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Abstract

Pioneering research studies, beginning with those using Drosophila, have identified several
molecular and cellular mechanisms for active forgetting. The currently known mechanisms for
active forgetting include neurogenesis-based forgetting, interference-based forgetting, and intrinsic
forgetting, the latter term describing the brain’s chronic signaling systems that function to slowly
degrade molecular and cellular memory traces. The best-characterized pathway for intrinsic
forgetting includes “forgetting cells” that release dopamine onto engram cells, mobilizing a
signaling pathway that terminates in the activation of Racl/cofilin to effect changes in the actin
cytoskeleton and neuron/synapse structure. Intrinsic forgetting may be the default state of the
brain, constantly promoting memory erasure and competing with processes that promote memory
stability like consolidation. A better understanding of active forgetting will provide insights into
the brain’s memory management system and human brain disorders that alter active forgetting
mechanisms.
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Introduction

The human brain has the remarkable capacity to acquire, store, and recall information across
decades of time. The acquisition of information, or learning, alters the physiological state of
certain neurons in ways that encode memory (Figure 1). These state changes, or molecular

and cellular memory traces, can be, in principle, any change in the activity of the cell that is
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induced by learning that becomes part of the neural code for that memory. For instance,
changes can occur in the expression or function of ion channels that cause neurons to be
more or less excitable and therefore more or less capable of conducting action potentials or
other electrical signals. Learning may mobilize neuronal growth processes that establish new
connections, or neurite retraction to remove existing connections. The changes may include
adaptations in cell signaling that alter the neuron’s overall ability to integrate inputs from
different types of cues, and morphological or functional changes in synapses that increase or
decrease the neuron’s ability to stimulate its synaptic partners. The collection of all
molecular and cellular memory traces that are induced by learning across all neurons
engaged by the learning event together comprise the overall memory engram (Squire, 1987;
Dudai, 2002; Davis, 2011) that can guide behavior upon subsequent retrieval.

The number of “engram neurons” (Tonegawa et al., 2015) that form a specific memory and
the number of molecular and cellular memory traces that form in these neurons due to
acquisition is unknown but must depend on the nature of the memory formed and its
strength. But both numbers are likely to be vast. It is also unknown how many memories are
formed and stored by the human brain on an average day and how many memory engrams
accumulate across an 80-90 year lifetime. But again, the number must be extraordinarily
large. It seems possible that the brain might simplify each memory engram after initial
encoding into “index” engram cells, like the perceptual concept of grandmother cells (Gross,
2002) to streamline the logistics of memory management. Alternatively, the cells comprising
the engram might become interconnected at acquisition, losing their independence, so that a
retrieval stimulus reactivates the circuit of interconnected cells (Tonegawa et al., 2015). But
irrespective of whether the brain simplifies memory engrams and their traces, it must have
an extremely efficient memory management system to catalog each engram so that retrieval
is seamless and efficient. In addition, because of the extraordinary large number of memory
engrams that can accumulate in the brain across time, it seems logical that the brain must
have, as one part of its memory management system, a mechanism or series of mechanisms
to remove memories that become unused. These mechanisms make up what we term as
“active forgetting.”

Traditional studies in the neuroscience of learning and memory have emphasized other
aspects of the brain’s memory management system, such as the major processes of
acquisition and consolidation (Figure 2; Squire, 1987; Menzel and Muller, 1996; McGaugh,
2000; Dudai, 2004; Davis, 2005; Shema et al., 2007; Jonides et al., 2008; Wang and Morris,
2010; Johansen et al., 2011; Kandel et al., 2014; Dudai et al., 2015). Extinction,
reconsolidation, and generalization can also be considered processes that comprise the
brain’s memory management system (Seger and Miller, 2010; Censor, 2013; Giustino and
Maren, 2015; Dunsmoor et al., 2015; Helmstedt et al., 2017). Much has been learned about
several of these processes. For instance, seminal studies from multiple researchers revealed
that consolidation into protein synthesis-dependent memory involves a molecular cascade
initiated by changes in gene expression at acquisition within engram cells through cAMP-
dependent mechanisms that include Creb, C/EBP, and other transcription factor families
(Yinetal., 1994; Bailey et al., 1996; Dudai, 2004; Kandel et al., 2015; Alberini and Kandel,
2015). The net effect of this molecular cascade is to produce long lasting changes in engram
cell physiology, including synaptic plasticity, that underlie protein synthesis-dependent long-
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term memory. The progress in understanding the molecular pathways for acquisition and
consolidation has led to significant efforts to enhance memaory using drugs acting on
molecules involved in these processes (Scott et al., 2002; Barco et al., 2003; Lynch et al.,
2011). However, we argue that forgetting, the flip side of acquisition and consolidation is
equally important and that the traditional emphasis on mechanisms of acquisition and
consolidation needs to be rebalanced with more effort to understand the biology of active
forgetting (Figure 2). This is the focus of this Perspective. Although forgetting can occur due
to failed retrieval of an intact engram, we emphasize active forgetting through the likely
biological degradation of molecular and cellular memory traces or the engram cell circuit.
Active forgetting may eliminate all traces and engram cells for a given memory, but it is
more likely that forgetting occurs initially from erosion of only some of the molecular and
cellular memory traces, or when a fraction of the engram cells become disconnected from
the engram circuit. This would make the memory engram incomplete and unresponsive to
recall mechanisms.

There are at least two other factors that weigh into any consideration of active forgetting.
First, memory comes in different temporally and mechanistically distinct forms that are
represented by distinct engrams. Acquisition leads to short-term memories (STM) that
persist for seconds or minutes, intermediate-term memories that persist for a few hours, and
long-term memory (LTM) that can persist for years or decades. An early declarative memory
might be encoded by a group of hippocampal neurons but the engram becomes distributed to
engram cells in other brain regions through the process of systems consolidation (Kandel et
al., 2014; Dudai et al., 2015; Rubin et al., 2015; Attardo et al., 2015). Although rudimentary,
our current knowledge of active forgetting suggests that mechanisms for active forgetting for
different temporal forms of memory may be distinct. Second, there are multiple types of
memory that can overlap temporally but are mechanistically different. These include
working memory and short-term episodic and classical conditioning memory to name a few.
It also seems likely based on current evidence discussed below that different mechanisms
will be employed to erode these distinct types of memory.

