1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"s», NIH Public Access

(=
a2 & Author Manuscript

Published in final edited form as:
Neurobiol Learn Mem. 2008 March ; 89(3): 201-211. doi:10.1016/j.nlm.2007.10.006.

PROTEIN SYNTHESIS INHIBITION AND MEMORY: FORMATION
VS AMNESIA1

Paul E. Gold
Departments of Psychology and Psychiatry, Neuroscience Program and Institute for Genomic
Biology, University of lllinois, Champaign, IL 61820

Abstract

Studies using protein synthesis inhibitors have provided key support for the prevalent view that
memory formation requires the initiation of protein synthesis as a primary element of the molecular
biology of memory. However, many other interpretations of the amnesia data have received far less
attention. These include: a) Protein synthesis may play a constitutive role in memory formation,
providing proteins prior to an experience that can be activated by training; b) Protein synthesis may
be needed to replace proteins available prior to learning but ‘consumed’ by learning; c) Inhibition of
protein synthesis impairs the well-being of neurons, leading to an inability to deliver resources needed
for memory formation; and d) Inhibition of protein synthesis results in abnormal neural functions
that interfere with memory. One of these, abnormal release of neurotransmitters after inhibition of
protein synthesis, is detailed here, along with a review of many circumstances in which it appears
that protein synthesis at the time of training is not required for the formation of new memories.

Evidence of activation of cell signaling molecules and transcription factors is another form of support
for a role of training-initiated protein synthesis in memory. However, recent findings suggest that
many of these molecules are activated by training and remain activated for days after training, i.e.
activated for times well beyond those typically invoked for memory consolidation processes.
Reviewing these results, this paper suggests that the long-lasting molecular changes may be the basis
of a form of intra-cellular memory, one responsible for up-regulating the probability that a neuron,
once activated in this manner, will engage in future plasticity. This view melds ideas of modulation
of memory with those of consolidation of memory.
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1. INTRODUCTION

Many reports begin with a well-accepted statement that there are at least two stages of memory.
As generally proposed, memory is maintained soon after experience, by a short-lived temporary
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process that is dependent on modifications of existing proteins (e.g., Kandel and Schwartz,
1982). As this memory mechanism decays, mechanisms responsible for permanent memory
storage supplant the temporary process. These mechanisms are generally believed to be
dependent on new protein synthesis and to form the basis for cellular memory consolidation
at a cellular level (Squire, 1987; Dudai, 2002; Kandel, 2001).

Of several ways in which new protein synthesis may be important to memory (Glassman,
1969), one is the commonly held view that new protein synthesis is needed for the modifications
of neuron-neuron functional connectivity. Many of the studies that discuss protein-synthesis
dependent memaory do so on the basis of findings that protein synthesis inhibitors impair
memory, identifying results obtained with the inhibitors as demonstrating a requirement for
protein synthesis in memory consolidation. However, other interpretations of these findings
are less often considered (Gold, 2006). One is that intact protein synthesis is necessary in a
more constitutive manner for replenishment of materials used in memory formation
(Routtenberg and Rekart, 2005). Another possibility is that protein synthesis is needed for
maintenance of cell health at a level that can sustain the use of cellular resources to fine-tune
the connectivity of the nervous system in response to memory (Rudy et al., 2006). Yet another
interpretation is that inhibition of protein synthesis results in abnormal neural functions that
interfere with memory, a possibility supported by recent evidence from the author’s laboratory
(Canal et al., 2007) as described below.

The present paper examines several classes of findings that are not readily incorporated into
the view that new protein synthesis is a necessary component of the mechanisms by which new
memories are formed. Although this review will mainly focus on contemporary studies, it is
important to note extensive evidence from the 1970s and 1980s that led many investigators to
conclude that the evidence did not support the idea that protein synthesis was necessary for
memory formation, that the effects of protein synthesis inhibitors on memory were very
complex, and that the results supported many alternative explanations (e.g., Barraco and
Stettner, 1976; Cooper, Bloom and Roth, 1978; Martinez, Jensen and McGaugh, 1981). These
points of view were the motivation for the review by Davis and Squire (1984), in which they
defended the idea that protein synthesis was necessary for memory. Importantly, whatever
conclusion one now draws about this issue, it is not the case that these early studies led to a
consensus that protein synthesis was necessary for memory. Nonetheless, statements espousing
this view have become standard in the introductions to and rationales for studies of protein
synthesis and memory.

