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Abstract

This experiment examined the effects on memory of interactions of cycloheximide dose and
training foot shock intensity. Mice received injections of cycloheximide (120 mg/kg, s.c.) or saline
30 min prior to inhibitory avoidance training with shock intensities of 100, 150, 250 or 300 pA (1
sec duration). Memory was tested 48 hr later. The saline control mice showed increasing memory
latencies as a function of shock intensity. The ability of cycloheximide to impair memory
increased as the training shock intensity increased. In a second experiment, mice were trained with
a 200 pA (1 sec duration) shock and received injections of saline or cycloheximide at one of
several doses (30, 60 or 120 mg/kg). Under these training conditions, cycloheximide enhanced
memory in an inverted-U dose-response manner. These findings are consistent with prior findings
suggesting that protein synthesis inhibitors act on memory by altering modulators of memory
formation as a secondary consequence of the inhibition of protein synthesis rather than by
interfering with training-initiated synthesis of proteins required for memory formation.
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1. Introduction

In most contemporary theories of memory formation, protein synthesis initiated by training
is viewed as a required mechanism for neural plasticity underlying the establishment of new
long-lasting memories [1-12]. These theories are in large part based on evidence showing
that treatments that interfere with protein synthesis impair the formation of long-lasting
memories.

While there is general agreement that these drugs impair memory, there are many reasons to
question whether the amnesia produced by the drugs truly reflects a requirement of training-
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initiated protein synthesis for memory formation [13-20]. Evidence against the requirement
for protein synthesis to make new memories includes a wide range of demonstrations. For
example, many pharmacological treatments including lidocaine, strychnine, corticosterone,
caffeine, nicotine, and drugs that act at noradrenergic receptors block the amnesia produced
by the protein synthesis inhibitors anisomycin and cycloheximide [21-25]. Importantly,
these drugs do not reverse the amnesia by modifying the extent of inhibition of protein
synthesis produced by anisomycin or cycloheximide.

Inhibitory avoidance tasks have been commonly used to investigate the effects of protein
synthesis inhibitors on memory. If training-related protein synthesis is necessary for
memory formation, then amnesia produced by protein synthesis inhibitors should be
independent of the shock level used during training. However, the evidence does not support
this prediction. Avoidance training with increased footshock levels protects against the
amnesia in both mice [27,28] and rats [26]. In rats, the failure to observe amnesia after
injections of the protein synthesis inhibitor, cycloheximide, is clearly dissociated from
possible effects of illness or of an interaction of footshock with the extent of protein
synthesis inhibition [26]. The failure of protein synthesis inhibitors, even at inhibition levels
>90%, to impair memory formation in mice and rats trained with high footshock levels is
inconsistent with the view that protein synthesis is necessary for memory. However, the
findings appear to be similar to those seen with modulators of memory, where interactions
of modulators with training-related release of hormones and neurotransmitters are common
and non-linear [29-33].

In studies of modulation of memory formation, memory is reliably enhanced by treatments
like epinephrine and glucose and by drugs that promote noradrenergic and cholinergic
functions [32-36]. The effects of these and many memory-enhancing treatments follow
inverted-U dose-response functions in which intermediate doses enhance memory but high
doses impair memory [19,29,32,33,37]. Of particular relevance here, the peak of the
inverted-U function varies with the endogenous training-related arousal, as shown clearly
for a diverse set of treatments that include amygdala stimulation, ACTH, epinephrine and
glucose [38-42]. The nature of this interaction is that a dose that enhances memory at low
arousal levels impairs memory at high arousal levels. For example, a dose of epinephrine or
glucose that enhances inhibitory avoidance memory trained with low footshock also
increases circulating plasma epinephrine levels or blood glucose levels to those seen with
greater arousal. Moreover, the same dose administered after a higher footshock impairs
memory and increases circulating epinephrine levels beyond those reached endogenously in
response to the higher footshock [43,44]. Similar results are seen when examining brain
norepinephrine release in response to training and epinephrine levels [39,40]. Epinephrine
injected after low footshock resulted in moderate norepinephrine release and memory
enhancement. Epinephrine injected after a high footshock results in both high levels of
release of norepinephrine release and memory impairment.

Recent findings show that direct intra-amygdala and intra-hippocampal injections of
anisomycin impair memory while also producing extraordinarily large increases in release of
neurotransmitters, specifically biogenic amines and acetylcholine, at the site of injection
[23-25]. These findings, together with those showing that footshock intensity can interact
with the amnestic effects of cycloheximide, suggest that protein synthesis inhibitors may act
on memory not by directly affecting molecular mechanisms intrinsic to memory
consolidation but by altering the release of modulators of memory, presumably a neural
response to the deleterious actions of protein synthesis inhibitors on cell processes.