Constructs of forgetting from experimental psychology

Experimental psychologists have debated for more than 50 years whether forgetting occurs
through an active involvement of external or internal factors or whether it occurs through
passive mechanisms. Although the constructs for forgetting from psychological studies
proposed by different researchers have fuzzy edges, the term passive forgetting has often
been used to describe the biological decay of memory traces due to constitutive molecular
turnover (natural decay); the incidental accumulation across time of similar memory traces
that impede proper retrieval of the wanted one; and changes in the memory’s context
between acquisition and retrieval that impairs efficient recall (Figure 1; Wixted, 2004;
Anderson and Hanslmayr, 2014; Baddley et al., 2015; Ricker et al., 2015). The
psychological viewpoint of passive forgetting does not consider the brain as having the
capacity to actively degrade the substrates of memory, even though it is widely accepted as
the biological machine that forms and stores memory.

Neuron. Author manuscript; available in PMC 2018 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davis and Zhong

Page 4

An alternative point of view is that forgetting is active and triggered by defined external or
internal factors (Figure 1; Wixted, 2004; Ricker et al., 2015). Interference-based forgetting
has been widely studied in experimental contexts and posits that brain activity due to new
information presented prior to the learning event (proactive interference) or after the learning
event (retroactive interference) attenuates memory expression. Wixted (2004) generalized
this idea with the notion that normal mental activity and memory formation utilize the
resources of the hippocampus and interfere with the process of consolidation, providing an
explanation for retroactive interference based on the failure to develop, maintain or transfer
the appropriate memory traces. This forgetting mechanism is active in the sense that it
requires a trigger, the retroactive interfering stimulus, but does not embrace the idea that the
brain is built with biological mechanisms to erode memory traces. Rather, it emphasizes a
possible process that interferes with the forces of consolidation to stabilize memories.

Nevertheless, the majority of the psychological literature has focused on the model whereby
interfering stimuli create a problem with retrieval due to accumulated and competing
memory traces (Figure 1; Bahrick et al., 1991; Anderson and Neely, 1996; Anderson, 2003),
placing it in the passive, “retrieval interference” category as noted above. For instance, one
might fail to retrieve on a particular day the location of one’s car in the parking lot used
daily due to competition from similar memory traces accumulated across the prior month.
There is no clear active process underlying this failure of memory retrieval and so it can be
considered passive in nature. However, competing memories formed shortly before or after
acquisition of another may also interfere actively with memory storage as discussed above.
Thus, forgetting through interference mechanisms can be viewed as both passive and active
depending on when the interfering material was learned and whether it maintains or erodes
memory traces (Figure 1).

Motivated forgetting refers to forgetting processes under our own cognitive control and ones
that generally contain an emotional motive, such as processes imposed on memories that
threaten a positive self-image, run counter to strongly-held beliefs or attitudes, or evoke
sadness, guilt, or embarrassment (Anderson and Green, 2001; Anderson and Hanslmayr,
2014; Baddeley et al., 2015). If such memories are recalled during encoding or
consolidation, suppressing the memories voluntarily may disrupt the process of forming a
stable engram, leading to forgetting (Fawcett et al., 2016). Top-down suppression can also
occur during the retrieval of stable memories. Retrieval can be suppressed but the effect is
time-limited, suggesting that in this case retrieval processes of an intact memory engram are
just temporarily disrupted.

Retrieval-induced forgetting is produced by interference and can be illustrated after learning
a series of items in different categories such as orange and lemon within fruits, and vodka
and rum within drinks (Anderson and Bjork, 1994; Murayama et al., 2014). The
experimental observation made is that practiced recall of selected items from a category
weakens the recall the non-practiced items from the same category, and to a greater degree
than items from non-practiced categories. This type of forgetting has important implications
when extended from the experimental world to everyday life, since it suggests that the mere
act of retrieving some memories can be deleterious to others. There is debate over whether
retrieval-induced forgetting occurs from inhibition overlaid on the non-practiced items by
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the recall of target items from the same category (Murayama et al., 2014; Anderson and
Hanslmayr, 2014; Wimber et al., 2015), competition from memory traces associated with the
same cue during attempted recall (Verde, 2013), strengthening of the memory traces
associated with target items during practice recall (Raaijmakers et al., 2012), or changes in
the context during the procedure that disables the recall of the non-target items (Jonker et al.,
2013). However, a recent and impressive fMRI study of word:picture associations showed a
weakening of the blood-flow based memory traces for the non-practiced items, providing
support for the hypothesis of forgetting by overlaid inhibition (Wimber et al., 2015).
Irrespective of the mechanism for retrieval-induced forgetting, spontaneous recovery can
occur with time (Miguez et al., 2014), indicating that a retrieval failure of perhaps an intact
engram may often underlie this phenomenon. This does not preclude the possibility that
overlaid inhibition may produce a retrieval failure and this failure might subsequently erode
the suppressed engram.

These observations and those discussed below lead us to speculate that there exist many
different mechanisms for forgetting, some of which affect the integrity of the memory
engram and others that disrupt retrieval of relatively intact memory engrams. Although
forgetting due to retrieval errors is of high interest, we focus our discussion on forgetting
mechanisms that likely disrupt the integrity of the memory engram. We posit that unlike the
active forgetting due to retroactive interference that potentially disrupts consolidation
described above, that the brain also has the inherent biological capacity to erode memory
traces using signaling systems like those used for acquisition and consolidation (Kasai et al.,
2010). We term this type of active forgetting, which is unrecognized in the experimental
psychology literature, as “intrinsic forgetting” because it functions through molecular
signaling systems and neuronal circuits that are intrinsic to the brain (Figure 1, and below).
We note, however, that forgetting currently is generally monitored through behavior, and
neuroscience-based studies are just nearing the point of being able to fully address the issue
of whether memory traces are actually eroded for some types of forgetting. Nevertheless, in
some of the discussed cases the accumulated evidence is supportive of the idea that memory
traces may be eroded and cause behavioral forgetting. Furthermore, although studies from
experimental psychology have provided some concepts about the types of forgetting (Figure
1; Wixted, 2004; Anderson and Hansylmayr, 2014; Ricker et al., 2015; Baddeley et al.,
2015), resolving the biological basis for forgetting and providing a robust delineation of
each type will only emerge after elucidating the underlying circuit and cellular mechanisms.

The phenomenon of retroactive facilitation (Figure 1) plays an important role in our
discussion and account for active forgetting. Several different experiences, including an
episode of sleep or rest, or sedation produced by alcohol consumption or benzodiazepine
administration, can facilitate the memory of events learned just prior to the sleep or drug
experience (Wixted, 2004). Although the consensus of thought has accepted the idea that
sleep enhances the process of consolidation (Cipolli et al., 2013), and perhaps plays an
active role in selecting the memories to be consolidated (Stickgold and Walker, 2013), an
alternative and recent suggestion is that sleep suppresses intrinsic forgetting, leading to
enhanced memory expression after an episode of sleep (Berry et al., 2015). Thus, it is
possible that facilitating effects of sleep on memory may arise from combined effects of
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reduced forgetting due to blocking retroactive interference, and enhanced stabilization
and/or consolidation.

