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ABSTRACT

In the present experiments we characterized the action of human/rat
corticotropin-releasing factor (h/rCRF) and acute stress (1 hr immobilization) on
hippocampus-dependent learning and on synaptic plasticity in mouse hippocampus.
We first showed that h/rCRF application and acute stress facilitated (primed) long-
term potentiation of population spikes (PS-LTP) in the mouse hippocampus and
enhanced context-dependent fear conditioning. Both the priming of PS-LTP and the
improvement of context-dependent fear conditioning were prevented by the CRF
receptor antagonist [Glu11,16]astressin. PS-LTP priming and improved learning were
also reduced by the protein kinase C inhibitor bisindolylmaleimide I. Acute stress
induced the activation of Ca2+/calmodulin-dependent kinase II (CaMKII) 2 hr after
the end of the stress session. The CaMKII inhibitor KN-62 antagonized the stress-
mediated learning enhancement, however, with no effect on PS-LTP persistence.
Thus, long-lasting increased neuronal excitability as reflected in PS-LTP priming
appeared to be essential for the enhancement of learning in view of the observation
that inhibition of PS-LTP priming was associated with impaired learning.
Conversely, it was demonstrated that inhibition of CaMKII activity reduced
contextual fear conditioning without affecting PS-LTP priming. This observation
suggests that priming of PS-LTP and activation of CaMKII represent two essential
mechanisms that may contribute independently to long-term memory.
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INTRODUCTION

Corticotropin-releasing factor (CRF) is a 41 amino acid neuropeptide that is
synthesized in the hypothalamus and mediates the release of adrenocorticotropic
hormone from the anterior pituitary (Spiess et al., 1981; Vale et al., 1981). The
anatomical distribution of CRF in the brain suggests that this peptide not only
stimulates the release of corticotropin from the pituitary but also may modulate the
neuronal activity of various other brain areas (Chalmers et al., 1995; Chang et al.,
1993; De Souza et al., 1985; Potter et al., 1994). CRF has been shown to modulate
learning, food intake, arousal, startle and fear responses, general motor activity,
body temperature, and sexual activity (Buwalda et al., 1997; Heinrichs et al., 1995;
Holahan et al., 1997; Linthorst et al., 1997; Radulovic et al., 1999). Exogenous
application of CRF to hippocampal slices reduces the slow afterhyperpolarization
and spike frequency accommodation (Aldenhoff et al., 1983; Haug and Storm, 2000)
and enhances the amplitude of CA1 population spikes evoked by stimulation of the
Schaffer collateral pathway in rats (Hollrigel et al., 1998). Recent studies have
demonstrated that CRF produces a long-lasting enhancement of synaptic efficacy in
the rat hippocampus in vivo (Wang et al., 1998, 2000). CRF has also been implicated
in learning in view of the observation that CRF injection into the mouse
hippocampus a few minutes before training enhances classical fear conditioning
significantly (Radulovic et al., 1999). When injected directly into the dentate gyrus
of the hippocampus, CRF improves the retention of a one-way inhibitory avoidance
learning in rats (Lee et al., 1992). However, no electrophysiological studies on the
function of CRF in the mouse hippocampus have been performed to date.

The following series of experiments were aimed at further defining the
effect of acute stress and human/rat CRF (h/rCRF) on hippocampus-dependent
learning and on long-term synaptic plasticity in mouse hippocampus. In view of the
possibility that acute stress can induce changes in thresholds for synaptic plasticity
necessary for long-term potentiation (LTP) induction (Foy et al., 1987; Kim et al.,
1996; Kim and Yoon, 1998), which has been referred to as “metaplasticity”
(Abraham and Bear, 1996), we investigated the effects of h/rCRF and
immobilization stress on the induction and persistence of LTP of population spikes
(PS-LTP). The threshold for hippocampus-dependent synaptic plasticity and
memory storage is thought to be determined by protein phosphorylation (Huang,
1998). In particular, activation of protein kinase C (PKC) (Wang and Feng, 1992),
Ca2+/calmodulin-dependent kinase II (CaMKII) (Malenka et al., 1989), or both
(Malinow et al., 1989) has been suggested to be indispensable for induction of
excitatory postsynaptic field potential (fEPSP)-LTP in the hippocampal CA1 region.
Thus, we assessed the roles of PKC and CaMKII, in the regulation of hippocampal
long-term synaptic plasticity and in the performance of mice in a hippocampus-
dependent learning task.
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MATERIALS AND METHODS