2. Is protein synthesis necessary for memory and synaptic plasticity?

2.a. Examples of plasticity resistant to inhibition of protein synthesis

2.a.1. Memory—Although protein synthesis inhibitors often impair memory across species
and tasks, it is also the case, as noted by Routtenberg and Rekart (2005), that intact memories
are sometimes formed even in the presence of extensive inhibition of protein synthesis. Specific
behavioral variables appear to be important. For example, amnesia is attenuated in graded
manner by increasing the number of training trials or by increasing the intertrial interval
(Quartermain and Botwinick, 1975; Flood et al., 1975), or by increasing the intensity of a
training footshock (Flood et al., 1978a). Thus, views regarding the requirement of new protein
synthesis for memory formation do not comprehensively incorporate a significant amount of
the available data. Results like these, particularly when viewed together with the
pharmacological ‘rescue’ studies described later, indicate that protein synthesis is not
universally necessary for the formation of memories, specifically including long-lasting
memories.
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2.a.2. LTP—The multiple variables involved in memory research might confuse the
interpretations in favor of or against a role for new protein synthesis in memory. In recent years,
many reports have noted that protein synthesis inhibitors have effects on long-term potentiation
(LTP) that are analogous to those seen in many memory experiments, specifically intact early
LTP with rapid decay in rats and mice treated with protein synthesis inhibitors. However, like
memory, LTP is sometimes insensitive to inhibition of protein synthesis and, as in memory
experiments, there are specific variables that seem to determine the sensitivity or resistance of
LTP to protein synthesis inhibitors. In rat visual cortex, theta burst stimulation resulted in a
slowly developing LTP that was blocked by protein synthesis inhibitors and a rapidly
established form of LTP that was not blocked by the inhibitors (Kurotani et al., 1996).

Although not directly involving inhibition of protein synthesis, a more recent paper (Steward
et al., 2007) provides additional evidence that protein synthesis may not always be necessary
for LTP. Perforant path LTP was established in rats using either 250 or 400 Hz stimulation
trains. Although the expression of LTP was comparable under these conditions, important
molecular markers of LTP induction were very different. LTP induced with 400 Hz tetanizing
stimulation trains was accompanied by increased c-Fos and MAP kinase expression. However,
LTP induced with 250 Hz trains did not engage these molecular mechanisms. Importantly, the
magnitude of LTP was similar under both stimulation conditions, showing that there are at
least some forms of synaptic plasticity that do not require new protein synthesis.

A recent report (Fonseca et al., 2006a) provides additional evidence that protein synthesis is
not necessary for LTP. The findings of this report suggest that protein synthesis and degradation
must be in balance in order for the production of LTP in CAl (Fonseca et al., 2006a). As
reported by any others, late-LTP was impaired in the presence of protein synthesis inhibition.
In addition, the report showed that late-L TP was also impaired by pharmacological inhibition
of proteasome-mediated protein degradation. Of particular relevance to the present discussion
was the finding that simultaneous inhibition of both protein synthesis and degradation did not
interfere with the induction and maintenance of LTP. Regardless of the specific interpretation
regarding balance of synthesis and degradation, the findings indicate clearly that establishment
and maintenance of LTP can occur in the absence of protein synthesis. The ability of
pharmacological inhibition of protein degradation to rescue LTP adds to other examples noted
below in which drugs can rescue LTP from the effects of protein synthesis inhibition in the
absence of reversing that inhibition.

Another set of very interesting results shows that the specific schedule and frequency of test
pulses after induction of LTP determine whether early-LTP is or is not impaired by the protein
synthesis inhibitor, anisomycin (Fonseca et al., 2006b). The study shows again that anisomycin
impairs the establishment of late- but not early-LTP in CAL, with decay of LTP within the
hours after tetanus. These effects were seen when the test pulses were administered at the rate
of 1/min. However, when test pulses were administered at the rate of 1/10 sec, both early- and
late-L TP were impaired; inhibition of protein synthesis also interferes with both early- and
late-LTP in the mossy fiber - CA3 system (Calixto et al., 2003). In addition, when anisomycin
was applied after establishment of late-L TP, the treatment did not impair LTP unless test pulses
(1/10 sec) were administered during the anisomycin exposure. Importantly, the conditions of
induction were the same across treatments. The application of test pulses well after induction
determined whether LTP was or was not impaired by an inhibitor of protein synthesis.
Therefore, it seems reasonable to conclude that the sensitivity to impairment of LTP by
anisomycin is not a property of the formation of LTP but is a property of interactions of
anisomycin with activity-related alterations of neuronal functions. This view suggests not that
neuronal activity determines the protein synthesis dependence of LTP but that the neural
activity determines the level of interference with neural functioning — in this case well after
LTP induction — to impair the expression of LTP.
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2.a.3. Synaptic plasticity in Aplysia—Similar to findings seen with tests of mammalian
memory and LTP, protein synthesis is not required for the formation of some forms of synaptic
plasticity in the Aplysia. In this preparation, long-term synaptic facilitation of sensory to motor
neuron synapses can be produced reliably by repeated tail shocks (Carew et al., 1971). Long-
term synaptic facilitation of this system can also be produced by application of 5-HT using
either of two procedures, by 5 spaced pulses of 5-HT applied to the ganglia (repeated
stimulation) or by a single 25-min application of 5-HT to the sensory neuron soma paired with
a single 5-min pulse applied to the soma (asymmetric stimulation) (Sherff and Carew, 1999).
With both procedures, the resulting expression of long-term facilitation is evident as a long-
lasting increase in motor neuron EPSP amplitude in response to sensory neuron stimulation.
Although the expression of the synaptic plasticity appears identical, facilitation induced by
asymmetric but not that induced by repeated stimulation is blocked in the presence of a
postsynaptic protein synthesis inhibitor (Sherff and Carew, 2004). Thus, the results reveal
another instance in which protein synthesis is not required for synaptic plasticity.