The viewpoint of non-forgetting of memory traces

Data from several types of experiments are consistent with the concept of non-forgetting of
memory traces, with forgetting being due only to retrieval failures. First, many experiments
have been reported showing that memory as assayed behaviorally, forgotten due to the
passage of time or by treatment with amnestic agents to disrupt consolidation, can be
reinstated by “reminders” of weak training trials, exposure to context, or administration of
stimulants (Riccio and Richardson, 1984; Deweer and Sara, 1984; Dekeyne et al., 1987;
Sara, 2000; de Hoz et al., 2004; Clem and Schiller, 2016). For instance, rats forget the
location of food rewards located in a six-place maze three weeks after training. However,
this behavioral forgetting is alleviated by a brief exposure to the context in which training
took place just before the final test (Deweer and Sara, 1984). Administration of the stimulant
amphetamine or cocaine just before testing also facilitates retrieval (Sara, 2000).
Observations of this type have led to the conclusion that the engram or some of its
components remain sufficiently intact across time to be reconstituted by a brief reminder,
despite the complete loss of behavioral performance without a reminder. A counterargument
to this conclusion is that a residual engram may exist at the time of testing, weakened by
active forgetting such that it is too weak to drive behavioral recall by itself, but strong
enough to be strengthened by a reminder. Waiting for a longer period before testing may
deteriorate the engram further so that a reminder no longer strengthens it.

Similar observations have been made using extinction training. Extinction after classical
conditioning can be induced by multiple presentations of the conditioned stimulus without
the unconditioned stimulus. Such treatment extinguishes the conditioned response, but this
response often spontaneously resurfaces later, albeit in a weakened form, or it can be
renewed by changing the context or reinstated by presenting the unconditioned stimulus
(Dunsmoor et al., 2015; Maren, 2015; Izquierdo et al., 2016). These observations suggest
that the original engram, or most of it, remains generally intact but is suppressed by
extinction training, or practiced retrieval of selected items, and is consistent with the idea
that engrams can remain intact despite the lack of behavioral performance. The extreme
extension of these observations is that all memory engrams remain intact and forgetting
occurs only from the inability to retrieve them properly.

Second, some evidence indicates that biochemical memory traces persist beyond the time at
which memory can be successfully retrieved. Li and Richardson (2013) trained 17 day-old
rat pups in a tone:electric shock conditioning paradigm. Injection of antagonists to the
NMDA receptor prior to such conditioning blocks the acquisition of tone:shock memory.
After two weeks, the pups had forgotten the cues as assayed by behavior, but memory could
be reacquired in a second round of conditioning. Interestingly, the reacquisition became
independent of NMDA receptor activity, consistent with the possibility that some aspect of
the NMDA receptor biochemical memory trace instilled during initial conditioning persisted
across the forgetting time window. Kim et al., (2012) measured phosphorylated mitogen-
activated protein kinase levels in the amygdala in postnatal day 16 and 23 rats after
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tone:electric shock conditioning. Although the behavioral memory of this conditioning
decayed in the P16 rats two days later relative to the P23-trained rats, the elevation in
pPMAPK levels did not fall. If this biochemical memory trace is a true component of the
engram, this would indicate that at least this trace persists in the absence of behavioral
expression. Although these results, which are relatively weak relative to the issue at hand,
might be interpreted as supporting the idea that memory engrams are not forgotten, they do
not distinguish between the possibilities that the engrams are fully intact and unretrievable or
only partially intact due to active forgetting.

Third, there are reports of unconscious behaviors that might reflect an intact engram despite
the absence of memory revealed by behavioral tests. As one example, Camara and
Fuentemilla (2014) designed a spatial location task in which a series of pictures appeared in
one of four locations on a computer screen concomitant with a unique auditory cue. At the
time of testing, the human participants when prompted with the auditory cue indicated they
had no recollection of the correct location for each picture, yet their eye movements tended
to dwell over the correct location. These results can be interpreted as suggesting that a
memory engram remained intact, providing guidance over eye movements to the correct
location, despite no self-expressed knowledge of the correct location.

The extreme viewpoint of non-forgetting envisions that all memory engrams once
represented in the brain continue to be represented, with forgetting being due only to
unsuccessful recall. Successful recall probably depends on context, mood state, energy state,
the strength of competing mental activities, and other unknown factors. Nevertheless,
forgetting will not be understood until we have unambiguous assays (imaging or otherwise)
for multiple engrams that can be used to query their integrity across time in parallel with
behavioral memory.

The viewpoint of active biological forgetting of memory traces

Although the studies discussed above make clear that interference and other mechanisms
cause some memory failure, it is doubtful that they account for all. Indeed, in addition to the
discoveries of biological mechanisms for active forgetting discussed in the next section,
logic dictates that the brain must be endowed with inherent mechanisms to erase engrams
from existence.

First, biological processes, in general, operate with separate and dedicated pathways for
synthesis and degradation. Using this logic and the acceptance of biological pathways for the
acquisition of memory (Figure 2), it follows that there should be biological pathways for the
erasure of memory. Consider the opposing processes of mitosis for cell birth and apoptosis
for programmed cell death. The complexity and coordination required for proper cell birth is
breathtaking and yet, when too many cells are born, they are not removed by reversing the
process of mitosis nor do they deteriorate from the simple passage of time. The complex
process of apoptosis, which occurs via several different biochemical pathways, each
involving numerous molecular steps, actively removes the extra cells (Green and Reed,
1998). Consider also the cellular process of protein biosynthesis (Zaher and Green, 2009).
This cytoplasmic process is extraordinarily complex, consisting of initiation, elongation, and

Neuron. Author manuscript; available in PMC 2018 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davis and Zhong

Page 8

termination, and requires the coordinated interactions of ribosomes, mMRNA, aminoacyl
tRNAs, and numerous other regulatory components. Protein biosynthesis is balanced by
protein degradation, also extraordinarily complex, and consists of targeting unwanted
proteins to the lysosome or proteasome for generally non-selective or selective proteolysis,
respectively (Hoff et al., 2004; Luzio et al., 2014). Finally, consider the process of protein
phosphorylation. This very common post-translational modification represents an important
mode of regulating active vs inactive states of proteins and occurs via the action of hundreds
of protein kinases. But again, a separate pathway of dephosphorylation via protein
phosphatases opposes the forward pathway of phosphorylation (Woolfrey and Dell’ Acqua,
2015). Thus, the alignment of biological pathways into separate synthetic and degradative
arms offers sound logic to the premise that forgetting is active and occurs through biological
pathways that are distinct from those involved in acquisition and consolidation.