Animals

Experiments were performed on 9-12 week-old male Balb/c mice (Charles River, Sultzfeld,
Germany). The mice were individually housed and maintained on a 12 hr light/dark cycle (lights on at
7 am) with free access to food and water ad libitum. All experimental procedures were in accordance
with the European Council Directive (86/609/EEC) by permission of the Animal Section Law enforced
by the District Government of Braunschweig (Lower Saxony, Germany).

Hippocampal Slice Electrophysiology
Mice were briefly anesthetized with isofluran and then decapitated. In <1 min the skull was

opened, and the brain was removed and transferred to ice cold artificial CSF solution of the following
composition (in mM): 130 NaCl, 3.5 KCl, 1.25 NaH2PO4, 1.5 MgSO4, 2 CaCl2, 24 NaHCO3 and 10
glucose, equilibrated with 95% O2/5% CO2 (pH 7.4). Hippocampi were dissected from the chilled brain
hemispheres on ice. Transverse hippocampal slices (400 µm) were obtained on a McIlwain tissue
chopper (The Mickle Laboratory Engineering Co. LTD, Surrey, England) and kept submerged
(minimum of 1 hr at room temperature before recordings) in aCSF. Extracellular field potentials were
recorded in a recording chamber maintained at 32°C with recording electrodes pulled from borosilicate
glass and filled with 2 M NaCl (3-5 mΩ). All recordings were made using a SEC-05L amplifier (npi
Electronics, Tamm, Germany). To record field potentials in the CA1 pyramidal cell body layer,
Schaffer collaterals were stimulated with a bipolar electrode placed on the surface of the slice. At the
beginning of each experiment, a stimulus-response curve was established by increasing the stimulus
intensity and measuring the amplitude of the population spike. On the basis of the input-output
function, the stimulus was adjusted to elicit a population spike with an amplitude of half the maximum
and was fixed at this level throughout the experiments. PS-LTP was induced by theta burst stimulation
(TBS) at the test pulse intensity, consisting of 5 x 100 Hz bursts (five diphasic pulses per burst) with a
200 msec interburst interval. Traces were stored on a computer using Pulse 7.4 software (Heka,
Lambrecht, Germany) for off-line analysis. Short-term potentiation (STP) and PS-LTP were measured
5 and 60 min after tetanic stimulation, respectively.

Cannulation
Double guide cannulas (C235, Plastics One, Roanoke, VA) were implanted using a

stereotactic holder during 1.2% avertin anesthesia (0.02 ml/g, i.p.) under aseptic conditions as
described previously (Radulovic et al., 1999; Stiedl et al., 2000). Each double guide cannula with
inserted dummy cannula and dust cap was fixed to the skull with dental cement. The cannulas were
placed into both lateral brain ventricles, with anteroposterior (AP) coordinates zeroed at Bregma (AP, 0
mm; lateral, 1 mm; depth, 3 mm) or directed toward both dorsal hippocampi (AP, –1.5 mm; lateral, 1
mm; depth, 2 mm) (Franklin and Paxinos, 1997). The animals were allowed to recover for 4-5 d before
the experiments started. On the day of the experiment, bilateral injections were performed using an
infusion pump (CMA/100, CMA/Microdialysis, Solna, Sweden) at a constant rate of 0.33 µl/min (final
volume, 0.25 µl/side). Cannula placement was verified post hoc in all mice by injection of methylene
blue dye. For electrophysiological experiments, double guide cannula placement was verified by
unilateral methylene blue injection. We never observed any effects of cannulation itself or vehicle
injection.

Drugs
h/rCRF (Rühmann et al., 1996) and [Glu11,16]astressin (Eckart et al., 2001) were synthesized

in our laboratory as described. KN-62 and bisindolylmaleimide I (BIS-I) were from Calbiochem (San
Diego, CA).

