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Abstract

We have used a combined genetic and
pharmacological approach to define the
time course of the requirement for protein
kinase A (PKA) and protein synthesis in
long-term memory for contextual fear
conditioning in mice. The time course of
amnesia in transgenic mice that express
R(AB) and have genetically reduced PKA
activity in the hippocampus parallels that
observed both in mice treated with
inhibitors of PKA and mice treated with
inhibitors of protein synthesis. This PKA-
and protein synthesis-dependent memory
develops between 1 hr and 3 hr after
training. By injecting the protein synthesis
inhibitor anisomycin or the PKA inhibitor
Rp-cAMPs at various times after training, we
find that depending on the nature of
training, contextual memory has either one
or two brief consolidation periods requiring
synthesis of new proteins, and each of these
also requires PKA. Weak training shows two
time periods of sensitivity to inhibitors of
protein synthesis and PKA, whereas
stronger training exhibits only one. These
studies underscore the parallel dependence
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of long-term contextual memory on protein
synthesis and PKA and suggest that different
training protocols may recruit a common
signaling pathway in distinct ways.

Introduction

A distinguishing characteristic of long-term
memory is its sensitivity to inhibitors of protein
synthesis (Davis and Squire 1984). We have re-
cently focused on the role of protein synthesis in
long-term memory for contextual fear condition-
ing, a form of associative learning, in which ani-
mals learn to fear a new environment because of its
temporal association with an aversive uncondi-
tioned stimulus (US), usually a foot shock. When
exposed to the same context at a later time, con-
ditioned animals show a variety of conditional fear
responses, including freezing behavior (Fanselow
1984). In rodents, the hippocampus is essential for
contextual fear (Phillips and LeDoux 1992; Kim et
al. 1993; Logue et al. 1997). Because robust learn-
ing can be triggered with a single training trial,
contextual fear conditioning has been used to
study temporally distinct processes of short-term
and long-term memory (Kim et al. 1992, 1993;
Bourtchouladze et al. 1994; Kogan et al. 1996; Abel
et al. 1997).

We have found that long-term memory for con-
textual and cued fear conditioning is sensitive to
inhibitors of protein synthesis administered around
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the time of training (Abel et al. 1997). These find-
ings suggest that long-term memory for fear condi-
tioning requires the synthesis of new proteins, pre-
sumably as the result of the induction of new
genes. Behavioral studies of mice lacking the o and
o isoforms of the cAMP response element-binding
(CREB) protein have suggested that this transcrip-
tion factor plays a crucial role in long-term memory
storage (Bourtchouladze et al. 1994; Kogan et al.
1996). Moreover, CRE-mediated gene expression is
induced in response to stimuli that generate long-
lasting forms of long-term potentiation (LTP) in the
hippocampus (Impey et al. 1996).

‘What are the signal-transduction pathways that
mediate these processes of gene induction during
the consolidation of short-term memory into long-
term memory? Studies of implicit memory in Aply-
sia and Drosophila suggested that the cAMP/PKA
pathway is a core-signaling transduction pathway
for memory storage (Kandel and Schwartz 1982;
Kaang et al. 1993; Li et al. 1995). To explore this
issue in mammals, we generated transgenic mice
that express R(AB), an inhibitory form of the regu-
latory subunit of PKA, in neurons within the fore-
brain. R(AB) transgenic mice have reduced hippo-
campal PKA activity and have selective impair-
ments in hippocampus-dependent long-term
memory and the late phase of LTP in area CA1. This
long-term memory deficit paralleled that observed
when anisomycin, an inhibitor of protein synthe-
sis, was administered to wild-type mice at the time
of training in conditioned fear tasks (Abel et al.
1997).

These studies left open the question of
whether there is only one or multiple consolida-
tion periods for this form of memory storage. If so,
is the requirement for protein synthesis invariably
associated with a requirement for PKA? Although
most studies have emphasized the importance of a
single consolidation phase sensitive to inhibitors of
protein synthesis at or around the time of training
(Barraco and Stettner 1976; Davis and Squire
1984), other studies have suggested that there are
two or more sensitive periods during which pro-
tein synthesis inhibitors exert amnesic effects
(Grecksch and Matthies 1980; Freeman et al. 1995;
Chew et al. 1996). For example, two distinct time
windows for the amnesic effect of the protein syn-
thesis inhibitor anisomycin were reported for a
passive avoidance task in chicks (Freeman et al.
1995). At the molecular level, multiple waves of
protein and gene induction have been observed
during long-term facilitation in Aplysia (Barzilai et
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al. 1989) and LTP in the mammalian hippocampus
(Abraham et al. 1993). This has led to the idea that
under certain circumstances more than one phase
of protein synthesis may be necessary for long-term
memory storage.