Second, the concept of homeostasis of biological systems provides additional logic for the
notion of intrinsic forgetting processes. Biological systems, in general, are tuned to function
within a specified range and when events bump them away from the normal range,
homeostatic mechanisms are engaged to return the system to the proper state. For instance,
mammals actively regulate their core body temperature (Morrison, 2016). When the core
body temperature falls below a certain level, blood flow to the skin is reduced as one
mechanism to conserve heat. When elevated, sweat glands are activated to cool the skin
along with other homeostatic mechanisms. Other homeostatic signaling mechanisms are
known to counterbalance neural plasticity to stabilize neuronal function (Turrigiano, 2011;
Davis, 2013). A conserved and bidirectional form of homeostatic signaling has been
documented at the neuromuscular junction in both vertebrates and invertebrates (Davis,
2013). Inhibiting postsynaptic receptor function leads to a compensatory increase in
presynaptic release; whereas, manipulations that increase the amount of neurotransmitter
packaged into vesicles is counterbalanced by a decreased probability of presynaptic release.

We view intrinsic forgetting in this same biological perspective. Even across a single day, the
brain is bombarded with new information that increases excitatory processes for learning.
Intrinsic forgetting can be viewed as a homeostatic mechanism to bring the brain back to its
basal state. From this perspective, forgetting as mediated by intrinsic forgetting mechanisms
may be the default state of the brain; intrinsic forgetting may operate chronically at a low
level to slowly remove each newly acquired memory, although its strength may be regulated
by internal or external factors. Consolidation would play the role of the judge, allowing
memories that are deemed important and worthwhile to remain while allowing the irrelevant
ones to be removed by intrinsic forgetting. We can therefore view consolidation as being in
constant competition with a “homeostatic” signal from intrinsic forgetting, with the fate of
newly acquired memories being determined by the winner. This does not necessarily mean
that consolidated memories are immune from intrinsic forgetting. Rather, we imagine that
these stabilized memories would be just much more resistant to degradation.

Finally, there are several broad and non-biological based arguments for active forgetting. We
do not have a clear understanding of the human brain’s capacity for memory and if limiting,
it would make sense that mechanisms would exist to remove irrelevant memories. The
clearance of irrelevant memories would open new storage space and facilitate retrieval,
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making the brain more efficient for error-free retrieval (Rosenzweig et al., 2002). Moreover,
it seems intuitive that some level of active forgetting would offer increased fitness by
reducing recurring and unwanted situations or unrewarded perseveration (Kraemer and
Golding, 1997; Storm, 2011; Brea et al., 2014). One strain of Drosophila named rovers
explore their environment actively whereas an allelic variant, named sitters, are much more
stationary. Interestingly, rover flies exhibit robust reversal learning-induced forgetting,
whereas sitter flies show reduced levels of this type of forgetting (Reaume et al., 2011). The
increased forgetting in rover flies may reflect a greater ability to update memory for more
flexible food-searching strategies. Finally, it has been speculated that adaptive forgetting
might be a trait of creative individuals (Storm and Patel, 2014), allowing them to move
quickly from unsuccessful ideas and pursuits to those that are more successful.

The neuroscience of active forgetting

Recent pioneering studies using Drosophila have begun to reverse the focus on acquisition
and consolidation with directed dissection of the molecular and cellular biology of active
forgetting (Shuai et al., 2010; Shuai et al., 2011a; Berry et al., 2012; Berry et al., 2015;
Cervantes-Sandoval et al., 2016). Although this research area is still in its infancy, a few
principles have begun to emerge across organisms and a range of memory tasks.

Racl1-dependent forgetting

Rac is a member of the Rho GTPase family of small G proteins (Etienne-Manneville and
Hall, 2002; Luo, 2000). In developing neurons, the activation state of Rac influences
lamellipodial extensions of growth cones while in adult neurons, it influences the size and
shape of synaptic spines by regulating actin polymerization (Heasman and Ridley, 2008).
Through such influences, Rac has been reported to alter synaptic plasticity and behavioral
memory in several preparations (Haditsch et al., 2009; Oh et al., 2010; Haditsch et al., 2013;
Gao et al., 2015; Tejada-Simon, 2015).

In Drosophila, evidence suggests that Racl mediates at least four types of active forgetting
of olfactory memories, including intrinsic forgetting, interference-induced forgetting, trace
memory forgetting, and reversal learning-activated forgetting (Figure 1; Shuai et al., 2010;
Shuai et al., 2011a; Dong et al., 2016). The fundamental observations are that expressing a
transgene carrying a dominant negative form of Rac1 in the mushroom body neurons (MBn)
inhibits intrinsic forgetting of odor:shock pairing, whereas expressing a constitutively active
form in the same neurons accelerates forgetting (Shuai et al., 2010). The term “intrinsic
forgetting” is used to refer to an active and inherent biological signaling system that likely
erodes memory traces in engram cells. In addition, the same authors demonstrated that
inhibiting Rac1 activity impairs forgetting caused by retroactive interference from learning
an additional odor paired with the electric shock before testing for the original contingency;
and reversal learning, which is reversing the contingency between shock and CS+/CS- odor
pairs. Since the CS+/CS- odors are reversed from the first to an immediate and subsequent
second training session, reversal learning offers a valuable assay for testing the ability of the
organism to update memory. Trace conditioning, in which the US is presented at delayed
intervals after the CS, is also enhanced in flies expressing a Racl dominant negative in the
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MBn (Shuai et al., 2011a), consistent with a role for this molecule to normally erode the
sensory memory for the odor CS.

The interpretation of the experiments described above that employ 7 vivo expression of
transgenes carrying variants of Racl is that this molecule itself is a participant in intrinsic
forgetting. However, overexpression of transgenes of this family can influence the signaling
patterns of other Rho GTPases (Boulter et al., 2010). Although this issue leaves room for
some debate about the identity of the Rho family GTPase involved, Racl is currently
thought to be the major player.