The present experiment examined cycloheximide effects on memory as an interaction of
dose and footshock intensity used during training in order to test contrary predictions for the
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effects of protein synthesis inhibitors on memory according to views of necessity of new
protein synthesis for memory formation vs. modulation of memory by these drugs.
According to a protein synthesis-dependent perspective, the inhibitor should be amnestic at
all shock levels, from low shock levels to high shock levels; the latter is already shown to
result in memory formation that is not sensitive to inhibition of protein synthesis [26].
According to an interpretation that protein synthesis inhibitors result in modulation of
memory, the efficacy of the inhibitor in impairing memory should increase across lower
footshock levels as seen with a wide range of treatments that do not block protein synthesis.
In addition, it may be possible to demonstrate enhancement and impairment of memory with
a single dose of a protein synthesis inhibitor depending on the intensity of the footshock
used during learning. These were the results described previously for cycloheximide effects
on memory [45] and are replicated and extended here.

2. Material and methods

2.1 Animals

Male ICR mice (approximately 2 months old; Jackson Laboratories) were used in this
experiment. Mice were housed singly with free access to food and water. The mice were
maintained on a 7:00 a.m. ON / 7:00 p.m. OFF light-dark cycle. All procedures were
approved by the University of Illinois IACUC; the University of Illinois animal facilities are
AAALAC-approved.

2.2 Inhibitory avoidance task

Inhibitory avoidance training was conducted in a trough-shaped alley (61 cm long, 15 cm
high, 15 cm ceiling width, and 4 cm floor width) that was divided into start and shock
compartments by a sliding door. On the training trial, each mouse was placed in the well-lit
start compartment (20.3 cm long). After 15 s, the hurdle was lowered and the mouse was
allowed access to the dark shock compartment (40.7 cm long). After the animal entered the
dark compartment, the door was closed and a footshock (100 — 300 pA in different
conditions, 1 sec duration; Lafayette shocker Model 82400, Lafayette, IN) was delivered
through the metal plates that comprised the floor and wails of the trough. Upon termination
of the footshock, mice remained in the shock compartment for 30 sec before being removed
and returned to their home cages. Retention was assessed 48 h later by placing the animals
in the start-box and measuring the latency to cross into the dark compartment. The Ns (6—
11) are identified for each group in Figures 1 and 2. The results described in Experiments 1
and 2, shown in Figures 1 and 2, came from two different cohorts of mice with differences
in memory scores that precluded comparisons across cohorts. The latency data were
therefore evaluated statistically only within cohorts. In Experiment 1, the 150 pA intensity
did not produce reliable learning and memory and therefore was lower than optimal for
demonstrating enhancement of memory. The 250 pPA intensity produced relatively robust
learning and therefore might decrease the parametric space within which to demonstrate
enhancement. Therefore, to maximize the opportunity to observe memory enhancement in
Experiment 2 (Figure 2), we used a shock level of 200 pA, i.e. intermediate to the values in
Experiment 1. With the difference in cohort groups, the memory scores obtained with the
200 pA intensity in Experiment 2 were somewhat lower than those seen with the 150 pA
intensity in Experiment 1. However, the lower mean memory scores were accompanied by
lower variance, resulting in low but statistically reliable levels of learning and memory
desired to test possible enhancement of memory with cycloheximide.

2.3. Drug injections

Cycloheximide (Sigma Chemical Company) was dissolved in saline and administered IP at
concentrations of 0 (saline controls), 30, 60, or 120 mg/kg. Cycloheximide injections were
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administered 30 min prior to training. The 120 mg/kg dose is commonly used to study
amnesia in mice [e.g.: 46—-49]. Note that amnestic cycloheximide doses are much lower in
rats (1-3 mg/kg: [26,50,51]) than in mice, consistent with a similar difference in LD50s for
rats and mice. Cycloheximide doses of 120-150 mg/kg result in approximately 95%
inhibition of brain protein synthesis as measured 30-60 min after injection [21,52-54]; the
dose of 30 mg/kg produces approximately 80% inhibition of brain protein synthesis [21].

2.5. Data Analysis

3. Results

Inhibitory avoidance latencies were analyzed using ANOVAs followed by planned post-hoc
t-tests.

3.1. Cycloheximide impairment of memory was evident only at higher footshock levels

In the first behavioral experiment, mice were trained on an inhibitory avoidance task using
one of four relatively low footshock intensities. Significantly increased latencies on the test
trial, 48 hr after training, vs. the training trial were taken as evidence of memory. As
expected, avoidance latencies on the memory test trials increased as a function of shock
intensity (F3 37=7.23, P<0.001). In the saline control groups, latencies on the test trial were
significantly higher than those of the training trial in mice trained with either of the highest
two shock intensities, 250 and 300 A (Ps < 0.05 and 0.02, respectively). Latencies did not
significantly increase after training with the two low intensities, 100 and 150 pA (Ps < 0.2);
observations of mouse behavior during training indicated that the 100 pA shock was below
the flinch threshold and the 150 pA elicited clear flinch responses in only about 50% of the
mice. Therefore, these two shock levels did not support acquisition of the avoidance
response.