Using both genetic and a pharmacological ap-
proaches, we find that the time course of the
memory deficit in contextual fear conditioning re-
sulting from the injection of an inhibitor of protein
synthesis, anisomycin, or by the injection of Rp-
CAMPs, an inhibitor of PKA, is parallel to that ob-
served in R(AB) transgenic mice. By injecting an-
isomycin (ANI) or Rp-cAMPs at various times after
training, we have observed a single sensitive pe-
riod after a strong training paradigm. In contrast,
when a weaker training procedure is used, two
sensitive periods for long-term contextual memory
are revealed. These studies indicate that different
training protocols may recruit these molecular pro-
cesses in distinct ways, but in both cases, the re-
quirement for protein synthesis is matched by a
requirement for PKA.

Materials and Methods
CONTEXTUAL FEAR CONDITIONING

Fear conditioning experiments were done as
described (Bourtchouladze et al. 1994; Abel et al.
1997). On the training day, the mouse was placed
in the conditioning chamber (Med Associates) for 2
min before the onset of the conditioned stimulus
(CS), a tone, which lasted for 30 sec at 2800 Hz, 85
dB. The last 2 sec of the CS was paired with the
unconditioned stimulus (US), 0.7 mA of continu-
ous foot shock. After an additional 30 sec in the
chamber, the mouse was returned to its home
cage. In the experiments with three CS/US pair-
ings, 0.5-mA shocks were given with a 1-min inter-
trial interval. Conditioning was assessed by scoring
freezing behavior, which was defined as the com-
plete lack of movement, in intervals of 5 sec. Con-
textual conditioning was assessed for 3 consecu-
tive min in the chamber in which the mice were
trained.

In experiments with R(AB) transgenic mice,
controls always included wild-type littermates of
the mutants. As in our previous study (Abel et al.
1997), we used an equal number of mice from the
R(AB)-1 and R(AB)-2 transgenic lines for each test-
ing time point. Transgenic mice were generated as
described (Abel et al. 1997). In this study we used
mice with three to five backcrosses into C57BL/6J
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mice. We used 10- to 14-week-old male and female
mice. For genotyping, tail DNA was prepared and
analyzed by Southern blotting with a transgene-
specific probe (Abel et al. 1997).

For ANI and Rp-cAMPs studies, we used 10- to
14-week-old C57BL/6J male mice (Jackson Labs).
ANI (Sigma) was dissolved in 0.9% saline, and the
pH was adjusted with 1 N HCI to 7.4. Mice were
subcutaneously injected with 150 mg of ANI/kg of
body weight, or an equivalent volume of saline. At
this dosage, ANI inhibits cerebral protein synthesis
in mice by [D6%, 15-45 min after injection (Davis
and Squire 1984).

For the injection of Rp-cAMPs, mice were anes-
thetized with 20 mg/kg Avertin and implanted
with a 20-gauge guide cannula into the lateral ven-
tricle (coordinates: A=0.5 mm, L=1 mm to a
depth of 1.5 mm; Franklin and Paxinos 1997). Four
to seven days after recovery from surgery, animals
were trained for contextual fear conditioning. Rp-
CcAMPs, an inhibitor of PKA (Wang et al. 1991) (Bio-
Log) was dissolved in distilled water and injected
(110 nm/3 pb) into the lateral ventricle. The dosage
of Rp-cAMPs used was based on our pilot studies
and work by Self and Nestler (1995). The infusion
was made through the infusion cannula that was
connected to a microsyringe by a polyethylene
tube. The entire infusion procedure took [l min,
and animals were handled gently to minimize
stress. Control animals received injections of dis-
tilled water. After the end of the behavioral proce-
dures, 3 ul of a solution of 4% methylene blue was
infused into the cannula. Animals were sacrificed
and their brains were removed, frozen, and then
cut at —20° with cryostat for histological localiza-
tion of infusion cannula.

