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Abstract

Epinephrine, released into blood from the adrenal medulla in response to arousing experiences, is
a potent enhancer of learning and memory processing. This review examines mechanisms by
which epinephrine exerts its effects on these cognitive functions. Because epinephrine is largely
blocked from moving from blood to brain, it is likely that the hormone's effects on memory are
mediated by peripheral actions. A classic effect of epinephrine is to act at the liver to break down
glycogen stores, resulting in increased blood glucose levels. The increase in blood glucose
provides additional energy substrates to the brain to buttress the processes needed for an
experience to be learned and remembered. In part, it appears that the increased glucose may act in
the brain in a manner akin to that evident in the liver, engaging glycogenolysis in astrocytes to
provide an energy substrate, in this case lactate, to augment neuronal functions. Together, the
findings reveal a mechanism underlying modulation of memory that integrates the physiological
functions of multiple organ systems to support brain processes.
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MEMORY CONSOLIDATION AND MEMORY MODULATION

Many treatments enhance memory when administered soon after an experience and do so in
retrograde time-dependent manner (McGaugh and Petrinovich, 1965; McGaugh, 1966,
2000; McGaugh and Roozendaal, 2009; Gold, 2008; Gold and Korol, 2012). These findings
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complement the extensive evidence that amnestic treatments can also act in time-dependent
retrograde fashion.

Retrograde enhancement of memory studies, together with retrograde amnesia studies,
provided much of the bases for ideas about memory consolidation, i.e. that the temporal
properties of post-training treatments revealed the time needed to form new memories.
Similar ideas come from examination of the time courses of cell molecular responses, and
manipulations of those responses, during the time after a training experience. In these
studies too, the temporal functions for different responses differ widely. Some of these
findings are described and discussed below.

While the findings are clear, the interpretation of these findings as a basis to define temporal
properties of memory formation is not clear (Gold and McGaugh, 1975; Gold, 2006, 2008).
Beginning with a consideration of retrograde amnesia and memory enhancement gradients,
if there were a time-constant for memory formation, one would expect a rather narrow range
of times after training when treatments were effective. However, there are very different
temporal gradients across tasks, species and treatments. Differences by tasks and species
might of course reflect real differences in the time needed to form memory under different
conditions. Less readily incorporated into memory consolidation frameworks are the many
findings that a single treatment can affect memory across widely different times after
training depending on the dose or intensity of the treatment (cf. Gold and McGaugh, 1975;
Gold, 2008), suggesting that such differences in the temporal characteristics of retrograde
amnesia represent properties of the treatments rather than those of an underlying memory
process (Gold and McGaugh, 1975). Similarly, anterograde amnesia gradients are often
taken as evidence of decay of a short-term memory process that can be seen in the absence
of impaired long-term memory formation. (A few of many examples: Bourtchouladze et al.,
1998; Wang et al. 2006; Taubenfeld et al., 2001). However, in these instances too the time-
course varies with the specific treatment and often with the dose or intensity of that
treatment (cf. Gold, 2008), sometimes even revealing non-monotonic decay functions
(Schafe and LeDoux, 2000).

The vastly different functions for the temporal gradients of anterograde and retrograde
impairments and enhancements of memory suggest that, while the underlying construct of
memory consolidation may be valid, the literature does not provide direct support for a
unitary function that represents the time necessary for memory formation.

Instead, it appears on the basis of the results above that there may be multiple biological
factors responsible for the formation of new memories. Some of these factors may occur
soon after an experience while others have rather long times to onset (l1zquierdo et al., 2006)
and still others appear in waves after training (Bekinschtein et al., 2007; Bourtchouladze et
al.,1998; Nader et al., 2000; lgaz et al., 2002; Abel and Lattal, 2001). For example, as
described by lzquierdo et al. (2006), cGMP levels peak within minutes of inhibitory
avoidance training and PKC levels peak about 2 hr after training. PKA levels peak within
minutes of training, return toward baseline at 1 hr, and then peak again at 3 hrs, returning to
baseline at 8-9 hrs after training. Moreover, some molecular responses, e.g pPCREB
(Taubenfeld et al., 2001) and pERK (Trifilieff et al., 2007) have durations that peak early,
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decrease, and then increase and remain increased beyond 24 hr. In addition, the duration of
these responses to experience can themselves be short or long. These multiple temporal
properties for amnesia contribute important information about the sensitivity of memory to
pharmacological and other manipulations but also complicate the interpretation of the effects
of post-training treatments on memory processes. It seems likely that molecular mechanisms
of memory involve a network of serial and parallel molecular responses with multiple time
courses to regulate memory processing (Izquierdo et al., 2006).

Given the diverse temporal characteristics of anterograde and retrograde treatment effects on
memory and of molecular players in the formation of memory, questions about the
neurobiology may gain focus by studying how the multiple changes are initiated and
regulated by physiological responses to experiences. This view captures the distinction
between modulation and consolidation of memory. Consolidation of memory refers to the
formation of a neural product of memory while modulation of memory refers to up- and
down-regulation of processes that participate in the storage of new memories. While
modulation of memory is often used to describe enhancement of memory formation, the
term applies as readily to down- as well as up-regulation of memory processing.

EPINEPHRINE AND MEMORY

The multiple time courses seen for retrograde and anterograde enhancement and impairment
of memory led directly to the development of early ideas about modulation of memory. The
question became: What was the purpose of changes in memory and in susceptibility to
treatments that enhanced and impaired memory? One answer is that there are endogenous
responses to an experience - arousal, neuroendocrine changes, etc. - that regulate memory
processes (for reviews: Gold and McGaugh, 1975; Korol and Gold, 2007; Gold, 2008;
McGaugh and Roozendaal, 2009).