2.b. Pharmacological rescue of memory impaired by protein synthesis inhibitors

There is extensive evidence, much of it before 1980, showing that many drugs can attenuate
amnesia produced by protein synthesis inhibitors. These early studies of attenuation of amnesia
by protein synthesis inhibitors and other treatments were reviewed comprehensively by
Martinez et al. (1981). A general conclusion from these experiments was that protein synthesis
inhibitors impaired memory by depressing arousal levels needed for memory formation. Drugs
that reinstated the arousal levels reversed amnesias produced by the inhibitors while drugs that
independently depressed arousal levels exaggerated the amnesia.

Early studies of amnesia produced by puromycin found that the memory impairments could
be attenuated by a wide range of drugs, including caffeine, ACTH, and vasopressin (Lande et
al., 1972; Flexner et al., 1978) administered near the time of training. Also, intracerebral
injections of saline administered up to 12 hrs after puromycin treatment reversed the amnesia
(Flexner and Flexner, 1967; Rosenbaum et al., 1968), leading to the general conclusion that
puromycin impaired memory by mechanisms other than interfering with new protein synthesis
necessary for the formation of new memories (cf. Martinez et al., 1981).

In part because this conclusion meant that the question of a role of protein synthesis in memory
had not been tested with puromycin, later experiments examined the effects of other protein
synthesis inhibitors, primarily anisomycin and cycloheximide. With the experience obtained
in puromycin studies, studies of amnesia and pharmacological reversals of amnesia soon
appeared. Some examples include findings that anisomycin-, cycloheximide- and / or
acetoxycycloheximide-induced amnesias can be attenuated by administration of amphetamine,
strychnine, picrotoxin, corticosteroids, dexamethasone, caffeine, nicotine, and
phenoxybenzamine (Flood et al., 1977, 1978a,b; Serota et al., 1972; Oliver et al., 1979;
Barondes and Cohen, 1968; Nakajima, 1975; Gold and Sternberg, 1978). In one series of
experiments (Flood et al., 1977, 1978a), a wide range of stimulants, as above, blocked amnesia.
Moreover, general depressants — chloral hydrate and sodium pentobarbital — increased the
ability of anisomycin to produce amnesia. An example of the latter effect is as follows.
Anisomycin produced amnesia for inhibitory avoidance memory when the training involved
a relatively weak footshock but did not produce amnesia if training was accomplished with a
more intense footshock. However, anisomycin in combination with post-training injections of
either chloral hydrate or pentobarbital did produce amnesia (Flood et al., 1977, 1978a).

Within the experiments that explored attenuation and exaggeration of amnesias induced by
protein synthesis inhibitors, some measured the possibility that the drugs altered the level of
protein synthesis inhibition (e.g., Flood et al., 1977; Hall et al., 1976; Barondes and Cohen,
1968; Serota et al., 1972; Sershen et al., 1982). Across studies, stimulant drugs that reversed
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amnesia did not reduce the extent of protein synthesis inhibition; depressant drugs that
exaggerated amnesia produced by protein synthesis inhibitors resulted in marginal increases
in the extent of protein synthesis inhibition. Thus, these findings support the view that protein
synthesis inhibitors interfere with arousal mechanisms and only indirectly interfere with the
mechanisms of memory formation.