In experiment 1, mice were injected with ANI
or Rp-cAMPs immediately after training (0 min).
Mice were tested for contextual fear conditioning
at 1, 3, 6, or 24 hr after training. In experiment 2,
mice were injected at 0, 1, 4, 6, 8, or 23.5 hr after
training. Mice were evaluated for contextual fear
conditioning at 24 hr after training.

Mice were maintained and bred under stan-
dard conditions, consistent with National Institutes
of Health (NIH) guidelines and approved by the
Institutional Animal Care and Use Committee.

DATA ANALYSIS

Experimentally naive mice were used for the
time points tested in all experiments. Experiments
were designed in a balanced fashion, and mice
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were trained and tested at each of the different
time points in three or four separate experiments.
Experiments were analyzed with an analysis of vari-
ance (ANOVA) with drug or genotype as main ef-
fect [for inhibitors and R(AB) studies, respec-
tively]. All values in the text and figure legends are
expressed as mean +s.E.M. The experimenter was
blind to the genotype or drug treatment in all stud-
ies, and the statistical analysis was performed
blind.

Results

THE TIME COURSE OF AMNESIA IN ANIMALS
TREATED WITH ANI OR Rp-cAMPs PARALLELS THAT
OBSERVED IN R(AB) MUTANTS

In our previous study, we found that memory
for contextual and cued fear conditioning is sensi-
tive to the injection of a protein synthesis inhibitor
around the time of training when animals were
tested 24 hr after training (Abel et al. 1997). To
extend these findings, we have now asked: What is
the time course of the protein synthesis-dependent
memory for contextual fear conditioning? To ad-
dress this question, we trained mice with a single
CS/US pairing and injected them with ANI or ve-
hicle immediately after training. Mice were than
tested in this same context at 1, 3, 6, or 24 hr after
training (Fig. 1A). ANL-injected animals exhibited
normal performance when tested at 1 hr after train-
ing (P < 0.05), but retention was significantly im-
paired at 3, 6, and 24 hr after training (P < 0.001,
Fig. 1A).

Next, we explored how this protein synthesis-
dependent memory related to the long-term con-
textual memory that is sensitive to the inhibition of
PKA. The genetic reduction of hippocampal PKA
activity in mice that express R(AB), an inhibitory
form of the regulatory subunit of PKA, selectively
impairs hippocampus-dependent long-term
memory and the late phase of LTP in area CAl
(Abel et al. 1997). To extend these findings, we
have now asked whether the time course of amne-
sia for contextual memory in R(AB) transgenic
mice correlates with the time course of amnesia in
ANI-treated mice. We trained R(AB) transgenic and
wild-type mice with a single CS/US pairing and
tested them at 1, 3, 6, or 24 hr after training. As
Figure 1C shows, R(AB) transgenic mice and con-
trols displayed similar levels of freezing at 1 hr after
training (P < 0.05). In contrast, RCAB) mutant mice
showed a dramatic reduction in contextual fear
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responses relative to wild-type controls when
tested 3, 6, and 24 hr after training (P < 0.01 and
P < 0.001, Fig. 1C). Thus, R(AB) mice have normal
short-term memory but reduced longterm
memory, and this memory deficit is already appar-
ent at 3 hr after training. Moreover, the time course
of amnesia in R(AB) transgenic mice parallels that
observed in ANI-treated mice.

Although the R(AB) transgenic mice exhibited
very selective impairments in long-term memory,
one concern about genetically modified mice is the
potential for developmental effects as a result of
transgene expression. To directly demonstrate an
acute role for PKA in contextual fear conditioning,
we turned to a pharmacological approach and used
Rp-cAMPs, an inhibitor of protein kinase A (PKA;
Wang et al. 1991). To evaluate the time course of
Rp-cAMPs-sensitive memory for contextual fear
conditioning, we injected Rp-cAMPs into the lat-

eral ventricle immediately after a single CS/US pair-
ing and tested mice in the same context at 1, 3, 6,
or 24 hr after training (Fig. 1B). Rp-cAMPs-injected
mice and controls showed similar levels of freezing
at 1 hr after training (P > 0.05). In contrast, Rp-
cAMPs-injected animals showed significantly less
freezing than vehicle-injected mice when tested 3,
6, and 24 hr after training (P < 0.01 and P < 0.001,
Fig. 1B).