One of the earliest identified and most potent hormonal regulators of memory is epinephrine
(Gold and van Buskirk, 1975, 1978a). Epinephrine is released from the adrenal medulla into
blood in response to training experiences in a graded manner related to the arousal and
emotion of the triggering experience (McCarty and Gold, 1981). Many of the
demonstrations of enhancement of memory with epinephrine have used inhibitory avoidance
tasks. In these tasks, epinephrine is particularly effective at enhancing memory for training
with low footshock intensities, apparently by mimicking a physiological response seen with
an experience of higher arousal (McCarty and Gold, 1981). In addition to inhibitory
avoidance tasks, the efficacy of epinephrine as a treatment with which to enhance memory
has also been demonstrated using active avoidance, conditioned emotional response, one-
trial water-motivated appetitive, visual discriminated avoidance, spatial working memory,
and object recognition memory tasks (Sternberg et al., 1985; Introini and McGaugh, 1986;
Stone et al., 1992; Talley et al., 2000; Dornelles et al., 2007). Epinephrine also enhances
memory in humans (Cahill and Akire, 2003; Cahill et al., 2003). This broad base of findings
likely represents the involvement of multiple memory systems, providing evidence that
epinephrine enhancement of learning and memory is itself probably mediated by effects at
multiple memory systems.
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The relationship between circulating levels of epinephrine and memory is not a monotonic
function. Low doses of epinephrine have little effect on memory, moderate doses enhance
memory, and high levels impair memory. The dose-dependent profile for epinephrine effects
on memory may be a biological instantiation of the inverted-U function relating arousal to
learning and memory characterized long ago by Yerkes and Dodson (1908). The inverted-U
dose-response curve, with enhancement and impairment of memory at different doses,
applies to most treatments that modulate memory, apparently including even protein
synthesis inhibitors (Gold and Wrenn, 2011), suggesting that a wide range of treatments my
act on memory through shared cellular mechanisms.

Although the inverted-U is most directly shown with dose-response curves, interactions of
exogenous treatments with endogenous arousal are also evident. A single dose of
epinephrine enhances 24-hr memaory for inhibitory avoidance training with a single
footshock of low intensity but impairs 24-hr memory for training with a single footshock of
high intensity (Gold and van Buskirk, 1978a). Results like these suggest that endogenously
released epinephrine may be additive with exogenously administered epinephrine to produce
the inverted-U relationship with memory. The results suggest further that epinephrine, as
well as other endogenous modulators of memory including glucose described below, may
provide elements of the biological underpinnings of for both memory enhancement and
impairment.

The ways by which high doses of modulators of memory produce amnesia are unclear and at
present quite speculative (cf. Gold, 2006; Calabrese, 2008; Mattson, 2008; Gold and Korol,
2012). One suggestion is that the memory is erased by overly active mechanisms of
plasticity, making and breaking connections too rapidly to retain memory for a new
experience. Another is that there is too much memory formation at the high end of the
inverted-U, resulting in memories that are embedded within a cognitive framework that
includes high-density details that interfere with memory retrieval. Yet another possibility is
that the inverted-U is the additive function of an ascending memory enhancement process
and a descending memory impairment process, a view supported by noting that opiates may
initiate forgetting and that opiate antagonists attenuate memory impairments at the high end
of inverted-U dose-response curves (Izquierdo, 1982; Introini-Collison and McGaugh,
1987).

BASES FOR EPINEPHRINE EFFECTS ON MEMORY

Although epinephrine can both enhance and impair memory depending on circulating levels,
it is enhancement of memory that has generated the greatest research interest. Circulating
epinephrine has very limited access to the brain (Weil-Malherbe et al., 1961; Axelrod et al.,
1959; Hardebo and Owman, 1980). Considered together with findings that direct infusions
of epinephrine into the brain fail to enhance memory (de Almeida et al., 1983), most ideas
about how epinephrine enhances memory have focused on peripheral actions that can
transduce epinephrine actions into effects on brain mechanisms.

There are two major views regarding the mechanisms by which epinephrine, released from
the adrenal medulla, can influence brain functions. One is based on the idea that the vagus
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nerve has B-adrenergic receptors on afferent neuronal axons and that activation of these
receptors by epinephrine might transmit to the brain the information identifying the
circulating levels of epinephrine. A second view is that glucose, released into the blood
mainly after activation of hepatic adrenoreceptors, mediates the effects of epinephrine on
memory. Consideration of these alternative perspectives will be described next. It is
important to note at the outset of this discussion that both views share an effort to find
convergent mechanisms that explain a wide swath of modulators of learning and memory.
Particularly in the context of the multiple temporal profiles described above in studies of
memory, complete answers about the mechanisms of memory modulation of memory, like
those for memory processing itself, will most likely involve a set of serial and parallel
physiological responses.

The vagus nerve as a mediator of epinephrine effects on memory

The vagus nerve provides a conduit for information to and from the brain related to the
functions of peripheral organ systems. As described here and elsewhere, there is good
evidence that electrical stimulation of the vagus nerve can modulate many brain functions,
including learning and memory. The important role of the vagus in monitoring multiple
organ functions supports a possible role for the vagus in modulating of memory processes.
Less compelling, however, is the idea that the vagus has a primary and direct response to
epinephrine levels that regulates memory processes or, more generally, that vagal afferent
activity is a key modulator of learning and memory under physiological conditions.