The seminal discovery of Racl-dependent active forgetting was unexpected in light of
conventional thought at the time and offers several important lessons. First, conditioning
activates signaling pathways for both the acquisition of memory and for active forgetting.
Biochemical experiments demonstrate that training protocols used to instill memory also
activate Racl, with a maximum activation level detected 1 hour after training (Shuai et al.,
2010). Conditioning thus establishes a race between the mechanisms for the formation of
stable memory and those for active forgetting (Figure 2), with the winner determined by the
magnitude and time courses of the competing forces. Racl-susceptible memories last for
several hours and are intrinsically unstable, destined to decay away because learning trials
activate Racl to erase them. Second, memory formation and forgetting are independent.
Forgetting does not occur by reversing the acquisition pathway; acute manipulation of Racl
has no effect on memory formation but functions specifically on forgetting. Third, more
robust STM is not automatically consolidated into LTM. Inhibition of Racl activity extends
the time course for STM by several-fold. Surprisingly, this extended STM remains sensitive
to anesthesia, a signature of STM. Thus, factors other than the STM magnitude and duration
dictate the switch to a consolidated form. Finally, this initial discovery put a molecular
handle (Racl activity) on multiple types of active forgetting previously measured only
behaviorally.

Rac1 is known to regulate actin-filament turnover and actin polymerization through multiple
pathways (Heasman and Ridley, 2008). Shuai et al., (2010) extended the Rac1-based
forgetting pathway by showing that the Racl-regulated molecules, PAK/LIMK/cofilin, also
participate in active forgetting. Constitutively active cofilin slows memory decay and
overexpression of constitutively active Racl carrying a mutation that prevents its binding to
PAK fails to accelerate memory decay. More recently, the Scribble protein was identified
through biochemical approaches as a scaffolding protein that assembles a signaling complex
in the MBn that includes Racl, PAK3, and cofilin for mediating active forgetting (Figure 3;
Cervantes-Sandoval et al., 2016). When Scribble expression is genetically reduced, memory
is enhanced, consistent with its role in active forgetting. In addition, the Scribble signaling
complex is genetically downstream of dopamine (DA) inputs into the MBn mediated by the
DA receptor, DAMB, and upstream of Racl (Cervantes-Sandoval et al., 2016). Importantly,
mutations in the DAMB receptor have little effect on memory immediately after
conditioning, but dramatically enhance memory a few hours afterwards (Berry et al., 2012).
Furthermore, Berry et al., (2012) identified the DAn inputs to the MB that are responsible
for active forgetting and showed that these neurons are chronically active, but modulated in
intensity (see below) providing an “ongoing” signal for forgetting (Figure 3). Stimulating
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this chronically active but weak signal after acquisition but before testing causes forgetting;
blocking it inhibits forgetting (Berry et al., 2012). This prompts speculation that forgetting is
the default pathway, with the brain designed to slowly forget memories that are encoded
unless consolidation intervenes and solidifies the memories deemed valuable. In addition,
the discovery of DAn that initiate the forgetting signal indicates that “forgetting cells” are
part of normal memory circuits. Their function is to stimulate molecular forgetting pathways
in engram cells (MBn) (Figure 3). However, the designation of at least a subset of DAn as
forgetting cells should not be construed to mean that spurring the process of forgetting is
their sole function, just as engram cells and other neurons in the central nervous system have
multiple functions (Muller et al., 1987; Krashes et al., 2009; Li et al., 2014). Together, these
studies identify a signaling pathway from the DA forgetting cells, to the DAMB receptor
expressed on MBn, and to the Scribble scaffolding complex of Rac1/PAK/cofilin to mediate
active forgetting.

Neuronal circuits that activate Racl-dependent forgetting

So far, studies of Rac1-dependent forgetting in Drosophila have been confined to olfactory
memories. Prior studies identified the MBn as critical for the formation and storage of
olfactory memories (Heisenberg, 2003; Davis, 2005; Margulies et al., 2005). However, the
intrinsic Kenyon cells of the MB are divided into three major types, including the a/B, .’/
’,and y MBn, and their axonal projections occupy three distinct neuropil regions named
lobes. The current evidence suggests that STM relies primarily on the y MBn while LTM
relies on the a/p MBn (Zars et al., 2000; Isabel et al., 2004; Akalal et al., 2006; Blum et al.,
2009; Huang et al., 2012; Huang et al., 2013; Xie et al., 2013). Rac1-dependent forgetting of
anesthesia-sensitive memory has also been mapped to the a/p and y MB neurons (Shuai et
al., 2010; Berry et al., 2012; Cervantes-Sandoval et al., 2016).

Multiple circuits are capable of activating Rac1-dependent forgetting in the MBn. Among 15
clusters of DAnN that exist in the adult fly brain, the PPL1 cluster of 12 neurons contains five
distinct types with stereotyped innervation of zones of the MB lobes (Mao and Davis, 2009).
This cluster is necessary for acquisition of aversive olfactory memories (Schwaerzel et al.,
2003) and artificial stimulation of these neurons in the presence of an odor is sufficient to
form aversive olfactory memory (Schroll et al., 2006; Claridge-Chang et al., 2009; Aso et
al., 2012). A subset of the same cluster of PPL1 neurons, after learning, regulates the rate of
forgetting of both aversive and appetitive olfactory memories (Berry et al., 2012). At
present, it is unknown how MBn distinguish a DA-based “acquisition” signal from a
“forgetting” signal. Two distinct DA receptors, dDAL and DAMB, are highly expressed in
the MB lobes. The dDA1 receptor is required for both aversive and appetitive olfactory
memory formation in adult flies (Kim et al., 2007), whereas DAMB is required nearly
exclusively for forgetting (Berry et al., 2012). It may be that different signaling pathways are
activated by the two different receptors to mediate acquisition or forgetting. Alternatively,
the PPL1 cluster of DAn may include some neurons that promote acquisition and others that
promote forgetting, as suggested by the observation that only 3 of the 12 in the cluster are
required for active forgetting (Berry et al., 2012). A third possibility is that the signals for
acquisition vs forgetting are quantitatively or qualitatively different from one another.
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Two additional small clusters of neurons that promote forgetting were identified by
screening for enhanced memory retention after inhibiting neural activity among a diverse set
of MB extrinsic neurons that connect the MB lobes with other brain regions (Shuai et al.,
2015). These include a small cluster of DAn (PAM-B’1) and a pair of glutamatergic neurons
that terminate in distinct subdomains of the MB lobes. These neurons are not required for
memory formation or retrieval, but appear to be devoted to the regulation of forgetting.
Increasing their activity accelerates forgetting and silencing them retards forgetting. Most
interestingly, these two clusters of forgetting neurons have more restricted forgetting
functions, regulating only intrinsic forgetting without influencing interference-induced
forgetting, trace memory forgetting, and forgetting due to reversal learning. This observation
emphasizes the conclusion that many forgetting cells must exist dedicated to regulating the
active forgetting of different types of memories. The TIR-1/JNK-1-pathway mutants of C.
elegans prolong memory, proposed as being due to a blockade in the secretion of forgetting
signals from upstream neurons that activate forgetting in engram neurons (Inoue et al.,
2013). Thus, forgetting neurons are not unique to Drosophila.

