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Abstract

Well-learned instrumental memory was thought both to be robust and unable to undergo
reconsolidation. However, the current study showed that a certain contingency change was
required to overcome the prediction error signal threshold in order to trigger a well-learned
memory reconsolidation. In this study, we investigated different experimental models to study
well-learned memory reconsolidation, which neural circuit may be involved and the boundary
conditions of well-learned instrumental memory reconsolidation. We found with a mild
contingency change (VRS5) the two-lever model is the most suitable model to study well-
learned memory reconsolidation and the delayed reactivation method which reactivated 48
hours (a gap day) after training to be the most consistent reactivation parameter to destabilise
the memory. This may be ascribed to the gap day facilitating memory destabilization. But any
procedures except memantine injection, even handling, during the gap day may prevent the
facilitation effect and animals do not show signs of instrumental memory destabilization in
the following test session. Furthermore, our data also suggest the ventral hippocampus may
be required to trigger instrumental memory destabilization. Despite a lack of statistical
power, our immunohistochemistry data of zif268 expression suggests that the infralimbic
region and prelimbic region may be involved in instrumental memory reconsolidation.
However, further studies are required for confirmation. Overall, this study demonstrates a
new protocol that can consistently destabilise the well-learned instrumental memory which
can be used for further instrumental memory studies and showed the ventral hippocampus is

required for well-learned instrumental memory destabilisation.



General Introduction



History of consolidation hypothesis

This study focussed on the memory reconsolidation process. Before the emergent hypothesis
of memory reconsolidation, consolidation had already been suggested as a memory
processing hypothesis for more than a century (Miiller & Pilzecker, 1960). Memory
consolidation was suggested as a process that consolidates short-term memory to long-term
memory which is more resistant to modification (Miiller & Pilzecker, 1900; Hebb, 1949;
McGaugh, 1966).

The beginning of the consolidation hypothesis

Miiller and Pilzecker observed in 1900 that acquiring different information shortly after the
learning trial would interrupt that learning, causing impairment of the retention performance,
but interference information acquired after a long delay would not have such an effect. This
suggested that short-term memory could be interrupted or modified, whereas, after
consolidation, long-term memory was resistant to such effect. Further study of active
avoidance showed that electroconvulsive shock treatment (ECS) 20 seconds after the training
would cause rats to have significantly more freezing behaviour than the other groups. This
impairment of behaviour was suggested as being retroactive amnesia (RA) (Duncan, 1949).
However, such behaviour was arguably the fear of punishment rather than RA due to the
disruption of the consolidation (Coons & Miller, 1960). Further study using passive
inhibitory avoidance (IA) showed that 5 seconds after brief training, the rats who had ECS
stepped on the charged platform a significantly higher number of times than the control group
(Madsen & McGaugh, 1961). If the performance in the active aversive inhibitory avoidance
was due to fear of punishment, the results in the passive aversive inhibitory avoidance should
have yielded a contrasting result. Further studies using hypothermia, hypercapnia, cortical
spreading depression, anaesthesia and convulsive drugs also induced RA in the newly learned
memory (Gisquet-Verrier & Riccio, 2018). This leads to the idea that memory consolidation,
as a newly learned memory, is labile and able to be disturbed in a short period by interference

information or amnesic treatment.

The amnesic treatment-induced RA has a temporal-dependent effect. The ECS-induced

amnesia gradient decreases as the interval between the training and treatment increases. One



hour after the training, the experimental group showed a similar performance to the control
group (Duncan, 1949). This was also found in appetitive instrumental memory consolidation.
Amnesic treatment at three minutes after training showed the greatest impairment in
instrumental behaviour, whereas treatment with an interval of 30 minutes and above did not
show any impact on memory (Ungerer, 1973). These findings suggest the memory
consolidation process only takes a short period to transfer this labile memory into long-term
memory, which is resistant to further change, but it does not imply that the consolidation
process is finished in this short period. Human positron emission tomography (PET) study
showed that brain activity shifted in different regions for several hours after learning a motor
skill (Shadmehr & Holcomb, 1997). In guinea pigs, the learning-induced neuronal receptive
field (RF) in the auditory cortex showed that neural activity continued for several days

(Bjordahl, Dimyan, & Weinberger, 1998; Galvan, Chen, & Weinberger, 2001).

After training, neuronal activity may persist to underpin the formation of LTP — long-term
potentiation - (Hebb, 1949). This reverberating neural activity corresponds with the later
long-term potentiation findings. LTP is suggested as triggering synaptic plasticity (Bruel-
Jungerman, Davis, & Laroche, 2007; Nicoll, 2017; Takeuchi, Duszkiewicz, & Morris, 2014).
Synaptic plasticity involved new protein synthesis and was hypothetically important for new
memory formation (Martin, Grimwood, & Morris, 2000). This was supported by a study
showing that short-term memory did not require protein synthesis, but long-term memory
formation could be blocked by the protein synthesis inhibitor, puromycin (Agranoff, Davis, &
Brink, 1966). Injecting a protein synthesis inhibitor in the dentate gyrus also blocked LTP
(Otani & Abraham, 1989). This is not the only similarity between LTP and the consolidation
process. They both induced depolarisation of synapses and reactivation of receptors; this, in
turn, activated kinase and immediate early genes (IEG) which trigger the protein synthesis
(Laroche, 2010). Thus, synaptic plasticity is likely to be why there is a small labile window
for disruption. The new neuron connection is thought to be important for long-term memory
formation (Miiller and Pilzecker, 1900). Disrupting such a process is thought of as an

impairment to new memory storage.

The RA shows a delayed onset. In the well-trained passive inhibitory avoidance experiment, a
test at 15 minutes after ECS did not show the impairment of latency, but the tests at 30
minutes, 60 minutes, and 120 minutes all showed the impairment of retention performance.
Furthermore, the 15-minutes group retested after 24 hours also showed impairment (Miller,

Ralph R. & Springer, 1971). The same results were found in hypothermia and cycloheximide



treatment (Geller, Robustelli, & Jarvik, 1970; Hinderliter, Webster, & Riccio, 1975). This was
explained by dual-trace theory, in other words that short-term memory, which lasts a few
seconds to hours, is independent of long-term memories (Gerard, 1949). This is supported by
the fact that the drug can only block either short-term memory or long-term memory in
goldfish (Agranoff et al., 1966). As such, it suggests that the long-term encoding processing
may be disrupted by amnesic treatment (Landfield, Mcgaugh, & Tusa, 1972; McGaugh,
2000; Miller& Matzel, 2000). Therefore, the original hypothesis of RA was memory
encoding and storage impairment, and RA was thought irreversible (Duncan, 1949;

McGaugh, 1966).

Problems with the early consolidation hypothesis

However, a few factors cannot be explained by this memory encoding and storage
impairment theory. If it causes encoding and storage impairment, RA should completely
impair the retention performance. However, the RA does not completely impair retention
performance except in weak learning (Duncan, 1949; Madsen & McGaugh, 1961; Rodriguez-
Ortiz, Carlos, Garcia-DeLaTorre, Benavidez, Ballesteros, & Bermudez-Rattoni, 2008). For
example, in the appetitive instrumental setting, the rats with the impairment showed a
reduction in, but still a noticeable degree of lever pressing in the non-reward test session
(Ungerer, 1973). This partial deficit in test performance makes it challenging to determine

whether the RA is in fact an impairment in encoding and storage.

The non-reversible part is most challenged by the fact that the amnesia can be reversed by the
passage of time (Cooper & Koppenaal, 1964; Murchison et al., 2004; Squire & Barondes,
1972) or by a reminder (Land, Bunsey, & Riccio, 2000; Miller, Ralph, & Springer, 1972,
1972; Miller, Ralph, Ott, Berk, & Springer, 1974). For example, in the automated visual
discrimination task the number of correct trials in the drug group was significantly lower than
the saline controls in the first two days after treatment. However, there was no difference
from the third day onward (Miller, Ralph, & Springer, 1972). This may be attributed to the
fact that there was a slowly developing memory storage process that was unaffected by the

amnesic treatment (Miller, Ralph, & Springer, 1972), or simply, that RA is reversible.

Further studies, about a reminder being able to reverse the RA, suggest that RA is reversible



and rejected the slow development memory process theory. The ECS-induced amnesia could
be reversed by the reminder session in both appetitive memory and aversive memory (Miller,
Ralph, & Springer, 1972; Miller et al., 1974). The reminder session started to have effect
from two hours after the treatment to up to two weeks (Miller, Ralph, & Springer, 1972). Due
to those experiments using a certain degree of reinforcement, for example, mild shock or
reward, the reversal performance was argued as a generalisation to the test situation rather
than recovering the original memory (Gold, Paul, & King, 1974). Later studies used the
extinction session, which does not include the reinforcement-as-reactivation session, against
the previous argument (Gordon, William & Mowrer, 1980; Wittman & DeVietti, 1980). These
factors suggest that RA is a reversible retrieval failure rather than a non-reversible encoding
and storage impairment (Lewis, 1979; Miller, Ralph, & Springer, 1973; Spear, 1973).
Moreover, this result showed that the consolidated memory does not always stay in a
consolidated form; it can be reactivated. Further study showed that if the rats were trained in
a fear conditioning experiment, the ECS could not impair the fear memory 24 hours after
training unless there was a brief exposure to a conditional stimulus (CS) before ECS
(Misanin, Miller, & Lewis, 1968). The reminder session’s function is suggested as
reactivating the memory back to the labile stage, so it can be disturbed by the amnesic
treatment. After that, the memory re-consolidates back to a persistent state which is not

affected by the amnesic treatment (Lewis, 1979).

Current view of memory consolidation

Current thinking about consolidation is more dynamic than the original hypothesis, but the
basic structure is similar. The new memory needs a process to stabilise and become fixed.
This process has a very short window for amnesic treatment but takes much longer to
complete. The protein synthesis (Rudy, Biedenkapp, Moineau, & Bolding, 2006), protein
synthesis-induced LTP (Bruel-Jungerman et al., 2007; Nicoll, 2017; Takeuchi et al., 2014),
and synaptic plasticity (Miiller and Pilzecker, 1900) are thought important in the
consolidation mechanism. The amnesic treatment, such as N-Methyl-D-aspartic acid
(NMDA) receptor antagonist or protein synthesis inhibitor, will prevent synaptic plasticity
thus causing impairment of memory representation within the structure (Elsey & Kindt,
2017). So, amnesia is a memory retrieval impairment and the amnesia is reversible (Lewis,

1979; Miller, Ralph, & Springer, 1973; Spear, 1973). The changing part of the current



consolidation view is that the consolidated memory is not thought to be a fixed state; it can be
reactivated by the reminder and undergoes re-consolidation. The amnesic treatment during
the re-consolidation process also will cause amnesia (Mactutus, Riccio, & Ferek, 1979;

Mactutus, Charles, Concannon, & Riccio, 1982).



Age of reconsolidation

In the 1990s, there was an increased interest in reconsolidation studies. Amnesic treatment
after the reminder session will also induce RA (Misanin et al., 1968), which suggested the
memory was re-consolidated after the reactivation (Lewis, 1979). Further study showed that
old fear memories, up to 14 days old, can still be reactivated (Nader, Schafe, & Le Doux,
2000). Other studies showed three conditioned fear training sessions were able to form a
memory that still could be reactivated 45 days after training (Debiec, LeDoux, & Nader,
2002). Therefore, as the original concept of memory consolidation likened it to raw iron
shaped into a specific form, current thinking about memory is more akin to water and ice.
The consolidation changes the water into ice, but this ice can be melted by the reminder,

integrating new ingredients, then changed back to the stable ice form.

The similarities and differences between consolidation and

reconsolidation

The reconsolidation process shares similarities with memory consolidation. Reconsolidation
and consolidation start when the memory is in the labile state and through a series of
processes, which include protein synthesis, LTP, and synaptic plasticity, transfer the memory
into a persistent state which has resistance to the disruption (Besnard et al., 2012; Lee et al.,
2017). The difference is that consolidation is about the newly learned memory transferred
into long-term memory, and reconsolidation is the long-term memory reactivated by a
reminder, which then integrates new information and re-consolidates back to the persistent

form (McGaugh, 2000; Reichelt & Lee, 2013a).

Though the process of reconsolidation is similar to consolidation, the two processes are
doubly dissociable. The antisense oligodeoxynucleotides (ASO) of brain-derived
neurotrophic factor (BDNF) infused into the dorsal hippocampus 90 minutes before context
fear conditioning training, but not testing, impaired the long-term memory (LTM) but not
short-term memory (STM). The ASO of transcription factor zif268, infused at the same time
points, had no effect. For reconsolidation, after the training, the rats received a non-reinforced

session (extinction session) as their reactivation session. The ASO of zif268, but not the ASO



of BDNF, infused 90 minutes before reactivation, impaired the LTM. This study showed that
consolidation which induces synaptic plasticity to form a new LTM and reconsolidation
which induces synaptic plasticity to maintain access and restabilise the existing memory were
different in molecular mechanisms (Lee, Everitt, & Thomas, 2004). Therefore, the

reconsolidation process is not only re-consolidation.

Reconsolidation is a generalisation mechanism across memory

types and species

All known memory undergoes reconsolidation (Lee et al., 2017). For aversive memory, fear
conditioning was the most used task in the studies. The fear is normally caused by electric
footshock (as an unconditional stimulus, US) and paired with a specific cue (conditional
stimulus, CS) such as tone or light, or context. To reactivate the memory, normally an
extinction session was used as the reactivation session. This means the session would only
have CS or novel/trained context without US (Reichelt & Lee, 2013a). Systematic injection
of MK-801 could successfully impair these memory reconsolidations (Ben Mamou et al.,
2006; Charlier & Tirelli, 2011; Lee et al., 2006b; Nader et al., 2000). The conditioned taste
aversion (CTA) task paired an unfamiliar flavoured fluid (as CS) with a malaise-inducing
agent (as US). The rats were normally trained to drink water from two pipettes. Water in one
of the pipettes was changed to CS on the reactivation. US was applied after the reactivation.
The test had the same setting as the reactivation. The unconditioned rats showed a preference
for CS rather than water and the conditioned rats showed a contrasting preference (Merhav &
Rosenblum, 2008; Rosenblum, Meiri, & Dudai, 1993; Stern, Chinnakkaruppan, David,
Sonenberg, & Rosenblum, 2013). Only a few studies were about this memory. The systematic
injection of a protein synthesis inhibitor could successfully impair this memory
reconsolidation (Flint & Marino, 2007). The IA memory was also shown to undergo
reconsolidation. The systematic injection of MK-801 and B-adrenergic receptor antagonists
could successfully impair this memory reconsolidation (Flint, Noble, & Ulmen, 2013;
Przybyslawski, Roullet, & Sara, 1999). These aversive memory reconsolidation processes
also commonly relied on protein synthesis in the hippocampus and amygdala (Debiec et al.,

2002; Lee. et al., 2004; Milekic, Pollonini, & Alberini, 2007; Nader et al., 2000).

As some of aversive settings corresponded to post-traumatic stress disorder (PTSD) in

humans, some of the appetitive settings mainly tried to seek the mechanism for drug
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addiction memories. The drug influences the instrumental behaviour through the conditioned
approach which helped to make the instrumental response, conditioned motivation which
enhanced motivation for the instrumental response (increased the outcome value), and
conditional reinforcement which supported the response for delayed reinforcement. With the
passage of time, the instrumental response would shift from a goal-directed response

(associated with a drug high) to a habitual response (Milton, 2013).

In the animal model, the conditional approach was studied as a goal-tracking experiment.
Goal tracking as a CS (CS+) was paired with the reinforcement and a CS (CS-) was not.
Through the training, the rats should learn to approach the food magazine at CS+ rather than
CS- (Costa & Boakes, 2009). The post-reactivation protein synthesis inhibitor injection did
not impair the goal-tracking memory (Blaiss & Janak, 2007). However, a different training
schedule, using a short session and fixed intervals rather than random intervals, showed that a
pre-reactivation injection of MK-801 could impair the 6-day trained goal-tracking memory.
However, it could not impair the stronger 12-day trained memory (Reichelt & Lee, 2012).
The other setting for the conditioned approach was sign-tracking and Pavlovian-instrumental
transfer. The rats needed to learn to press the lever with a specific CS+ but not a CS-.
Compared to goal-tracking, this setting lacked both flexibility and the goal-directed nature of
instrumental behaviour (Everitt, Barry, Dickinson, & Robbins, 2001). This memory was also
able to be disrupted by systematic injections of MK-801 (Lee, & Everitt, 2008c; Milton et al.,
2012).

The most widely used appetitive setting is conditioned place preference (CPP). Animals were
paired with the drug and a context i.e., by injecting the drug before putting it into context A.
Other animals were paired with saline and context B in the same way. The animals were
reactivated and tested by freely exploring the three contexts — A, B, and one for control,
without a drug or saline injection. The time spent on the drug-associated context was reduced
by a systematic MK-801 injection which reflected the fact that the memory had undergone
reconsolidation (Alaghband & Marshall, 2013; Brown, Travis, Lee, & Sorg, 2008; Sadler,
Herzig, & Schmidt, 2007). Due to the context-related nature, this memory reconsolidation
was also amygdala- and hippocampus-dependent (Milekic, Brown, Castellini, & Alberini,

2006; Sakurai, Yu, & Tan, 2007).

The conditioned reinforcement was the instrumental response (lever pressing for reward)
paired with a CS (light or tone). The CS acted as a direct predictor for the reward (sucrose

pellets or drug infusion) and reinforced the instrumental response. The extinction session was

9



normally used as a reactivation and test session, where animals received saline infusion (for
drug) or no reward (for pellets) for the lever pressing (still paired with CS). This memory
could be disrupted by a systematic MK-801 injection (Flavell & Lee, 2013; Lee, & Everitt,
2008a) and relied on BLA (Lee, Di Ciano, Thomas, & Everitt, 2005; Milton et al., 2008).
Recently, an alternative reactivation parameter was used for cocaine-seeking memory. The
reactivation used a contingency change of reward (randomly altering the number of lever
pressings per sucrose pellet) rather than a non-reinforcing extinction parameter. The pre-
reactivation of an MK-801 injection reduced the drug-seeking behaviour in the test. This
showed that, rather than just extinction parameters, certain exposure to reward can also
reactivate the drug-seeking memory (Exton-McGuinness & Lee, 2015; Exton-McGuinness,

Drame, Flavell, & Lee, 2019).

There are only a few studies about instrumental behaviour, which is where a specific action is
paired with an outcome (Thorndike & Woodworth, 1901). Dickinson (1985) suggested that
instrumental behaviour may be classified as two types. The first is the response to a stimulus.
This Stimulus-Response (S-R) model reflected a passive non-intelligential performance for a
stimulus. But not all the behaviour was like that; the second process was based on knowledge
of the consequence of performance. The behaviours were performed with a purpose or goal,
so the active behaviour was different from the “response”. These were referred to as
“actions”. When the action was performed, an outcome was expected, so this association was

referred to as Action-Outcome (A-O).