Drug Treatment
[Glu11,16]astressin was dissolved in aCSF solution. h/rCRF stock solutions were prepared in

10 mM acetic acid. Final dilutions in aCSF to 400 ng/µl were prepared immediately before the
experiments. The final pH of the peptide solution was 7.4. KN-62 was dissolved in DMSO to a
concentration of 4 mg/ml. For injection the stock was diluted in aCSF to a final concentration of 64
ng/µl. BIS-I was stored as 1 mM stock solution in DMSO. For injection the solution was diluted with
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aCSF to a final concentration of 0.4 nmol/µl. DMSO in the concentrations used did not exhibit any
significant effect by itself on synaptic responses or learning.

Immobilization Stress
An acute immobilization stress of mice consisted of taping their limbs to a plastic surface for

1 hr (Smith et al., 1995).

Fear Conditioning
The fear-conditioning experiments were performed as described previously (Stiedl et al.,

2000) using a computer-controlled fear-conditioning system (TSE, Bad Homburg, Germany). Fear
conditioning was performed in a Plexiglas cage (36 x 21 x 20 cm) within a fear-conditioning box that
was constantly illuminated (12 V, 10 W halogen lamp, 100-500 lux). In the conditioning box, a high-
frequency loudspeaker (KT-25-DT, Conrad, Hirschau, Germany) provided constant background noise
[white noise, 68 dB sound pressure level (SPL)]. The training (conditioning) consisted of a single trial.
The mouse was exposed to the conditioning context (180 sec) followed by a tone [conditioned stimulus
(CS) 30 sec, 10 kHz, 75 dB SPL, pulsed 5 Hz]. After termination of the tone, a foot shock
[unconditioned stimulus(US) 0.7 mA, 2 sec, constant current] was delivered through a stainless steel
grid floor. The mouse was removed from the fear-conditioning box 30 sec after shock termination to
avoid an aversive association with the handling procedure. Under these conditions, the context served
as background stimulus. Background contextual fear conditioning but not foreground contextual fear
conditioning, in which the tone is omitted during training, has been shown to involve the hippocampus
(Phillips and LeDoux, 1994). Memory tests were performed 24 hr after fear conditioning. Contextual
memory was tested in the fear conditioning box for 180 sec without CS or US presentation (with
background noise). Freezing, defined as the lack of movement except for respiration and heart beat,
was assessed as the behavioral parameter of the defensive reaction of mice (Blanchard and Blanchard,
1969; Bolles and Riley, 1973; Fanselow and Bolles, 1979) by a time-sampling procedure every 10 sec
throughout memory tests. In addition, activity-derived measures (inactivity, mean activity, and
exploratory area) were recorded by a photo beam system (10 Hz detection rate) controlled by the fear-
conditioning system.

Western Blotting
Hippocampal slices were prepared as described above. CA1 subregions of hippocampal slices

were dissected out and immediately homogenized at 4°C with a plastic homogenizer in homogenization
buffer containing 50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 4 mM EGTA, 15 mM sodium phosphate,
100 mM β-glycerophosphate, 10 mM sodium fluoride, 2 µg/ml aprotinin, 2 µg/ml leupeptin, 0.7 µg/ml
pepstatin and 1 mM phenylmethylsulfonyl fluoride, pH 7.4. The insoluble material was removed by
centrifugation at 15,000 x g for 10 min at 4°C. Protein concentrations were determined with a Bradford
assay (BioRad, Munich, Germany). Equal amounts of protein for each group were separated on a 10%
SDS gel and transferred to an Immobilon-P membrane (Millipore Corporation, Bedford, MA) using a
semidry transfer apparatus. The blot was probed using an anti-active CaMKII antibody (Promega,
Madison, WI) or antibody directed against total CaMKII (Chemicon, Temecula, CA) and detected with
horseradish peroxidase-conjugated second antibody. Western blots were developed using the
chemiluminescence method.

Statistics
Statistical comparisons were made using Student’s t test and ANOVA. Data were expressed

as mean ± SEM. Significance was determined at the level of p < 0.05.