Davis and Squire (1984) examined the reversal literature and provided an important
interpretation of studies that show that stimulants reverse amnesias produced by inhibitors of
protein synthesis. Their interpretation was an alternative to the views of others that discounted
the relevance of studies that used protein synthesis inhibitors to address questions of the
mechanisms of memory. To develop their conclusion, Davis and Squire noted two sets of
findings. First, amnesia after administration of a protein synthesis inhibitor, like other classes
of treatments, was rarely complete. Second, the stimulants used to reverse amnesia were drugs
that themselves enhanced memory. Therefore, Davis and Squire concluded that the stimulants
were effective at reversing amnesia because they enhanced the residual weakened memory by
mechanisms that do not involve protein synthesis. Presumably, the authors would similarly
argue that depressants augment protein synthesis-induced amnesia by themselves impairing
memory, as seen at times with anesthetics (e.g., Semba et al., 2005). However, it seems
reasonable to believe that drugs that enhance and impair memory do so by altering the processes
involved in memory formation (Gold and McGaugh, 1975). Therefore, this view does not offer
aneurobiological explanation of how weak memories can be strengthened and strong memories
can be weakened in the absence of protein synthesis. In addition, more recent data (Canal et
al., 2007, described below) show conditions under which drugs that themselves are not
stimulants and that do not enhance memaory can nonetheless attenuate anisomycin-induced
amnesia, a finding that conflicts directly with the perspective offered by Davis and Squire
(1984).

Even recognizing the importance of the perspectives offered by Davis and Squire (1984), it
seems curious that the large literature on attenuation of amnesia by protein synthesis inhibitors
has been largely ignored or, more precisely, fully overshadowed. Here are a few statistics
gleaned from a Science Citations Index search for a few of the key articles above. The
Science paper by Flood et al. (1977), showing that anisomycin-induced amnesia could be
increased or decreased by stimulants and depressants has been cited 48 times, 7 times since
2000. The review of attenuation of amnesia by Martinez et al. (1981), which concluded that
the amnestic effects of protein synthesis inhibitors are nonspecific in nature, has been cited 47
times, 5 since 2000. The review by Davis and Squire (1984), with the conclusion as above that
the data make a compelling case that training-related protein synthesis is an essential step in
the formation of long-term memory, has been cited 597 times, 320 times since 2000.

A second line of reasoning in the Davis and Squire (1984) review is based on convergent
pharmacology showing that multiple protein synthesis inhibitors, each with different side
effects, impair memory, thereby supporting the conclusion that protein synthesis is necessary
for memory formation. More precisely, however, the convergent pharmacology instead
supports the more empirical conclusion that inhibition of protein synthesis impairs memory.
One interpretation is that new protein synthesis may be necessary for memory formation.
Another interpretation is that there are neural consequences of the massive inhibition of protein
synthesis that impair a host of cell functions that might mediate amnesia. This alternative
conclusion has support from a recent experiment (Canal et al., 2007) described below.

2.c. Conclusion: New protein synthesis is often not necessary for memory formation

The multiple demonstrations that memory formation can survive extensive inhibition of protein
synthesis lead to the conclusion that the requirement is hardly absolute. Findings that
behavioral, electrophysiological and pharmacological manipulations can rescue memory and
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LTP from the insult of protein synthesis inhibition are striking. In many of the contemporary
demonstrations showing such results, the authors suggest that they have identified a new
memory process that is not dependent on new protein synthesis, even if previous instances
were dependent on new protein synthesis. Such arguments keep the dominant views in place
even as new data limit the generality of those views. However, the logic seems challenged
when treatments administered well after the induction of learning or LTP — e.g. the test pulse
patterns administered in Fonseca et al. (2006b) — make the (prior) plasticity dependent or not
on protein synthesis.

Thus, there is substantial lack of generality for the findings that protein synthesis inhibitors
block memory formation. The lack of generality deserves considerable attention, perhaps with
more interest paid to the conditions under which memory is insensitive to protein synthesis
inhibitors. In particular, if one believes that new protein synthesis is important for memory
formation, it is precisely the conditions in which inhibitors do not impair memory that might
be most illuminating, perhaps by revealing the synthesis of the principal proteins — those
surviving the inhibition — that are truly necessary for memory formation. Alternatively, if one
believes that protein synthesis inhibitors impair memory by inducing cellular or organismic
illness, or by blocking new protein synthesis to replenish those proteins used in memory
formation, or by simply inserting abnormal neural activity — neural noise (Gold, 2006) — that
impairs memory, the issue of why the inhibitors block memory only some of the time is
similarly important to these views.

3. If protein synthesis is not necessary for memory formation, why do
inhibitors impair memory?

The many instances in which memory and synaptic plasticity can occur in the presence of
inhibition of protein synthesis indicate clearly that protein synthesis is not necessary for all
forms of memory and synaptic plasticity. What of the reports that do show such impairments
after administration of protein synthesis inhibitors? If the examples of failures to impair
memory with protein synthesis inhibitors mean that new protein synthesis is not necessary in
these cases, do reports that inhibitors do impair memory reveal a requirement, at least in these
cases, for new protein synthesis? This reverse statement does not necessarily hold true. When,
under some conditions, memory and synaptic plasticity are blocked by inhibition of protein
synthesis, the results need not imply that protein synthesis is an essential part of the process
by which the neural changes are made. Like other conclusions based on loss of function studies,
the results indicate what the residual functions are or are not rather than indicating for what
the lost function is responsible. More directly, these studies suggest that the absence of protein
synthesis is a poor condition under which memories can be made.