Internal states and external factors that stimulate or inhibit forgetting cells

Some and perhaps all of the neural circuits that promote forgetting are regulated by external
factors and internal states, including activity, stress, and sleep (Shuai et al., 2011b; Berry et
al., 2015). It is well established that memory is enhanced by a sleep or rest episode after
learning in humans and in a wide range of other organisms (Diekelmann and Born, 2010),
including in fruit flies (Donlea et al., 2011). However, the underlying mechanisms of sleep-
dependent memory enhancement are still being defined. One accepted mechanism is that
sleep enhances memory consolidation (Diekelmann and Born, 2010; Stickgold and Walker,
2013). Another possibility, not mutually exclusive with the first, is that sleep and rest inhibit
active forgetting (Berry et al., 2015). Indeed, Berry et al., (2015), demonstrated that sleep
after learning enhances olfactory memory in Drosophila while suppressing the strength of
the forgetting signal imposed on MBn. In addition, they demonstrated that the forgetting-
related DA signal is increased robustly with locomotor activity. In the context of the
psychological constructs for forgetting (Figure 1), the results from this study indicate that
activity and other sensory stimuli increase the activity of DA forgetting cells and presumably
Rac1 activity in the downstream MBn, providing a biological explanation for interference-
based forgetting. Sleep and rest inhibit the DA forgetting cells, providing a biological
explanation for how sleep retroactively facilitates memory by protecting from interference
(Figure 1).

Cdc42-dependent forgetting

In Drosophila, a single trial of aversive olfactory conditioning yields at least two
operationally distinguishable memory components, anesthesia-sensitive memory (ASM) that
persists for a few hours and anesthesia-resistant memory (ARM) that persists for more than
24 hours (Figure 4; Heisenberg, 2003; Davis, 2005; Margulies et al., 2005). Racl- dependent
forgetting regulates the decay of ASM without affecting ARM. Active forgetting of ARM is
regulated by another small G protein, Cdc42 (Zhang et al., 2016), a member in the same Rho
GTPase family along with Rac. As with Racl-dependent forgetting, the activity of Cdc42 is
increased by conditioning, such that conditioning promotes both acquisition and forgetting.
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Manipulating Cdc42 activity has no effect on the formation of ARM, but decay of ARM is
accelerated with expression of a constitutively active mutant of Cdc42. Conversely, ARM
becomes prolonged with expression of a dominant negative mutant Cdc42 in the MBn.
Manipulating Cdc42 activity has no effect on the formation or decay of ASM. These
observations offer yet another example of memory-type specific forgetting mechanisms.

Cdc42 is essential for filopodia extensions in developing neurons (Heasman and Ridley,
2008) and may regulate the number of dendritic spines in adult animals (Kim et al., 2013;
Moutin et al., 2016). Postnatal deletion of Cdc42 leads to deficits in synaptic plasticity and
in remote memory recall (Kim et al., 2014). In Aplysia, serotonin stimulates Cdc42 activity
to initiate the reorganization of the presynaptic actin network, leading to outgrowth of
filopodia for the learning-related formation of new varicosities (Udo et al., 2005).

Racl-dependent forgetting in vertebrates

Although Racl has been reported to regulate synaptic plasticity and memory in vertebrates,
it is difficult to align these studies among themselves and with the Drosophila studies
because vertebrate memory studies have often failed to measure acquisition, focused on
different forms of memory that engage different brain regions, and have employed training
protocols extending over several days. For instance, Haditsh et al., (2009) report that
removing Racl in adult pyramidal neurons using a CaMKIla>Cre recombinase transgene
impairs hippocampal LTP and reduces the rate of acquiring spatial memory across a week of
training in the water maze, but this occurred without impairing memory tested subsequently
in probe trials. In contrast, Oh et al., (2010) report that genetically enhancing basal Racl
activity impairs the acquisition of spatial memory and subsequent performance in probe
trials. Gao et al., (2015) tested auditory fear conditioning in mice deficient in Racl activity
in the basolateral amygdala and discovered impaired STM and LTM without altering
acquisition. Jiang et al., (2016) have reported that inhibiting Rac in the hippocampus
increases memory after massed, contextual fear conditioning, while activating Rac weakens
memory produced by spaced, contextual fear conditioning.

A more recent study provided data that are consistent with a conserved role for Racl in the
active forgetting. Increased activation of Racl in the mouse hippocampus through targeted
expression of constitutively active mutant Racl accelerates decay of object-recognition
memory by about 3-fold (Liu et al., 2016). Conversely, inhibition of Racl activity by
expressing a dominant-negative mutant Rac1l significantly prolongs memory. Inhibiting
Rac1 activity also completely blocks interference-induced forgetting. Surprisingly, these
perturbations of hippocampal Racl activity were without effect on contextual fear
conditioned memory or cued (tone:shock) trace memory. This study is consistent with the
conclusion that Racl-dependent forgetting functions in vertebrate organisms. However, the
data do hint at an undiscovered complexity of active forgetting. Active forgetting will likely
prove to employ multiple signaling systems and cellular processes in cell- and memory-type
specific ways.
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Neurogenesis-based forgetting

Throughout life, neurons are continuously added to the dentate gyrus with the rate of
neurogenesis being modulated with stimulation from enriched environments, physical
activity, and other factors. Neurogenesis remodels hippocampal circuits and has been
suggested as a mechanism for clearing memory traces (Feng et al., 2001; Deisseroth et al.,
2004). Indeed, increasing neurogenesis after memory formation promotes forgetting in adult
mice. Infant mice have high levels of hippocampal neurogenesis and exhibit rapid forgetting;
reducing the rate of neurogenesis attenuates forgetting (Akers et al., 2014). These studies
establish hippocampal neurogenesis as one mechanism for forgetting, seemingly distinct
from Racl- and actin-dependent changes in synaptic structure. Nevertheless, Racl may also
be involved in neurogenesis-based forgetting. Racl is required for a learning-evoked
increase in the rate of neurogenesis (Haditsch et al., 2013). Loss of Racl exerts no effect on
the basal level of neurogenesis, nor does it impact the experience-evoked increase in survival
of young neurons, but the number of new neurons formed due to learning is reduced. This
learning-evoked, and Racl-dependent mechanism for neurogenesis may serve as a
mechanism for clearing hippocampal memory engrams.