Several papers suggest that afferent vagal fibers provide the foremost transduction
mechanism responsible for enhancement of memaory by epinephrine, linking circulating
epinephrine levels to brain functions responsible for modulation of memory (e.g., Miyashita
and Williams, 2006; Williams and Miyashita, 2006; Roozendaal et al., 2006, 2009; Chen
and Williams, 2012). Indeed, that view is accepted as settled evidence by some in reviews of
related literatures (e.g., Wong et al., 2012; Roozendaal et al., 2009). The evidence
supporting vagal participation in epinephrine effects on memory takes several forms. An
often-stated feature of vagus biology included in papers with this perspective is that the
vagus nerve is densely embedded with [3-adrenergic receptors that bind epinephrine (e.g.
Miyashita and Williams, 2006; Chen and Williams, 2012). This statement is based largely
on the results contained in a short communication by Schreurs et al. (1986). That report
demonstrated that dissected and desheathed vagus (and sciatic) nerves responded in vitro to
bath-applied epinephrine, norepinephrine, and the f-adrenergic agonist, isoproterenol. The
response measured was an increase in CAMP production in the nerves. This report appears to
be the primary basis for the view that f-adrenergic receptors on afferent axons of the vagus
nerve monitor epinephrine levels and convey that information to the brain, particularly at the
vagal terminals in the nucleus of the solitary tract.

However, Schreurs et al. (1986) note two important caveats regarding the presence of j-
adrenergic receptors in the vagus nerve that deserve more attention. First, they note that it is
not evident that circulating epinephrine has access to the receptors in intact preparations, i.e.
with the sheath in place as a barrier to the hormone. Second, the role of the vagal -
adrenergic receptors in nerve preparations is not clearly associated with functional activity
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of the vagus. Even in the desheathed preparation, the low concentration of epinephrine
effective at increasing cCAMP levels was approximately 1 micromolar, compared to plasma
concentrations of 1-20 nanomolar in unstressed and stressed conditions, respectively (e.g.,
Popper et al., 1977; Mabry et al., 1995). The comparison of effective concentrations with
typical plasma concentrations, together with the presence of the vagus sheath in situ,
suggests that the effects of epinephrine on cAMP levels in the vagus nerve may not be
evident under physiological conditions.

Another paper used to support the importance of these vagal receptors (Lawrence et al.,
1995) showed that ligation of the vagus nerve results in accumulation of f,-adrenergic
receptors adjacent to and on both sides of the block. These findings show transport of the
receptors both toward and away from the brain but do not necessarily reveal receptors on the
nerve axonal membranes per sevs. transport of the receptors to nerve endings, an
interpretation offered by the authors (Lawrence et al., 1995). Overall, these reports provide
at best weak bases for the view that receptors along the vagal nerves participate in
monitoring epinephrine levels to control memory functions. Interestingly, there are parallel
findings regarding the localization and transport of -adrenergic receptors for the sciatic
(Schreurs et al. 1986; Horn and McAfee, 1977) and other nerves (Zarbin et al. 1983).

Additionally, evidence of vagal B-adrenergic receptors in nerve preparations is not clearly
associated with functional activity of the vagus in situ. Signals from the periphery to the
brain via vagal afferents may monitor changes in the functions of peripheral organs, in part
regulated by circulating hormones such as epinephrine (cf. Berthoud and Neuhuber, 2000;
Mravec, 2011). These signals may well underlie the increase in afferent action potentials
recorded from the vagus nerve after injection of epinephrine (Miyashita and Williams, 2006)
seen at a dose (0.3 mg/kg) that may result in supraphysiological epinephrine levels
(McCarty and Gold, 1981) sufficient to impair memory (Talley et al. 2000). Less clear is the
notion that the -adrenergic receptors associated with the vagus nerve themselves increase
vagal afferent neural activity. Of note, the measure in the Schruers et al. (1986) paper is an
increase in CAMP levels with adrenergic agonists bath-applied to the desheathed vagus. As
Schruers et al. note, increases in CAMP may decrease rather than increase excitability in
peripheral nerves (Seelig et al., 1983). Therefore, it is unlikely that epinephrine reaches
these receptors under intact physiological conditions and, even if it does, such receptor
binding may not result in vagus nerve activation. It seems more likely that if there is
increased vagus activity in response to epinephrine injections, the increase is a consequence
of the hormone's actions on peripheral organs with subsequent actions at vagal sensory
nerve endings (Mravec, 2006). With this information, vagal activity might still have a role in
modulating memory but by indirect rather than direct actions of epinephrine on the nerve.
However, this possible role in modulating memory is also brought into question by results in
food-restricted rats.

Studies of diminished epinephrine effects on memory in food-restricted rats do not support
the view that epinephrine actions at the vagus are responsible for the hormone's
enhancement of memory. These studies also provide evidence consistent with an alternative
view that increases in blood glucose levels in response to increases in epinephrine release
represent a mechanism for epinephrine enhancement of memory. One set of findings comes
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from a study of epinephrine effects on memory in rats 24 hrs after removal of access to food
(Talley et al., 2000). A 24-hr fast is sufficient to reduce liver glycogen stores. In the absence
of glycogen reserves, epinephrine binding to hepatic adrenoreceptors results in attenuated
increases in blood glucose levels compared to those seen in fed rats, uncoupling epinephrine
from increases in blood glucose levels. If epinephrine acts directly at vagal B-adrenergic
receptors to enhance memory, the promnemonic actions of epinephrine should be retained in
fasted rats. As shown in Figure 2, epinephrine did not enhance memory in rats fasted for 24
hrs; under the fasting condition, epinephrine also elicited depressed blood glucose responses
(not shown).

