). 

All groups exhibited similar levels of freezing 24 h after conditioning, prior to infusions 

(retention test 1 (RT1), Fig. 4A,B). ZIP in the dorsal hippocampus did not result in behavioral 

changes in control NS animals when tested the next day (Fig. 4E,F), neither in animals that 

experienced their retrieval in a novel non-associated context (Fig. 4G,H), in agreement with 

absence of GluA2 regulation in these groups (see Fig. 1).  

In contrast, ZIP in the dorsal hippocampus after retrieval of fear-memory resulted in an 

enhanced expression of fear memory (treatment effect, P<0.05), with a significant effect 

when tested 24 h after retrieval (RT2; P<0.05, Fig. 4B). This effect was sustained when tested 

at 2 weeks after retrieval (RT3) compared with control treated animals (P<0.05, Fig. 4B). We 

then determined the timeframe for the involvement of PKM!/ZIP target in the process of 

reconsolidation of retrieved memories, by testing whether ZIP at later time points can have 

retrograde effects on memory expression, as is the case in consolidated memories145. For this, 

we assessed the effect of ZIP when GluA2 levels were no longer increased, i.e., at 24 h after 

retrieval. Indeed, ZIP given 24 h after retrieval had no effect on memory strength when tested 

again the next day (Fig. 4C,D). This is in agreement with the fact that newly retrieved 

memories, unlike consolidated memories, are hippocampus-dependent only for limited time 

periods202, although the molecular mechanism underlying this difference in duration is not 

clear yet. 

 

Discussion 

In the present study we show that in the hippocampus there might be a role for PKM!/ZIP 

target in a temporally restricted manner to regulate subcellular AMPAR expression after the 

retrieval of contextual fear. Our findings add to a possible role of PKM! in AMPAR plasticity 

at the molecular level by showing that PKM! is concomitantly regulated with GluA2 in the 

synaptic membrane, and that its proposed pseudosubstrate ZIP has a very specific effect in 

memory maintenance after hippocampal reconsolidation of contextual fear that is unlike its 

role in consolidation in the amygdala145,147,279,280.  

Although consolidation and reconsolidation of fear memories share some common substrates 

and functional roles, reconsolidation is an independent process with its own molecular and 
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temporal signature18. Furthermore, there appear to be temporal differences in the synaptic 

plasticity mechanisms that underlie memory processing in the hippocampus and amygdala. 

The consolidation of fear immediately recruits synaptic plasticity mechanisms leading to 

strengthening of synapses in the amygdala141,142,164, in which a robust insertion of GluA2-

lacking AMPAR is apparent in the hours-days following training, a situation that is reversed 

by retrieval of the memory281. However, within the hippocampus this activation of AMPAR 

seems to be much less pronounced. Although AMPA-type of glutamate receptors (AMPARs) 

are recruited to CA1 synapses148, this small proportion only leads to a marginal increase of 

functional AMPAR in the hours after training282, and is not apparent anymore in the long 

term, i.e., 24 h after training229. Nonetheless, AMPARs in the hippocampus seem to have a 

more prominent role during reconsolidation229. This temporal difference of recruitment of 

AMPAR is also apparent in the expression of PKM! and the functional involvement of 

PKM!/ZIP target. Whereas decreasing PKM!/ZIP target activity by ZIP affects maintenance 

of long-term fear memories in the amygdala145, we corroborate previous findings of a lack of 

effect upon ZIP application during consolidation in the hippocampus147. Together, this 

indicates that the processing and maintenance of contextual fear in the hippocampus is not 

mediated by the same mechanisms as in the amygdala145,276. Finally, we reveal that 

differential synaptic plasticity mechanisms underlie the maintenance of consolidated and 

reconsolidated memories within the hippocampus, by showing that PKM!/ZIP target has a 

prominent role during the reconsolidation process in the hippocampus, in which alteration of 

synaptic strength involving AMPAR receptor trafficking is required. 

We have previously shown that the hippocampus has a specific function in inhibiting 

memory strengthening during reconsolidation after retrieval229. We showed that synaptic 

plasticity, in the form of AMPAR endocytosis up to 4 h after retrieval, appears to be crucial 

for a direct fear-constraining role of the hippocampus. In addition, we demonstrated that the 

subsequent up regulation of AMPARs, observed 7 h after retrieval, is depending on this 

AMPAR endocytosis229. We now show that the subsequent memory retrieval-induced 

increase in AMPAR-membrane surface expression is concurrent with the regulation of PKM!, 

and perpetuated by inhibiting this process by ZIP. This inhibition, applied during a late phase 

of the reconsolidation process, resulted in a reversal of both membrane expression and decay 

kinetics of GluA2-containing AMPARs, substantiating the role of GluA2 in this process. This 

occurs at a moment when reconsolidation is known to be no longer dependent on a 6 h 

window of protein synthesis32,196,202. Thus, based on the actions of ZIP, it seems that 

PKM!/ZIP target acts in a time-dependent way in the maintenance process of reconsolidation, 
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after protein synthesis-dependent active restabilization of memory has taken place, which 

makes it different from memory formation and maintenance in the amygdala.  