To examine whether Rp-cAMPs has an effect
on the initial acquisition of fear conditioning, we
injected mice 20 min before contextual fear con-
ditioning. We found that immediate freezing re-
sponses were similar in PKA inhibitor- and vehicle-
injected mice (34.2 + 5.5% and 38.3 + 5.8% for ve-
hicle- and drug-injected animals, respectively,
P> 0.05; n =7 in each group). In contrast, when
these mice were tested at 24 hr after training, Rp-
cAMPs-injected mice showed a dramatic deficit in

Figure 1: The time course of amnesia in ANI and Rp-cAMPs-treated
mice parallels that observed in R(AB) transgenic mice. (A) The amnesia
for contextual memory in anisomycin-injected mice develops between
1 hr and 3 hr after training. No significant difference in freezing re-
sponses between ANl-injected (solid bars) and vehicle-injected (open
bars) mice was found 1 hr after training [F(1,10) = 0.32, P=0.46,
n =6 in each group]. Freezing responses of ANI-injected mice were
significantly less than those of vehicle-injected mice at 3 hr
[F(1,14) =14.2, P< 0.001, n= 8 in each group], 6 hr [F(1,14) = 16.7,
P<0.001, n=8 in each group], and 24 hr after training [F1,
12)=18.54, P<0.001, n=7 in each groupl. (B) The amnesia for
contextual memory in Rp-cAMPs-injected mice develops between 1 hr
and 3 hr after training. No significant difference in freezing responses
between Rp-cAMPs-injected (solid bars) and vehicle-injected (open
bars) mice was found 1 hr after training [F(1,14) =1.28, P=0.27,
n =8 in each group]. Freezing responses of Rp-cAMPs-injected mice
were significantly less than those of vehicle-injected mice at 3 hr
[F(1,19) =13.8, P=0.001, n=10 and n= 11 for vehicle- and drug-
injected mice, respectively], 6 hr [F(1,12)=10.3, P<0.01, n=7 in
each group], and 24 hr after training [F(1,12) = 17.42, P=0.001,n=7
in each group]. (C) The amnesia for contextual memory in R(AB) trans-
genic mice develops between 1 hr and 3 hr after training. No signifi-
cant difference in freezing responses between R(AB) transgenic
(hatched bars) and control (open bars) mice was found 1 hr after
training [F(1,10) = 0.49, P=0.50, n= 6 in each group]. Freezing re-
sponses of R(AB) transgenics were significantly less than those of con-
trol mice at 3 hr [F(1,31)=7.82, P<0.01, n=14, and n=19 for
controls and mutants, respectively], 6 hr [F(1,12) =9.01, P=0.01,
n =6, and n = 8 for controls and mutants, respectively], and 24 hr after
training [F(1,12) = 25.74, P< 0.001, n=7 in each group].
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freezing responses when compared to vehicle-in-
jected mice (43.8 + 5.4% and 17 + 5% for vehicle-
and drug-injected animals, respectively, P < 0.01).

A STRONG TRAINING PROTOCOL REVEALS
A SINGLE SENSITIVE PERIOD FOR THE AMNESIC
ACTION OF ANI AND Rp-cAMPs

In early studies, several researchers showed
that retention is not affected if protein synthesis
inhibition is initiated at progressively longer inter-
vals after training (Geller et al. 1969; Neale et al.
1973; Davis and Squire 1984). In addition, some
studies have indicated that protein synthesis inhibi-
tors were ineffective when tasks were very well
learned in the initial training sessions (Barondes
and Cohen 1966; Pots and Bitterman 1967; Mayor
1969; Golub et al. 1972). This has raised two ques-
tions: (1) Does amnesic action of anisomycin de-
pend on the extent of training? (2) What are the
necessary temporal relationships between protein
synthesis inhibitor treatment and training to pro-
duce amnesia?
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To test this, we adapted a stronger training
regimen in our next set of experiments by using
three pairings of the CS with the US with a 1-min
intertrial interval. We injected mice with ANI at
various times between training and testing, and re-
tention was tested at 24 hr after training. As Figure
2A shows, ANI was effective when given immedi-
ately after training: Inhibitor-injected animals
showed significantly less freezing than vehicle-in-
jected mice (P < 0.001). However, ANI was not
effective when the interval between training and
treatment was increased by 1, 4, 6, 8, or 23.5 hr
(Fig. 2A). These data indicate that ANI is effective
when the stronger training procedure is used and
suggests that only a single wave of protein synthe-
sis during or shortly after a stronger training pro-
cedure is required for long-term memory for con-
textual conditioning over 24 hr.