To observe whether the memory was goal-directed, a common method was to devalue the
reward. For appetitive memory, the common method was through the injection of lithium
chloride which would cause gastric malaise in the rat after the free eating reward. If the
behaviour was goal-directed, the rats would learn the reward caused gastric malaise, so they
would reduce the reward-associated behaviour. Otherwise, it showed the behaviour was habit
dominated, which is insensitive to the reward value (Dickinson, 1985; Exton-McGuinness et

al., 2014; Holland, 2004).

Later, Dickinson’s study (1995) showed that instrumental behaviour was a dual process. The
rats with four training sessions (120 reinforcements) showed a different lever-pression pattern
according to their deprivation state, whereas the rats with 12 trained sessions (360
reinforcements) showed no difference. If the behaviour was goal-directed, the low-
deprivation state rats were less eager to obtain the food (low reward value), so the rats were

less likely to press more levers in the extinction session. For the high-deprivation state, the

10



rats were eager to get food (high reward value), so they would press significantly more than
in the low-deprivation state but quickly reduced the lever-pressing, so the behaviour in the
less-training group appeared goal-directed. On the other hand, the well-trained groups had
similar lever-pression rates regardless of the deprivation state. This reflected that habitual
behaviour was insensitive to reward value. Interestingly, rats that received eight sessions (240
reinforcements) which delivered food randomly with no lever in the chamber, and four
normal training sessions (120 reinforcements) showed a similar habitual behaviour as the 12
training sessions group. This showed the training did not reflect how many training trials the
subjects took, but just how many reinforcements the subjects obtained. Dickinson suggested
the S-R process contributed more to the manifest behaviour as the training proceeded. So, the
behaviour shifted from goal-directed to habitual. It is worth noting that the training schedule
in Dickinson’s study (1995) used a random interval (RI) schedule in which the reward would
be delivered following a random interval after pressing the lever. The RI schedule proved less
sensitive to reward value and had a slower performing rate than the variable ratio (VR)
schedule (a different number of lever presses for each reward) with matched outcome
probabilities (Dickinson et al., 1983). The study by Mackintosh (1974) suggested the long
inter-response times (IRTs) hypothesis, in other words, in a RI schedule, the longer the
interval between each response, the more likely the reward is to be delivered. So, the longer
IRTs correspond to the high possibility of reward delivery for the next response, whereas
reward delivery in the VR schedule was based on the number of lever presses. So, animals

using the VR schedule often had a higher response rate than using the VI schedule.

The well-learned instrumental memory was considered unable to undergo memory
reconsolidation until 2014. This was due to the normal reactivation parameter which was that
an extinction session was unable to trigger memory destabilisation. Therefore, a protein
synthesis inhibitor could not impair memory (Hernandez & Kelley, 2004; Mierzejewski et al.,
2009). But Exton-McGuinness et al. (2014) showed that with certain reinforcement exposure
rather than complete non-exposure, the well-learned instrumental memory could be impaired
by MK-801. By showing that the animal behaviour in the test session was goal-directed, it
was suggested that the habitual S-R memory was impaired after reactivation. This confirmed
that instrumental habitual memory was destabilised. Exton-McGuinness et al. (2015) further
demonstrated the goal-directed A-O memory was able to reconsolidate and required a lower
contingency change than the well-learned memory. The inhibition of the dopamine-1 receptor

(D1R) or NMDA receptor separately in the nucleus accumbens (NAc) would not affect

11



memory reconsolidation, but the inhibition of both receptors showed a disruption of
instrumental memory. This suggested coactivation of DIR and NMDA receptors was
important for instrumental memory destabilisation and reconsolidation. Therefore, it showed

that instrumental memory was able to reconsolidate.

Reconsolidation is a general memory process across species. Most studies used rodent
models. Most aversive memories, such as conditioned fear memory and contextual fear
memory; appetitive memories, such as drug-seeking memory and Pavlovian conditioned
instrumental memory, and spatial memory, were observed to undergo memory
reconsolidation (Morris et al., 2006; Reichelt & Lee, 2013a). But other species also showed
signs of memory reconsolidation. The medaka fish has a simpler brain than the rodent, but its
fear memory also undergoes reconsolidation. This was observed by pairing light with an
electric shock. After two days of training, amnesic treatment before the reactivation session
impaired the freezing behaviour of the fish. This was a sign of reactivation-dependent
amnesia (Eisenberg, Kobilo, Berman, & Dudai, 2003; Eisenberg & Dudai, 2004). In the case
of Chasmagnathus crabs, a visual danger stimulus paired with the training context could
reactivate the fear memory in a novel context. The impairment of response was observed
when treated with cycloheximide from one hour before reactivation to two to six hours after

reactivation (Pedreira & Maldonado, 2003).

Human memory also was able to undergo reconsolidation. Most amnesic reagents, such as
NMDA receptor antagonist MK-801 or protein synthesis inhibitor anisomycin, have severe
side effects with systematic injection. This means that most studies used propranolol
treatment, stress/cortisol, Ketamine, glucose, or behavioural means (memory interference) to
prevent the formation of long-term memory (Agren, 2014). Most of the human experiment
settings were similar to those of the animal models. For example, most experiments follow
the acquisition, extinction and test procedure (Lonsdorf et al., 2017). In the fear conditioning
experiment, human participants had to remember some fear-relevant stimulus (such as a
picture of spiders), and one of the stimuli was paired with an electric shock (Kindt, Soeter, &
Vervliet, 2009). In the animal model fear-conditioning experiments, however, the electric
shock was also paired with a tone or light (Reichelt & Lee, 2013a). Both models used the
extinction session as a reactivation parameter and took place 24 hours after training. In the
test, the animal model quantified the fear reaction as a percentage of freezing time (Lee,
Dickinson, & Everitt, 2005), whereas the human model used a questionnaire (Kindt et al.,

2009). However, unlike most animal experiments using single populations, human
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experiments often have subpopulation differences, even individual differences, often
perceived as noise. For this reason, group analysis may not provide meaningful information

(Lonsdorf & Merz, 2017).

Universal results across various species are supported by the memory reconsolidation
hypothesis. Though it shares several similar features with the consolidation process,
reconsolidation also has its distinctive features in addition to re-consolidation. Furthermore,

there are a few boundary conditions that may affect the reconsolidation process.
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Boundary conditions of memory reconsolidation

The most significant difference between the consolidation studies and reconsolidation studies
is that a reminder/reactivation session takes place after the training and normally 24 hours
before the test. The reminder session needs to provide new information to activate the
memory, so it needs to contain certain factors of the training session but cannot be the same
as the training (Lewis, 1979). The instrumental memory reconsolidation studies showed that
using the training session as a reactivation session could not trigger memory reconsolidation
(Exton-McGuinness et al., 2014; Exton-McGuinness & Lee, 2015). Therefore, this
reactivation session suggested generating a prediction error signal which is the key to
triggering memory destabilisation (Lee, 2009). However, for some memories, the training
session can also be used as the reactivation session. For example, in the context of fear
memory, the second training session could reactivate the memory of the first session. This
was confirmed as a reconsolidation process but not a consolidation process due to the ASO of
zif268, but not BDNF ASO, impairing memory (Lee, 2008). This may be due to the weak
learned memory being easier to reactivate. This was supported by the results from the rats
with one-day spatial training which could be reactivated by the extinction session, while the
six-day training could not (Morris et al., 2006). This shows there are several boundary
conditions affecting memory reconsolidation. Those boundary conditions are summarised in

Figure 1.
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Figure 1. The effect of reactivation strength/length, memory age and memory strength for memory and prediction error signal.
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Memory strength

One of the commonly considered boundary conditions is memory strength. Several studies
suggested that the different memories or the extinction memory could compete. The notable
hypothesis is the “trace dominant” framework (Eisenberg et al., 2003). Eisenberg et al. (2003)
showed the rats had reconsolidation if there were two training trials before reactivation
conditioned taste aversion (CTA). But if there was only one training session, the reactivation
would result in forming CS-no US trace (extinction trace) rather than reconsolidation. The
hypothesis this result suggested is that the extinction trace would compete with the learned
aversive CS -US trace. Thus, if the aversive memory was stronger, it would dominate, and the
amnesic treatment would impair the original aversive memory. However, if the CS-US
memory was weaker than the newly learned CS-no US memory (extinction memory)
(reactivation session as an extinction session), the extinction trace would dominate. Thus, the
amnesic treatment would impair the newly learned extinction memory. This competition
theory is also supported by a few appetitive studies. The goal-tracking studies showed the rats
with six-day training could be reactivated by an extinction session with three CS+ (CS with
reinforcement in training) and three CS- (CS without reinforcement in training). However,
saline controls rats with only three days of training would show extinction behaviour which
should equal response to CS+ and CS- rather than the normal response (where CS+ responds
more than CS-). This suggested that the weak memory was not dominant, therefore the
extinction memory was formed rather than the goal-tracking memory being reconsolidated

(Reichelt & Lee, 2012).

Though few studies showed that instrumental memory reconsolidation followed the “trace
dominant” framework, several instrumental studies showed such memory competition
occurred in the instrumental setting. First, the weak-learned instrumental memory had similar
results to the weak-learned goal-tracking memory. When reactivated with a brief extinction
session, it showed amnesic treatment-impaired extinction behaviour in the test rather than
instrumental memory impairment (Exton-McGuinness & Lee, 2015). Also, through
instrumental training, the manifest behaviour would shift from the reward value sensitive A-
O behaviour to the reward value insensitive S-R behaviour. The manifest behaviour was
determined by the strength of the memory, so the behavioural result also reflected the change
of memory strength (Dickinson, Balleine, Watt, Gonzalez, & Boakes, 1995). Such results
showed that the trace dominant hypothesis also works between appetitive instrumental

memories. Also, this trace dominant hypothesis works between different types of memory.
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Reed (1990) showed that context extinction sessions before the test would promote
instrumental behaviour. The context extinction sessions were thought to reduce the context-
reward association, so the elevated instrumental responses corresponded to the reduction of

the strength of the opponent's memory.

In addition to the competitive memory strength affecting the reconsolidation, the strength of
the training memory also affects reconsolidation. In simple terms, the stronger memory is
harder to reactivate. In context fear conditioning, mice trained with one footshock could
reactivate the training memory by the extinction session (no footshock, same context). But
the same reactivation session could not reactivate the training memory with three footshocks
in the training. This was suggested to be due to the three footshocks having formed a stronger
fear memory than one footshock (Suzuki et al., 2004). The factors of this were related to
dorsal hippocampus function and the NMDA receptor GluN2B subunit was down-regulated
in the LBA (Wang, Szu-Han et al., 2009). In auditory fear conditioning, the rats trained with
10 CS-US were insensitive to the amnesic treatment, but the trained 1 CS-US pair were
sensitive. The dorsal hippocampus lesion did not affect auditory fear memory reconsolidation
but caused the strong fear memory to be sensitive to the amnesic treatment. The western blot
after training showed the GIuN2B receptor was only down-regulated in the ten CS-US paired
rats, but not the rats with only one CS-US pair or the rats with ten CS-US paired with the
dorsal hippocampus lesion. The GIuN2B subunits in BLA were reported as important for
memory destabilisation but not reconsolidation (Milton et al., 2013). The dorsal hippocampus
was suggested as having the role of recording spatial-contextual information and memory.
Reactivation required hippocampus representation to guide to the easily inferenced
neocortical representation which recorded content information (Nadel & Hardt, 2011).
Therefore, the mechanism of the boundary condition was suggested as destabilisation failure
(Wang, Szu-Han et al.,, 2009) and may be related to the enhanced spatial-contextual

representation in the dorsal hippocampus.

Strong memory being hard to reactivate may also apply to some appetitive memories. A weak
contingency session can reactivate a weak-trained, goal-directed appetitive instrumental
memory (Exton-McGuinness, M. T. & Lee, 2015), but did not work on over-trained habitual
memory (Cheng, Exton-McGuinness, unpublished data). This was suggested as a prediction
error signal insufficient to trigger memory destabilisation. The same was found in the goal-
tracking study. The rats trained for six days were able to be reactivated by three sets of CSs

(CS+ and CS-), but the rats with 12 days of training were not (Reichelt & Lee, 2012).
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However, some studies showed that memory strength was unrelated to reconsolidation. For
the cue-induced drug-seeking memory, a well-learned drug-seeking memory (ten days of
training, around 500 CS paired reinforcements) could be reactivated by an extinction session
(Lee, Milton, & Everitt, 2006a). Similar results were found in the well-learned conditioned
reinforcement reconsolidation (Lee & Everitt, 2008b), but not in the well-learned non-cued

instrumental memory (Exton-McGuinness et al., 2014).

Memory age

The other factor affecting memory reconsolidation is the age of the memory. The suggestion
is that memory stability was increased with the passage of time. Therefore, older memories
are hard to reactivate (Reichelt & Lee, 2013a). This was observed in several studies. With the
same reactivation session, the eight-week-old context fears memory could not be reactivated,
but both a one-week-old memory and a three-week-old memory can. However, if a longer
extinction session is used, the eight-week-old memory could still be reactivated (Suzuki et al.,
2004). The other inhibitory avoidance experiment showed that reactivation-dependent
amnesia was only observed two and seven days after training but not 14 and 28 days after
training (Milekic, Maria, & Alberini, 2002). But these results were not consistent: a context
fears study showed that memory could undergo reconsolidation 3 days, 15 days, and even 45
days after training (Debiec et al., 2002). The 45-day-old memory was suggested as being
hippocampus-independent (Anagnostaras, Gale, & Fanselow, 2001; Debiec et al., 2002; Kim
& Fanselow, 1992). Such results suggested that the older memory being harder to reactivate
may not be due to the old memory being more stable but may be due to the decay of

hippocampus representation (Hardt, Nader, & Nadel, 2013).

As Hardt et al. (2013) suggested, the context and spatial information encoded in hippocampus
representation acted as the guide to the neocortical encoded content information. The
hippocampus representation only decayed within days to weeks, but the neocortical
representation was more persistent. Therefore, the older memory being harder to reactivate
indicates the loss of hippocampus representation. It follows that it needs a stronger/longer
reactivation parameter to reactivate. Moreover, the hippocampus representation may also
“teach” the neocortical representation to integrate new information over time. The neocortical
representation would become sparser and more efficient (McClelland, McNaughton, &

O'Reilly, 1995). The new neocortical representation was hypothesised no longer to need
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hippocampus representation for retrieval (Hardt et al., 2013). The results showed the
hippocampus-dependent results for the 45-day-old memory only occurred after the
reactivation session. The lesion impaired the memory within 24 hours after reactivation but
had no effect after 48 hours which showed the process was related to reconsolidation (Debiec
et al., 2002). Thus, the results may suggest that memory destabilisation may be triggered by
the neocortical representation and re-established the hippocampus representation linkage to
the neocortical representation. As the neocortical representation encoding mechanisms are
easily interfered with by other neocortical representations (McClelland et al., 1995;
McCloskey & Cohen, 1989), this may suggest the interfering memory may affect memory
retrieval (Hardt et al., 2013).

An auditory fear memory study result may support that the old memory was harder to
reactivate due to memory forgetting. A strong fear memory (ten CS-US paired) could not be
reactivated by a five CS extinction session, but could be reactivated by the one CS extinction

session if the memory was 30 days or 60 days old (Wang, Szu-Han et al., 2009).

In an appetitive setting, the age of memory seems unaffected by memory reconsolidation. The
typical appetitive memory unaffected by ageing is drug-seeking memory. The relapse
(reinstatement) of the drug-seeking memory can be over a few weeks and the memory has
high resistance to forming an extinction memory (Bossert, Marchant, Calu, & Shaham,
2013). The other conditional reinforcement study showed that well-trained conditioned
reinforcement could be reactivated 21 days after training (Diergaarde, Schoftelmeer, & De
Vries, 2006). However, it is worth noting that most long-interval studies had more training
sessions in appetitive settings (around ten sessions) than the aversive setting (usually one or
two sessions). It is, therefore, possible that the results are due to the well-learned appetitive

memory taking longer to forget.

Reactivation session length/strength

The third factor affecting memory reactivation is the length/strength of the reactivation
session. In both aversive settings and appetitive settings, memory appeared to require a
minimum number of exposures to CS or US to trigger the reconsolidation (Exton-
McGuinness et al., 2014; Exton-McGuinness & Lee, 2015; Suzuki et al., 2004). However,
over-exposure would cause extinction memory formation rather than training memory

reconsolidation (Flavell & Lee, 2013; Suzuki et al., 2004). This first demonstrated, in the
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context of fear memory, that no exposure (zero minutes) or short exposure (one minute) to the
context would not trigger memory reconsolidation. 30-minute exposure to the extinction
session would result in extinction memory formation. Only intermediate exposure length

(three minutes) triggered the fear memory reconsolidation (Suzuki et al., 2004).

A similar result was also found in the auditory fear experiment. The exposure of ten CS
without the US caused the formation of extinction memory, whereas only one CS caused fear
memory reconsolidation (Lee et al., 2006b; Wang, Szu-Han et al., 2009). Similar results were
also found in Chasmagnathus crabs (context fear conditioning) (Pedreira & Maldonado,
2003) and in medaka fish (cued fear conditioning) (Eisenberg et al., 2003). Flavell & Lee
(2013) showed that the conditioned reinforcement memory followed the same principle. The
extinction session with ten CS reactivated the appetitive memory, whereas the 50 CS session
(same session length) caused the formation of extinction memory. The intermediate 30 CS
session neither reactivated the memory nor caused extinction memory formation. However, it
is worth noting that the effect of the reactivation strength/length is related to the memory
strength, and the requirement of the exposure increases by the memory strength. For example,
a 3-CS-paired extinction session would reactivate a well-learned (six-day training) goal-
tracking memory but cause extinction memory formation for the three-day training memory

and could not trigger the reconsolidation for the 12 days of training (Reichelt & Lee, 2013a).

In this study, we investigate well-learned instrumental memory. As stated above, this memory
is relatively strong and therefore requires a stronger reactivation parameter (VR20) to
reactivate (Exton-McGuinness et al., 2014). However, in this study, we used a relatively weak
reactivation parameter (VR5) and also reactivated the well-learned instrumental memory.
This could suggest that other boundary conditions may affect the instrumental memory

reconsolidation.
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Prediction error in memory reconsolidation

One of the explanations for contingency change other than an extinction session that could
reactivate the instrumental memory is that the contingency change induced a suitable
prediction error signal which is required to destabilise the memory (Exton-McGuinness et al.,
2014). It is suggested that this prediction error signal is delivered from the ventral tegmental
area (VTA) to the Nucleus accumbent (Nac) and further suggested to be required for memory

destabilisation in many studies (Exton-McGuinness et al., 2014; Reichelt et al., 2013).