Both the amygdala and hippocampus are critical for reconsolidation of contextual fear 

memories, each with their own specific mechanism, and it has been suggested that the 

hippocampus might be involved in gating cross-region regulation of reconsolidation by 

inhibiting the strengthening of strong new memories in the amygdala36,196. We previously 

showed that blocking retrieval-induced endocytosis of GluA2-containing AMPARs increases 

the expression of fear229. In line with this, blockade of the second part of the biphasic wave of 

AMPAR surface expression, while leaving retrieval-induced AMPAR endocytosis intact, 

through the use of time-locked ZIP application enhanced the expression of fear as well. This 

could hint to different mechanisms that relate to the direct increase of fear while blocking 

endocytosis, versus the increase of fear observed when blocking only the second part of the 

biphasic wave. Taken together, this strongly argues for a cross-region gating role of the 

hippocampus to inhibit fear memory strengthening following retrieval through a PKM!- / ZIP 

target-dependent mechanism. 

PKM!/ZIP target appears to play different roles in the amygdala and hippocampus; 1) 

PKM!/ZIP target is involved in long-term memory maintenance in the amygdala after 

consolidation and in memory weakening during reconsolidation in the hippocampus, and 2) 

maintenance of elevated GluA2 levels by PKM!/ZIP target in the reconsolidation process 

appears to be temporally limited, because at 24 hours after retrieval, surface expressed GluA2 

and PKM! levels have returned to baseline, and there are no retrograde amnesic effects of ZIP 

in the hippocampus during reconsolidation (see Figs. 1 and 4). 

It is important to note that two recent studies that used different strategies to 

genetically delete PKM! have cast doubt on the importance of this molecule in the 

maintenance of LTP and memory, as well as the specificity of the PKM! pseudosubstrate 

ZIP139,140,283. However, independent of the debate relating to the discussion of specificity of 

ZIP, our data show a concomitant increase in PKM! and GluA2 receptor expression 7 h after 

retrieval. Furthermore, although the precise molecular target of ZIP is unknown, these same 

studies also show that the application of ZIP does disrupt established synaptic plasticity, as 

well as memory139,283. In line with this, our data also show that the in vivo application of ZIP 

and not its scrambled control 1) results in a partial removal of surface-expressed GluA2 

receptors 7 h after retrieval 2) prevents the change in decay kinetics observed 7 h after 

retrieval that results from a switch in AMPAR subunit composition and 3) results in an 

enhanced fear persistent over time. Thus the inhibitory gating on memory strength is 
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temporarily perpetuated by the maintenance of GluA2 at hippocampal synapses and appears 

to be PKM!- / ZIP target -dependent. However future studies aimed at elucidating the 

mechanism of action of ZIP, as well as its site of action are required to definitively dissect the 

mechanism by which this inhibitory constraint on memory strengthening is maintained 

through GluA2 receptor-mediated trafficking.  

Taken together, these findings further support a role of the hippocampus in 

constraining memory strengthening during reconsolidation that protects from excessive fear, 

and identify PKM!/ZIP target as key player in this process. This opens possibilities to 

enhance this natural process of restraining emotionally negative memories for therapeutic 

purposes. 
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Methods 

Animals and fear conditioning 

All experiments were carried out in accordance to the Animal User Care Committee of the 

VU University, using adult male C57BL/6J mice (20–25 g, Charles River, France).  

Contextual fear conditioning - All experiments were carried out in a fear conditioning system 

(TSE-Systems, Bad Homburg, Germany), as described previously229. Freezing (percentage of 

total test time) was defined as lack of any movement besides respiration and heart beat, and 

was calibrated for each batch of mice, and set to <10% freezing prior to shock exposure on 

the training day. 

Contextual fear retrieval and spontaneous recovery test (SRT) - Retrieval tests (RT) consisted 

of re-exposure (3 min) to context (CS+) or to a novel context B (CB), on day 2 (RT1) and day 

3 (RT2), and on day 14 (RT3).  