Since the vagus is intact in food-restricted rats, these findings suggest that activation of
vagal B-adrenergic receptors is not sufficient to explain epinephrine enhancement of
memory. Food-restriction results in decreased efficacy of epinephrine as a memory-
enhancing treatment when a rise in circulating glucose is blunted. These results again point
to the likelihood that peripheral increases in blood glucose levels are likely to be important
mediators of epinephrine enhancement of memory, rather than a mediating mechanism
involving peripheral activation of vagal afferents by direct epinephrine actions on the nerve
or by indirect information conveyed from peripheral organs. Additional evidence showing
diminished enhancement of memory by epinephrine but not by glucose in food-restricted
rats will be presented below.

Relating glucose to vagal function is evidence that the nerve may monitor circulating
glucose levels (Niijima, 1989; Mei, 1978). These suggestions preceded the elegant recent
demonstrations that glucose can support axonal functions in peripheral nerves by providing
glycogen stores in Schwann cells, probably permitting the production of lactate to support
axonal energy needs (cf. Brown et al., 2012). While important to nerve function, the
necessity of glucose actions on the vagus nerve to modulate memory is unlikely given
findings described below showing that direct brain injections of glucose also enhance
memory, thereby indicating that vagal activation is not an essential component of the
mechanisms by which glucose enhances memory.

The specific question about the role of vagal afferents in epinephrine enhancement of
memory is whether afferent activity initiated by epinephrine receptors on the vagus
contributes to the epinephrine enhancement of memory. Vagotomy blocks the effects of
some memory-enhancing treatments on memory, including bombesin and gastrin releasing
hormone (Flood and Morley, 1988), leu-enkephalin (Williams and Jensen, 1993), substance
P (Nogueira et al., 1994), and cholecystokinin (Itoh and Lal, 1990). Talley et al. (2002)
examined the effects of vagotomy on enhancement of memaory by glucose. Vagotomy does
not block memory enhancement by a physiological dose of glucose. However, D- glucose
has two sets of enhancing doses, the higher of which appears to be supraphysiological and is
matched in efficacy at that dose by the artificial isomer, L-glucose. Enhancement of memory
with either isomer of glucose at the higher dose range is attenuated by vagotomy (Talley et
al., 2002) and by removal of the coeliac ganglion (White, 1991), suggesting that non-
physiological doses alter the function of peripheral organs and that sympathetic afferents,
including those in the vagus nerve, convey that the information to the brain but that memory
enhancement by physiological doses of glucose is mediated by other mechanisms.
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Nonetheless, there are examples of vagotomy attenuation of memory enhancement by
several treatments. In contrast, there appear to be no published tests similarly assessing
vagotomy effects on enhancement of memory by epinephrine at either physiological or non-
physiological doses.

In addition to effects on memory, epinephrine also has other effects on brain function,
including slowing of epileptogenesis in a kindling model (Welsh and Gold, 1984, 1986).
Perhaps related to the discussion of the vagus mediation of epinephrine effects on memory,
vagotomy blocks seizure-protective effects of epinephrine. This effect too is seen only at a
very high epinephrine dose (1 mg/kg) (Krahl et al., 2000) and may, as above, be a result of
epinephrine actions on multiple organs with subsequent changes in afferent, and efferent,
vagal activity. Together, these findings suggest that sympathetic nerve endings may convey
to the brain information about the peripheral actions of epinephrine. The findings do not,
however, offer strong support for the view that epinephrine acts on the vagus nerve directly
to mediate the hormone's effects on memory, particularly under normal physiological
conditions.

Although the evidence that vagal activation underlies enhancement of memory by
epinephrine is not convincing, there is good evidence that vagal stimulation robustly
enhances memory in rats and humans (Clark et al., 1995, 1998, 1999). The mechanism
underlying these effects on memory is unclear, as is the relationship of these findings to
analogous results seen with epinephrine. Activation of the vagus nerve transmits information
to the brain regarding many peripheral organ systems (Berthoud and Neuhuber, 2000;
Mravek, 2006, 2011; Messier, 2004) and has effects on multiple brain neurotransmitters,
including increasing the release of norepinephrine in the amygdala and hippocampus
(Williams et al., 1998; Miyashita and Williams, 2004). While norepinephrine may provide
an intermediary step for modulation of memory, vagal stimulation also increases release of
dopamine (Szczerbowska-Boruchowska et al., 2012) and serotonin (Manta et al., 2012)
across multiple brain areas. In addition, vagal stimulation activates the hypothalamus-
pituitary-adrenal axis via afferent projections and peripheral cholinergic systems via efferent
projections (cf. Dantzer et al., 2000; Bonaz et al., 2013; Tracy, 2007). Stimulation of the
vagus also results in increases in glucagon and insulin secretion, together with increases in
blood glucose levels (e.g., Kaneto et al., 1974). Thus, there are many central and peripheral
physiological responses to vagal stimulation that might mediate enhancement of memory by
vagal stimulation (Berthoud and Neuhuber, 2000; Mravec, 2006, 2011; Messier, 2004).