Neuroanatomy results for prediction error

The destabilisation was suggested to have had a different molecular pathway with
restabilisation/reconsolidation. It was shown that destabilisation/strengthening of the cued
fear memory required BDNF but not zif268 expression in the hippocampus (Lee, 2008).
Further study showed the double dissociation requirement of NMDA receptor components for
destabilisation and restabilisation. The destabilisation selectively required the GIluN2B
subunit and the restabilisation selectively required the GIluN2A subunit (Milton et al., 2013).
The prediction error signal is suggested to be important for destabilisation (Exton-
McGuinness, Lee, & Reichelt, 2015). This is supported by studies about the substantia
nigra/ventral tegmental area complex (SNc¢/VTA). In monkeys’ midbrains, the dopaminergic
neurons (DA) in SNc¢/VTA increased activity when exposed to reward paired CS (CS+). If the
reward was delivered, the neuron maintained the firing rate, otherwise the neurons would be
hyperpolarised, which reflected the negative prediction error signals. This signal reflects as
an unexpected omission of reward or a received lesser reward (Hollerman & Schultz, 1998;
Takahashi et al., 2009). On the other hand, the non-reward CS (CS-) also triggered a smaller
depolarisation of the dopaminergic neurons but was followed by a hyperpolarisation. The no-
reward scenario did not change the neuron firing rate, but the reward delivery after the CS-
caused neuron activity elevation reflected positive prediction error signals (Waelti, Pascale,
Dickinson, & Schultz, 2001). The function of the VTA was the same in rodents. The
inactivation of VTA would prevent error-driven learning in rats (Rodriguez-Ortiz, Carlos,
Garcia-DeLaTorre, Benavidez, Ballesteros, & Bermudez-Rattoni, 2008). However, over-

expectation training for goal-tracking training could reactivate the goal-tracking memory
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which was previously thought unable to undergo the reconsolidation process (Reichelt & Lee,
2013b). Dysregulation of VTA by B/M or sulpiride prevented Pavlovian reinforcement
memory reconsolidation but infusing the MK-801 or AP-5 did not impair the existing
memory. This suggested the prediction error signal from VTA was required to destabilise the
existing memory, but the VTA was not required for memory reconsolidation (Reichelt, Exton-

McGuinness, & Lee, 2013).

Prediction error and destabilisation

The weak learned appetitive memory is easy to reactivate even through a training session
(Rodriguez-Ortiz, Carlos et al., 2008). This is suggested as the association is not well
established, thus the subjects cannot predict the outcome, so even a training trial can generate
enough prediction error signals to trigger destabilisation (Lee, 2008). Through the training,
the amnesic effect of protein inhibitors decreased (Rodriguez-Ortiz, De la Cruz, Gutierrez, &
Bermudez-Rattoni, 2005). This was hypothesised as proportionate to the prediction error
signal (Reichelt & Lee, 2013b). Therefore, a well-learned memory would have a better
prediction for the training session, so the training session generated fewer prediction error

signals which were unable to trigger the destabilisation.

A more recent study supported the role of prediction error signals in destabilisation. Exton-
McGuinness et al. (2014) showed the well-trained instrumental memory (training for one
lever press for one sucrose pellet) could be reactivated by a VR20 protocol (12-28 lever
presses for a sucrose pellet, average rate 20 lever presses per pellet) but could not be
reactivated by the FR20 (fixed ratio 20 lever presses per pellet). On average the contingency
change is the same, the putative prediction error signal should be similar between FR20 and
VR20, but the results in behaviour were different. This suggested that not only was the
amplitude of the prediction error signal important to trigger the destabilisation, but there were

also other factors.

The hypothesis of temporal difference affecting memory

destabilisation

Two hypotheses arose from the later review by Exton-McGuinness et al. (2015). The first was

that the unpredictability of the VR20 procedure generated greater attention from the rats than
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the fixed FR20. The attention to the CS was suggested as facilitating learning and memory
reconsolidation (Hall & Pearce, 1982; Pearce & Hall, 1980; Wilson, Boumphrey, & Pearce,
1992). The other hypothesis was about the temporal difference (TD) model of prediction
error signals. In the classical Bush and Mosteller model, the results had the same weighted
average of past rewards, so there was no difference (Bush & Mosteller, 1951a; Bush &
Mosteller, 1951b). But in the TD model, none of the sessions were considered as a whole, but
rather as multiple discrete moments. In each discrete moment, the prediction was not only for
the reward at this moment but also the prediction of the reward in subsequent moments
(Glimcher, 2011; Sutton & Barto, 1998). So, for the FR20, if the session was divided by each
reward, the pattern of each discrete moment should have the same number of lever presses.
On the other hand, the pattern of VR20 should be more randomised, so each moment could
be treated as a training session. The rats with FR20 generally learned that 20 lever presses
were needed for a pellet. As the animal learns the protocol and gets the expected reward, the
session, as shown by Rodriguez-Ortiz, Carlos et al. (2008), should generate fewer prediction
signals. By contrast, for the VR20, the outcome was delivered more randomly, so the rats’
predictions had a high error rate, which should generate a continuous prediction error signal

(increased neuron activity for CS-) and thus be a potential trigger for destabilisation.

This may also explain why long exposure to an extinction session would cause extinction
memory formation rather than memory reconsolidation. With a short exposure, subjects were
exposed to the CS without the US. The subject would wrongly predict that the CS was
associated with US, and this would generate the prediction error signal, so it may trigger
destabilisation. The more unpaired CS to which the subjects were exposed, the more the CS-
no US pairing would be learned. This non-reward caused the hyperpolarisation of the
dopaminergic neurons, and this may shift the CS+ to CS-. So the intermediate exposure did
not trigger memory destabilisation. Finally, the rats would eventually learn the CS- no US
trace and cause the extinction memory formation, so the process shifted from destabilising
the existing memory to forming the new extinction memory. Such reconsolidation-
intermediate-extinction shift with CS was found in the appetitive conditional reinforcement
study described earlier (Flavell & Lee, 2013). A conditional fear study showed more detail
about such process. The reconsolidation group showed significant high NMDA receptor
activity and low calcineurin (CaN) expression in the basal lateral amygdala (BLA), and the
extinction group showed the opposite. The experiment results are most strongly expressed in

the three stage model: the reconsolidation stage which was presented with 1 CS required for
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NMDA receptor activity in BLA but was not required for CaN expression; the intermediate or

“limbo” state which was presented with 4 CS was NMDA receptor activity independent; and

the extinction stage which was presented with 7 CS onward required NMDA receptor activity
and CaN expression. Furthermore, the NMDA receptor activity in this stage was positively
related to CaN expression (Merlo et al., 2014). But it is worth noting that without an
independent measure of prediction error, the necessity for prediction error in destabilisation

cannot be substantiated.
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Neural circuits may be involved in instrumental memory

reconsolidation

There was no study about which neural circuit may be involved in instrumental memory
reconsolidation, but with instrumental learning studies and studies of other memory
reconsolidations, it is suggested that several circuits may be important for instrumental
memory reconsolidation (figure 2). The ventral medial prefrontal cortex (vmPFC) - nucleus
accumbent (Nac) circuit was suggested to be involved in several instrumental behavioural
circuits (Bouton et al., 2021; Cooper et al., 2017; Everitt & Robbins, 2005). In vmPFC,
different subregions project to different Nac subregions, the IL major projected to Nac shell
(AchSh) and PL was preferentially projected to Nac core (Nacc) (Sesack & Grace, 2010).
Those two projects are important for instrumental learning, as a lesion of vmPFC would
prevent the acquisition of goal-directed learning but did not prevent expression (Kalivas et
al., 2005). Apart from the ventral striatum, the dorsal striatum was a suggested response for
habitual behaviour* (Everitt & Robbins, 2005). Lesions of the dorsal striatum prevent
habitual formation but did not affect reward expectancy (Yin et al., 2004). The input of the
dorsal striatum was suggested from vmPFC and Nacc via substantia nigra (Graybiel &
Grafton, 2015). Though there is no evidence of BLA and dorsal hippocampus (dHPC)
involvement in instrumental reconsolidation, those regions were suggested as a response to
contextual information in instrumental learning and involvement in multiple aversive and
appetitive memory reconsolidations (Reichelt & Lee, 2013). The current view of BLA was
that it mainly concerns processing discrete CS, whereas the glutamatergic input from dHPC
to Nac especially AchSh was processing contextual or spatial stimuli (Janak & Tye, 2015). It
was suggested the dHPC -Nac circuit may compete with the BLA-Nacc circuit over goal-
direct behaviour (Everitt & Robbins, 2005; Peak et al., 2020; White & McDonald, 2002).
Lesion of the hippocampus impaired the contextual conditioning but enhanced discrete CS
conditioning, whereas lesions of BLA had the opposite effect (Everitt & Robbins, 2005). In
memory reconsolidation studies, blocking BLA or the hippocampus impaired memory
reconsolidation in fear conditioning, inhibitory avoidance, and CPP (Reichelt & Lee, 2013).
Apart from memory reconsolidation, it is suggested that BLA and dHPC direct and indirect
projection to Nac are important in instrumental learning (Bouton et al., 2021; Everitt &

Robbins, 2005). Glutamatergic input from BLA to Nacc facilitated reward-seeking and
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positive reward learning, and lesions of BLA or Nacc prevented the acquisition of cocaine
seeking (Millan & McNally, 2011; Millan et al., 2015). The circuit of BLA to AchSh was
thought important in reducing or inhibiting the instrumental response during an extinction
session (Bouton et al., 2021). Those different projections and functions suggest that BLA may
have a complex role in instrumental memory learning. There was evidence to suggest the
function of dHPC was dependent on BLA activation in cocaine paired renewal; asymmetrical
blocked dHPC and BLA attenuated drug seeking behaviour in the context used in extinction
sessions (extinction context), whereas ipsilateral or unilateral inactivation had no effect
(Fuchs et al., 2007). However, direct projection to Nac, dHPC and BLA may also have
indirect control of Nac through the ventral hippocampus (VHPC). The vHPC was suggested
as the site which integrates spatial/contextual information from the dHPC and emotional
information from the BLA (French et al., 2003; French & Totterdell, 2003; Oleskevich et al.,
1989). The linkage of those circuits is as in figure 2.

(O

dorsal striatum

Figure 2. The neural circuits which may be involved in well-learned instrumental memory reconsolidation.
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Ventral mediate prefrontal cortex

There is no evidence for infralimbic (IL) and prelimbic (PL) involvement in instrumental
memory reconsolidation. However, the expression of zif268 in PL and IL was upregulated
after cocaine-induced CPP memory reconsolidation (Li et al., 2016). Furthermore, the
dichotomous roles of IL and PL in different types of instrumental learning were suggested by
several studies (Kalivas & Volkow, 2005; McLaughlin & See, 2003; Peters et al., 2009). IL
and PL receive the DA signal from VTA and regulate Nac activation by glutamate signal
(Everitt & Robbins, 2005; Sesack & Grace, 2010). This VTA-vmPFC-Nac circuit was
suggested as important to the regulation of prediction error signals (Cooper et al., 2017).
Inhibition of PL by GABAamB receptor agonist baclofen/muscimol (B/M) or dopamine
receptor antagonist fluphenazine prevented the reinstatement of cocaine-seeking behaviour
(James et al., 2018; McFarland & Kalivas, 2001). Thus PL was suggested to have a role in
promoting instrumental behaviour after reinstatement (Bouton et al., 2021). PL was also
suggested as having the same function in sucrose instrumental learning, as deactivation of IL
reduced the instrumental action when re-exposed to the same context after the extinction
session but no effect for re-exposure to a different context (Bossert et al., 2011; Shipman et
al., 2018; Warren et al., 2016). On the other hand, IL was suggested as being important for
extinction learning and inhibition of instrumental behaviour after extinction sessions (Bouton
et al., 2021). The IL inactivation within a short window (up to 20s) after an extinction session
increased response during extinction training and cue-induced reinstatement of cocaine
seeking (Gutman et al., 2017). For sucrose instrumental learning, reversible inactivation of IL
increased the response in the extinction context after an extinction session but also reduced
the response in the training context (Eddy et al., 2016). The impairment of IL. may impair the
expression of inhibition extinction context-response association and prevent the expression of
appetitive context-reward association (Bouton et al., 2021). Though IL and PL were well
studied in instrumental learning, those two regions were rarely targeted by memory
reconsolidation studies. Given their role in the renewal circuit and the extinction circuit, they

may also be involved in instrumental memory reconsolidation.
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Hippocampus and basal lateral amygdala

Dorsal Hippocampus and BLA were focused on both appetitive and aversive memory
reconsolidation studies (Reichelt & Lee, 2013). Those two regions were suggested as
important for contextual information processing and required for several types of memory
reconsolidation (Cooper et al., 2017; Reichelt & Lee, 2013). For example, the selectively
required zif268 in the hippocampus is involved only in contextual fear memory
reconsolidation but not in consolidation (Lee et al., 2004). In an appetitive setting, CCP
memory reconsolidation can be impaired by infusion of NMDA antagonist AP5 in the
hippocampus (Sakurai et al., 2007). The zif268 level is increased in CAl, CA2, and CA3
after cocaine-induced CPP memory reconsolidation (Li et al., 2016). The role of BLA in
memory reconsolidation was studied in different models (Reichelt & Lee, 2013). In aversive
memory reconsolidation, the BLA was required for cue fear conditioning (Ben Mamou et al.,
2006; Lin et al., 2006), inhibitory avoidance (Milekic et al., 2007; Pedroso et al., 2013), and
conditioned taste aversion (Koh & Bernstein, 2003). In an appetitive setting, BLA inhibited
by protein synthesis inhibitor anisomycin, zif268 antisense oligodeoxynucleotides (Lee et al.,
2005), or NMDA antagonist AP5 caused a reactivation-dependent impairment in conditioned
reinforcement (Milton et al., 2008). In BLA, zif268 expression was found after cocaine-
induced CPP memory reconsolidation, and BLA was also required for drug-associated

memory learning (Hamlin et al., 2008; Li et al., 2016).

The ventral hippocampus is another potential region that might be recruited in instrumental
memory reconsolidation. While there are no studies directly implicating the VH, its
projection from ventral CAl to the IL was activated after context-induced reinstatement of
heroin seeking. This caused down-regulated synaptosomal Glu2 in IL and facilitated LTD in
the vCA1-IL pathway (Wang et al., 2018). The ventral subiculum was important for cocaine-
seeking renewal. Inactivation of the ventral subiculum (vSUB) prevents the reinstatement of
cocaine- and heroin-seeking (Bossert & Stern, 2014; Lasseter et al., 2010). As the vHPC
function suggested an integration of contextual and spatial information from DH and BLA to
Nac, it may be - but is unlikely to be - involved in well-learned instrumental memory

reconsolidation.
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Striatum

There is no evidence for striatum involvement in instrumental memory reconsolidation, but
Nacc involvement is suggested in drug-associated CPP memory reconsolidation as zif268
expression was upregulated after reconsolidation, and the reconsolidation process would be
impaired if zif268 ASO or protein synthesis inhibitor was to be infused into Nacc (Li et al.,
2016). Most instrumental learning studies focused on Nac in the ventral striatum. The dorsal
striatum is also suggested to have importance in instrumental behaviour, especially habitual
behaviour (Everitt & Robbins, 2005). Nac was suggested as important for the initial
acquisition of food or liquid rewards (Everitt & Robbins, 2005; Haber et al., 2000; Kelley &
Berridge, 2002), but the executive control would ultimately shift to the dorsal striatum
through the training (Robbins & Everitt, 1999; Yin et al., 2004; Yin et al., 2005). This
suggested the goal of direct behaviour involved a circuit of PFC to Nac and the dorsal
striatum, then a shift to PFC and to the dorsal striatum through training (Everitt & Robbins,
2005). This is supported by microinfusion of antagonist a-flupenthixol to NAc but this did
not affect well-learned cocaine-seeking behaviour under a CS paired second-order schedule
but when infused to the dorsal striatum, greatly reduced such behaviour (Murray et al., 2012).
As the Nac was more related to goal-directed behavioural or CS-paired behavioural learning,
it is unlikely to be involved in well-learned instrumental memory reconsolidation. However,
the dorsal striatum was suggested as more related to habitual learning. It is more likely to be

involved in well-learned instrumental memory reconsolidation.

Molecular pathway in memory reconsolidation

The reconsolidation process was likely involved in new protein synthesis. Infusion of protein
inhibitor systemically or in some key areas, like the hippocampus or amygdala, would impair
the reconsolidation process in a number of appetitive and aversive settings. However,
anisomycin’s effect on reconsolidation was challenged by Rudy (2006) because anisomycin
is a ribotoxin that induces apoptosis. So, the amnesic effect may be due to the death of critical
neurons rather than the impairment of reconsolidation. However, protein kinase inhibition
and transcription factor inhibition at the hippocampus or BLA would also impair memory
reconsolidation in different settings. The NMDA receptor antagonist was normally used as an
amnesic agent for memory reconsolidation. The mechanism was suggested as: the NMDA

receptor was activated by glutamate, and the calcium influx activated small GTPase such as
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Ras, Raf, and Rap which further activated the extracellular signal-regulated kinase pathway
(ERK). The ERK pathway activated the transcription of proteins such ascAMP response
element-binding protein (CREB) and zif268. PKA was also important for the memory
reconsolidation process. An infusion of PKA inhibitor Rp-cAMPS in BLA impaired memory
reconsolidation in auditory fear conditioning and conditioned taste aversion. An injection of
PKA activator 6-BNZ-cAMP in BLA enhanced auditory fear memory reconsolidation. It was
suggested that the PKA was activated by cAMP which is converted from ATP by the
activation of B-adrenergic receptors. PKA directly or indirectly acted on the ERK pathway

and activated transcription factor expression (figure 3).
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Figure 3. The signalling pathway suggested for memory reconsolidation (Tronson & Taylor, 2007).

Most memory reconsolidation could be impaired by the N-Methyl-D-aspartic acid (NMDA)
receptor antagonist and enhanced by the agonist. This showed the importance of the NMDA
receptor in memory reconsolidation. An NMDA receptor is an ionotropic glutamate receptor

that normally consists of four subunits that have three types, GluN1-3, namely, an NMDA



receptor consisting of two GluN1 subunits (encoded by eight genes) and two GluN2 (encoded
by four genes, GluN2A-D) and/or GluN3 subunits (encoded by two genes GIuN3A and
GIluN3B) (Vyklicky et al., 2014).