Next, we asked about the temporal relation-
ship between PKA inhibitor treatment and training
necessary to produce amnesia. We trained mice
with three CS/US pairings and injected Rp-cAMPs
at various times after training. Retention was tested
at 24 hr after training. Rp-cAMPs was effective

Figure 2: Sensitive periods for protein synthesis and PKA in-
hibitors following training with 3 CS/US pairings. (A) There is
one sensitive time period for the effect of ANI on contextual
memory tested at 24 hr. Freezing responses of ANl-injected
mice (solid bars) were significantly less than those of vehicle-
injected (open bars) animals when ANI was administered at O
hr [F(1,19) =14.57, P< 0.001, n=10, and n = 11 for vehicle-
and ANl-injected animals, respectively]. However, no signifi-
cant differences in freezing responses between ANI- and ve-
hicle-injected mice were found when injections were made 1
hr [F(1,14)=0.02, P=0.86, n=8 in each group], 4 hr
[F(1,16) =0.42, P=0.68, n=9 in each group], 6 hr
[F(1,14)=0.24, P=0.82, n=8 in each groupl, 8 hr
[F(1,14) =0.56, P=0.59, n=8 in each group], and 23.5 hr
after training [F(1,14) = 0.46, P=0.64, n= 8 in each group].
(B) There is one sensitive time period for the effect of Rp-
CcAMPs on contextual memory tested at 24 hr. Freezing re-
sponses of Rp-cAMPs-injected mice (shaded bars) were signifi-
cantly less than those of vehicle-injected animals (open bars)
when Rp-cAMPs was administered at 0 hr [F(1,14)=8.2,
P=0.01, n= 8 in each groupl]. However, no significant differ-
ences in freezing responses between Rp-cAMPs- and vehicle-
injected mice were found when injections were made 1 hr
[F(1,10) =0.19, P=0.67, n = 6 in each group], 4 hr after train-
ing [A1,13) =0.02, P=0.87, n=7, and n = 8 for vehicle and
Rp-cAMPs-injected animals, respectively], 6 hr [F(1,10) =
0.05, P=0.83, n=6 in each group], 8 hr [F1,10)=0.31,
P=0.59, n=6 in each groupl, or 23.5 hr after training
[F(1,10)=1.71, P=0.22, n =6 in each group].

MEMORY

369




Bourtchouladze et al.

when injections were made immediately after
training: Inhibitor-injected animals showed signifi-
cantly less freezing than vehicle-injected mice
(P < 0.05; Fig. 2B). However, Rp-cAMPs was not
effective when given at 1, 4, 6, 8, or 23.5 hr after
training (P < 0.05; Fig. 2B). It should be noted that
when mice were trained with three CS/US pair-
ings, Rp-cAMPs-treated animals showed signifi-
cantly more freezing responses at 24 hr after train-
ing than ANI-treated mice (50.5 = 5% and 14 = 5%,
respectively, P < 0.001), suggesting that the PKA-
independent component(s) are recruited for long-
term memory when mice are trained with a stron-
ger training procedure.

To test the role of PKA further in long-term
contextual memory and explore its relationship to
the nature of the training procedure, we trained
R(AB) transgenic mice and wild-type control ani-
mals with three CS/US pairings and tested the mice
24 hr later. Although stronger training triggered
significantly more contextual freezing in R(AB)
transgenic mice (41.5 £ 6%) than training with a
single CS/US pairing (13 = 4%, P <0.001), the
R(AB) transgenics still showed a contextual
memory deficit when compared with wild-type
mice (63.4 + 4.5% and 41.5 + 6% for wild-type and
mutants, 7 = 9 and n = 14, respectively, P < 0.05).
It should be noted that R(AB) transgenic mice and
Rp-cAMPs-treated mice showed similar freezing re-
sponses when trained with three CS/US pairings
(41.5 £ 6% and 50.5 + 5%, respectively, P < 0.05).