The actin cytoskeleton as the target for Racl-dependent forgetting

The DAn—>Racl->cofilin signaling pathway for active forgetting in MBn may work by
modifying the actin cytoskeleton in synaptic structures. One study supporting this idea came
from analyzing forgetting of chemotaxis-based associative learning in C. elegans
(Hadziselimovic et al., 2014). This associative memory persists for tens of hours, with
forgetting depending on the expression of members of Arp2/3 complex, which promotes
branching of the actin cytoskeleton. Increasing in the expression of the Arp2/3 complex
stimulates actin polymerization leading to the enlargement of synapses and prolonged
memory retention. Conversely, reducing expression leads to reduced branching, actin
filament depolymerization, synapse shrinkage, and memory loss.

Conditioned place preference memory associated with the addictive stimulant
methamphetamine is also lost by disrupting actin depolymerization with the toxin,
Latrunculin A, injected into the basolateral amygdala complex after conditioning (Young et
al., 2014). This result suggests that methamphetamine-associated memory is maintained by
actin-based structural changes of the synapse. A model that the actin cytoskeleton mediates
synapse size and Racl- dependent behavioral forgetting is further supported by a spectacular
study of optical erasure of synaptic memory traces in the mouse motor cortex (Hayashi-
Takagi et al., 2015). A novel synaptic optoprobe, AS-PaRacl (activated synapse targeting
photoactivatable Racl) was developed to label and tag learning-potentiated dendritic spines
with photoactivatable Racl so that they can be shrunk by illumination with light. In vivo
imaging of the AS-PaRac1 probe revealed that a motor learning task induces substantial
synaptic remodeling in a small subset of neurons. Remarkably, optically activating Rac1 and
shrinking the potentiated spines disrupted the acquired motor learning.

AMPA receptor endocytosis-based forgetting

GluA2-dependent AMPA receptor endocytosis has been proposed to be an active process
underlying the intrinsic forgetting of long-term potentiation (LTP) and the forgetting of
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relevant memories (Hardt et al., 2013; Dong et al., 2015). Inhibiting PKMC in the dorsal
hippocampus with the inhibitory peptide, ZIP, abolishes long-term recognition memory for
where objects are located without altering recognition memory for object identity (Hardt et
al., 2010). This effect seems to be due to the loss of GIUA2 receptors by endocytosis, since
PKM( activity maintains synaptic localization of these receptors, hippocampal-based
memory is correlated with the abundance of post-synaptic GIuUA2 receptors, and blocking
the internalization of GIuA2 after conditioning inhibits normal forgetting (Migues et al.,
2010; Migues et al., 2016). Thus, the endocytosis of GIuA2 receptors offers an attractive
mechanism for active forgetting, despite the controversy around the activity of the ZIP
peptide and PKMC( (Sacktor, 2011; Lee et al., 2013; Volk et al., 2013; Tsokas et al., 2016).
However, the signaling systems mobilized to remove surface GIuA2 receptors remain to be
identified. Participants in this may include the activation calcium-dependent protein
phosphatases or kinases and insulin stimulation (Beattie et al., 2000; Widago et al., 2015).

Active forgetting, autism spectrum disorders and other brain disorders

Many brain disorders impair cognitive function, including intellectual disability, autism
spectrum disorders (ASD), and Alzheimer’s disease (AD) to name but a few. Although each
disorder has some unique pathophysiology, alterations in synaptic structure and function
seem to be a common thread connecting the disorders. We speculate that altered active
forgetting will prove to be fundamental to several of these disorders, but limit our discussion
in this perspective to ASD.

Many ASD-risk loci have been identified through population case:control, GWAS, or family
based studies (Neale et al., 2012). The genes tentatively associated with these loci function
in many different cellular processes, including synaptic organization, synaptic transmission,
intracellular signaling, and the regulation of protein synthesis/degradation (Brandler and
Sebat, 2015). One systems biology study based on gene-expression analysis of cerebellar
samples concluded that Racl plays a critical role in the neuropathological events associated
with ASD (Zeidan-Chulid F, et al., 2013). Another recent study found that autism is
associated with genetic variation and copy number deletion of P-Rex1, which encodes
phosphatidylinositol-3,4,5-trisphosphate-dependent Rac exchange factor 1 (Li et al., 2015).
Genetic deletion or knockdown of P-Rex1 in the CA1 region of the mouse hippocampus
produces ASD-like behaviors, including impaired social interactions, reversal learning
deficits in the water maze, and extinction-resistant memory of fear conditioning. These
behavioral changes could be due to impaired active forgetting or in a broader sense, as a
failure to update memories.

Dong et al., (2016) probed the question of whether ASD risk genes confer impairments in
Rac1-dependent active forgetting. Drosophila mutants in five ASD-associated genes,
including Fmr1 (Fragile X mental retardation 1), Ube3a (Ubiquitin-protein ligase E3A),
Nrx-1 (Neurexin-1), Nig4 (Neuroligin 4), and Tsc1 ( Tuberous sclerosis complex 1), were
chosen to measure behavioral flexibility using reversal learning tests. Although these
mutants impair diverse biochemical and cellular functions, they exhibited the common
phenotype of behavioral inflexibility in reversal learning tests, attributed by the authors to
impairment in Racl-dependent forgetting. This phenotype may be associated with a subset
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of ASD risk genes within the spectrum of the disorder, providing a way to distinguish and
delineate the spectrum.