The GIuN2B and GIuN2A subunits were selectively important for destabilisation and
restabilisation in the basolateral amygdala (BLA). This was shown by an infusion of GluN2B
specific NMDA antagonist ifenprodil (IFEN) before the reactivation session in the cued fear
conditioning task. This prevented anisomycin-induced amnesia but not the retrieval of fear
memory in reactivation (Milton et al., 2013). The post-reactivation of IFEN infusion showed
no impact on memory reconsolidation (Ben Mamou, Gamache, & Nader, 2006). Thus,
GIluN2B was suggested to be selectively required for destabilisation but not restabilisation
(Milton et al., 2013). Meanwhile, the GluN2A-specific NMDA receptor antagonist NVP-
AAMO77 (NVP) showed it impaired the freezing behaviour regardless of anisomycin
treatment and had no impact on the fear memory retrieval in reactivation. This showed that
the GluN2A was selectively required for restabilisation as opposed to destabilisation (Milton
et al., 2013). Furthermore, the western blot showed that the well-learned memory had a lower
expression of GIuN2B in the lateral and basal amygdala (LBA). It was suggested that this
was related to the strong memory being harder to destabilise (Wang, Szu-Han, de, & Nader,

2009).

Dizocilpine maleate (MK-801) is a widely used NMDA receptor inhibitor. The function is the
ion channel blocker which means the inhibition is voltage- and use-dependent and requires
the activation of the receptor. The inhibition increases with the probability of channel opening
(Vyklicky et al., 2014). This inhibitor has a slow onset by intraperitoneal injection, so it is
normally applied before the reactivation session. As an amnesic reagent, the MK-801
appeared able to impair most aversive and appetitive memory reconsolidation processes
(Alaghband & Marshall, 2013; Charlier & Tirelli, 2011; Exton-McGuinness, Patton, Sacco, &
Lee, 2014; Exton-McGuinness & Lee, 2015; Flavell & Lee, 2013; Lee Milton, & Everitt,
2006b; Lee & Everitt, 2008a).
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Aim and hypothesis

This study investigates the mechanism of reactivation of well-learned instrumental memory
by contingency change and possible neuron circuits that may be involved in the
reconsolidation process. Well-learned instrumental memory could not be reactivated by an
extinction session which was normally using as a reactivation session in other memory
reconsolidation settings (Flavell & Lee, 2013; Hernandez & Kelley, 2004; Mierzejewski et
al., 2009). However, it could be inducing a suitable contingency change of the reinforcement
(Exton-McGuinness et al., 2014). The hypothesis of the mechanism of this was that the
contingency change induced a series of prediction error signals which triggered memory
destabilisation (Exton-McGuinness & Lee, 2015; Exton-McGuinness et al., 2014; Lee, 2009,
2010). Our hypothesis is that the requirement of prediction error is proportional to the
memory strength, so a weak prediction error signal was able to trigger the destabilisation of
weak instrumental memory but also able to destabilise the well-learned instrumental memory.
However, a context extinction session after training, but not before, triggered well-learned
instrumental memory reconsolidation with a lower contingency which was previously shown
to be unable to trigger reconsolidation (Cheng et al., 2022). The hypothesis of this is that a
context extinction session reduced the strength of context-reward association, which reduced
the competition with an instrumental action-reward association, and so facilitated memory
destabilisation. We would test this hypothesis in this study and try to identify the neural

circuit that is involved in well-learned instrumental memory reconsolidation.
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Chapter 1
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Introduction

The mechanism that stabilises new memory into long-term memory is called consolidation,
and such consolidated long-term memory is resistant to modification (McGaugh, 2000).
However, this does not mean that the content of long-term memory is unchangeable. With a
session containing certain training details but distinctive from the training session, the
consolidated memory can be activated and destabilised (Exton-McGuinness et al., 2014;
Exton-McGuinness & Lee, 2015). These memories are returned to a labile state and then
integrate new information back into the consolidated stage (Lewis, Misanin, & Miller, 1968).
The latter process is called memory reconsolidation. To observe such memory
reconsolidation, memories must be consolidated and then reactivated into the labile state. Due
to such lability, memories can be manipulated during the reactivation. This manipulation
normally induces reactivation-dependent amnesia by amnesic agents (e.g., N-methyl-D-
aspartate (NMDA) receptor antagonist MK-801 or protein synthesis inhibitor anisomycin)
(Reichelt & Lee, 2013a). If memories are reactivated in the reactivation session, they are in a
labile state and, therefore, the injection of amnesic agents can disrupt the original memories
and inflict reactivation-dependent amnesia (Mactutus et al., 1979; Thompson & Grossman,
1972). The difference in behavioural performances during the latter test session can then be
observed. This is viewed as evidence of memory reconsolidation occurring during the
reactivation session.

Few studies have investigated instrumental memory reconsolidation. Instrumental learning
associates a specific action, such as a lever press, with a specific outcome, such as a sucrose
reward. The well-learned habitual stimulus-response (S-R) memory, which is formed by
overtraining, showed high memory strength and resistance to the value of the outcome
(Adams, 1982; Dickinson, 1985) or consequent actions (Balleine & Dickinson, 1998). In

memory reconsolidation, several boundary conditions have been observed that influence
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whether memories undergo reconsolidation. Two of these are memory strength (Reichelt &
Lee, 2012; Suzuki et al., 2004) and memory age (Suzuki et al., 2004). Stronger or older
memories are harder to manipulate, and therefore are unable to trigger reconsolidation (Lee,
2009). Consequently, it may be unsurprising that the well-learned instrumental memory is not
able to be reactivated by the normal reactivation parameters of an extinction session (Lee &
Everitt, 2008b), reinforcer exposure (Wang, Ostlund, Nader, & Balleine, 2005) or a training
trial (Hernandez & Kelley, 2004). Moreover, the inhibition of protein synthesis, which
disrupts the reconsolidation of other aversive and appetitive memories (Debiec et al., 2002;
Lee et al., 2005; Milekic et al., 2006; Milekic, M. H. et al., 2007; Nader et al., 2000) did not
affect the S-R response (Hernandez, Sadeghian, & Kelley, 2002). Therefore, over a long
period, the well-learned instrumental memory was believed not to undergo memory
reconsolidation.

The current view of memory reconsolidation is of a memory-updating process and the
memory reconsolidation is hypothesised to be triggered by a prediction error signal (Lee,
2009; Lee, 2010). Reactivation parameters used by previous studies, such as extinction
session or training trials, did not induce enough prediction error, and this may be the reason
why those studies failed to trigger memory reconsolidation, so a minimum number of
stimulus presentations was required to trigger reconsolidation (Suzuki et al., 2004).
Moreover, an extinction session that involved a great number of CS- no US pairings was
more likely to generate new extinction memory rather than a destabilisation of the old
memory (Flavell & Lee, 2013). Interestingly, an intermediate number of stimulus exposures
did not trigger memory reconsolidation, nor new learning of extinction memory (Flavell &
Lee, 2013). Given this parametric complexity of triggering reconsolidation using extinction
training, a potentially advantageous approach is to change reward contingency (Exton-

McGuinness et al., 2014; Exton-McGuinness & Lee, 2015) or timing (Diaz-Mataix, Ruiz
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Martinez, Schafe, LeDoux, & Doyere, 2013; Tallot et al., 2017). In instrumental memory, a
reduction in absolute reward contingency successfully triggered memory reconsolidation
after extensive training (Exton-McGuinness et al., 2014). However, it appeared that there was
an additional requirement for uncertainty, as only a variable-ratio (VR) and not fixed-ratio
(FR) contingency change was effective (Exton-McGuinness. et al., 2014).While it appeared
that a VR20 reactivation session (12-28 lever presses for a sucrose pellet) was able to
destabilise a well-learned instrumental memory (Exton-McGuinness. et al., 2014), we
previously demonstrated that placing a context extinction session before a VRS reactivation
(1-9 lever presses for a sucrose pellet), which could not previously trigger the memory
reconsolidation, was shown as able to trigger reconsolidation (Cheng et al., 2022). This effect
could be explained by behavioural competition theories in which the manifesting behaviour
was dependent on the comparison of the values of the two associations (Reed & Reilly,
1990). During training, rats did not only learn the instrumental association, but also the
context-reward association; those two associations are independent of one another. A weaker
context-reward association in reward delayed instrumental learning meant the manifest
response shifted to instrumental behaviour (Reed & Reilly, 1990). The ‘trace dominance’
hypothesis suggested that the CS-US association competed with the extinction association
(CS- no US association) for domination, and that the amnesic reagent would disrupt the
dominant trace (Eisenberg et al., 2003). Based on these findings, our hypothesis was that the
context extinction session reduced the context-reward association; therefore, instrumental
association overpowered the context-reward association. The instrumental association
dominated the reactivation session, so the S-R memories were disrupted by the MK-801.

To characterise this trace dominance hypothesis of instrumental memory destabilisation, we
aimed to analyse the zif268 level in several brain regions that were shown to be important in

context and instrumental memory, Zif268 being an immediate early gene, normally
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expressed after NMDA receptor activation and protein expressed 60-90 minutes after training
(see general introduction figure 3 for detail, Veyrac et al., 2014). The hippocampus is well-
known for its crucial role in contextual memory storage and reconsolidation (Hardt et al.,
2013; Lee, 2010); for example, the inhibition of protein synthesis — especially zif268 — in the
hippocampus would impair context fear memory reconsolidation (Debiec et al., 2002; Lee,
2010). The basolateral amygdala (BLA) is another brain region often studied with regard to
aversive memory reconsolidation. The BLA mediates outcome encoding (Balleine, Killcross,
& Dickinson, 2003) and is reported as crucial in multiple memory reconsolidation, including
cued fear conditioning (Ben Mamou et al., 2006), inhibitory avoidance (Pedroso et al., 2013),
conditioned taste aversion (Koh & Bernstein, 2003), conditioned reinforcement (Lee et al.,
2005) and conditioned place preference (Milekic et al., 2006). On the other side, the striatum
and ventral medial prefrontal cortex (vmPFC) were found to be important in instrumental
learning. The striatum, especially the dorsal striatum, is also crucial for S-R association
learning and instrumental conditioning (Everitt. & Robbins, 2005; Packard & Knowlton,
2002; Yin, Ostlund, Knowlton, & Balleine, 2005; Yin, Knowlton, & Balleine, 2005).
Inhibition of this region prevents well-learned S-R behaviour performance such as drug-
seeking (Belin & Everitt, 2008; Zapata, Minney, & Shippenberg, 2010). The vimPFC, which
includes the infralimbic (IL) cortices and prelimbic (PL) cortices, is involved in the
instrumental learning process. The PL is responsible for goal-directed learning (Corbit &
Balleine, 2003; Coutureau & Killcross, 2003; Coutureau, Esclassan, Di Scala, & Marchand,
2012; Naneix, Marchand, Di Scala, Pape, & Coutureau, 2009; Ostlund & Balleine, 2005;
Tran-Tu-Yen, Marchand, Pape, Di Scala, & Coutureau, 2009), whereas the IL is required for

the learning of S-R association (Coutureau & Killcross, 2003; Killcross & Coutureau, 2003).

To examine the activity in those brain regions, it was suggested that the zif268 expression
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level was correlated with memory reconsolidation (table 1). Zif268 expression was showed as
a marker for double dissociation of reconsolidation and consolidation of context fear
memory, as zif2688 expression in the hippocampus was found to be required only for
reconsolidation, and BDNF which was required only for consolidation in the hippocampus
(Lee et al., 2004). The inhibition of the protein synthesis — especially zif268 in the
hippocampus — would impair context fear memory reconsolidation (Debiec et al., 2002; Lee,
2010). Zif268 expression was also found to upregulate in the hippocampus during cocaine
memory reconsolidation (L1 et al., 2016), and it is important for memory reconsolidation in
other brain regions. The Zif268 mRNA level was also found to be elevated in the amygdala
and Nacc core after both contextual fear conditioning retrieval sessions and the auditory
conditioned fear retrieval session (Hall, Thomas, & Everitt, 2001a; Thomas, Hall, & Everitt,
2002). An upregulation of zif268 was also found in the prelimbic cortex for context fear
memory reconsolidation (Stern, Gazarini, Vanvossen, Hames, & Bertoglio, 2013), and zif268
was also expressed in the medial prefrontal cortex and IL in cocaine memory reconsolidation
(Li et al.,, 2016). Overall, zif268 expression was found to be important for memory
reconsolidation in the tested brain regions. Therefore, the zif268 expression level was a good

indicator for the involvement of those regions in instrumental memory reconsolidation.
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Table 1 Summary of memory reconsolidation studies targeting zif268

ry nucleus

Behavi I . . :
© avpura Target region Manipulation Result Reference
paradigm
. . L Zif268 mRNA (Hall et al,
Hippocampus In situ Aybridization expression 2001b)
Hippocampus immunohistochemistr 17268 MRNA (Besnard et al,
PP P 4 expression 2014)
. ti- [ ired | -t
Hippocampus an.l Sense . 'mpaire ong erm (Lee et al., 2004)
Contextual Oligodeoxynucleotide memory retrieval
ontextua | o Zif268 mRNA (Hall et al.,
fear Amygdala In situ hybridization. .
L expression 2001)
conditioning -
Amygdala immunohistochemistr 17268 MRNA (Besnard et al,
¥9 4 expression 2014)
Nucleus In sity Avbridization Zir268 mRNA (Thomas et al.,
accumbens 4 ’ expression 2002)
Prefrontal . o Zifr268 mRNA (Thomas et al.,
In situ hybridization. .
cortex expression 2002)
. o Zifr268 mRNA (Hall et al,
A | In situ A tion. .
mygdala n situ hybridization expression 2001b)
Cued fear western plot and Zifr268 mRNA (Maddox et al.,
L Amygdala . . . .
conditioning immunohistochemistry expression 2011)
anti-sense impaired long-term (Maddox et al.,
Amygdala . . .
Oligodeoxynucleotide memory retrieval 2011)
Inhibito .
orory | western plot and Zif268 mRNA (Cheval et al,
Avoidance Hippocampus . . . .
Task immunohistochemistry expression 2012)
novel-object Hiobocamous Knock out 2if268 gene impaired long-term (Bozon et al.,
recognition PP P 9 memory retrieval 2003)
. anti-sense impaired long-term
H . . . L l, 2
Ppocampus Oligodeoxynucleotide memory retrieval (Lee etal, 2005)
Infralimbi . , . . . .
nfralimbic immunohistochemistry Zif268 expression (Li et al., 2016)
cortex
Medial
prefrontal immunohistochemistry Zif268 expression (Li et al, 2016)
cortex
Nucleus
Conditioned accumbens immunohistochemistry Zif268 expression (Li et al., 2016)
reinforcemen | core
t Nucleus
accumbens immunohistochemistry Zif268 expression (Li et al., 2016)
shell
Amygdala immunohistochemistry Zif268 expression (Li et al., 2016)
Ventral , . . . . .
immunohistochemistry Zif268 expression (Li etal., 2016)
tegmental area
Hippocampus immunohistochemistry Zif268 expression (Li et al., 2016)
S ila | . . . . . .
upramammitia immunohistochemistry Zif268 expression (Li etal., 2016)

39




In this study, we would examine the zif268 expression in IL, PL, dorsal striatum, dorsal
hippocampus, and BLA. A delayed reactivation group that received nothing on the context
extinction day was used as the negative control, to match the interval between the end of
instrumental training and VRS reactivation. If the trace dominance hypothesis is correct, the
reactivation session of the gap day should be dominated by contextual memory which may
have a higher zif268 expression in contextual memory-related brain regions like the
hippocampus and BLA, whereas the context extinction group should have a higher zif268
expression in the IL, PL and dorsal striatum. A non-reactivation group that did not receive a
reactivation session served as a baseline for the zif268 expression. However, the delayed
reactivation group showed a highly similar zif268 expression level to the context extinction
group in most brain regions, especially those brain regions that were important for
instrumental learning. This led to further studies of whether or not the delayed reactivation
group was a negative control. Further studies showed context extinction, delayed reactivation,
and direct reactivation as reactivation parameters had contradictive results over three studies,
so they were not a reliable reactivation method for habitual memory reactivation in the one-
lever model. Meta-analysis suggested that among those three studies, the delayed reactivation
group had the most consistent results. This research revealed that instrumental memory had a
complex boundary condition, i.e. one lever may not be a suitable model for habitual memory

reconsolidation studies.
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Method

Subjects

Subjects were 60 male experimental-naive Lister-Hooded rats from Charles River, weighing
200-350g at the beginning of the experiment. The rats were housed four per cage in a room
with a constant 21°C temperature and a 12-hour light/dark cycle (lights on at 07:00). Each rat
was provided with 20g of rat chow per day upon acclimation in the holding room (48-72
hours). Water was available ad libitum throughout except during the behavioural sessions. All
procedures followed the United Kingdom Animals (Scientific Procedures) Act 1986,

Amendment Regulations 2012, and the act under project licence PPL P3B19B9D2.

Behavioural Apparatus

Training sessions, the context extinction session, and the memory retrieval session all took
place in eight operant boxes, each of which was in a sound-attenuating chamber
(MedAssociates, VT). All boxes were the same size: 25 x 32 x 25.5cm. The boxes consisted
of two Perspex walls (a door and a rear wall), a Perspex ceiling, two steel walls (the right
featured a food magazine and two levers, the left featured a light), as well as a grid floor with
19 stainless steel rods (4.8mm diameter, positioned 1.6cm from centre to centre). Each food

magazine had an infrared detector to measure nosepokes. All rats received the same training.

41



Behavioural Procedure

Experiment 1

Training

The rats were pre-trained to collect 45mg sucrose pellets delivered at random intervals (30-90
seconds; mean = 60 seconds) in a food magazine for 15 minutes before training on day one
only. The training session immediately took place after the pre-training session. The rats were
trained for ten days. One lever was presented in the chamber. The training session started
with an illumination of the house light and the presentation of levers. When the active lever
was depressed, a 45mg sucrose pellet was delivered to the food magazine (FR1 schedule).
The lever did not retract and no stimulus was paired with the reward. The training session
lasted for 30 minutes or when 60 sucrose pellets were obtained - whichever occurred first.

Only one training session was given to each rat per day for a total of ten days.

Reactivation

The delayed reactivation group and contextual extinction group received a reactivation
session. The reactivation session was similar to the training session, except reinforcement
occurred under a VRS schedule. VRS required a random number of active lever presses to
gain a sucrose reward (mean: 5, range: 1-9). Reactivation lasted 20 minutes, or until the
maximum of 20 pellets was obtained.

. In the delayed reactivation condition, the VRS reactivation session took place 48
hours after the last training session.

. In the context extinction condition, a 30-min exposure to the training context alone
(houselight illuminated and levers retracted through the session) took place 24 hours after the

last training session. The VRS reactivation session took place a further 24 hours later (48
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hours after the last training session).

* In the non-reactivation condition, the rats were perfused 48 hours after training.

. See Figure 1 for a comparative overview of the different procedures.