A WEAK TRAINING PROTOCOL REVEALS TWO
SENSITIVE PERIODS FOR THE AMNESIC ACTION
OF ANI AND Rp-cAMPS

Recent studies suggested that under certain
conditions there are two or more sensitive periods
during which protein synthesis inhibitors exert am-
nesic effects (Grecksch and Matthies 1980; Free-
man et al. 1995; Chew et al. 1996). This has raised
the question: Do sensitive time periods for the am-
nesic action of anisomycin depend on the extent of
training? To test this possibility, we trained mice
with a weaker training protocol, a single CS/US
pairing, and tested them 24 hr later. ANI was in-
jected at various times between training and test-
ing (Fig. 3A; note that data for O-hr injection and
test at 24 hr are also shown on Fig. 1A). ANI-in-
jected mice showed a dramatic deficit in freezing
responses when the inhibitor was given immedi-
ately after training (P < 0.001). In addition, ANI
was effective when given 4 hr post-training

(P < 0.01) but not when injections were made at 1,
6, 8, or 23.5 hr after training (Fig. 3A), indicating
that if mice are trained with a single training trial
there is a second sensitive period during which
protein synthesis is required.

Given that the presence of one or two periods
of sensitivity to protein synthesis inhibition de-
pends on the extent of training, we trained mice
with one CS/US pairing and injected Rp-cAMPs at
various times between training and testing. As Fig-
ure 3B shows, there are two sensitive time periods
for the Rp-cAMPs effect on contextual memory
tested at 24 hr: (1) immediately after training
(P < 0.001; note that data for 0-hr injection and test
at 24 hr are also shown on Fig. 1B), and (2) 4 hr
after training (P < 0.01). We did not find changes
in freezing responses when Rp-cAMPs was admin-
istered 1, 6, 8, or 23.5 hr after training, suggesting
that only two time periods for PKA activation
might be required for contextual long-term
memory to be formed. Importantly, the sensitive
periods for PKA and protein synthesis inhibitors
are similar, suggesting that PKA may play a central
role in the induction of new gene expression and
protein synthesis.

Discussion

Several recent studies have demonstrated the
importance of protein synthesis for long-lasting
form of hippocampal LTP, a cellular model of
memory storage in mammals. Whereas the early,
transient phase of LTP is resistant to inhibitors of
protein synthesis, the late phase of hippocampal
LTP requires protein and RNA synthesis, as well as
PKA activity (Krug et al. 1984; Frey et al. 1993;
Huang and Kandel 1994; Nguyen et al. 1994). On
the basis of pharmacological studies of LTP, we
have begun to use genetically modified mice to
investigate the relationships between the different
phases of LTP and the different phases of fear con-
ditioning (Abel et al. 1997).

Contextual fear conditioning lends itself
readily to analysis of temporal phases of memory
storage and to comparison with the phases of LTP.
Like LTP in the Schaffer collateral pathway, fear
conditioning depends on NMDA-receptor activa-
tion and has distinct protein synthesis-dependent
and -independent phases (Kim et al. 1992; Huang
and Kandel 1994; Abel et al. 1997). Our recent
studies of transgenic mice that express R(AB), an
inhibitory form of the regulatory subunit of PKA,
first suggested that the requirement for protein
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Figure 3: Sensitive periods for protein synthesis and PKA inhibi-
tors following training with a single CS/US pairing. (A) There are
two sensitive time periods for the effect of ANI on contextual
memory tested at 24 hr. Freezing responses of ANI-injected mice
(solid bars) were significantly less than those of vehicle-injected
animals (open bars) when ANI was administered at 0 hr [A(1,
12)=18.54, P<0.001, n=7 in each group; note that data for
0-hr injection and test at 24 hr are also shown in Fig. 1A], or 4 hr
after training [F(1, 22) =8.98, P<0.01, n=11, and n=13 for
vehicle- and ANlI-injected animals, respectively]. No significant
differences in freezing responses between ANI- and vehicle-in-
jected mice were found when injections were made 1 hr
[F(1,14)=0.01, P=0.90, n=8 in each group], 6 hr
[F(1,14)=0.01, P=0.91, n=8 in each group], 8 hr
[F(1,14) =0.02, P=0.88, n= 8 in each group], or 23.5 hr after
training [F(1,10) = 0.10, P=0.78, n = 6 in each group]. (B) There
are two sensitive time periods for the effect of Rp-cAMPs on con-
textual memory tested at 24 hr. Freezing responses of Rp-cAMPs-
injected mice (shaded bars) were significantly less than those of
vehicle-injected animals (open bars) when Rp-cAMPs was admin-
istered at 0 hr [F(1,12) =17.42, P<0.001, n=7 in each group;
note that data for 0-hr injection and test at 24 hr are also shown
in Fig. 1B], or 4 hr after training [F(1, 22) = 7.51, P< 0.01, n= 11,
and n = 13 for vehicle- and Rp-cAMPs-injected animals, respec-
tivelyl. No significant difference in freezing responses between
Rp-cAMPs- and vehicle-injected mice was found when injections
were made 1 hr [F(1,17) =0.11, P=0.74, n=10, and n=9 for
vehicle- and Rp-cAMPs-injected animals, respectively], 6 hr