The disruption of functional organization of topographic maps in motor cortex is consistent
with the view that an inhibitor of protein synthesis, and likely inhibition of protein synthesis
itself, disrupts normal cellular processes to impair the functions of those cells. Relating this
idea to memory, the mechanisms of amnesia in these cases might reflect cell sickness, abnormal
neural electrical activity, or intrusion of neural ‘noise’ masking the primary changes that reflect
memory formation (Gold, 2006). Related to these ideas is evidence that protein synthesis
inhibitors result in gene superinduction, including genes sometimes associated with memory
formation (Edwards and Mahadevan, 1992; Radulovic and Tronson, 2007; Routtenberg and
Rekart, 2005; Rudy et al., 2006).

Note that these are potential mechanisms of amnesia. The mechanisms of amnesia need not be
the inverse of the mechanisms of memory formation.
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An additional example illustrates well the nature and duration of the effects of protein synthesis
inhibition on the function of a neural system. Local application of protein synthesis inhibitors
results in disruption of topographic maps and increases in the threshold for evoked responses
in motor cortex for over 4 days after a single treatment (Kleim et al., 2003); the long-lasting
duration of these effects is not evident with other inhibitors of neural function such as
application of a local anesthetic. In the same report, anisomycin injections into motor cortex
resulted in decreases in synapse number and size, also for more than 4 days after a single
injection. This report offers clear evidence that a single injection of anisomycin can have
proactive effects on the functional integrity of the brain area receiving the injection.

In recent studies originally intended as a prelude for examinations of the role of protein
synthesis in the context of drug abuse research, we obtained evidence suggesting that
anisomycin injections into the amygdala result in profound alterations in neurotransmitter
release, changes that can readily account for amnesia produced by this treatment (Canal et al.,
2007). Rats were trained in a one-trial inhibitory avoidance task and were tested for memory
48 hr later. As shown in Figure 1, pretraining injections of anisomycin into the amygdala
impaired memory and impaired training-related increases in expression of c-Fos in the
amygdala. Using a combination microdialysis probe and injection cannula, we collected
samples of extracellular fluid at the site of injection before, during and after anisomycin
injection. The samples were later analyzed for norepinephrine, dopamine and serotonin
content. The results of one of these experiments is shown in Figure 2. The first samples
collected after anisomycin injections revealed massive increases in release of all three biogenic
amines. The peak increases in release were above 1000% for norepinephrine, 11,000% for
dopamine and 17,000% for serotonin. It is important to note that the magnitudes of these
increases are well beyond those seen after training or stress, where increases of 100-300% are
typical (Mclntyre et al., 2002; Ma and Morilak, 2005; Shearman et al., 2005; Hassert et al.,
2004; Clayton and Williams, 2000; Miyashita and Williams, 2002; Williams et al., 1998).

When release was measured at long times after injection, the dramatic early increases in release
were followed by later substantial decreases in release of both dopamine and norepinephrine,
perhaps reflecting either a failure of neurotransmitter synthesis to maintain sufficient supplies
for release or a shutdown of release by presynaptic autoreceptors. Norepinephrine release
approached zero and dopamine release approached 40% of control values at about 90 min after
injection (Figure 3). The decreases in release of norepinephrine and dopamine were sustained
for over 8 hrs, returning to baseline at 48 hrs (data not shown).

These findings raise the possibility that anisomycin produces amnesia by initiating these
increases and decreases in neurotransmitter release. To begin to test this idea, we examined
the particular role of norepinephrine in mediating the amnesia. Specifically, we attempted to
determine whether it was the increase or the decrease in release that induced amnesia. To
address this issue, we administered adrenergic receptor antagonists timed to block the
consequences of the peak release or, in other groups, we administered adrenergic receptor
agonists timed to compensate for the decrease in release. The results, and timelines to explain
the experimental conditions, are shown in Figure 4. Anisomycin was injected into the amygdala
2 hrs before training and produced substantial amnesia on memory tests 48 hr after training.
When the B-adrenergic receptor antagonist, propranolol, which itself can impair memory with
other timing relative to training (Debiec and LeDoux, 2006;Lennartz et al., 1996;Mcintyre et
al., 2005;Miranda et al., 2003), was administered 10 min prior to injection of the protein
synthesis inhibitor, the anisomycin-induced amnesia was attenuated. Conversely, a high dose
of norepinephrine was administered 20 min prior to training, i.e. imitating the high levels of
release produced by anisomycin, was as effective in inducing amnesia as was anisomycin. The
ability of norepinephrine to enhance memory at low doses and to impair memory at high doses
is seen with many drug treatments (Koob, 1991;Gold, 1995,2006), and may reflect the basis
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for the inverted-U relationship between arousal and memory proposed a century ago by Yerkes
and Dodson (1908).