Another form of evidence in support of the view that vagal afferents mediate epinephrine
effects on memory is that lesions or inactivation of the nucleus tractus solitarius, the
terminal region for vagal afferents, block the effects of epinephrine on memory (e.g.,
Clayton and Williams, 2000). These lesions would, of course, by virtue of producing
dysfunctions in rostral and caudal brain systems as well as dysfunctions of the peripheral
autonomic nervous system (cf.: Daulatzai, 2012; lwasaki and Yada, 2012; Mandel and
Schreihofer, 2008), have multiple consequences beyond the integration of vagal afferent
activity that might influence memory and its modulation. In this respect, the findings that
lesions of the nucleus tractus solitarius block effects of epinephrine on memory provide only
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rather indirect evidence for involvement in the underlying mechanisms of actions of
epinephrine on memory.

Thus, the necessity of vagal participation in the mechanisms for epinephrine effects on
memory is brought into question by the findings of food restriction experiments, the
uncertain access of vagal B-adrenergic receptors to circulating epinephrine, the multiple and
unresolved non-adrenergic mechanisms that might mediate effects of vagus stimulation on
brain functions, and the indirect nature of the results obtained with lesions of the nucleus of
the tractus solitarius. The conclusion here is that the evidence does not support the view that
the vagus nerve is embedded with adrenoreceptors that monitor circulating epinephrine
levels and convey that information as neural input to the brain. Moreover, the evidence does
not support the idea that vagal monitoring of the functions of peripheral organs, except
perhaps for non-physiological conditions, contributes to modulation of memory.

Theories of vagal mediation of epinephrine enhancement of memory often include vagal
indirect control of norepinephrine release in the amygdala as a downstream mediator of
epinephrine actions on memory. There is substantial evidence that the amygdala is a focal
point for controlling modulation of memory by multiple hormones and neurotransmitters,
including epinephrine, and that the amygdala may collate the modulatory substances to
control multiple memory systems (Mclntyre et al., 2012; McGaugh, 2000, 2013). To be
clear, while theories of the role of the vagus often meld the amygdala into their models
(Packard et al., 1995; Mclintyre et al., 2012), the issue of whether vagal afferents provide a
key mechanism underlying epinephrine effects on memory has no direct bearing on the role
of the amygdala as a downstream target of epinephrine or other factors that modulate
memory. The amygdala may well collect the information provided by diverse up- and down-
modulators of memory to identify those memories that will be stored strongly and those that
will be quickly forgotten.

Blood glucose as a mediator of epinephrine enhancement of memory

A classic physiological response to increases in circulating epinephrine is an increase in
blood glucose levels, largely mediated by activation of hepatic adrenoreceptors and
subsequent breakdown of glycogen stores (Sutherland and Rall, 1960). The mechanism
underlying this action of epinephrine is the basis for the first identification of a second
messenger system, cCAMP, which increases upon activation of adenylate cyclase when
epinephrine binds to membrane receptors on liver cells. The foundational experiments
identifying second-messenger mechanisms provide the basis for current studies of signaling
cascades initiated by activation of membrane receptors on neurons and other cell types. This
fundamental biological process provides an important step between epinephrine release and
the availability of glucose for brain functions, including regulation of learning and memory
processing.

Like epinephrine, glucose enhances memory in an inverted-U dose-response manner in rats
(Messier and White, 1984; Gold, 1986). When injected systemically, the doses of glucose
and epinephrine that enhance memory elicit similar increases in blood glucose levels (Hall
and Gold, 1986). Also like epinephrine, the inverted-U function interacts with the footshock
used during training: the same glucose dose that enhances memory after training with low
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footshock impairs memory after training with a high footshock, providing another example
of an interaction between the endogenous release of a modulator and its exogenous
administration. Another similarity between glucose and epinephrine affects on learning and
memory is that glucose enhances learning and memory across many tasks, including
inhibitory avoidance, conditioned emotional response, appetitive mazes, and extinction tasks
in laboratory rodents (e.g., Wenk, 1989; Kopf et al., 1996; White and Messier, 1988;
Messier et al., 1997; Messier, 2004; Gold, 2001, 2004; Canal et al., 2005; Winocur and
Gagnon, 1988). Glucose also enhances memory for many tasks in young and elderly
individuals with normal memory functions as well as in several populations with impaired
memory functions (Scholey et al., 2013; Benton et al., 2003; Kaplan et al., 2001; Watson
and Craft, 2004; Manning et al., 1990, 1993; Parsons and Gold, 1992; Stone et al., 2003,
2005; Smith et al., 2011; Gold, 2001).

While these similarities are important in supporting the role of glucose as a mediator of
epinephrine effects on memory, it is actually the differences between the pharmacology of
epinephrine and glucose effects on brain functions that are particularly important in terms of
identifying increases in blood glucose levels as a downstream mediator of epinephrine
actions on learning and memory. One set of findings is that adrenergic antagonists block the
effects of epinephrine on memory (Introini-Collison et al., 1992; Sternberg et al., 1985,
1986; Gold and van Buskirk, 1978b) but do not do so for glucose (Gold et al., 1986). In
addition, blood glucose levels attained after injections of glucose to enhance memory are
similar to those achieved after memory enhancing doses of epinephrine, and are associated
with the effects of adrenergic antagonists on blood glucose levels (Hall and Gold, 1992).
The findings that epinephrine but not glucose effects on memory are blocked by peripherally
administered adrenergic receptor antagonists are consistent with the idea that increases in
blood glucose after epinephrine injection or release mediate the hormone's affects on
memory. Of course, the findings are also consistent with epinephrine actions via other
adrenergic receptors, including those mediated by autonomic afferents to the brain as
discussed above.