[F(1,12) =0.04, P=0.84, n=7 in each group], 8 hr [F(1,10) = 0.21, P=0.66, n =6 in each group], and 23.5 hr after

training [F(1,10) = 0.06, P=0.82, n =6 in each group]. (Open bars) Vehicle; (stippled bars) Ro-cAMPS.

synthesis of both late phase of LTP and long-term
memory in contextual fear conditioning is paral-
leled by a requirement for PKA (Abel et al. 1997).

To define precisely the requirement of PKA-
and protein synthesis-dependent memory for con-
textual fear conditioning, we have now combined
genetic and pharmacological approaches in an at-
tempt to dissociate two temporally distinct associa-
tive contextual fear processes: a short-term PKA-
and protein synthesis-independent memory, and a
long-term PKA- and protein synthesis-dependent
memory.

We find that in mice treated with protein syn-
thesis inhibitor, the amnesia develops between 1
and 3 hr after training. A similar amnesia develops
with inhibitor of PKA. Both of these inhibitors can
be shown to interfere specifically with memory
consolidation but not with retrieval, because Rp-
cAMPs and ANI had no effect when given just be-
fore testing. In addition, we found that immediate
freezing responses were similar in inhibitor- and
vehicle-injected mice. In contrast, when mice were
injected 20-30 min before contextual conditioning
and tested at 24 hr after training, both ANI- and

PKA inhibitor-treated mice showed dramatic amne-
sia. when compared with vehicle-injected mice.
However, we found that the injection of ANI or
Rp-cAMPs 3 hr before training (z = 16 total; data
not shown) does not affect retention at 24 hr after
training. Taken together, these data support the
idea that Rp-cAMPs and ANI do not interfere with
the initial acquisition of contextual fear conditon-
ing and that inhibitors produce amnesia when in-
jected around the time of training.

The time course of the contextual memory
deficit in inhibitor-treated mice parallels that of
R(AB) transgenic mice. This supports and extends
our recent findings that cAMP/PKA serves as a
core signaling pathway for the consolidation of
long-term hippocampus-based memory (Abel et al.
1997). These data also support the idea that the
memory deficits observed in R(AB) transgenic
mice are not the result of developmental defects.
In addition, our data suggest that ANI and Rp-
CAMPs affect consolidation of contextual condi-
tioning through some common mechanisms. How-
ever, there is an alternative explanation. In the pre-
vious study (Abel et al. 1997), ANI-treated mice
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were also impaired in cued conditioning, whereas
R(AB) transgenic mice were not. This raises the
possibility that ANI and Rp-cAMPs affect contex-
tual memory through different mechanisms. One
mechanism is PKA dependent. This PKA-depen-
dent mechanism is important for complex cue-me-
diated conditioning that results in impaired contex-
tual memory but not impaired cued memory. The
other mechanism is protein synthesis dependent,
which impairs even simple single cue-mediated
conditioning and thus leads to impaired cued and
contextual conditioning. This is supported by the
fact that ANI had similar effects on contextual and
cued memory (Abel et al. 1997).

PROTEIN SYNTHESIS AND PKA INHIBITORS REVEAL
EITHER ONE OR TWO SENSITIVE PERIODS
DEPENDING ON THE TRAINING PROTOCOL

By administering ANI and Rp-cAMPs at various
times after training, we find that contextual
memory has either one or two brief consolidation
periods requiring both PKA and the synthesis of
new proteins, depending on the nature of training.
Recently, several studies have suggested that there
can be two or more sensitive periods during which
protein synthesis inhibitors exert amnesic effects
(Grecksch and Matthies 1980; Freeman et al. 1995;
Chew et al. 1996). Temporally distinct waves of
protein synthesis also were found after long-term
facilitation in Aplysia: a small decrease at 0.5 hr, a
small increase at 1 hr, and a larger increase around
3 hr. Moreover, 5-HT also produced three tempo-
rally distinct changes in the synthesis of individual
proteins (Barzilai et al. 1989). Two periods of in-
creased PKA activity and phospho-CREB levels
were recently reported for the inhibitory avoid-
ance task in rat (Bernabeu et al. 1997).