Summary and perspectives

One major perspective offered here is that the brain has the inherent capacity to erase
memories through the actions of forgetting cells that stimulate molecular forgetting cascades
in post-synaptic engram cells. Active forgetting, along with attention, acquisition, and
consolidation, is thus part of the brain’s biological system for managing memories. We offer
a second perspective that forgetting cells are likely to be part of the circuitry used for the
formation of many different types of memory. We accept the existence of cells that form
memory traces to store the engram, along with neurons in circuits that convey the essential
information for memory formation to these engram cells. We speculate the most of these
“learning circuits” will have associated forgetting cells whose function is to erode the
memory traces formed in engram cells. A third major perspective offered is that dozens of
molecular and cellular pathways likely exist to erode memories. The forgetting pathway(s)
operant on a memory of interest may depend on its phase (STM, LTM, etc.) and nature
(aversive, appetitive, episodic, ARM, ASM, etc.). The best characterized forgetting pathway,
the DAn—>Rac1->Cofilin pathway functions on early memories formed after olfactory
classical conditioning that are sensitive to anesthesia (Figure 5). This pathway along with the
cdc42 pathway that functions on early memories that are anesthesia resistant, make up the
process we term intrinsic forgetting. These two pathways also promote forgetting due to
interfering stimuli presented after conditioning. Neurogenesis, which may also engage Rac
activity, promotes forgetting by removing hippocampal neurons that comprise part of a
memory engram (Figure 5). And AMPA receptor endocytosis offers yet another mechanism
for forgetting although the signaling system for this physiological process has not yet been
fully defined. The nature and potency of each forgetting system will influence how fast a
memory is forgotten as it competes with stabilizing forces such as consolidation. A fourth
perspective offered is that deficits in active forgetting are part of the pathophysiology of
human brain disorders. Evidence has emerged suggesting that some types of ASD in both
human subjects and mouse genetic models are associated with reversal learning or active
forgetting deficits (Micheau et al., 2014; D’Cruz et al., 2016). Such deficits may extend to
the strong and disabling memories associated with post-traumatic stress disorder, and the
perseveration associated with schizophrenia and other psychiatric disorders. In addition,
dissecting the biology of active forgetting promises a wealth of information and a renewed
understanding on how the brain manages the incomprehensible amount of information that it
processes daily. Finally, it offers the promise of identifying new molecular targets for
nootropics, or cognitive enhancers. Antagonists to molecular targets within the
DAn=>Racl1->cofilin or cdc42 pathways, or other more promising pathways yet to be
discovered may attenuate forgetting due to intrinsic forgetting or interference.
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Figure 1. The Engram, Engram Cells, Molecular and Cellular Memory Traces, and Constructs
of Forgetting from Experimental Psychology

Acquisition leads to the formation of molecular and cellular memory traces (red ovals)
within a set of neurons — the engram cells — that store learned information. Sleep or sedation,
after acquisition, can protect from interfering stimuli and thus strengthen memory traces
(center of figure). The memory engram is envisioned as the composite of all molecular and
cellular memory traces that form during acquisition within the population of engram cells
(dashed red line) that encode a memory. Memory encoding can lead to weak or strong
memory engrams depending on the strength and nature of the learned information. Passive
forgetting (lower left of figure) is postulated to occur through at least three separate
mechanisms: (1) loss of context cues across time that make retrieval difficult, (2)
interference during retrieval from other similar memories accumulated across time, and (3)
the “natural” decay of memory traces from the general instability of biological materials and
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the passage of time. Loss of context cues and retrieval interference may leave the engram
intact, whereas natural decay would lead to a loss of its integrity. At least three major forms
of active forgetting have been postulated from research in experimental psychology (right
side of figure). Interference-based forgetting posits that other competing information or
activities before (proactive) or after (retroactive) the learning event accelerate the decay of
memory traces. Motivated forgetting occurs when cognitive mechanisms are voluntarily
engaged to weaken memory traces, often because the memory has some unpleasant quality.
Retrieval-induced forgetting, offered here as an example for contrast, occurs when some
aspects of a memory are recalled that suppress the recall of other aspects related to the
recalled memory. This type of forgetting may disrupt the retrieval of a relatively intact
memory engram. We introduce in this Perspective the concept of intrinsic forgetting — one
type of active forgetting — that involves the activity of forgetting cells and the brain’s
intrinsic biochemical and molecular pathways to degrade molecular and cellular memory
traces.
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Figure 2. Balance between Acquisition/Consolidation Forces and Forgetting
Graph using Ebbinhaus’s famous forgetting curve to display the balance between the
strengthening forces of acquisition and consolidation and the weakening forces of forgetting
in forming a memory engram. Acquisition leads to molecular and cellular memory traces in
engram cells that encode memory (Figure 1). These are stabilized, and evolve, by the
process of consolidation, leading to a rather stable memory shown in this case to occur at 2
days after acquisition. Active forgetting provides a balance to these biological processes by
eroding memory traces. Traditional studies in the neuroscience of learning and memory have
emphasized processes underlying acquisition and consolidation. More recently, biological
insights into the mechanisms for active forgetting have been made.
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Figure 3. The Dopamine Neuron/Racl/Cofilin Signaling Pathway for Active Forgetting
A subset of dopamine neurons that innervate the mushroom body neurons promote

forgetting. Although these neurons exhibit chronic activity, they are modulated by external
and internal factors with increased sensory stimulation increasing their activity and sleep/
rest decreasing their activity. The signal from the dopamine neurons is received by the
DAMB receptor expressed on mushroom body neurons. This signal is communicated
through a signaling complex scaffolded by the protein Scribble and containing Racl, Pac3,
and Cofilin. Cofilin regulates the remodeling of the actin cytoskeleton to mediate active
forgetting. As conceptualized in Figure 1, the mushroom body neurons in this case are
“engram cells.” Neurons that promote forgetting (dopamine neurons) in the engram cells are
thus termed “forgetting cells.”
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Figure 4. Small G-protein Involvement in the Active Forgetting of Memory Types in Drosophila
Memory retention after aversive olfactory classical conditioning is depicted as the solid line

and is composed of at least two types of memory, anesthesia-sensitive memory (ASM) and
anesthesia-resistant (ARM) memory. Experimental studies have revealed that Racl is
involved in the biochemistry of forgetting ASM whereas cdc42 is involved in the
biochemistry of forgetting ASM.

Neuron. Author manuscript; available in PMC 2018 August 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Davis and Zhong Page 29

Intrinsic forgetting Interference-
based forgetting

Oc¥® O
OO0 g o ) O

Pathway

cdc42 < cdc42
Pathway Pathway

Receptor Neurogenesis-based
endocytosis forgetting
Neurogenesis

i J ‘\
’ O
" AMPA Receptor J
Endocytosis \\ YI? @

lt’ s s =" / = /
N , I
il I
~ -

Figure 5. Biological Mechanisms for Active Forgetting
Recent neuroscience studies have identified several biological mechanisms for active

forgetting. Two different biochemical pathways, one including Dopamine—=>Rac1—>Cofilin
and the other involving cdc42 are involved in both intrinsic forgetting and interference-based
active forgetting. Although it is likely that both pathways lead to the erosion of the memory
engram, this has not yet been shown experimentally. Hippocampal-based memories are
subject to active forgetting through neurogenesis degrading existing memory engrams,
which may also involve the activity of Racl. AMPA receptor endocytosis has been
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hypothesized to offer a fourth active forgetting mechanism operating on some types of
memory.
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