RESULTS

Activation of CRF receptors primes PS-LTP
Using intracellular recordings, we have found previously that h/rCRF

increased pyramidal cell excitability in the hippocampal CA1 area of Balb/c mice,
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Recordings from slices obtained 2 hr after immobilization revealed that
[Glu11,16]astressin (104 ± 6%, n = 5) and BIS-I (108 ± 7%, n = 5) (Fig. 2B) had
completely blocked the persistence of PS-LTP. These values were not significantly
different from those of non stressed controls (Fig. 2A). In addition, STP was
significantly attenuated in slices from stressed animals after injection of
[Glu11,16]astressin (140 ± 5%, n = 5, p < 0.05) (Fig. 2B). Western blot experiments
showed that exposure of the animals to 1 hr immobilization resulted in elevated
immunoreactivity of active, phosphorylated CaMKII, with a maximum at 2 hr after
the stress session (Fig. 3). However, intracerebroventricular injection of the selective
CaMKII inhibitor KN-62 before the stress session did not significantly reduce PS-
LTP persistence (155 ± 10%, n = 5) (Fig. 2B) compared with PS-LTP induced in
slices from stressed animals (Fig. 2A).

Figure 3. Acute stress induces activation of CaMKII in the hippocampal CA1 area.
A , CA1 homogenates dissected from animals at several time points after 1 hr
immobilization were probed with an antibody specific for Thr286-phosphorylated
CaMKII, or an antibody recognizing total CaMKII. Non-stressed mice are shown as
controls. Results are representative of four independent Western blots. B, the bar
graph summarizes Western blot data of four experiments and shows the levels of
Thr286-phosphorylated CaMKII expressed as a percentage of nonstressed controls.
The dashed line represents the normalized average of nonstressed controls (set to
100%). Statistically significant differences: * p < 0.05 versus nonstressed controls.

Acute stress and fear conditioning
The previous experiments have shown that acute stress facilitated PS-LTP in

the hippocampus and that this facilitation was prevented only by BIS-I and
[Glu11,16]astressin but not by KN-62. In the next series of experiments, we
investigated whether the same compounds exhibited effects on learning of
conditioned fear. Thus, mice received bilateral aCSF intrahippocampal injections
immediately before 1 hr immobilization  and were trained at 0, 1, 2, and 3 hr after
termination of the stress session. At 1 hr (p < 0.01; n = 11), 2 hr (p < 0.001; n = 12)
and 3 hr (p < 0.001; n = 10) after exposure to immobilization, contextual fear was
significantly enhanced compared with non-stressed controls (n = 30) (Fig. 4).
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Injection of KN-62 intrahippocampally before stress significantly reduced freezing 2
hr (p < 0.001; n = 8) and 3 hr (p < 0.01; n = 5) after the end of the stress session
compared with stressed, aCSF-injected mice (Fig.4). Similarly, freezing was reduced
2 hr after exposure to immobilization (p < 0.005; n = 8) when KN-62 was injected
intracerebroventricularly (Fig.4). However, KN-62 injection alone
(intrahippocampally) without exposing the animal to immobilization significantly
reduced freezing 3 hr after injection compared with non stressed, aCSF-injected
controls (p < 0.001, n = 5; data not shown). Freezing was also significantly reduced
2 hr after the stress session when mice were injected before stress with BIS-I
intrahippocampally (p < 0.01; n = 5) and intracerebroventricularly (p < 0.01; n = 9)
(Fig. 4). Likewise, [Glu11,16]astressin significantly reduced conditioned contextual
fear 2 hr after the end of immobilization when injected intrahippocampally (p <
0.001; n = 5) and intracerebroventricularly (p < 0.01; n = 8) compared with stressed,
aCSF-injected mice. Both compounds, BIS-I and [Glu11,16]astressin, had no
significant effect on freezing when mice were injected intrahippocampally and
intracerebroventricularly without immobilization (data not shown).