Training
10 Days

Training
10 Days

Training
10 Days

Delayed reactivation

» Reactivation =——————= Perfusion
48 hours 2 hours

Contextual extinction

_ Contextual

— Reactivation =—————————— Perfusion

extinction 24 hours 2 hours

24 hours

Non-reactivation

> Perfusion
48 hours

Figure 1 experiment procedure for experiment 1.

Experiments 2 & 3

Training

The training was the same as in experiment 1; new groups of rats were used for each

experiment.

Reactivation

All experimental groups received a reactivation session. The reactivation session was the

same as in experiment 1, except rats were injected i.p. with MK-801 or saline 30 min before

the reactivation session, unless otherwise indicated:

. In the direct reactivation condition, the VRS reactivation session took place 24 hours
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after the last training session.

. In the delayed reactivation condition, the VRS reactivation session took place 48
hours after the last training session.

. In the context extinction condition, a 30-min exposure to the training context alone
(houselight illuminated and levers retracted through the session) took place 24 hours after the
last training session. The VRS reactivation session took place a further 24 hours later (48
hours after the last training session).

. See Figure 2 for a comparative overview of the different procedures.

Delayed reactivation

Training » Reactivation =——— Test
10 Days 48 hours ] 24 hours

Mk-801

Contextual extinction

Training Contextual _______ peactivation ———————+ Test
extinction

10 Days 24 hours 24 hours 24 hours

Mk-801

Direct reactivation

Training -> Reactivation =———— Test
10 Days 24 hours 24 hours

Mk-801

Figure 2. Experiment procedure for Experiments 2 &3.

Extinction Testing

Behavioural groups were placed into the chamber 24 hours following reactivation for a 30-
minute session. The levers were extended and the house lights were illuminated during the
session. However, no sucrose pellet was delivered when the lever was pressed. No limitation

was imposed upon the lever pressing; CO2 was used to cull the rats following the experiment.
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Tissue Preparation and Immunohistochemistry

The rats were killed using an overdose of an anaesthetic drug (200mg/ml Pentobarbital) two
hours following the end of the reactivation session. The rats were transiently perfused with
4% paraformaldehyde (PFA) in PBS. Following the perfusion, the brains were excised and
stored in a PFA fixation solution and transferred into a 30% sucrose solution within a 24-hour
period. The brains were cut into 40 pum slices at -20°C. Every third slice was processed for
zif-like immunoreactivity. Slices were incubated in 0.3% hydrogen peroxide for 30 minutes
to remove endogenous peroxidases. After being washed in PBS on three occasions, the slices
were placed into a blocking solution (3% goat serum from a Vectastain® ABC kit [Vector
Laboratories LTD] in a 0.1% triton X-100 PBS solution) to block non-specific binding sites
for 30 minutes. The slices were then left overnight in a 4°C primary antibody solution
(1:2000 for anti-zif268 antibody [Abcam Inc. RRID: AB 2097174, Lot no. K-1714] in a
blocking solution (10% goat serum). The control slices were not added to the primary
antibody, but the rest procedure was the same as the other slices. The slices were washed
three times in PBS the following day, before being incubated in a secondary antibody
(Vectastain® ABC kit) at room temperature for 2 hours. The ABC reagent was then applied
as per the kit’s instructions. The sections were stained with DAB (3-3, diaminobenzidine)
peroxidase substrate kit (Vector Laboratories LTD).

Brain slices were observed using an Olympus BX50 light microscope attached to a Leica
DFC425 camera. Positive cells were marked using the Interactive Measurements module of
the Leica Application Suite v3.7.

When counting positive cells, only fully stained cells were counted. The selected areas were
in approximately the same place in each section (example as in figure 3). The zif268 positive

cell number in each slice for the same brain was averaged for use in the statistical analysis.
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Figure 32
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Figure 3. Example of zif268 positive cell in brain slice. A. control slice, bregma +2.70mm. B. Infralimbic,
bregma +2.70mm. C. Prelimbic, bregma +2.70mm. D. Striatum, bregma +1.00mm. E. Hippocampus CAl,

bregma -3.14. F. Basal lateral amygdala, bregma -3.14mm.

Statistical Analysis

Data were presented as mean + S.E.M. for the number of lever presses at each training
session, retrieval session, and test session. Immunohistochemistry data was presented for
several positive cells in each brain region. All data were checked for consistency, and any
data lying more than two standard deviations from the mean were treated as outliers and

excluded. All analysis was conducted using the IBM SPSS statistic 25 program. The training
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data were analysed by repeated measures ANOVA to access whether the tasks were learned
and whether all experimental groups performed similarly with the lever, using training days,
reactivation method, and drug treatment (only for Experiments 2 and 3) as factors.
Reactivation data and test data were analysed using a one-way ANOVA and post-hoc Tukey
test with a group (context extinction (n=4) vs. delayed reactivation (n=4) vs. non-reactivation
(n=4)) as a factor in Experiment 1. In Experiments 2 and 3, the data were analysed using a
two-way ANOVA, with groups (delayed reactivation (saline n=7, MK-801 n=8) vs. context
extinction (saline n=8, MK-801 n=8), delayed reactivation (saline n=8, MK-801 n=8) vs.
direct reactivation (saline n=7, MK-801 n=7) and drug treatment (MK-801 vs. saline) being
used as consideration factors. The reactivation and the test session’s data were further
analysed within each reactivation group, using drug treatment as the factor, by a one-way
ANOVA. The data was further analysed within each group using a one-way ANOVA, with

drug treatment as a factor.

Meta-analysis

The workbook “Differences between independent groups - continuous data” was taken from
Meta-Essentials: Differences Between Independent Groups - Continuous Data 1.1 and the
data input followed the user manual (Suurmond, van Rhee & Hak, 2017). One of the direct
reactivation group data (saline n=12, MK-801 n=12) and one of context extinction group data
(saline n=13, MK-801 n=12) were used from Cheng et al., 2022 study. Those data used the

same experiment protocol of context extinction and direct reactivation as in this study.
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Results

Experiment 1

Well-learned instrumental memory was reactivated by a direct VR20 contingency change but
could not be reactivated by a direct VRS contingency change (Cheng et al., 2022). However,
a context extinction session after training, but not before, could reactivate the well-learned
instrumental memory (Cheng et al., 2022). This was suggested as the context extinction
session reducing the context-reward association and shifting the manifest behaviour toward
instrumental. We hypothesized that the striatum, hippocampus, vmPFC, and BLA were
involved in this reconsolidation progress (see general introduction figure 2 for detail). The
reconsolidation process was suggested as related to new protein expression and had a
relationship with the zif268 expression (Reichelt & Lee, 2013; Veyrac et al., 2014). So,
comparison of zif268 expression in those brain regions between a reactivated group with
context extinction and a reactivated group may show which region may relate to the
reconsolidation process. A non-reactivation group would serve as a baseline control for

zif268 level.
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Figure 4. No behavioural difference in the training and reactivation session (a. Lever press; b. Nosepokes, n=4
for each group)

All groups exhibited a similar performance in the training session. The ANOVA showed there
was no difference in overall lever pressing between each group (training x group, F (55,247
=0.85, p=0.534) (see Fig.4a). As a control parameter for the motivation control, the number
of nosepokes was also measured in the session. Data showed no difference in nosepokes
between each group during the training (group x training, F (.9,31.0) =1.19, p=0.338) (see Fig.
4b).

Both the context extinction group and delayed reactivation group performed similarly in the
reactivation session; all the rats that took part in the reactivation session acquired the
maximum number of sucrose pellets before the allotted time elapsed. The ANOVA revealed
no difference for total lever presses between the two groups (F (1,6) =0.67, p=0.444) (see Fig.
4a). Therefore, the zif268 expression difference was unlikely to be due to the difference in

reactivation. No difference was found in the number of nosepokes between the tested groups

(F (1,6 =3.53, p=0.109) (see Fig. 4b).
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Figure 5. Zif268 positive cells in different brain regions in IL, PL, hippocampus CA1, CA3, and BLA. There
were significant differences in zif268 levels between groups (n=4 for each group) There was no difference in the
striatum (Str). Data expressed as mean + SEM.

Two hours after the end of the reactivation session, the rats were perfused and their brains
were taken for immunohistochemistry. Using the non-primary antibody control slices as
negative control (see figure 3), the fully stained, round cell bodies were counted as zif268
positive cells. In most of the tested brain regions (IL, PL, hippocampus CA1, CA3, and BLA,
but not the striatum), the zif268 expression was significantly different between the groups
(see Fig. 5; see Table 2). Further post-hoc tests showed that the test groups had a significantly
higher zif268 level than the non-reactivation group in most tested areas; this demonstrated
that zif268 expression in most of the brain regions we chose was likely due to the VRS
reactivation procedure. The delayed reactivation group and contextual extinction group had
similar zif268 levels to the baseline in the striatum, which may indicate that the zif268 in
striatum may be not activated by the VRS procedure or there may be a change of neurone
subtype activation, but the total number of activated neurones was the same. The contextual
extinction group had a high zif268 level in the hippocampus CA1, but this was not the case in
the delayed reactivation group or the non-reactivation group; this may indicate that some

memory retrieval process occurred only in the contextual extinction group.
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Table 2. Statistical data for zif268 immunohistochemistry.

Significant
Significant | to Significant to
Post-hoc to Non- Context- Delayed
Brain ANOVA | Tukey HSD Standard | reactivation | extinction | reactivation
Regions | Statistics | Test Mean | Error Group? Group? group?
Non-
reactivation | 120.75 18.31 Y, p=0.045 | Y, p=0.019
IL :6(27? Context-
0=0.016 extinction 183.42 36.44 | Y, p=0.045 N, p=0.841
Delayed
reactivation | 195.83 15.08 | Y, p=0.019 | N, p=0.841
Non-
reactivation 104.5 5.73 Y, p=0.001 | Y, p<0.001
PL :Z;Zég Context-
0<0.001 extinction 213.92 32.13 | Y, p=0.001
Delayed
reactivation | 227.59 30.93 | Y, p<0.001 | N, p=0.744
Non- _
reactivation | 167.17 35.87 N, p=0.998 N, p=0.697
Str :0(24;) Context-
0=0.627 extinction 169.83 31.12 | N, p=0.998
Delayed _
reactivation | 131.08 24.63 N, p=0.697 N, p=0.661
Non-
reactivation | 101.75 13.41 Y, p<0.001 | N, p=0.777
CAL 52%27 Context-
0<0.001 extinction 194.33 22.95 | Y, p<0.001 Y, p<0.001
Delayed
reactivation 91.5 9.62 | N, p=0.777 | Y, p<0.001
Non-
Reactivation | 38.67 14.15 Y, p<0.001 |, p<0.001
F @9
! Context-
CA3 | =32.86, .
0<0.001 extinction 161.92 29.93 | Y, p<0.001
Delayed
reactivation | 160.42 11.39 | Y, p<0.001
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BLA

Non-

reactivation 14.67 1.86 Y, p<0.001 |, p<0.001
_58(21%) Context-
F;<0.0011 extinction 55.08 4.67 | Y, p<0.001

Delayed

reactivation 41.83 6.26 | Y, p<0.001

As the context extinction group and delayed reactivation group were not injected with an
amnesic agent before reactivation and tested for behavioural impairment, we cannot draw any
conclusion about whether the instrumental memory was destabilised by VRS procedure in
each group. As the delayed reactivation group shared similar zif268 expression patterns to the
context extinction group in most of the tested brain regions, two contrasting conclusions can
be drawn:
1. Zif268 expression in the regions of interest is not involved in instrumental memory
reconsolidation.
2. There was no functional difference between the delayed reactivation and context
extinction conditions in triggering instrumental memory destabilization.
Given the extensive evidence implicating zif268 expression in memory reconsolidation, and
the remote likelihood that none of the analysed brain areas are necessary for instrumental
memory reconsolidation, each group shared similar zif268 expression patterns to the context
extinction group in most of the tested brain experiments but differed slightly from the direct
reactivation condition that was previously contrasted with context extinction. Therefore, it
was possible that the delayed reactivation group also triggered memory destabilisation.

Therefore, further behavioural experiments were required to examine the possibility.
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Experiment 2

To examine whether delayed reactivation could destabilise well-learned instrumental
memory, we repeated the behavioural procedure in experiment 1 with new rats. Rats were
injected with MK-801 or saline 30 minutes before memory reactivation. An extinction test
session was added 24 hours after reactivation. If the delayed reactivation session destabilised
the instrumental memory, MK-801 would be shown to impair the reactivated memory;
therefore, the MK-801 group would show impaired performance at the test compared to

saline controls.
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Figure 6. MK-801 group with delayed reactivation group but no other groups showed lever pressing impairment
in the test: A. There was no difference in lever pressing except in the test whereas the MK-801 group of delayed
reactivation showed fewer lever presses than the saline; (n=7 in the delayed reactivation saline group; n=8 in the
other group; one outlier in the delayed reactivation-MK-801 group,). B. there was no difference in nosepokes.
Data expressed as mean + SEM.
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All groups showed similar behavioural performance in the training session. ANOVA revealed
that there was no significant reactivation method x drug treatment effect (F (1, 27y =0.01,
p=0.927), nor a simple main effect of drug treatment (F (1,27=0.06, p=0.817). As a planned
comparison of within-group effects, there was no drug effect within each group (delayed
reactivation - drug treatment, F (1, 11) =0.01, p=0.935; contextual extinction - drug treatment, F
a,14) =0.09, p=0.796) (see Fig. 6a) The number of nosepokes signified no group difference in
the training session (drug treatment x reactivation method, F (1, 21y =0.01, p=0.921; drug
treatment, F (1, 21y =0.24, p=0.629; delayed reactivation - drug treatment, F (1, 11y =0.12,

p=0.734; context extinction - drug treatment, F (1, 10=0.12, p=0.735) (see Fig. 6b).

All groups showed similar behavioural performance in the reactivation session. All animals
acquired all rewards during the reactivation session. Neither the 30-minute pre-reactivation
drug treatment nor the difference in reactivation methods had any effect on lever presses
during the reactivation (drug x reactivation method, F (1,27) =0.40, p=0.533; drug treatment, F
a, 27y =3.45, p=0.073). There was no difference in lever pressings within each reactivation
group (delayed reactivation, F(, 13=0.91, p=0.358; contextual extinction, Fq, 14=2.75,
p=0.119) (see Fig. 6a). No significant effect was found in the number of nosepokes in the
reactivation session (drug treatment x reactivation method, Fq, 27=1.16, p=0.29; drug
treatment, F(, 27=0.06, p=0.831; delayed reactivation, F(, 13=1.47, p=0.247; context

extinction, F(i,14=0.26, p=0.619) (see Fig. 6b).

In this test, the delayed reactivation group demonstrated reactivation-dependent amnesia,
whereas the contextual extinction group did not. There was no overall effect on lever pressing
(drug treatment x reactivation method, F (1, 26=0.10, p=0.760; drug treatment, F(, 26/=3.57,

p=0.070). However, the planned comparisons of each reactivation group were subsequently
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conducted. The ANOVA revealed that the MK-801 treatment significantly reduced lever
presses in the delayed reactivation group (F (1, 12) =6.22, p=0.028), but not in the context
extinction group (F (1,14) =0.86, p=0.368) (see Fig. 6a). As a control parameter, the nosepoke
data revealed no significant difference in each group (drug treatment x reactivation method,
Fa, 27=0.71, p=0.407; drug treatment, F(, 27=0.02, p=0.894; delayed reactivation, F(,
13=0.40, p=0.537; context extinction, F1,14=0.30, p=0.593) (see Fig. 6b). Although the MK-
801 in the delayed reactivation group had a significant effect, there was no overall effect on
drug treatment or reactivation method. Therefore, the MK-801 effect may not be strongly

concluded as reactivation-method dependent.

This experiment’s results exhibited impairment in lever pressing at test in the delayed
reactivation condition but not in the context extinction condition. This suggested the 48 hour
gap between the end of the training and the reactivation session, rather than the context
extinction session, may be important in triggering the reconsolidation. To test this, we would
reactivate the animals directly (24 hours after training) with the VRS schedule compared with

the delay reactivation (48 hours after training).
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Experiment 3

As the results of Experiment 2 suggested, the simple delay of the memory reactivation
session may facilitate its effect in destabilising the instrumental memory. The present
experiment tested this hypothesis by directly comparing direct reactivation and delayed
reactivation conditions (the reactivation session being presented 1 and 2 days after the end of

the training, respectively).
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Figure 7. MK-801 group with direct reactivation group but no other groups showed lever pressing impairment in
the test: A. There was no difference in lever pressing except in the test whereas the MK-801 group of direct
reactivation showed fewer lever presses than the saline; (n=7 in the direct reactivation-MK-801 group; n=8 in
the other group). B. There was no difference in nosepokes. Data expressed as mean + SEM.
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All groups showed similar behavioural performance in the training session. ANOVA revealed
there was no significant reactivation method x drug treatment effect (F (1,27=0.09, p=0.768),
nor a simple main effect of drug treatment (F (1,27=0.08, p=0.777). As a planned comparison
of the within-group effect, there was no drug effect within each group (delayed reactivation -
drug treatment, F (1, 14=0.0001, p=0.992; direct reactivation - drug treatment, F (1, 13)=0.14,
p=0.716) (see Fig. 7a). Therefore, the reduction of lever pressing in the test was unlikely to
be attributable to the differences in training performance and acquisition of the instrumental
memory. The number of nosepokes did not differ between groups in the training session (drug
treatment x reactivation method, F (1, 27y =2.34, p=0.138; drug treatment, F (1, 27=0.46,
p=0.501; Delayed reactivation x drug treatment, F (1,14=0.31, p=0.590; direct reactivation x
drug treatment, F (1,13=3.13, p=0.100) (see Fig.7b).

Despite the reactivation session not taking place on the same day, no statistical difference was
found in lever pressing (F1,27=0.06, p=0.812) (see Fig. 7a). The MK-801 treatment did not
cause any difference within each group (direct reactivation, F(i, 13)=0.06, p=0.808; delayed
reactivation, Fq, 14=0.42, p=0.528). Nosepokes showed no significant difference in
reactivation (F(1,27=0.08, p=0.775) (see Fig. 7b).

In this test, while there was not an overall effect on the lever pressing (drug treatment x
reactivation method, F(1,27=0.92, p=0.347), the drug treatment had a significant effect (F (1,27
=11.45, p=0.002). Planned comparisons of each reactivation group were subsequently
conducted. The ANOVA revealed that the MK-801 treatment significantly reduced lever
presses in the direct reactivation group (F (1, 13) =8.62, p=0.012), but not in the delayed
reactivation group (F1,14=3.22, p=0.094) (see Fig. 7a). As a control parameter, the nosepoke
data revealed no significant difference in each group (drug treatment x reactivation method,
Fa, 24=0.07, p=0.789; delayed reactivation, F, 12=0.42 p=0.527; direct reactivation, F(,

12=0.01, p=0.915) (see Fig. 7b). Though there was no overall effect, the MK-801 treatment
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was shown to have a significant effect on lever pressing. Furthermore, a within-group
analysis showed that a significant effect was seen in the direct reactivation, not in the delayed
reactivation. Therefore, there was stronger evidence for an impairment in the direct

reactivation group than in the delayed reactivation group.