To explore this possibility of single as opposed
to multiple sensitive periods, we first examined the
consequence of a strong training procedure. When
mice are trained with a strong training procedure,
only a single consolidation period or single time
window for protein synthesis-dependent memory
was found. Moreover, in this time window Rp-
cAMPs has less of an amnesic effect than ANI, and
Rp-cAMPs-treated animals show significantly more
freezing responses then ANI-treated mice. Simi-
larly, R(AB) transgenic mice that were trained with
the stronger procedure exhibit significantly more
retention than ANI-treated mice or R(AB) trans-
genic mice that underwent a weaker training para-
digm. However, R(AB) transgenic mice still show a

memory deficit when compared with wild-type
mice, indicating that stronger training compen-
sates only partially for the long-term memory defi-
cit of these transgenic mice. These findings suggest
that when mice are trained with a strong training
procedure a component of long-term memory is
recruited that is independent of PKA.

Next, we examined a weak training proce-
dure. We found that when mice are trained with a
weak training procedure, ANI is effective at two
distinct times: (1) when given immediately after
training, and (2) when given 4 hr after training.
This suggests that two protein synthesis-sensitive
time periods are required for contextual long-term
memory. Therefore, we examined the requirement
for PKA during each of these periods and found
that in each case the period of ANI sensitivity was
closely paralleled by a window, observed in mice
treated with the PKA inhibitor, Rp-cAMPs. Thus,
our data raise two interesting possibilities: (1) that
tasks learned under different training intensities
may go into long-term storage at different rates me-
diated by either one or two consolidation periods,
and (2) independent of whether one or two peri-
ods of protein synthesis is recruited, each period of
new protein synthesis-dependent memory is paral-
leled by a requirement for PKA. This surprising
finding strengthens further the correlation be-
tween PKA and protein synthesis and raises the
question: How is PKA activated for the second con-
solidation period after weaker training?

A MOLECULAR MODEL FOR A DOUBLE
CONSOLIDATION PHASE

Weak training shows two time periods of sen-
sitivity for PKA and protein synthesis inhibitors,
whereas stronger training shows only one. This
suggests that stronger training recruits a variety of
signal transduction pathways immediately after
training, presumably allowing sufficient genes to
be turned on at the outset of training and leading to
only one consolidation period. Support for this re-
cruitment of additional pathways by stronger train-
ing comes from our data showing that the inhibi-
tion of PKA has less of an effect on memory after
stronger training. Weaker training, in contrast, re-
quires a second consolidation period during which
memory storage is sensitive to inhibitors of protein
synthesis and PKA.

‘What are the mechanisms whereby PKA is re-
cruited for a second time? In long-term facilitation
in Aplysia, the initial recruitment of PKA activates




CREB, which leads to the induction of a set of
CREB-activated immediate response genes. One of
these, carboxy-terminal ubiquitin hydrolase, is neu-
ron specific. This hydrolase is a rate-limiting step in
ubiquitin-mediated proteolysis, which leads to
cleavage of the regulatory subunit of PKA (Hegde
et al. 1997). This cleavage leads to the establish-
ment of a persistently active kinase that carries the
facilitation for the first 10-12 hr at which point
structural changes are thought to take over. A simi-
lar mechanism may also be operating in the hippo-
campus to ensure that PKA can serve repeatedly as
a signaling pathway to the nucleus. Interestingly,
the second time period of sensitivity for PKA and
protein synthesis inhibitors observed in our study
coincides with the increase in cAMP levels and
phospho-CREB immunoreactivity in the hippocam-
pus observed after an inhibitory avoidance para-
digm (Bernabeu et al. 1997). Inhibitory avoidance
training in rats also results in a learning-specific,
time-dependent increase binding to D1/D5 recep-
tors in the hippocampus. This learning-induced
change occurred between 3 and 6 hr post-training,
the same critical period when D1/D5 agonists and
antagonists modulate memory consolidation. This
suggests the interesting possibility that weak train-
ing in our experiments recruit a dopaminergic
modulatory pathway that activates PKA with a
slower time course, thus leading to a second PKA-
sensitive period of protein synthesis-dependent
long-term memory.
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