Tissue preparation and immunoblotting analysis 

Synaptic membrane fractions were isolated (pooled from two or three mice, n=4–6 pooled 

samples/group) from the dorsal half of the hippocampus on a discontinuous sucrose gradient, 

as described previously229,244. We have previously shown that these fractions represent surface 

expressed proteins229. For all groups 5 !g/sample was dissolved in SDS loading buffer and 

used for immunoblotting (Biorad, Veenendaal, The Netherlands) using antibodies against 

PKM! (Genscript, New Jersey, NJ, USA, 1:500), GluA1 (Genscript, New Jersey, NJ, USA, 

1:1,000), GluA2 (Neuromab, Davis, CA, USA, 1:1,000), and GluA3 (Abcam, Cambridge, 

UK, 1:1,000. To correct for input differences, we compared the total protein amount from 

each sample, as this is a reliable method229,260 that is not dependent on a single protein for 

normalization. The gel was cut into two halves; one half that contained the protein of interest 

was used for quantitative immunoblotting analysis. The other half was stained with 

Coomassie, quantified using the program Quantity One® 1-D analysis software (Biorad), and 

used for normalization of the input.  

 

Intra-hippocampal injection of PKM! pseudosubstrate ZIP 

Mice were chronically implanted with double guide cannulas (Plastics One, Roanoke, VA, 

USA) in the CA1 region of the dorsal hippocampus (see229) and received the pseudosubstrate 

ZIP peptide137  (ZIP: Myr-SIYRRGARRWRKL) or scrambled control (Scr: Myr-

RLYRKRIWRSAGR; Tocris Biosciences, Bristol, UK). A dose of 10 nmol/!l279 was 



Chapter 4 

!98!

delivered in a volume of 0.25 !l artificial cerebrospinal fluid (aCSF). The peptide (2.5 nmol) 

was bilaterally infused229 6 h after the first retrieval test, during a 90 s isoflurane (Forene, 

Abbott, Kent, UK) inhalation anesthesia. Mice that did not receive symmetrical and bilateral 

injections in the CA1 region of the dorsal hippocampus were excluded from the study. 

Electrophysiology 

At 7 h after CS+ exposure horizontal slices of 400-!m thickness containing the dorsal 

hippocampus were prepared in ice cold modified aCSF (see previously described 

procedures229,244 followed by incubation in aCSF at room temperature. 

Whole cell recordings (32 °C) of AMPA miniature synaptic currents (mEPSC) of CA1 

pyramidal cells were made in nominally Mg2+-free conditions, while voltage-clamping cells at 

–70 mV with 100 !M Dl-APV (Abcam, Cambridge, UK) in the presence of 1 !M TTX and 

10 !M gabazine. The properties of mEPSCs were quantified using Mini Analysis software 

(Synaptosoft, Decatur, GA, USA), " decay times were calculated by fitting an exponential 

function to individual EPSCs. 

Statistical analysis 

Data were analyzed by univariate and/or repeated measure ANOVA and post-hoc Fisher's 

least significant difference (LSD) tests. The number of mice used for testing, F- and P-values 

are indicated in each figure (legend). 
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Supplemental material 
 
Figures and legends 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Supplementary Figure S1. Test of PKC! and PKM! antibody.  
An antibody was raised against the catalytic domain of PKC! that is in common with the protein 
sequence of PKM! (CITDDYGLDNFDTQF). Two bands were observed in hippocampal 
synaptosomal (SS) and synaptic membrane (SM) fractions, one at approximately 75 kDa for PKC! 
and the other at approximately 51 kDa, which has been shown to correspond to PKM!135,284,285. Both 
these bands were blocked by preincubation with the immunizing peptide. In synaptic membrane 
fractions, which contain membrane-bound and membrane-associated proteins, the band of PKM! was 
the major band observed.  
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Supplementary Figure S2. Hippocampal ZIP does not alter AMPAR decay in control animals.  
a) Experimental design in which mice received an intra dorso-hippocampus injection of ZIP (control 
peptide, Scr). Mice were naïve controls, or received no shock (NS-R) with 24 h later a retrieval 
session. Time line indicates brain dissection for in vitro slice physiology. b-d) Representative 
recordings (b) of AMPAR mEPSC and cumulative frequency of mEPSC decay (c) from naïve animals 
or from NS controls 7 h after retrieval shows no change in decay of AMPAR-mediated mEPSCs in the 
presence ZIP vs. control. d) Bar graphs of AMPAR-mediated mEPSC decay as represented in b–c, 
shows no difference in decay upon ZIP application. Note that NS-R Scr data were from 2 batches of 
mice, one (n=5) measured alongside NS-R ZIP, and one (n=8) alongside the naïve controls. No 
difference was observed between these batches (P=0.43). All data points shown are mean±SEM, cell 
numbers are indicated. 
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