Figure 4. Inhibition of CRF receptors, PKC and CaMKII in the dorsal hippocampus
prevent stress-mediated enhancement of context-dependent fear conditioning. A, Mice
were injected intrahippocampally (i.h.) or intracerebroventricularly (i.c.v.) with
aCSF, KN-62 or BIS-I immediately before the start of the stress session and trained at
several timepoints after the end of the stress session. B , mice were injected
intrahippocampally or intracerebroventricularly with [Glu11,16]astressin immediately
before the stress session and trained 2 hr after immobilization. Freezing was
measured in the memory test performed 24 hr after training. Statistically significant
differences: * p < 0.05 versus aCSF; ** p < 0.05 versus control.
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DISCUSSION

Recent behavioral studies have shown that stress (Conrad et al., 1999; Deak
et al., 1999) and intracerebroventricular injection of h/rCRF (Radulovic et al., 1999)
enhance, under defined conditions, contextual fear conditioning, which represents a
hippocampus-dependent learning task in rats (Holland and Bouton, 1999; Kim and
Fanselow, 1992; Phillips and LeDoux, 1992) and mice (Abel et al., 1997; Chen et
al., 1996; Logue et al., 1997). At the same time, stress blocks hippocampal high
frequency stimulation (HFS)-induced LTP and facilitates long-term depression
(LTD) (Xu et al., 1997). In the present experiments, we found that activation of CRF
receptors mediated the PS-LTP priming observed after acute stress in the CA1 area
of the mouse hippocampus. CRF can be directly secreted from nerve terminals
located in the hippocampus during exposure to stress. Specifically, numerous, large
CRF-immunoreactive neurons have been found in the hippocampal CA1 and CA3
region (Merchenthaler , 1984; Swanson et al., 1983).

A similar priming effect has been observed after activation of group I
metabotropic glutamate receptors (mGluRs). The mGluR agonist 1S,3R-
aminocyclopentanedicarboxylic acid (ACPD) was found to facilitate the persistence
of fEPSP-LTP in area CA1 of rat hippocampal slices (Cohen and Abraham, 1996;
Cohen et al., 1999; Raymond et al., 2000). In contrast to ACPD, h/rCRF did not
significantly enhance STP.

It is important to note that in all our electrophysiological experiments, brain
slices were equilibrated in aCSF for at least 2-3 hr after slice preparation before PS-
LTP was induced. Consequently, it appears that the mechanisms critical for PS-LTP
priming either have a slow turnover rate or reveal high stability to be detectable in
brain slices from stressed mice even hours after preparation. This assumption is also
confirmed by the finding that bath-applied h/rCRF was still effective at PS-LTP
priming at least 2 hr after wash-out (Blank and Nijholt, unpublished observations).
Recently, it was shown that previous activity which generates protein synthesis-
dependent LTP may also prime the persistence of LTP in a second input (Frey and
Morris, 1997). Similarly, activation of group I mGluRs facilitates the persistence of
LTP in area CA1 of rat hippocampal slices by triggering de novo protein synthesis
from existing mRNA (Raymond et al., 2000). In the case of mGluR-mediated
enhancement of LTP the new proteins seem to be synthesized in close proximity to
the activated synapses. This observation implies for our experiments that newly
synthesized proteins would have to be preserved or protein synthesis would have to
continue during equilibration of the slices in aCSF to still affect PS-LTP persistence
several hours after slice preparation.

The capability of the PKC inhibitor BIS-I to prevent PS-LTP priming by
h/rCRF and stress is consistent with the described priming effect of group I mGluR
activation which can lead to the liberation of inositol triphosphate and to the
subsequent activation of PKC in hippocampal slices (Cohen et al., 1998).
Interestingly, the PKC inhibitor BIS-I prevented only h/rCRF-mediated priming
when it was applied 1 hr before administration of h/rCRF. BIS-I had no effect on
PS-LTP persistence when applied to slices already primed after TBS. This finding
contradicts the hypothesis that persistent activation of PKC underlies the observed
PS-LTP maintenance (Colley et al., 1990; Wang and Feng, 1992).
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On the basis of the observation that [Glu11,16]astressin and BIS-I in
combination with h/rCRF or stress reduced STP in hippocampal slices, it appeared
possible that hippocampal CRF receptors and PKC were tonically activated. In
support of this hypothesis, activation of PKC has been shown to be involved in LTP
induction in rat hippocampal CA1 cells (Hvalby et al., 1994). However, BIS-I and
[Glu11,16]astressin exhibited no effect on STP or contextual fear conditioning when
applied individually, findings that argue against a possible involvement of tonically
active hippocampal CRF receptors or tonically active PKC. It seems notable that
[Glu11,16]astressin and BIS-I affected induction of PS-LTP only when neuronal
activity was enhanced, but not under baseline conditions. However, in the presence
of BIS-I or [Glu11,16]astressin, only a limited enhancement of neuronal activity can
be expected, which most likely generated only a modest elevation of intracellular
Ca2+ concentrations. Low levels of Ca2+ favor the activation of protein
phosphatases, which, in turn, would lower the probability of LTP induction (Kato et
al., 1999; Mulkey et al., 1994).