In Experiments 2 and 3, and our pilot study, the reactivation method, context extinction,
delayed reactivation, and direct reactivation with MK-801 each showed statistically
successful triggered lever-pression impairment once, as well as one failure. Therefore, it is
difficult to conclude there was stronger evidence for an impairment in the direct reactivation
group than in the delayed reactivation group. A mini meta-analysis could provide insight into

which reactivation method was most effective.
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Meta-Analysis

To identify which reactivation method was most consistent, a mini meta-analysis was
conducted using six studies with a total of 109 subjects. The meta-analysis had a statistically
significant effect (Z-value= -3.10, p<0.001). The combined effect size is Hedges’ g -0.80
(95% CI -1.47 to -0.14). The analysis was moderate heterogeneity (1>=48.51%, Q = 9.71) (see
Table 3). Therefore, the entire data could not be treated as studies from the same population,
and a subgroup analysis was conducted for further analysis.

Table 3. The result of Forest’s plot showed the six studies’ results were heterogeneous.

Combined Effect Size
Hedges' g -0.80
Standard error 0.26
CI Lower limit -1.47
CI Upper limit -0.14
PI Lower limit -2.17
PI Upper limit 0.56
Z-value -3.10
One-tailed p-value 0.00
Two-tailed p-value 0.00
Number of incl. subjects 109
Number of incl. studies 6
Heterogeneity
Q 9.71
PQ 0.08
I2 48.51%
T? 0.22
T 0.46

The delayed reactivation group was the only homologous population within all the
reactivation methods (Q=0.05, 1>=0.00%); this is the most consistent method with an effect
size of -1.16 (95% CI -1.16 to -1.33) (see Table 4).

Context extinction was the second-most effective method with moderate heterogeneity
(Q=1.47, 1>=31.84%); so, it could not be meta-analysed as a single population. The effect size

should focus on the prediction interval (PI), rather than the CI, with its effect size of -0.86
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(95% PI1 7.20 to 5.45).
The direct reactivation group was highly heterogeneous (Q=5.12, 1’=80.48%); its effect size
was -0.52 (95% PI -16.12 to 15.09). This showed that direct reactivation was the least

consistent reactivation method.

Table 4. Subgroup analysis results show that delayed reactivation is the most reliable effect in
the one-lever model.

context extinction -0.44 -1.46 0.58  46.47%
context extinction -1.22 -2.11 -0.33  53.53%
context extincti -0. 86 -1.65 -0.07 4.08% 1.47 0.23 31. 84% 0.10 0.31 -7.20 5. 48
delayed reactivatic -1.25 -2.44 -0.05 45.97%
delayed reactivatic -1.09 -2. 17 0.00 54.03%
delayed reactiva -1.16 -1.33 -0.99 94.85% 0.05 0.83 0. 00% 0.00 0.00 -2.19 -0.13
direct reactivatior -1.32 -2.49 -0.16  46.99%
direct reactivatior 0. 20 -0. 62 1.01  53.01%
direct reactivat -0.52 -2.06 1.02 1.07% 5.12 0.02 80. 48% 0.93 0.97 -16.12 15.09
Combined Effect -1.14 -2.96 0.68 9.71 0.08 48.51% 0.22 0.46 -2.96 0. 68
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Discussion

Our previous study showed that well-learned instrumental memory could be reactivated by
the VR20 procedure 24 hours after training but could not be reactivated by a lower
contingency change VRS. However, by inserting a context extinction session before
reactivation, but not before training, the well-learned instrumental memory could be
reactivated by the VRS procedure (Cheng et al., 2022). To investigate the mechanism and
neurocircuits that may be involved in instrumental memory reconsolidation, our hypothesis
was that the context extinction session reduced the context-reward association, so the
manifest behaviour may be dominated by instrumental behaviour, and the instrumental
memory was reactivated. With this hypothesis, a group without context extinction session but
reactivated at the same time (48 hours after training), called delayed reactivation, should not
reactivate the memory. As the contextual-reward association was suggested as a competitive
factor with an instrumental association, several neurocircuits involved in contextual memory
reconsolidation and instrumental learning were hypothetically involved in instrumental
memory reconsolidation (see general introduction figure 2). As zif268 expression was
suggested as a requirement for memory reconsolidation (see table 1), we examined the zif268
lever in those brain regions 2 hours after the reactivation session. The highly overlapped
result between the context extinction group and delayed reactivation suggested either zif268
expression may not be related to instrumental memory reconsolidation or the delayed
reactivation and context extinction may have a similar function to trigger instrumental
memory reconsolidation. As the delayed reactivation was not examined before, we examined
the delayed reactivation procedure with context extinction or direct reactivation in two
different experiments. The delayed reactivation showed a behavioural impairment by MK-
801 injection in experiment 2 but not in experiment 3. Contradictive to the previous study

(Cheng et al., 2022), the context extinction procedure was shown to be unable to trigger
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instrumental memory reactivation in experiment 2, and delayed reactivation triggered
instrumental memory in experiment 3. Overall, those behavioural results suggested the one-
lever model maybe not be a rigid model for the investigation of well-learned instrumental
memory reconsolidation, so the immunohistochemistry result may not be reliable data for

investigating the neurocircuits required for instrumental memory reconsolidation.

Behavioural impairment due to MK-801 injection was likely due

to instrumental memory impairment

Though we did not have any non-reactivation group behavioural test data in this study, we
used the same training and test procedure and program as Exton-McGuinness et al.’s (2014)
study. As the non-reactivation group did not show impairment with an MK-801 injection in
Exton-McGuinness et al.’s (2014) study, it was unlikely to have a different result in this
study. So, the reduction of lever pressing in the test was likely to be reactivation-dependent.
Experiments 2 and 3 had one reactivation condition that showed impairment, in addition to
another that did not; this showed that impairment was only observed in some, but not all,
reactivation conditions. Therefore, this finding ruled out the possibility of MK-801 non-
specifically reducing the lever pressings, since groups with the MK-801 treatment did not
show any reduction in lever pressing. Based on the finding that the non-reactivation group in
Exton-McGuinness et al.’s (2014) study did not show the impairment, and that not all the
reactivation conditions observed such impairment, the impairment could be determined a
reactivation-dependent reconsolidation impairment.

Another argument can be made as to whether this is a genuine reconsolidation effect or
simply an impairment of new learning (consolidation) in the VRS schedule. If this was a new
learning effect and the MK-801 treatment prevented the rise in lever pressings, this caused an

apparent impairment in lever pressing (Hernandez et al., 2002). The counter-argument could
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be that, if this was a new learning of the VRS schedule, it should be the same across all
groups. However, the reduction of lever pressings was only observed in one group in each
experiment. Therefore, it was unlikely that just one group in each experiment learned, while
the other group did not, and the results of this study were unlikely to be obtained due to the
new learning of the VRS schedule.

As shown in the Results section, this lever-pression difference is unlikely to be due to the
difference in training or reactivation sessions. All groups had statistically similar training
profiles and reactivation profiles; the only differences were the reactivation method and drug
treatment. Therefore, the impairment was likely to be due to the drug treatment given before
reactivation under certain reactivation conditions.

Nosepokes are a commonly used control parameter in many studies (Exton-McGuinness et
al., 2014; Exton-McGuinness & Lee, 2015; Klanker, Fellinger, Feenstra, Willuhn, & Denys,
2017; Weatherly, Arthur, & Nurnberger, 2006), though it is weak and indirect evidence for
motivation and locomotor activity. This is not necessarily strong evidence for an absence of
difference.

The impairment in the instrumental responding in the delayed reactivation condition was
likely reflected as a disruption of S-R associations. Two types of instrumental memory are
held up in the current view: goal-directed Action-Outcome (A-O) memory and habitual S-R
memory.

The A-O memory was sensitive to the reward value, while the S-R memory was not. The A-O
memory dominated at the beginning of the first few training sessions and the domination
shifted to the S-R memory as the training continued (Dickinson et al., 1995). After ten days
of training, the subjects showed insensitivity to devaluation of the reward, which offers the
hypothesis that the S-R association was dominant (Adams, 1982; Exton-McGuinness et al.,

2014). Exton-McGuinness and Lee (2015) demonstrated that the directive VRS reactivation
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could reactivate the weaker A-O memory, but it could not reactivate the stronger well-learned
S-R memory (Cheng et al., 2022). The well-learned instrumental memory could be
reactivated by a larger contingency change such as the VR20 procedure (Variant Ratio 20;
12-28 lever pressings per sucrose pellet; mean = 20 pressings per pellet). As this study used
ten days of training, the dominant memory after the period of training was habitual S-R
association (Dickinson et al., 1995). In Exton-McGuinness et al.’s (2014) study, the animals
with behavioural impairment showed sensitivity to reward value whereas the saline group did
not, so the impaired association was likely to be habitual S-R association (Exton-McGuinness
et al., 2014). While this study used a variant VRS procedure, rather than the VR20, the
training time was identical to Exton-McGuinness et al.’s (2014) study. Thus, it was likely the
impaired associate was same as in Exton-McGuinness et al.’s (2014) study. Therefore, it was
more likely to be the case that the variant of the procedure facilitated the S-R memory

reconsolidation process, rather than that the goal-directed memory was reactivated.

Delayed reactivation was the most consistent reactivation method.

Among the three reactivation methods, direct reactivation was found to be the least reliable.
The direct reactivation in a previous study (Cheng et al., 2022) demonstrated that high
possibility did not trigger memory reconsolidation, yet Experiment 3 showed significantly
reduced lever pressings in the MK-801 group which suggested the instrumental memory was
destabilised and impaired. The subgroup analysis showed as heterogeneity, so the two
experiments could not be treated as the same population, therefore the confidence interval
(CI) could not be used for this subgroup and its prediction interval (PI), which only predicted
with some accuracy if no bias of population selection was involved, ranging from from 15.09
to -16.12. This means direct reactivation being predicted had an effect from significant

positive affect lever pressings to significantly negative affect lever pressings. So, this was the
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least reliable method among the three. The context extinction group also showed as
heterogeneity, so the two experiments cannot be treated as a single population. Its prediction
interval was from 5.48 to -7.20. Therefore, context extinction was not a reliable method for
well-learned instrumental memory either. Delayed reactivation was the only method that
showed homogeneity within the two experiments, meaning the two experiments can be
treated as studies from the same population. This means within all three reactivation methods;
only delayed reactivation had a measurable “true” effect. Thus, it showed that with a 95%
confidence interval from -0.99 to -1.33, the delayed reactivation method had a general
negative impact on lever pressings. Therefore, delayed reactivation had a more consistent

result among the two experiments.

The hypothesis of the facilitation effect of delayed reactivation

Since delayed reactivation offered the most consistent effect, it is important to know why a
gap day between training and reactivation can facilitate habitual memory reconsolidation. In
the current view, the promnesic effect is diminished as the interval between the last training
session, and the reactivation session increases (Gold & Van Buskirk, 1975). The gap day
showed a completely opposite effect. Therefore, the mechanism of the promnesic effect of the
gap day may differ from the other enhancers, such as increased arousal or the strength of the
reinforcer (Gold & Van Buskirk, 1975; McGaugh, 2000). The gap day triggering habitual
memory reconsolidation may be due to a weakening memory during the gap day.

Two theories exist surrounding long-term memory loss: memory decays over time
(Ebbinghaus, 1885) or memory is interfered with by other memories (Anderson, Bjork, &
Bjork, 1994). Although few studies supported the interference theory, fully consolidated
memory is not vulnerable to interference unless it enters the labile state; for example, during

memory reconsolidation (Cowan, Beschin, & Della Sala, 2004; Nader & Hardt, 2009). A
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newly formed episodic memory may be consistent with two components: content-related
representation is largely dependent on the neocortical network, and spatial-context
representation is dependent on the hippocampus (Hardt et al., 2013). The hippocampus
memory representation has little overlap due to the efficient patterning ability of the
hippocampus (Leutgeb, Leutgeb, Moser, & Moser, 2007; McHugh et al., 2007; Nakashiba et
al., 2012). However, the representation in the neocortical circuit is easily overlapped and hard
to distinguish (McClelland et al., 1995; McCloskey & Cohen, 1989). During encoding, the
neocortical representation is linked to the specific spatial-context representation; therefore,
the hippocampus memory serves as an index for the neocortical memory (Danker &
Anderson, 2010). The hippocampus (context)-neocortical circuit (reward) correlation is the
context-reward association, whereas the S-R association may be purely based on the
neocortical circuit. While the spatial-context trace can decay in days (Hardt et al., 2013;
Oliver et al., 2016), the neocortical trace can persist for much longer (Hardt et al., 2013).
Consequently, the forgetting of the context-reward memory may be more severe than the
longer persistent instrumental memory.

The other possibility of reduction strength of contextual memory on the gap day may be due
to similar memories competing during retrieval; and this decreased memory retention (Hardt
et al., 2013) In this study, the rats were trained with sucrose reward on each weekday. On the
gap day (also a weekday), the feeding only with food chow — instead of the training with
sucrose reward — may generate a prediction error in the rats; this may induce the inference
context-reward memory, which would decrease memory retention. Therefore, in the
reactivation session, the S-R association was stronger than the context-reward association.
Consequently, based on the trace dominance theory, instrumental memory was reactivated
and showed sensitivity to MK-801. The statistical analysis showed MK-801 did not

significantly reduce lever pressings in Experiment 3’s gap day. However, the ANOVA also
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indicated that the drug treatment had a significant overall effect, so the negative result was
weak. Hence, this result may be due to the difference between the two groups of rats.

The other argument for the effect of the context extinction session can be based on Reed’s
experiment, which indicated that rats had elevated instrumental behaviour following context
extinction when compared to delayed reactivation (Reed & Reilly, 1990). Accordingly, the
contextual extinction group should have more elevated instrumental behaviour than the
delayed reactivation group at reactivation, and context extinction should be more likely to
trigger reconsolidation than in the delayed reactivation group. However, Reed and Reilly’s
experiment used a delayed reward, which resulted in an attenuation response (Grice, 1948;
Schachtman, Reed, & Hall, 1987; Williams, 1976); our study used non-delay reinforcement
that may have had a different effect. Furthermore, Reed and Reilly’s experiment used five
context extinction sessions (assuming one session per day, as per the authors’ other papers),
which corresponded with a five-day gap day in the delayed reactivation group; this further
facilitated the instrumental behaviour in the extinction test. As this study had only one
context extinction session, the facilitative effect may not be as significant as in Reed and
Reilly’s experiment, which may be why the context extinction was not as reliable a

reactivation parameter as it was in the delayed reactivation.

Potential brain regions may be involved in instrumental memory

reconsolidation.

We found a highly overlapped pattern of zif268 expression in context extinction and delayed
reactivation groups. With the non-reactivation group’s zif268 level as the baseline, both the
context extinction group and delayed reactivation group showed higher zif268 expression in
IL, PL, dorsal hippocampus CA3 (DH CA3), and basolateral amygdala (BLA). In the dorsal
hippocampus CA1 (DH CA1), the context extinction group had higher zif268 expression, but
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delayed reactivation had the same zif268 expression level as non-reactivation controls. There
was no difference in zif268 expression in the striatum between test groups and non-
reactivation controls. However, the power of this study is low due to the small sample
numbers (n=4 in each group), which is likely to induce type II error, so the conclusion in this
experiment had low reliability.

The first question about zif268 expression in those regions is whether this is due to motor
activity. The non-reactivation group was in the cage during the reactivation session; therefore,
some may argue those zif268 expressions may be due to motor activity. There may be some
level of zif268 expression due to motor activity, but it is hard to explain if all the differences
in zif268 expression were due to motor activity. Those two groups had a non-statistical
difference in lever pressing and nosepokes during the reactivation session, so they likely had
a similar level of motor activity. Therefore, if the expression was due to motor activity, they
should have had the same expression pattern crossing every region. Though the zif268
expression highly overlapped in most areas for the two testing groups, there was a difference
in DH CA1 and BLA in which the context extinction group had higher expression than the
delayed reactivation group. Especially in DH CAl, the delayed reactivation group had the
same zif268 expression as the non-reactivation group, but the context extinction group had a
higher expression level than the other two. So at least in CAl and BLA, those zif268
expressions were unlikely to be due simply to motor activity.

So at least to a certain degree, the zif268 expression in those regions may be due to memory
reactivation. As the delayed reactivation is more reliable than the context extinction, it was
more likely to trigger instrumental memory reconsolidation than the context extinction group
in this experiment. So, the zif268 expression, especially in the context extinction group, is
unlikely to be due to instrumental memory retrieval. As the expression was in CAl and BLA,

those regions were suggested to be highly involved in contextual and spatial information

69



processing (Chaaya et al., 2018), which may likely be due to the retrieval of context
extinction memory. Apart from our hypothesis that context extinction may reduce the
context-reward association, it was also suggested as forming the context-no reward
association, i.e., context extinction memory. So, it is likely that during the reactivation
session, this context-extinction memory was reactivated instead of instrumental memory. This
may suggest that if the non-reactivation controls were to stay in the box without any lever
present (i.e., context extinction session), they were likely to induce context extinction
memory and may not be good controls for the experiment.

As the delayed reactivation likely reactivated instrumental memory during the reactivation
session, the zif268 expressed in those regions may be related to the reconsolidation process.
IL and PL were showed to be involved in several instrumental learning circuits, zif268
expression may also represent the involvement of instrumental memory reconsolidation. But
it is worth noting that the context extinction group also had similar zif268 expression in those
regions, so it may mean those regions had a general function in the memory retrieval process
or the instrumental association was reactivated to a certain degree but did not dominate the
manifested behaviour. CA3 and BLA are the other two regions with zif268 expression. The
function of those regions was suggested as more contextual and Pavlovian (Chaaya et al.,
2018; Reichelt & Lee, 2013). This may mean a certain degree of Pavlovian behaviour was
involved in the instrumental behaviour or it may be, as in the suggestion above, that both
instrumental association and context related association were likewise reactivated by VRS. If
those associations were simultaneously reactivated and the domination was due to the
strength of association, the BLA and CA1 data may suggest that the high zif268 expression
in those regions prevents instrumental memory reconsolidation. If this is true, this may
support our initial hypothesis which is that contextual memory was competing with

instrumental memory for domination.
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As the dorsal striatum was suggested to be involved in habitual learning (Everitt & Robbins,
2005) and Nac was suggested as integrating signals from the hippocampus, BLA, and vmPFC
(Cooper et al., 2017), it is surprising that the zif268 level in the test groups was similar to
non-reactivation controls. This zif269 expression pattern also was different from the Cahill et
al. (2018) study. In the Cahill et al. (2018) study, the zif268 was elevated in the habitual
group but not in the goal-directed group, and the zi1f268 knockdown altered the proportion of
animals using habitual strategy 3 days after reactivation, but such alteration did not persist at
the test session 7 days after reactivation. But the Cahill et al. (2018) study used the T-maze
experiment rather than the lever-reward experiment we used in this study; the different results
may be due to the difference of experiment parameter. The authors also mentioned that the
western blot experiment was underpowered (habit group 2-hour n=2) in Cahill et al. (2018)
study. This may affect the reliability of the western blot result.