As noted earlier (Figure 2), another key piece of evidence suggesting that glucose is a
substrate downstream from epinephrine comes from studies showing that epinephrine loses
its efficacy in enhancing memory in food-restricted rats, which do not have the hepatic
glycogen reserves needed to increase blood glucose levels (Talley et al., 2000). Most studies
of epinephrine effects on memory have used tasks that do not involve food restriction. These
include several avoidance tasks and also include tasks with relatively low arousal, such as
spontaneous alternation working memory (e.g., Ragozzino et al., 1996, 1998; Stone et al.,
1992), object recognition (Messier, 1997), one-trial appetitive learning in water-restricted
rats (Sternberg et al., 1985), and drug extinction (Schroeder and Packard, 2003). In a direct
test of epinephrine effects on learning in food-motivated radial arm mazes, epinephrine did
not enhance but impaired memory for both place and response versions of the mazes
(Sadowski et al., 2009; Figure 3). In contrast, systemic injections of glucose enhanced
memory for training in food-motivated radial arm maze tasks (Winocur and Gagnon, 1998;
Packard and White, 1990) and operant tasks (Messier and Destrade, 1988), and
intrahippocampal injections of glucose enhanced memory for training in a food-motivated
T-maze (Canal et al., 2005). There are, however, two examples of epinephrine enhancement
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of memory in food-restricted rats, one on an avoidance task (Williams and McGaugh, 1993)
and the other a visual discrimination maze (Clayton and Williams, 2000). Additional
attention is needed for more complete evaluation of the relative efficacy of epinephrine and
glucose in enhancing memory in food-restricted rats.

A final example of the importance of glucose as a putative mediator of epinephrine effects
on memory comes from studies of aging. Footshock, as used in inhibitory avoidance
training, results in increases in both epinephrine and glucose in young adult rats, including
young adult Fischer-344 rats (Mabry et al., 1995). In addition, post-training injections of
both epinephrine and glucose enhance memory in young adult rats, including 3-month-old
Fischer-344 rats (Morris et al., 2010; Morris and Gold, 2013). Compared to young adult rats,
two-year-old Fischer-344 rats exhibit rapid forgetting after one-trial inhibitory avoidance
training, with substantial and significant impairments in memory tested 1-7 days after
training (Gold et al., 1982; Morris et al., 2010; Morris and Gold, 2012, 2013). The senescent
rats also have changes in the profiles of circulating epinephrine and glucose after training
(Mabry et al., 1995; Morris et al., 2010). In young rats, both substances increase after
training. In aged rats, epinephrine is released at higher levels than those seen in young rats,
but the epinephrine release is uncoupled from blood glucose levels, which do not increase in
old rats as they do in young rats. Because of the difference in responsiveness of epinephrine
vs. glucose, aged Fischer-344 rats provide a 'natural experiment’ with which to study the
roles of epinephrine and glucose in regulating memory. Enhancement of memory with post-
training injections of epinephrine is attenuated in aged rats, together with a diminished rise
in blood glucose levels after epinephrine injections. However, enhancement of memory with
post-training injections of glucose is comparable to that seen in young rats, fully reversing
the age-related memory impairments (Morris et al., 2010). These findings add support to the
view that glucose is an important downstream mediator of epinephrine effects on memory.

GLUCOSE ACTIONS IN THE BRAIN CONTRIBUTING TO MEMORY
ENHANCEMENT

Early views on glucose availability to the brain suggested that blood levels were adequate to
saturate brain levels until times of near-starvation. However, later findings indicated that
neuronal glucose uptake transporters are saturated at levels above 1.3 mM extracellular
glucose (Braun et al., 1985; Fellows et al., 1992), a value higher than basal values in brain.
For example, extracellular glucose concentrations in the hippocampus of rats appear to be
~1.0 mM (Fellows et al., 1993; McNay and Gold, 1999), levels similar to those seen in
NMR studies in humans (Gruetter et al., 1998). Glucose levels differ by brain region in rats,
with levels ~ 0.2 — 0.5 mM for the striatum (Fellows and Bouttelle, 1992; Fellows et al.,
1992) and between 0.3 — 1.4 mM for the hypothalamus, varying with feeding status (de
Vries et al., 2003; Dunn-Meynell et al., 2009).

Brain levels of glucose also vary during learning and memory processing. Extracellular
glucose levels in the hippocampus decrease while rats are tested on a 4-arm plus-shaped
spontaneous alternation task (McNay et al., 2000, 2001; McNay and Gold, 2001; McNay
and Sherwin, 2004; de Bundel et al., 2009; Pearson-Leary and McNay, 2012). The decreases
in brain glucose levels are not simply the effects of motor or sensory functions associated
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with the maze, a conclusion supported by the absence of depletion of extracellular glucose
levels in the hippocampus when rats are tested on a simpler task in which alternation is
assessed in a 3-arm Y-shaped maze (McNay et al. 2000) (Figure 4). The number of arm
entries and distance traveled are approximately the same in the two mazes, suggesting that
the main difference between behavioral conditions responsible for glucose depletion is
cognitive load. Extracellular glucose levels are also sensitive to avoidance training, with
amygdala extracellular glucose levels decreasing after training and during and after a
retrieval trial the next day (Sandusky et al., 2013).