In addition, our findings revealed that pharmacological inhibition of
hippocampal CRF receptors and PKC impaired the observed stress-mediated
learning enhancement. These data are consistent with previous observations
indicating that the contextual learning impairment of DBA mice can be reversed by
activation of hippocampal PKC as determined by the fear conditioning task
(Fordyce et al., 1995).

In the present study, we found elevated levels of active CaMKII in the
mouse CA1 area 2 hr after exposure to immobilization. Injection of the selective
CaMKII inhibitor KN-62 did not prevent priming of PS-LTP persistence observed
when hippocampal brain slices were prepared 2 hr after the end of the stress session.
Although CaMKII activity was increased at this time, there was no evidence that
baseline synaptic transmission was altered. Conflicting data about the effects of
CaMKII activation on basal synaptic transmission and LTP induction in the CA1
region of the hippocampus have been reported. For example, it was found that
increasing CaMKII activity in CA1 neurons by viral transfection (Pettit et al., 1994)
or by injection of the active enzyme (Lledo et al., 1995) results in an enhancement of
synaptic transmission and impairment of LTP induction. Direct injection of a
constitutively active form of CaMKII into postsynaptic CA1 neurons potentiates
evoked EPSCs significantly within 15-30 min (Lledo et al., 1995). In contrast, in
CaMKII-Asp286 transgenic mice expressing activated CaMKII, no change in basal
synaptic transmission has been observed (Mayford et al., 1995). Nevertheless,
transgenic expression of activated CaMKII eliminates LTP in the range of 5 to 10
Hz with no effect on LTP in response to 100 Hz tetanus stimulation (Mayford et al.,
1995). In previous experiments (Blank and Nijholt, unpublished observations), we
found significant PS-LTP impairment in the CA1 area of stressed mice (2 hr after
the end of immobilization) when PS-LTP was induced with the standard 100 Hz
HFS protocol, which produced saturating PS-LTP in control animals. At that time,
we also found elevated CaMKII activity in the hippocampal CA1 area, as
demonstrated in the present study. Our finding that the facilitatory effects of acute
stress on hippocampus-dependent learning paralleled those of PS-LTP induced by
TBS but not by HFS might be explained by the fact that the impact of GABAergic
transmission on LTP expression is highly dependent on tetanization parameters
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(Chapman et al., 1998). However, reduced GABAergic inhibition would be expected
to result in elevated basal synaptic transmission in brain slices of stressed animals.
We did not observe such effect. If acute stress already induces maximal LTP-like
phenomena in the mouse hippocampus, strong stimulation of hippocampal brain
slices would not be expected to produce additional LTP (Kim et al., 1996). Thus, the
question may not be whether TBS instead of HFS is responsible for facilitation of
LTP in brain slices obtained from stressed animals but rather whether to use weak
LTP stimulation instead of a strong stimulation protocol. In support of this
hypothesis, Cohen and Abraham (1996) described that activation of mGluRs only
facilitates the induction of LTP induced by weak TBS but does not enhance LTP
induced by strong stimulation.

LTP is the most extensively studied form of neuroplasticity and is widely
believed to be the substrate for learning and memory (Bear and Abraham, 1996;
Bliss and Collingridge, 1993; Maren and Baudry, 1995). However, a definitive
linkage of LTP to learning or memory has not been achieved. Our data show a clear
correlation between improved learning and facilitation of TBS-induced PS-LTP
persistence, and both phenomena appeared to be PKC-dependent. At the same time,
inhibition of CaMKII activity prevented learning improvement without impairment
of PS-LTP persistence. The performance in a hippocampus-dependent task was
affected without interference with the long-lasting enhancement of hippocampal
synaptic transmission. This result suggests that the underlying synaptic mechanisms
of PS-LTP priming seem to be necessary, but not sufficient, for learning
enhancement.
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