It is worth noting that an absence of zif268 alteration does not mean those regions are not
involved in the memory reconsolidation process. First, zif268 was expressed in lots of
memory reconsolidation studies and instrumental learning studies (Li et al., 2016; Maroteaux
et al., 2014; Piva et al., 2018; Veyrac et al., 2014), but is not necessarily involved in
instrumental memory reconsolidation. This may mean the striatum was not involved in
instrumental memory reconsolidation, but it is more likely to have some other explanation.
For example, the level of zif268 did not represent the activity of that brain region, so maybe
the activated signalling pathway in the striatum did not activate the zif268. The other
possibility is that a different neuronal population was recruited. For example, the
predominant cell type in Nac is medium spiny neurons (MSN). By expressing different DA
receptors (D1-like or D2-like), those MSN can be classed as D1 or D2 (Gerfen et al., 1990;
Gerfen & Surmeier, 2011). The activation of D1 and D2 neurons often yields contrasting

results in drug addiction studies (Creed et al., 2016; Heinsbroek et al., 2017; James & Aston-
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Jones, 2016; Smith et al., 2013; Wang et al., 2014). So, it is possible the active neuron was
shifted to a different population in the striatum. This explanation may fit with the results in
the study by Cahill et al. (2018), where the zif268 expression knockdown impacted on the
proportion of animals using habitual strategy after reactivation in the T-maze experiment.

Overall, due to the immunohistochemistry experiment being underpowered and because no
other protein was analysed, the data and conclusion are low in reliability. The brain regions

that may be involved in instrumental memory reconsolidation need further studies.
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Conclusion

Overall, the current study indicated that habitual instrumental memory had a complex
boundary condition for reconsolidation. The conducted meta-analysis suggested that the gap
day presented the most consistent results in this study; consequently, further studies should
test this by comparing it with other reactivation methods using a two-lever model. A large
contingency change - VR20 — was not found to reactivate the instrumental memory when
using a two-lever model (Cheng, unpublished data); this may be due to the inactive lever
pressing further diluting the reward contingency, so the VR20 protocol was more similar to
the extinction session, rather than the reactivation session with unpredictable reward.

Therefore, the VRS protocol may be the correct contingency for the two-lever model.
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Chapter 2
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Introduction

Consolidated memory is not always the same: it can destabilise into a labile stage, integrate
new information and return to a consolidated stage (Nader, 2003). To trigger memory
retrieval, an extinction session is normally used as the reactivation method. Injection of an
amnesic reagent, for example, the N-methyl-D-aspartate (NMDA) receptor antagonist MK-
801, resulted in long-term amnesia, which is normally used as the marker for the occurrence
of memory reconsolidation (Tronson & Taylor, 2007). However, well-learned instrumental
memory, which is an association of a specific action to an outcome, could not be destabilised
in the extinction session (Hernandez & Kelley, 2004). Nevertheless, recent studies suggested
that the reconsolidation process is a memory-updating process triggered by prediction error
signals (Lee, 2009; Lee, 2010). Normal extinction session procedures cannot destabilise
instrumental memory, possibly because reconsolidation may require a certain amount of
prediction error signals to initiate (Debiec, Diaz-Mataix, Bush, Doyere, & LeDoux, 2013;
Lee, 2009; Sevenster, Beckers, & Kindt, 2013). A sequential contingency change could
generate putative prediction error signals and is triggered by instrumental memory
reconsolidation (Exton-McGuinness et al., 2014).

A weak instrumental memory could be destabilised with a lower contingency change, but a
well-learned instrumental memory could not (Exton-McGuinness & Lee, 2015). Inducing
certain procedures, like context extinction or a gap day, between training and reactivation
may reduce the threshold; this means well-learned instrumental memory could be destabilised
with the contingency change that could not destabilise it before (Chapter One, Cheng, Exton-
McGuinness, unpublished data). Within those reactivation methods, inducing a gap day
before the reactivation was found to be the most consistent method by meta-analysis. Other
methods had contradictive results between different experiments. Adding a second inactive

lever is a common parameter for drug addiction studies (Fuchs, Bell, Ramirez, Eaddy, & Su,
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2009; Lee et al., 2006a). So, it is important to establish whether the principles of instrumental
memory destabilisation observed in the one-lever setting generalise to a two-lever paradigm,
in which we could subsequently explore the mechanisms of destabilisation.

A particular mechanism that may trigger instrumental memory destabilisation arises from the
trace dominance hypothesis, as it may explain the aforementioned effect of context extinction
and a gap day to facilitate instrumental memory destabilisation. Eisenberg et al. (2003)
showed that the extinction trace (CS-no US) competed with the original conditional stimulus
(CS)- unconditional stimulus (US) trace in the rat-conditioned taste aversion trials and the
medaka fish-fear conditioning trials. If the original trace was robust, the amnesic reagent
would disrupt the original memory and leave the extinction trace untouched — and vice versa.
Though Eisenberg et al.’s (2003) study was based on the same CS and comprised competition
between the original excitatory memory and the inhibitory extinction memory, Reed and
Reilly’s (1990) study showed that a reduction of context-reward association would increase
the instrumental behaviour, which may indicate that instrumental memory and context
memory follow the trace dominance hypothesis. If the trace dominance theory is applied to
instrumental memory reconsolidation, the manifesting behaviour might depend on the
competition of two memories; strong memory dominates the behaviour and shows sensitivity
to the blocker (Eisenberg et al., 2003). During training, a context-reward association is
established alongside instrumental association (Reed & Reilly, 1990). Context extinction or a
gap day may reduce the strength of context-reward memory by exposure to extinction
conditions or by memory forgetting/interference. As a result, instrumental memory would be
more likely to be destabilised.

In this study, we first investigated whether the reactivation methods in a one-lever model
could carry through to the two-lever model. Then we investigated the mechanism of the

successful reactivation method. In the previous chapter, the facilitation effect is suggested as
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context memory forgetting/interference. To further investigate whether the facilitation effect
is due to memory forgetting/ interference, we applied memantine to the rats 24 hours before
reactivation. Memantine is an uncompetitive NMDA receptor antagonist (Plosker, 2015); it is
used to sustain memories and prevent long-term memory loss (Sachser et al., 2016; Shinohara
& Hata, 2014; Villarreal, Do, Haddad, & Derrick, 2002). If the facilitation effect is due to
memory forgetting, memantine groups would be similar to the direct reactivation group,
which should not show lever-pression impairment, and the saline controls should be the same
as the delayed reactivation group, which showed lever-pression impairment. In a gap day
based on the trace dominance hypothesis, only the dominant association is able to destabilise
in the reactivation session (Eisenberg et al., 2003). To investigate whether instrumental
memory followed the trace dominance theory as we expected, we would destabilise the
subjects with two sequential reactivation sessions. Based on the trace dominance theory, the
instrumental memory did not show that impairment in the test was due to other memory; for
instance, contextual memory dominated the reactivation session. Therefore, instrumental
memory did not destabilise. If this was the case, the MK-801 treatment should impair the
dominated memory in the first reactivation session and the second reactivation session should

destabilise the instrumental memory.
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Method

Subjects

Subjects were 108 male experimental-naive Lister-Hooded rats from Charles River, weighing
200-350g at the beginning of the experiment. The rats were housed four per cage in a room
with a constant 21°C temperature and a 12-hour light/dark cycle (lights on at 07:00). Each rat
was provided with 20g of rat chow per day upon acclimation in the holding room (48-72
hours). Water was available ad libitum throughout except during the behavioural sessions. All
procedures followed the United Kingdom Animals (Scientific Procedures) Act 1986,

Amendment Regulations 2012, and the act under project licence PPL P3B19B9D2.

Behavioural Apparatus

Training sessions, the context extinction session, and the memory retrieval session took place
in eight operant boxes, each of which is in a sound-attenuating chamber (MedAssociates,
VT). All boxes were the same size: 25 x 32 x 25.5cm. The boxes consisted of two Perspex
walls (a door and a rear wall), a Perspex ceiling, two steel walls (the right featured a food
magazine and two levers, the left featured a light), as well as a grid floor with 19 stainless
steel rods (4.8mm diameter, positioned 1.6cm centre to centre). Each food magazine had an

infrared detector to measure nosepokes. All rats received the same training.

Behavioural Procedure

Training
The rats were trained for ten sessions. In each session, two levers were presented in the box.

One lever was the active lever, while the other one was the inactive lever. The active lever
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(left or right) was assigned pseudo-randomly and counterbalanced across groups. Once
assigned, the active lever did not change place during the ten-day training period. The
training session started with an illumination of the house light and the presentation of levers.
When the active lever was depressed, a 45mg sucrose pellet was delivered to the food
magazine (FR1 schedule). The lever did not retract and no stimulus was paired with the
reward. No programmed consequences occurred if the inactive lever was depressed. The
training session lasted for 30 minutes or when 60 sucrose pellets were obtained - whichever

occurred first. Only one training session was given to each rat per day for a total of ten days.

Reactivation

Experiment 1

All experimental groups received a reactivation session. The reactivation session was the
same as training, except rats were injected with MK-801 or saline 30 minutes before the
reactivation session unless otherwise indicated:

. In the direct reactivation condition, the VRS reactivation session (a random number of
active lever presses to gain a sucrose reward, mean: 5, range: 1-9) took place 24 hours after
the last training session.

. In the delayed reactivation condition, the VRS reactivation session took place 48
hours after the last training session.

. In the context extinction condition, a 30-minute exposure to the training context alone
(houselight illuminated and levers retracted through the session) took place 24 hours after the
last training session. The VRS reactivation session took place a further 24 hours later (48
hours after the last training session).

. In the 6 hour delayed condition, the rats took the VRS reactivation session 48 hours
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after the last training session but without MK-801 or saline injection. The MK-801 or saline
injection took place 6 hours after the reactivation session.

. In the non-reactivation condition, the rats stayed in the home cage for 48 hours after
the last training session and received an MK-801 or saline injection at the approximate same
time as the direct reactivation group.

. In the delayed non-reactivation condition, the rats stayed in the home cage for 72
hours after the last training session and received an MK-801 or saline injection at
approximately the same time as the delayed reactivation group.

. See Figure 1 for a comparative overview of the different procedures.
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Delayed reactivation

Training » Reactivation =——————————  Tagt
10 Days 48 haurs l 24 hours
Mk-801
Contextual extinction
Training » Contextual ________ Rosctivation = Test
10 Days 24 hours extinction 24 hours 24 hours
Mk-801
Direct reactivation
Training » Reactivation = Test
10 Days 24 hours ‘ 24 hours
Mk-801
Non reactivation
Training + Test
10 Days 24 hours 24 hours
Mk-801 - -
Delayed non reactivation
Training Toot
10 Days
48 hours 24 hours
Mk-801
6 hours delayed
Training » Reactivation =—— Test
10 Days 48 hours & hours 182 hours

Mik-801

Figure 1. Schematic diagram of the experimental protocol in Experiment 1.

81



Experiment 2

Memantine injection

Training ». Reactivation =———— Test

10 Days 24 hours
24 hours 24 hours

Memantine Mk-801

Figure 2. Schematic diagram of the experimental protocol in Experiment 2.

The procedure was the same as delayed reactivation in experiment 1 except the memantine
group (14 rats) received a memantine (Tocris, 20mg/kg) injection and the saline group (15
rats) received a saline injection 24 hours after the last training session. See figure 2 for an

OVerview.

Experiment 3

Double Reactivation
Training » Reactivation 1 » Reactivation 2=——— Test
10 Days 24 hours 24 hours 24 hours

Mk-801 Mk-801

Figure 3. Schematic diagram of the experimental protocol in experiment 3.
The reactivation parameter was the same as the direct reactivation as in experiment 1 except
the rats received a 2™ reactivation session 24 hours after the first one. See figure 3 for an

overview.
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Post-reactivation Testing

Behavioural groups were placed into the chamber 24 hours following the reactivation for a
30-minute session. The levers were extended and the house lights were illuminated during the
session. However, no sucrose pellet was delivered when the lever was pressed. No limitation

was imposed upon the lever pressing; CO2 was used to cull the rats following the experiment.

Statistical Analysis

Data were presented as mean + S.E.M. for the number of lever presses at each training
session, retrieval session, and test session. All data were checked for consistency, and any
data lying more than two standard deviations from the mean were treated as outliers and
excluded. All analysis was conducted using the IBM SPSS statistic 25 program. The training
data were analysed by repeated ANOVA measures to access whether the tasks were learned
and whether all experimental groups performed similarly; the lever, training days,
reactivation method (Experiment 1 context extinction saline n=6, MK-801 n=6, delayed
reactivation saline n=7, MK-801 n=7, direct reactivation saline n=8, MK-801 n=8, 6h
delayed saline n=10, MK-801 n=10, non-reactivation saline n=7, MK-801 n=8, delayed non-
reactivation saline n=3, MK-801 n=4), MK-801 treatment (injection 1 and injection 2 in
Experiment 2, saline-saline: n=12, saline-MK-801: n=14, MK-801 saline: n= 14, MK-801-
MK-801: n=14) and memantine treatment (Experiment 3 memantine MK-801: n=7, saline-
MK-801: n=7, memantine saline: n=7, saline-saline: n=8) were used as factors. Reactivation
data and test data were analysed using a three-way ANOVA, with lever (active vs. inactive),
group (context extinction vs. delayed reactivation vs. direct reactivation vs. 6h delayed vs.
non-reactivation vs. delayed non-reactivation in Experiment 1, memantine vs. saline in
Experiment 2) and drug treatment (MK-801 vs. saline) as the factors. The reactivation and

test session data were further analysed within each reactivation group using lever and drug
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treatment as the factors in a two-way ANOVA.
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Results

Experiment 1

All three reactivation methods were tested using a two-lever model to attempt to identify the

most reliable method.
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Figure 4. Delayed reactivation was the only reactivation method which had behavioural differences at the test
(a) Delayed reactivation had a difference of lever presses in the test but not in training or in the reactivation
session (MK-801, n=7 saline, n=7). (b) Context extinction had no difference in lever presses in training,
reactivation session, or test (MK-801, n=6, saline, n=6). (c) Direct reactivation had no difference in lever presses
in training, reactivation session, or test (MK-801, n=8, saline, n=8). (d) 6h delay had no difference in lever
presses in training, reactivation session, or test (MK-801, n=10, saline, n=10). (e) non-reactivation had no
difference in lever presses in training or test (MK-801, n=8, saline, n=7). (f) Delayed non-reactivation had no
difference in lever presses in training or test (MK-801, n=4, saline, n=3).
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Table 1. Planned comparison did not find any significant interaction between lever pressing

and nosepokes during the training.

Lever Pressings

Nosepokes

Delayed reactivation

F 25,303=0.39, p=0.729

F 32,387)=0.41, p=0.758

Contextual extinction

F 3.5,346=0.25, p=0.832

F 26,26.1)=0.44, p=0.756

Direct reactivation

F 29,31.5=0.64, p=0.591

F 29,31.5=0.84, p=0.478

6h Delay

F (2.6,46.0=0.84, p=0.464

F 33,68.7=1.86, p=0.130

Non-reactivation

F 23,204=0.18, p=0.859

F 32,41.0=1.47, p=0.237

Delayed non-reactivation

F 2.1,103=0.46, p=0.658

F 22,11.0=0.58, p=0.581

There was no difference in lever presses during training. ANOVA revealed there was no
significant interaction of lever x training x reactivation method x drug treatment (F (15.5,2143)
= 0.44 p=0.970); in the planned comparison, there were also no lever x drug treatment x
training interactions found within each group (see Fig. 4; see Table 1).

The discriminated response in reactivation showed no difference between each group. All
animals acquired all the rewards during the reactivation session. Neither the 30-minute pre-
reactivation drug treatment nor a difference in reactivation methods had any effect on
discriminated responses in the reactivation (lever x drug treatment x reactivation method, F (3,
s1y=0.72, p=0.544); lever x drug treatment, F 1,51y =0.59, p=0.448). As a planned comparison,
no significance of lever x drug treatment interactions was found in any groups (direct
reactivation group, F (1, 14) =0.84, p=0.380; 6h delay group, F (1, 15y =2.41, p=0.138; delayed
reactivation, F (1, 12) =0.05, p=0.820; contextual extinction, F (i, 10)=0.07, p=0.801) (see Fig.
4).

The delayed reactivation group showed the effects of MK-801, whereas all other groups did
not. A repeated measure ANOVA was conducted to examine the effect of lever, drug
treatment, and reactivation methods on lever pressings. There was no interaction between
whether the lever was active, the drug treatment, and the reactivation method on the lever
pressing (lever x drug treatment x reactivation method, F s, ¢) =1.26, p=0.291). However,

MK-801 showed a significant effect on the discriminated lever pressings (lever x drug
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treatment, F (1, ¢s) =8.17, p<0.01; drug treatment, F (1, ¢s) =7.73, p<0.01). A planned
comparison of each reactivation group was subsequently conducted. The ANOVA revealed
the MK-801 treatment had significantly impaired discriminated responding lever presses in
the delayed reactivation group (lever x drug treatment, F (1, 12) =6.25, p=0.028), but not in
direct reactivation (lever x drug treatment, F (1, 11) =0.46, p=0.511), context extinction (lever x
drug treatment, F (1, 10) =3.40, p=0.095), 6h delay (lever x drug treatment, F (i, 15) =1.68,
p=0.215), non-reactivation (lever x drug treatment, F (1,13) =0.02, p=0.889) and delayed non-
reactivation (lever x drug treatment, F (1,5)=0.31, p=0.604) (see Fig. 4).

Among those reactivation methods, only the delayed reactivation group showed impaired
discrimination in responding to the test. Consequently, the strongest evidence was for an
effect in delayed reactivation. It is worth noting that the context extinction group also had a
reduction of active lever pressing during observation, but such a difference was not
statistically significant. This unreliability may be due to the memory competition of context
extinction memory with instrumental memory (see Chapter One).

As a control parameter, nosepokes were measured throughout the experiment. Nosepokes
showed no difference in the training (reactivation method x drug treatment x training, F
(20.2, 278.5) = 1.00 p=0.459) and no drug treatment x training was found in the planned
comparison (see Fig. 5).