In parallel with these pharmacological experiments, we also assessed a possible role for the
substantial decreases in release of norepinephrine seen 2—8+ hr after injection of anisomycin.
Inthis experiment, a B-adrenergic receptor agonist was administered after anisomycin injection
and prior to training to compensate for the decreased release. As shown in Figure 4, this
treatment also substantially attenuated amnesia induced by anisomycin injections into the
amygdala.

These findings suggest that the peak increases in release of norepinephrine are necessary and
sufficient to mediate amnesia produced by intra-amygdala injections of anisomycin. In this
respect, the experiments support the view that there are neural consequences of the massive
inhibition of protein synthesis that can mediate amnesia, an interpretation that stands in contrast
to the standard view that amnesias produced by protein synthesis inhibitors reveal a
requirement of de novo protein synthesis for generating the neural bases of new memory
formation.

Note that an interpretation explaining the effects of protein synthesis inhibitors on memory in
terms of abnormal release of neurotransmitters is entirely consistent with the rapid forgetting,
most often taken as decay of short-term memory. In particular, the long-duration decrease in
neurotransmitter release might contribute to the inability of memory systems to maintain the
neural changes responsible for memory formation.

There are many questions regarding the generality of these findings that remain to be tested.
These include assessments of other neurotransmitter changes. As Martinez et al. (1981) note,
the finding that a single noradrenergic drug reverses amnesia produced by many treatments
(e.g. phenoxybenzamine as in Gold and Sternberg, 1978) leaves open the possibility that there
are multiple points of entry into the mechanisms of amnesia beyond norepinephrine and the
biogenic amines. In addition, it is important to determine whether these neurochemical effects
mediate amnesias produced by other protein synthesis inhibitors and whether these effects are
specific to the amygdala. The outcomes of such experiments will of course inform and therefore
frame further discussions about the mechanisms of amnesia. However, in a positive sense, the
focus of those discussions may shift away from single consideration of the mechanisms of
memory to additional considerations of the mechanisms of amnesia.

Together with several other neurotransmitters, there is considerable evidence that
norepinephrine — particularly in the amygdala - modulates memory formation. At moderate
levels of release or with moderate injection doses, norepinephrine sets a condition in which
the probability that a strong memory will be formed is increased, rather than creating that
memory per se. At high levels of release or high doses near the time of training, norepinephrine
impairs later memory. Modulation of memory was initially intended to explain the roles of
endogenous hormones and neurotransmitters in regulating memory formation (Gold and
McGaugh, 1975). While the application of the term, modulation, in the context of protein
synthesis inhibitors seems somewhat at odds with the original meaning of memory modulation,
these recent findings suggest that anisomycin may indeed modulate memory through the
neurochemical processes responsible for modulation of memory formation rather than for the
substrate bases of memory formation. This provides an interesting point of convergence
between studies of modulation and consolidation of memory.
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4. Proteins and protein synthesis as both modulators and substrates of

memory

With considerable evidence against a general requirement for new protein synthesis in order
to form new memories, additional data point to an important role for proteins, and for protein
synthesis, in memory. The evidence includes training-related changes in immediate early gene
expression, changes in gene microarray profiles and changes in specific proteins. One
alternative to a need for new protein synthesis is that post-translational modifications of
existing protein may be sufficient to represent memory (Routtenberg and Rekart, 2005). These
modifications would necessarily be long-lasting and would participate as a basis for memory
for arelatively long time after training. Is there evidence for such changes and is there evidence
that the long-lasting changes are important to maintenance of memory?

Most tests of gene and protein expression are performed during the few hours after training.
This aspect of experimental design appears to be based on the idea that these molecular changes
are engaged by training to mediate later brain changes, particularly structural changes,
responsible for long-lasting memory (e.g., Kandel, 2001). Although the temporal features of
these experiments presume a time course of several hours to form long-lasting memory, the
evidence indicates that there is a wide range of times for decay of short-term memory and
neural plasticity. As reviewed elsewhere (Gold, 2006), the time-courses for decay of memory
in the presence of inhibition of protein synthesis vary from 1 to at least 24 hrs (cf. Gold,
2006). In LTP experiments, the time for decay in the presence of protein synthesis inhibitors
is at least from 10 min to 4 hrs. Given the variability in these time courses, the rate of decay
of memory and synaptic plasticity seems likely to reflect a large set of molecular participants.
A recent interesting review of the time courses for many factors, including CAMP, PKA,
pCREB, and c-Fos among others, notes that each has a different time course when measured
in the hippocampus during the several hours after training (1zquierdo et al., 2006). In addition,
for many measures, there were multiple peaks of activation during this time. Izquierdo et al.
(2006) conclude that memory formation includes a network of serial and parallel molecular
events, using multiple time courses, that produce memory. While their analyses included only
times proximal to training, of particular interest here are a growing number of demonstrations
that many signaling and transcription factors remain expressed or activated at times well
beyond training.