The depletion of glucose during spontaneous alternation tests of memory is largely
attenuated by peripheral injections of glucose that enhance memory. For example, injections
of a memory-enhancing dose of glucose prior to spontaneous alternation testing blocks the
depletion of glucose otherwise seen during memory testing in both young adult and
senescent rats, while also enhancing memory scores (McNay and Gold, 1999, 2001; McNay
et al., 2000). Thus, the efficacy of glucose in enhancing memory seems to be accomplished
through replenishment. In this model, glucose depletion leads to suboptimal processing that
can be restored by exogenous glucose. In aged rats, the depletion of hippocampal glucose is
more extreme, coincident with an absence of a rise in blood glucose levels in aged rats as
compared to that seen in young rats and coincident also with memory impairments in the
alternation task (McNay and Gold, 2001). In aged rats, peripheral injections of glucose
restore memory scores to those seen in young rats and block the depletion of glucose during
behavioral testing (McNay and Gold, 2001; Morris et al., 2010; Morris and Gold, 2013).

Although blood glucose levels can enhance memory while replenishing and maintaining
brain glucose levels near baseline levels even during memory testing, it is not necessary for
blood glucose per seto increase to see the effects on memory. Direct injections of glucose
into the hippocampus, striatum and amygdala have all been shown to enhance memory as
well, generally for those tasks canonically associated with these brain regions (Schroeder
and Packard, 2003; Ragozzino et al., 1996, 1998; Stefani and Gold, 2001; Krebs and Parent,
2005; Pych et al., 2006; Morris and Gold, 2013).

Neurochemical bases of glucose enhancement of memory

There is considerable evidence that acetylcholine release contributes to a wide range of
learning and memory categories, regulating the participation of multiple neural systems
during cognitive processing (Gold et al., 2013). The examination of glucose effects on
acetylcholine release has been assessed in the hippocampus in relation to both spontaneous
alternation and inhibitory avoidance training. During spontaneous alternation tests, the
magnitude of training-related release of acetylcholine is augmented when glucose is
administered peripherally or directly into the hippocampus to enhance memory (Ragozzino
et al., 1998) (Figure 5), apparently supplementing available glucose within the hippocampus.
Systemic injections of glucose also enhance acetylcholine release in the hippocampus when
rats are trained on a one-trial inhibitory avoidance task (Morris et al., 2010). Of interest,
glucose augments training-initiated increases in acetylcholine release in the hippocampus in
both young and old rats but epinephrine, which does not increase blood glucose levels in old
rats, augments acetylcholine release in young rats but is less effective in aged rats. These
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findings once again provide evidence that glucose may be an important mediator of
epinephrine effects on memaory, with the possible participation of acetylcholine release in
those effects. The possibility that these effects extend to other neurotransmitters implicated
in memory processing is understudied.

Recent findings open the intriguing possibility that glucose effects on learning and memory
processing may be mediated by control of metabolic substrates by astrocytes (cf. Bélanger et
al., 2011; Magistretti, 2006; Pellerin et al., 2007; Gibbs et al., 2008; Pirttimaki and Parri,
2013; Bezzi and Volterra, 2011; Gold and Korol, 2012; Gold et al., 2013). These findings
support a sequence by which glucose is taken into astrocytes for production of glycogen
stores, with glycogenolysis and production of lactate initiated during learning by activation
of neurotransmitter membrane receptors on astrocytes. This function of astrocytes may
thereby link glucose effects on memory with astrocytic provision of lactate to neurons as an
additional energy substrate.

Brain astrocytes store a modest level of glycogen, which can be metabolized to lactate and
provided to neurons to supplement glucose in meeting the energy demands of neurons when
activated (Magistretti et al., 1999). Perhaps important toward understanding the mechanisms
of glucose effects on memory, brain activation is accompanied by an increase in glucose
uptake largely into astrocytes rather than into neurons (Chuquet et al., 2010). While
glycogen-derived lactate cannot sustain brain activity for long in the absence of glucose
provisions, glycogenolysis and production of lactate appear to be very important regulators
of learning and memory processing by providing a rapid and short-term supplement of
lactate as an energy supplement to neurons (Suzuki et al., 2011; Newman et al., 2011; Gibbs
et al., 2006, 2008). Newman et al. (2011) assessed glucose and lactate levels in the
hippocampus using bioprobes with sampling periods of 1 sec, much faster than the 5 min or
so needed for microdialysis in past experiments of this type (Figure 6). During spontaneous
alternation testing of working memory in rats, extracellular lactate levels in the hippocampus
increased in response to decreasing glucose levels. The importance of the lactate to memory
processing has been demonstrated by pharmacological and genetic interventions with
glycogenolysis to lactate, lactate administration, and blockade of lactate transporters (Suzuki
etal., 2011; Newman et al., 2011; Gibbs et al., 2006, 2008).