The main results of this experiment indicate that the ability of cycloheximide to impair later
memory emerged as the training shock intensity increased. All mice in this experiment
received a standard amnestic dose, 120 mg/kg, of cycloheximide 30 min prior to training
with different footshock intensities. A significant interaction of drug x shock level was
evident (F3 57=2.87, P<0.05). As shown in Figure 1, mice that received cycloheximide
before training with the highest shock intensity (300 pA) exhibited latencies on the memory
test 48 hr after training that were significantly lower than those of the saline controls
(P<0.02). In contrast, the same dose of cycloheximide failed to produce significant memory
impairments when injected prior to training with any of the three lower footshock intensities
tested here, including the 250 pA shock intensity that produced significant memory in
controls. Note that cycloheximide had no effect on memory latencies in mice trained with
the lowest shock intensities, which did not support learning, indicating that the drug itself
did not alter latencies on the memory tests.

3.2. Enhancement of memory with cycloheximide injections

A second behavioral experiment examined a dose-response curve for cycloheximide effects
on memory. The basis for this experiment was that other memory-modulating treatments
enhance memory after training with low footshock intensities but impair memory after high
footshock intensities. The question here was whether a low dose of cycloheximide would
enhance memory when administered near the time of training with a low shock level. The
mice received cycloheximide injections at 30, 60, or 120 mg/kg prior to training with a 200
WA shock; this shock intensity was chosen to produce significant memory in controls but to
produce sufficiently low latencies on 48-hr tests to permit observation of possible
enhancement of memory. There was a significant effect of cycloheximide on latencies on
the memory test trials (F3 27=6.99, P<0.001). In saline controls, this shock level resulted in
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latencies on the test trial that were significantly higher than those at training (P<0.05; Figure
2). Injections of the lowest dose of cycloheximide tested, 30 mg/kg, resulted in latencies on
the test trial that were significantly higher than those seen in the saline control group. Mice
receiving either of the two higher doses of cycloheximide had latencies on the test trial that
were comparable to those of the saline group, i.e., the higher doses neither enhanced nor
impaired memory under these conditions, resulting in an inverted-U dose-response curve for
cycloheximide enhancement of memory. The failure to see impaired memory after the 120
mg/kg dose of cycloheximide here is consistent with the results shown after low footshock
training in Figure 1.

4. Discussion

The major findings of these experiments are that the amnestic effectiveness of
cycloheximide increases as a function of the shock intensity used during training and that, at
low doses combined with low shock intensities, cycloheximide enhances later memory. Note
that the cycloheximide doses used here all substantially inhibit brain protein synthesis
measured 30-60 min after injection, from ~80% inhibition at the 30 mg/kg dose to ~95%
inhibition at doses near 120 mg/kg [21,52-54].

4.1. Cycloheximide impairments emerge with high stress or arousal

The finding that cycloheximide-induced memory impairments are not seen after training
with low footshock levels but are seen, at the same dose, after training with higher footshock
intensities is analogous to results reported for modulation of memory by ACTH,
epinephrine, glucose, norepinephrine, and other treatments [38—44]. Thus, these findings are
consistent with those obtained with modulators of memory formation.

Past experiments examining the effects of protein synthesis inhibitors on memory have often
examined the effects on memory for tasks that involve relatively high footshock intensities
or other high-stress conditions, e.g. habituation to a loud conspecific distress cry, taste
aversion training, fear extinction [e.g.: 55-63]. There are also reports of impairment of
extinction in appetitive tasks [50,64], and it will be important to assess the nature of
neurobiological bases of arousal in these conditions.

It is important to note that the interaction of cycloheximide and footshock level on memory
reported here is opposite that reported before [26]. In that report, higher shock intensities
overrode the effects of protein synthesis inhibition on memory. Those shock levels were
substantially higher (600 pA and higher in rats) than those used in the present experiment
and were apparently sufficient to block the ability of modulators of memory to impair
memory. Similarly, the amnestic effects of cycloheximide decreased as the training shock
intensity increased in mice [27]. Together, the findings suggest that cycloheximide
impairment of memory is evident only at moderate shock levels but not at high or low shock
levels. These are results expected from an interpretation based on memory modulation as the
intervening biological mechanism but are not expected based on interpretations using
inhibition of memory-consolidating protein synthesis as the intervening mechanism. The
latter view explains neither the absence of amnesia nor the enhancement of memory in the
presence of inhibition of protein synthesis inhibitors as a function of training intensity and
dose. The findings regarding the interaction of the effects of protein synthesis inhibitors with
shock level, presented here and reported earlier [26,27], and the many studies showing that a
broad range of drugs rescue amnesia after protein synthesis inhibition suggest a need for
alternative interpretations of impairments of memory and neural plasticity by inhibitors of
protein synthesis. This is a point made in both early [13] and recent [14-20] reviews.
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4.2. Cycloheximide injections enhance memory in an inverted-U manner