The phosphorylation of CREB offers an example of a molecular change that seems to last
beyond times often suggested for the formation of memory. Given the proposed role of pPCREB
in initiating synthesis of proteins needed for memory formation during the first few hours after
an experience (cf. Yin and Tully, 1996; Silva et al., 1998; Abel and Kandel, 1998), the long
lasting increase in phosphorylation of CREB is surprising. Nonetheless, there are several
examples in which pCREB is activated after training and in which the activation lasts well
beyond the end of training. In one report (Stanciu et al., 2001), pCREB increased in the
hippocampus after fear conditioning at 30 min and then decayed, in concert with many ideas
about short-term memory. However, pCREB then increased again at 6 hrs after training. Longer
durations after training were not measured in this experiment, but the 6 hr time-point is arguably
at the end of or beyond putative short-term memory processes. Longer times have been
measured in other experiments. In one such study, Taubenfeld et al. (2001) showed that pPCREB
was activated in the hippocampus even 20 hr after inhibitory avoidance training, a time well
beyond traditional definition of short-term memory. In an experiment still in progress in this
author’s laboratory, preliminary evidence suggests that pPCREB expression is increased for up
to 48 hr after inhibitory avoidance training (unpublished results). In a report that did not
explicitly examine memory (Bilang-Bleuel et al., 2002), rats were exposed to forced
swimming, presumably engaging memory mechanisms as in various versions of swim tasks.
pCREB increased after that experience in the dentate gyrus and neocortex for beyond 48 hr,
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the longest training-measurement time tested. pCREB is similarly elevated in the dentate gyrus
for at least 24 hr after induction of perforant path LTP (Schulz et al., 1999).

pCREB is not unique in exhibiting molecular changes that appear to outlast times typically
offered for memory formation. A recent article in this journal (Trifilieff et al., 2007) shows
biphasic increases in phosphorylated ERK (pERK) in both the hippocampus and amygdala
after fear conditioning. The first peak in ERK activation was evident at 15 min after training,
returning toward baseline at 3 hr. Important to the present discussion, the second peak was
evident in CA3 of the hippocampus even 24 hr after training, the longest time tested, in mice
that had received either unpaired or paired conditioning trials. The time course was different
in the basolateral and lateral amygdala where increases in pERK were seen at 15 min, returned
toward baseline at 3 hr, peaked again at 9 hr, and returned to baseline at 24 hr. Thus, the time
courses vary with brain area but, in both cases, there were increases evident long after training.
In the hippocampus, the duration of the effect is unknown because times later than 24 hr were
not assessed. The long time courses of molecular changes appear to have generality not only
across proteins but also across species. In tests of facilitation of the gill withdrawal reflex in
the Aplysia, PKA activity increases soon after administration of serotonin, then decreases to
baseline at 3 hrs, before increasing again at 20 hrs after application of serotonin (Sutton et al.,
2001).

These examples of long lasting changes were evident as changes in the activation levels of
constitutively expressed proteins. However, downstream targets of gene transcription are likely
to follow activation of PKA, ERK and pCREB. For instance, c-Fos and zif-268 both exhibit
increases in levels of expression as late as 24 hr, after inhibitory avoidance training
(Bekinschtein et al., 2007).

These long-lasting molecular changes do not fit easily into a rubric of a molecular cascade
important for memory formation because, in most views, the memory formation is complete
well before the molecular events have subsided. One possibility is that the multiple waves of
molecular activation reveal multiple waves of synaptic plasticity involved in memory
formation. Of course, this is a view of memory formation that is quite different from most
hypotheses that led from memory consolidation to molecular mechanisms of memory
formation; it is also not a view for which there is direct evidence. It is also important to note
that the structural changes often believed to underlie memory formation can occur rapidly,
within 0 — 30 min in many circumstances. Among many examples (cf. Segal, 2001; Halpain,
2000), rapid structural changes have been seen in studies of LTP (Kadota and Kadota, 2002;
Toni et al., 2001; Engert and Bonhoeffer, 1999; Maletic-Savatic, et al.., 1999), application of
glutamate (Matsuzaki et al., 2004; Halpain et al., 1998), estradiol (MacLusky et al., 2005) or
leptin (O’Malley et al., 2007). Thus, the onset of the product — restructuring of dendritic spines
— appears to precede the onset and termination of many molecular events thought to generate
the product. Particularly when viewed in the context of the rapidity (seconds to minutes) with
which brain structural changes can occur, the ability for transcription, translation and transport
to cause these changes seems unlikely.