The mechanisms responsible for triggering glycogen breakdown and lactate production in
the context of learning and memory studies are not yet clear in rats. However, in the chick
model, it appears that adrenergic receptors on astrocytes may be especially important
(Gibbs, 2008). Astrocytes have membrane receptors for many neurotransmitters, raising the
possibility that norepinephrine modulation of memory, as well as modulation with other
neurotransmitters including acetylcholine, may be mediated by receptors on the astrocytes
rather than, or in addition to, receptors on neurons. The incorporation of astrocytes and
energy provisions into the mechanisms regulating learning and memaory processing may
include several points of action for glucose: establishment of glycogen stores, lactate
production by glycolysis, and augmentation of the release of neurotransmitters that activate
astrocytic glycogenolysis to provide energy on demand (Magistretti et al., 1999).
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CONCLUSIONS

The findings across many experiments show that physiological regulation of memory
processing in the brain requires participation of not only central but also peripheral
functions. In particular, epinephrine released from the adrenal medulla is a very important
hormonal modulator of memory, with actions that can enhance or impair memory in an
inverted-U dose-response manner. The evidence reviewed here suggest that epinephrine
effects on memory may be mediated in large part by epinephrine actions at the level of the
liver to initiate the metabolism of hepatic glycogen stores and an increase in blood glucose
levels. Increases in blood glucose, in turn, can act directly on the brain to provide additional
metabolic substrates to neurons. The recent findings involving astrocytes in this mechanism
suggest that activation involves glucose transport first into astrocytes, generating lactate
from glycogen, which can then shuttle to neurons to meet energy demands of cognitive
functions (cf. Pellerin et al., 2007; Magistretti, 2006; Bélanger et al., 2011). The
involvement of astrocytes in these mechanisms suggests that some modulators of memory
may act on astrocyte receptors rather than on neuronal receptors (Bekar et al., 2008), a
possibility that needs attention in the future. Furthermore, in addition to regulating neuronal
plasticity, the astrocytes themselves may exhibit plasticity (Pirttimaki and Parri, 2013),
which may well impact the contributions of astrocytes to learning and memaory processing.
The involvement of the sympathetic nervous system and the adrenomedullary hormone,
epinephrine, the liver, the circulatory system, the blood-brain barrier uptake of glucose into
brain, and astrocytes as well as neurons in the modulation of learning and memory
processing, make it clear that these cognitive functions are regulated by the integrative
physiology of multiple organ systems.
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Figure 1.
Enhancement of working memory in a spontaneous alternation task by L- and D-glucose, an

artificial and natural sugar, respectively. In rats, a full dose-response curve for both sugars
revealed optimal enhancement of memory at 3000 and 250 mg/kg for L- and D-glucose. Left
graph: Enhancement of alternation scores with both sugars in rats that had undergone sham
surgery for vagotomy. Right graph: VVagotomy blocked the enhancement of memory
produced by L-glucose but did not block enhancement produced by the natural D-glucose.
(GLU = glucose) (From Talley et al., 2002.)
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Figure 2.
Effects of food-restriction on the ability of epinephrine to enhance memory. In free-fed

control rats, epinephrine (EPI) injections 30 min prior to behavioral testing enhanced
memory on a spontaneous alternation task in an inverted-U dose-response manner. In
contrast, epinephrine was less effective in rats whose food had been removed for the 24 hr
before testing. (From Talley et al., 2000.)
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Figure 3.

EPINEPHRINE
mg/kg

Epinephrine effects on learning in place and response versions of food-motivated 4-arm
radial mazes. In the place version of the maze, rats were trained to find food at the end of an
arm located in a particular position relative to the room cues. In the response version of the
maze, rats were trained to find food by using a specific body turn on each trial. A deceases
in trials to criterion beyond control values indicates enhanced acquisition while an increase
indicates impaired acquisition. Note that epinephrine did not enhance but instead impaired

learning on these tasks. (From Sadowski et al., 2009.)
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Figure 4.
Effects of spontaneous alternation testing (during gray section of graph) on levels of glucose

in the extracellular fluid (ECF) of the hippocampus, as measured with microdialysis
procedures applied before, during, and after testing. Glucose levels remained generally
constant in rats not tested on the maze (top line, blue ovals). Testing on a 4-arm alternation
maze resulted in substantial and significant decreases in ECF glucose levels (bottom line,
red diamonds). Testing a a 3-arm maze resulted in smaller decreases in glucose (middle line,
green boxes); these values were significantly different than either controls or rats tested on
the 4-arm maze. Because rats tested on the 3-arm maze had similar locomotor activity and
exhibited alternation scores above baseline, the smaller decrease in glucose appears to be
based on the different cognitive loads between the more-demanding 4-arm and less-
demanding 3-arm mazes. (From McNay et al., 2000).
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Figure 5.
Effects of intrahippocampal glucose infusions on release of acetylcholine in the

hippocampus before, during, and after spontaneous alternation testing. Note that
spontaneous alternation testing resulted in increases in acetylcholine release (open circles).
Intrahippocampal infusions of glucose augmented the magnitude of that release during
memory testing. (From Ragozzino et al., 1998.)

Brain Res Bull. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gold

Page 28

- LACTATE
¢+ GLUCOSE

EXTRACELLULAR CONCENTRATION
(PERCENT OF BASELINE)

)

o

&

[e]

ot
35
»

X

&

%\’b Q/Qb

TIME FROM START OF SPONTANEOUS ALTERNATION (MIN)

Figure 6.
Effects of spontaneous alternation testing on extracellular glucose (black diamonds) and

lactate (gray circles) levels in the hippocampus. These levels were measured using bioprobes
with 1-sec sampling periods, summarized here as 10-sec sampling epochs. Lactate in
particular is largely provided to extracellular fluid and then to neurons from astrocytes after
metabolism of glucose via glycolysis and/or breakdown of glycogen stores. Note first that
glucose levels decreased during alternation testing, as shown before with microdialysis
methods. Note also that lactate levels increased during testing, mirroring the changes in
glucose. Not shown here, pharmacological manipulations that block and restore lactate
availability impair and enhance memory, respectively. (From Newman et al., 2011.)
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