As is the case for the interactions of cycloheximide impairments of memory with changing
footshock levels, the ability of cycloheximide to enhance memory after training with
relatively low shock intensity is also consistent with a cycloheximide effect mediated by
modulators of memory. There was an inverted-U dose-response curve for cycloheximide
enhancement of memory, analogous to the inverted-U dose-response curves seen for
epinephrine, glucose and many other memory-enhancing treatments [30-33,37]. Past
evidence shows that direct injections of a different protein synthesis inhibitor, anisomycin,
substantially increases release of biogenic amines and acetylcholine [23-25]. Moreover, the
memory impairments can be blocked by direct brain injections of drugs that block the non-
physiological release of norepinephrine, by drugs that block norepinephrine receptors, and
can be mimicked by injections of high doses of norepinephrine itself [23]. These findings,
together with the present results, suggest that cycloheximide effects on memory interact with
training-related stress and enhance memory in an inverted-U dose-response manner,
suggesting that these effects may be mediated by altering neurotransmitter and hormonal
modulators of memory.

4.3. Memory-modulating effects of interference with molecular targets associated with
memory formation

Generalizing from these findings, it may also be the case that a memory-modulation
perspective is appropriate too for treatments that are more selective in their action than gross
inhibition of protein synthesis. For example, activation of the transcription factor CREB is
often considered to be important for activating training-related protein synthesis important
for memory [65-68]. However, other studies indicate that CREB is not necessary for
memory or neural plasticity. In mice, conditional-knockout of CREB in mice does not
prevent learning, memory, or synaptic plasticity [69,70]. Another experiment shows that
CREB antisense treatments interfere with norepinephrine responses to training as well as
impairing memory, suggesting that treatments targeting CREB may also act by altering
modulators of memory [71]. Analogous to results showing that high footshock blocks
cycloheximide-induced memory impairments are recent findings seen in aged rats [72].
Together, the findings appear to be consistent with a description of CREB activation as a
modulator of memory [73] rather than as a necessary and sufficient component of the
formation of new memories.

Protein Kinase A (PKA) is also proposed as a molecular trigger for memory that engages
particular protein synthesis programs [74]. However, PKA inhibitors are also effective or
ineffective based on strength of training, in this case manipulated by altering the inter-trial
interval [75] and, for long-term potentiation, by manipulating the frequency of tetanizing
stimulation at the time of induction [76]. Like other studies that examine interactions of drug
effects with training parameters, these findings seem more readily interpreted as effects
mediated by modulators of memory rather than effects demonstrating a necessary
involvement of PKA and downstream effects on synthesis of proteins necessary for memory
consolidation per se.

The present results contribute to a large set of findings supporting the conclusion that
impairment of memory with protein synthesis inhibitors is not a function of impairment of
training-related proteins needed for memory formation but instead a by-product of actions of
protein synthesis inhibitors and perhaps interference with the functions of neuromodulators
[cf.: 13,14,16,20,77]. Indeed, it would be surprising if it were not the case that the insult of
severe inhibition of systemic and central protein synthesis failed to alter neural function in
significant ways, including altering modes of neural communication and neurophysiological
activity important for memory formation [78,79]. It is important, however, to constrain this
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nclusion to the consequences of inhibition of protein synthesis and not to a possible

involvement of protein synthesis in memory formation. The main conclusion is that the
results obtained with protein synthesis inhibitors, perhaps both general and specific
inhibitors, may not provide clear information regarding whether training-related engagement

of

transcription mechanisms is necessary for memory formation.
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Fig 1.

Emergence of cycloheximide (CXM)-induced memory impairments with increases in
footshock (FS) intensity used during inhibitory avoidance training. Mice received an
injection of cycloheximide (120 mg/kg) or saline (SAL) prior to training with one of four
shock levels. Memory was assessed 48 hr after training. Cycloheximide impaired memory
on in those mice trained with the highest shock intensity tested. Ns for each group shown
below bars.
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Cycloheximide (CXM) enhancement of memory. Using a low footshock (FS) intensity
sufficient to produce modest increases in avoidance latencies, cycloheximide enhanced 48-
hr memory at the 30 mg/kg dose as compared to the latencies seen in the saline (SAL)
control group. The dose-response curve had an inverted-U form, as seen for many
modulators of memory formation. Ns for each group are shown below bars. *P<0.05 vs.
SAL in 300 pA FS condition.
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