One alternative view, much as proposed by Routtenberg and Rekart (2005), involves the use
of proteins already in place at synapses and ready to engage structural changes. Consistent with
this view, a recent report (Holahan and Routtenberg, 2007) demonstrates that a broad serine/
threonine kinase inhibitor, H-7, blocked memory for fear conditioning even if injected into the
cingulate cortex 3 weeks after training. To test the possibility that the effect was on expression
or retrieval of the learned response, rather than a component of that learned response, a similar
experiment was performed that showed that the treatment similarly blocked extinction of fear,
i.e. the inverse behavioral response. These findings thereby showed that the kinase inhibitor
did not only interfere with the expression of memory. Instead, as interpreted by the
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investigators, post-translational modifications including kinase activation patterns might be a
component of the basis for long-lasting memory. This novel approach needs additional
exploration across neural systems and across molecular candidates.

These results, together with the several examples offered earlier of long-lasting molecular
changes after learning or LTP, suggest an additional, related possibility. Most theories of the
neurobiology of memory focus on changes in neural circuitry, e.g. changes in neuron-neuron
relationships. Alternatively, perhaps long lasting changes in activation of some existing
proteins, as pCREB above and as in the posttranslational modifications involved in the Holahan
and Routtenberg (2007) experiment, establish intracellular memories. Restated, some long-
lasting molecular responses to an experience might themselves be a neurobiological memory,
a long-lived residual of experience. Instead of storing details of an experience, these changes
may represent the relatively non-specific information that something significant happened,
resetting the likelihood that a population of neurons will participate in future episodes of
plasticity. Thus, in contrast to memories that might contain specific information about an
experience, these intracellular changes may be the basis for altered readiness to engage in future
plasticity. This idea is very similar to one expressed several years ago in an intriguing article,
“The genomic action potential” (Clayton, 2000). The genomic action potential prepares a
neuron to be ready for a new experience, modulating the ability of that neuron to change under
a new condition requiring plasticity. | suggest here updating this view to include long-lasting
molecular changes, changes that may represent a new state for the neuron in which that neuron
is ready — for a substantial time — to change again. It is at this point that the molecular biologies
of memory consolidation and memory modulation converge to become cellular memories. In
this sense, the long-lasting molecular change is a cellular memory of significant change,
modulating the ability of the cell to change again.
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Figure 1.

Effects of intra-amygdala injections of anisomycin (ANI; 62.5 pg/0.5 pl/side) on memory and
on c-Fos immunoreactivity. The anisomycin was injected into the amygdala 20 min prior to
inhibitory avoidance training. Left. Anisomycin significantly impaired memory as tested 48 hr
after training (p>0.05). Right. Anisomycin blocked training-related increases in c-Fos in
sections taken just posterior to the injection site. (From Canal et al., 2007.)
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Figure 2.

Effects of intra-amygdala injections of anisomycin on release of norepinephrine (NE),
dopamine (DA), and serotonin (5-HT) at the site of injection. Note that anisomycin resulted in
massive release of each of the biogenic amines during the samples (45 min each) taken
immediately after injection. (Data from Canal et al., 2007.)
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Effects of intra-amygdala injections of anisomycin on release of norepinephrine, dopamine

and serotonin in samples collected during the 8 hrs after injection. These figures are based on
the data in Figure 2, except that the y-axis is greatly expanded to reveal the extensive decreases
in release of norepinephrine and dopamine that were evident even 8 hr after injection. These
levels returned to baseline at 48 hrs (hot shown). (Data from Canal et al., 2007.)
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Figure 4.

Attenuation and induction of amnesia with noradrenergic drugs. The top of the figure shows
the timelines for these experiments. The B-adrenergic receptor antagonist, propranolol,
administered 10 min prior to anisomycin, attenuated the amnesia, apparently blunting the
impact of the large increase in release of NE in response to anisomycin injection. Similarly,
the B-adrenergic receptor agonist, clenbuterol, administered 110 min after anisomycin and 10
min prior to training, attenuated the amnesia, apparently blunting the impact of the substantial
decrease in release of NE evident 2 hr after training. These results suggest that both the increase
and decrease in NE release contribute to anisomycin-induced amnesia. Finally, injections 20
min before training of a high dose of NE alone, i.e. without anisomycin, was sufficient to impair
later memory. (Data from Canal et al., 2007.)
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