No significant effect was found in nosepokes in the reactivation session, except the saline
group in the delayed reactivation group had a higher number of nosepokes than the drug
group (drug treatment x reactivation method, F (3, 51) =0.72, p=0.544; delayed reactivation,
F (1, 12) =4.89, p=0.047; direct reactivation, F (1, 14) =0.002, p=0.964; context extinction, F
(1, 10) =1.36, p=0.271; 6h delay, F (1, 18) =2.02, p=0.173) (see Fig. 5).

The nosepokes data revealed no significant difference in each group in the test (drug

treatment x reactivation method, F (5, 69) =0.47 p=0.789; delayed reactivation, F (1, 12)
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=1.39, p=0.261; direct reactivation, F (1, 11) =0.32, p=0.582; context extinction, F (1, 10)
=0.12, p=0.739; 6h delay, F (1, 15) =0.03, p=0.861; non-reactivation, F (1, 13) =0.09,

p=0.775; delayed non-reactivation, F (1, 5) =0.62, p=0.465) (see Fig. 5; see Table 1).
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Figure 5. Nosepokes had no difference in test and training. In reactivation, only the delayed reactivation group
had a difference in nosepokes. Test groups (A) Control groups (B)

The lower nosepoke responding at memory reactivation of MK-801-treated rats in the
delayed reactivation group could result from a reduced motivation for sucrose. However, if
this were the case, MK-801-treated rats should have been impaired regardless of the
reactivation condition. It is unlikely that MK-801 would reduce motivation for sucrose only

when the reactivation session is delayed. Moreover, it seems likely that the difference
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between MK-801 and Saline treated rats is actually due to elevated nosepoke responding in
the Saline group. This is because both groups in the 6h delayed condition (in which the
reactivation session was delayed, but the injections took place after reactivation) nosepoked
at a similar level to the MK-801 delayed reactivation group. As we do not have an immediate
explanation for why the saline delayed reactivation group might have elevated nosepoke
responding at reactivation, it may likely be due to chance and unlikely to affect the test
results.

This experiment confirmed the meta-analysis result in the one-lever model, in which delayed

reactivation was the most reliable reactivation method for well-learned instrumental memory.
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Experiment 2

To test whether the instrumental memory reconsolidation followed trace dominance theory,
we would destabilise the memory with two reactivation sessions. As shown in Experiment 1,
the direct reactivation did not work in a two-lever model. If this was ascribed to other
memory dominating the reactivation session, the MK-801 treatment in the first reactivation
session may disrupt the dominated memory, and the second reactivation session may

destabilise the instrumental memory.
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Figure 6. Rats showed similar performance on lever pressing and nosepokes during the training, reactivation
sessions, and test. (a) Lever pressing (Saline-saline: n=12, Saline-MK-801: n=14, MK-801 saline: n= 14, MK-
801-MK-801: n=14). (b) nosepokes
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All groups exhibited a similar performance in the training. The ANOVA revealed there was
no significant interaction of lever x training x Injection 1 x Injection 2 (F 29,1427y = 0.31, p
=0.812). As a planned comparison, there was no lever x Injection 2 x training interaction
found within each group (saline group in reactivation 1, F (34, 80.8) =0.24, p=0.891; MK-801
group in reactivation 1, F (22, 579) =0.28, p=0.778) (see Fig. 6a). Nosepokes showed no
difference in the training (training x Injection 1 x Injection 2, F 43,213.4)=0.47, p=0.766) and
no Injection 2 x training was found in the planned comparison (saline group in reactivation 1,
F s, 108.1) =0.63, p=0.660; MK-801 group in reactivation 1, F (26, 638) =0.38, p=0.746) (see
Fig. 6b).

The discriminated response of the lever in two reactivation sessions showed no difference
between each group. All animals acquired all the rewards during all the reactivation sessions.
In reactivation 1, neither the 30-minute pre-reactivation MK-801 treatment in the first
reactivation session nor the MK-801 treatment in the second reactivation session had any
effect on discriminated responses in the reactivation (lever x Injection 1 x Injection 2, F (1, 50
=1.06, p=0.307; lever x Injection 2, F (1, s0) =0.36, p=0.552; Injection 2, F (1, s0) =0.40,
p=0.533). As a planned comparison, no lever x Injection 2 interaction was found in any group
(saline group in reactivation 1, F (1,24) =0.16, p=0.691; MK-801 group in reactivation 1, F (1,
26) =0.98, p=0.331) (see Fig. 6a). No significant effect was found in nosepokes in the first
reactivation session (Injection 1 x Injection 2, F (1, 48y =0.53, p=0.470; saline group in
reactivation 1, F (1, 220 =0.13, p=0.722; MK-801 group in reactivation 1, F (1, 26y =0.46,
p=0.505) (see Fig. 6b).

In reactivation 2, neither the 30-minute pre-reactivation MK-801 treatment in the first
reactivation session nor the MK-801 treatment in the second reactivation session had any
effect on the discriminated response of the lever in the reactivation (lever x Injection 1 x

Injection 2, F (1,50)=0.07, p=0.796; lever x Injection 2, F (1,50) =1.09, p=0.301; Injection 2, F
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a, 500 =1.36, p=0.249). As a planned comparison, no significance was found in lever x
Injection 2 interactions in any group (saline group in reactivation 1, F (1,24) =0.54, p=0.472;
MK-801 group in reactivation 1, F (1,26) =0.63, p=0.435) (see Fig. 6a). No significant effect
was found in nosepokes in the first reactivation session (Injection 1 x Injection 2, F (1, 50
=1.13, p=0.293; saline group in reactivation 1, F (1, 24y =0.05, p=0.827; MK-801 group in
reactivation 1, F (1,26) =2.63, p=0.117) (see Fig. 6b).

No significant difference in lever pressing was found in the test. A repeated measure ANOVA
was conducted that examined the effect of lever, MK-801 treatment in the first reactivation,
and MK-801 treatment in the second reactivation on the discriminated response of the lever.
There was no interaction between lever, MK-801 treatment in the first reactivation, and MK-
801 treatment in the second reactivation on the discriminated response (lever x Injection 1 x
Injection 2, F (1,46)=1.21, p=0.277). A planned comparison of each group using reactivation 2
as a factor was subsequently conducted. The ANOVA revealed no significant effects within
each group (saline group in reactivation 1, lever x Injection 2, F (1,22) =1.86, p=0.186; MK-
801 group in reactivation 1, lever x Injection 2, F (1,24) =0.003, p=0.955) (see Fig. 6a). As a
control parameter, the nose-poking data revealed no significant difference in each group
(Injection 1 x Injection 2, F (1,46) =0.02, p=0.892; saline group in reactivation 1, F (1,24) =0.09,
p=0.769; MK-801 group in reactivation 1, F (1,25)=0.18, p=0.676) (see Fig. 6b).

None of the groups showed behavioural impairment in the test, which may indicate that the
instrumental memory did not follow the trace dominance hypothesis. The first reactivation
session may be disrupted by the facilitative effect of a gap day, therefore the reactivation

which took place 48 hours after training did not destabilise the instrumental memory.
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Experiment 3

One of the possibilities of the facilitation effect was due to memory forgetting on the gap day.
Memantine is an NMDA receptor antagonist that is also often used to prevent memory loss
(Sachser et al.,, 2016). If the facilitation effect was due to memory loss, treatment of
memantine during the gap day should disrupt this effect. Therefore, the memantine MK-801

group should reverse the active lever-pression impairment.
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Figure 7. Memantine group showed a lever pressing difference in the test but PBS group did not. No
behavioural difference in the training and reactivation sessions. (a) Lever pressing (memantine MK-801: n=7,
saline-MK-801: n=7, memantine saline: n=7, saline-saline: n=8) (b) nosepokes
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There was no difference in each group during the training. ANOVA revealed there was no
significant interaction of lever x training X memantine treatment x MK-801 treatment (F (3.,
83.9) = 0.21 p=0.891). As a planned comparison, there was no lever x MK-801 treatment x
training interaction found within each group (memantine treatment, F 32,454y = 0.33 p=0.822;
control group, F (5 356) = 0.46 p=0.682) (see Fig. 7a). Therefore, the reduction of
discriminated response in the test was unlikely to be due to differences in training
performance and the acquisition of the instrumental memory. Nosepokes showed no
difference in training (training x memantine treatment x MK-801 treatment, F (35, g6.8) =0.30,
p=0.855) and no MK-801 treatment x training was found in the planned comparison
(memantine treatment, F 34, 403) = 0.54 p=0.679; control group, F (5368) = 0.50 p=0.672)
(see Fig. 7b).

The discriminated response in the reactivation showed no difference between each group. All
animals acquired all the rewards during the reactivation session. Neither the 30-minute pre-
reactivation MK-801 treatment nor the memantine treatment in the gap day had any effect on
the discriminated response in the reactivation (lever x MK-801 treatment x memantine
treatment, F (1, 28) = 2.62 p=0.116; lever x MK-801 treatment, F 1,28y = 0.08 p=0.781; MK-
801 treatment, F (1,28) = 0.24 p=0.628). As a planned comparison, no significance was found
in the lever x MK-801 treatment interactions in either group (memantine group, F (1, 14) = 0.59
p=0.455; control group, F (1,14) = 3.77 p=0.073) (see Fig. 7a). No significant effect was found
in nosepokes in the reactivation session (memantine treatment x MK-801 treatment, F (1,25) =
0.05 p=0.832; memantine group, F (1, 12y = 2.77 p=0.122; control group, F ¢, 13y = 1.84
p=0.198) (see Fig. 7b). The difference of discriminated responses in the test session was
unlikely to be due to the difference in reactivation session.

In the test, the memantine group showed the effects of MK-801, whereas the control group

did not. A repeated measure ANOVA was conducted to examine the effect of lever, MK-801
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treatment, and memantine treatment on discriminated response. There was an interaction
between lever, MK-801 treatment, and memantine treatment on the discriminated response
(lever x MK-801 treatment x memantine treatment, F (1, 26y = 7.45 p=0.011). A planned
comparison of each group using MK-801 treatment as a factor was subsequently conducted.
The ANOVA revealed the MK-801 treatment had a significantly reduced discriminated
response in the memantine-treated group (lever x MK-801 treatment, F 1, 13) =14.59,
p=0.002), but not in the control group (lever x MK-801 treatment, F (1, 13) =0.58, p=0.462)
(see Fig. 7a). As a control parameter, the nose-poking data revealed no significant difference
in each group (memantine treatment x MK-801 treatment, F (1,25) = 0.02 p=0.891; MK-801
treatment within each group: memantine group, F (1, 12) =0.00001, p=0.997; control group, F
a, 129 =0.03, p=0.867) (see Fig. 7b). The test results showed the MK-801 group with
memantine treatment appeared to have behavioural impairment whereas the MK-801 group
with PBS injection did not.

This experiment’s results may suggest the injection during the gap day would disrupt the
facilitative effect. Combined with the result in experiment 2, it is likely to be seen that any
procedure act during the gap day may disrupt the facilitative effect. However the memantine
was able to preserve such an effect or to have a similar function to the facilitative effect. For
example, the memantine and MK-801 are both NMDA receptor antagonists, so the
memantine injection on the gap day may affect the sensitivity of the rat to the MK-801

injection and shift the behaviour toward instrumental during the reactivation session.
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Discussion

This study showed the two-lever model can also destabilise the well-learned instrumental
memory. Additionally, it studied the boundary conditions of instrumental memory
reconsolidation. In experiment 1, among the several reactivation parameters, the delayed
reactivation with VRS was the only one that can destabilise the well-learned instrumental
memory. In experiment 2, none of the groups showed any sign of instrumental memory
destabilisation; therefore, the reactivation inserted on gap day disrupted the facilitative effect
rather than facilitating it. This may also suggest that the trace dominance hypothesis may not
work in well-learned instrumental memory reconsolidation. In experiment 3, the memantine
was used to discover the mechanism that may underlie the facilitative effect. The result shows
that the PBS group did not show signs of instrumental memory destabilisation whereas the
memantine group did. This may suggest that the injection and/or handling on the gap day
disrupt the facilitative effect and the memantine injection may preserve the effect or have a

similar function to the facilitative effect.

Reactivation Methods for the Two-lever Model

The current data have been used to influence the design of parallel instrumental cocaine-
seeking studies, in which the delayed reactivation VRS procedure has been found to
successfully destabilise the instrumental cocaine memory in a two-lever setting (Exton-
McGuinness et al., 2019). Here, we compared the delayed reactivation to the context
extinction and direct reactivation also used in Chapter One. It was found that delayed
reactivation was the only condition that showed impairment on active lever pressing. In the
context extinction condition, the MK-801 group exhibited an observable reduction of active
lever pressing, but such a difference was not statistically significant. Direct reactivation did

not show any impairment on active lever pressing.
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The impairment of active lever pressing in the delayed reactivation MK-801 group was likely
due to an impairment of the reconsolidation process. The first stage of the entire process is
memory destabilisation. Then, the labile memory integrates the new information and
reconsolidates to a persistent state (Lee, 2009); this destabilisation is doubly dissociated from
reconsolidation (Milton et al., 2013). If the destabilisation was impaired, the memory should
be intact due to it being unable to trigger reconsolidation; this was not found in the delayed
reactivation MK-801 group. If the reconsolidation was impaired by the MK-801 treatment, it
would disrupt the reconsolidating memory and cause inaccessible memory (see the general
introduction for detail), thus leaving a reactivation-dependent amnesia (Mactutus, Riccio, &
Ferek, 1979; Thompson & Grossman, 1972). The amnesia was showed as behavioural
impairment in the test. The delayed reactivation MK-801 group showed the behavioural
impairment was likely to be the instrumental memory impairment, which is linked to active
lever pressing resulting in a reward. This behavioural impairment is only found in the delayed
reactivation group but not with the other reactivation methods nor in any non-reactivation
controls, which means this behavioural impairment was not a general effect and was likely
caused by the delayed reactivation method. The reactivated group with the six-hour delayed
MK-801 treatment also showed no such impairment, which is a good control measure for the
delayed reactivation group. It not only suggested that the reduction of active lever pressing
was unlikely to be due to the non-specific effect of MK-801 but also indicated that the
impairment was temporal-dependent, which was a characteristic found in the drug-seeking
appetitive memory reconsolidations and also fits with the current view of reconsolidation
(Fuchs et al., 2005; Gisquet-Verrier & Riccio, 2018; Milton & Everitt, 2012). Overall, this
reactivation-dependent behavioural impairment in the MK-801 group was likely due to the
impairment of instrumental memory.

Nosepokes as a control measure are often used in memory reconsolidation studies (Exton-
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McGuinness et al.,, 2014; Exton-McGuinness & Lee, 2015; Klanker, Fellinger, Feenstra,
Willuhn, & Denys, 2017; Weatherly, Arthur, & Nurnberger, 2006). While it is sometimes
assumed to be indirectly reflective of general activity levels, it is also subject to influence
from motivation to retrieve the sucrose reward. No statistical difference was found in most
sessions of Experiment 1; this may suggest the behavioural impairment in the delayed
reactivation group is likely due to the memory impairment because it is unlikely some factors
only affected the delayed reactivation group but not the other groups. The only difference
found was the nosepokes in the reactivation session: the delayed reactivation saline group
exhibited higher nosepokes than the MK-801 group. As mentioned in the Results section, this
difference was unlikely to affect the test results. Due to no injection being given before the
reactivation session, the nosepokes in the 6h delayed group can be treated as a baseline. So, it
is obvious the MK-801 group in delayed reactivation had a similar number of nosepokes to
the 6h delayed group, whereas the nosepokes in the saline group were higher than the
baseline. Though the reason for this elevation of nosepokes is unclear, it was likely due to
chance and did not affect the test results.

Another explanation of the obtained results is that the reduction of lever pressing was due to
an impairment of new learning in the VRS, rather than an impairment of memory
reconsolidation. If this is due to rats learning the VRS protocol in the reactivation session,
rats will make a greater number of instrumental responses to achieve the same number of
rewards. This will cause an elevation of lever pressing and this effect could be prevented by
MK-801 treatments, which appears as lever-pression impairment (Hernandez et al., 2002); in
this experiment, this possibility could not be ruled out conclusively. Here, it was observed
that the delayed reactivation saline caused a higher lever pressing than the non-reactivation
controls, which may be due to the new learning during the reactivation session. Moreover, the

6h delayed MK-801 group, in which the MK-801 treatment was unlikely to affect the test
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result, also had a higher active lever pressing than the non-reactivation control. This finding
may suggest that the MK-801 treatment before the reactivation was responsible for
preventing the elevated lever pressings, rather than reducing the lever pressing. This finding
led to the question as to whether the gap day could facilitate new learning, rather than
reconsolidation; if this is true, the gap day could be said to weaken the old memory and
induce new learning during reactivation. However, it is worth noting that Exton-
McGuinness’s (2014) VR20 (12-28 lever presses for a sucrose pellet) results suggested that
S-R memory reconsolidation impairment also showed a similar pattern to the delayed
reactivation groups. This pattern was not found in the one-lever model of Experiment 3
(delayed reactivation vs. direct reactivation), nor in the previous study (context extinction vs.
direct reactivation). No difference was found in lever pressings in the context extinction
group, so it is unlikely to explain the new learning only occurring in the delayed reactivation
setting. Therefore, combining the results from this study with Exton-McGuinness’s (2014)
study, it follows that the reduction of active lever pressings in the delayed reactivation group
remains most likely due to impaired instrumental memory reconsolidation.

Finally, it is notable that the impairment of the delayed reactivation group was not likely to be
due to state dependency. One example of state dependency is the rats performing poorly in
the T-maze test if they received an injection of sodium pentobarbital one day previously.
However, if they were given a second injection of the drug, they exhibited perfect
performance (Overton, 1964). While the MK -801 treatment was found to have state-
dependent retrieval effects (Ceretta, Camera, Mello, & Rubin, 2008; Flint et al., 2013), this
was hardly found to be the case in this study. Though the state-dependent retrieval effects are
similar in performance to reconsolidation impairment, this should result in all the destabilised
MK-801 group exhibiting similar results regardless (Gisquet-Verrier et al., 2015). However,

such results were not found in this experiment; therefore, state dependency was unlikely to be
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seen only in the delayed reactivation group.

Trace Dominance and Instrumental Memory

Based on trace dominance theory, associations compete for dominance of retrieval and
reactivation in the reactivation session and only the strongest association can destabilise
(Eisenberg et al., 2003). As later proposed in the discussion of the memantine data, the
dominance of the context-reward memory might prevent instrumental memory destabilisation
under certain conditions, principally the direct reactivation condition. Therefore, the context-
reward association — but not the instrumental association — was destabilised in the
reactivation session; if this was the case, the MK-801 treatment should impair the context-
reward association. If there was a second reactivation session, there would no longer be a
strong competing context-reward memory, allowing the reactivation of the instrumental
memory, and the MK-801 group should show the impairment of lever pressing; however, this
was not shown in the obtained results, as all groups did not show any impairment of lever
pressing.

The failure to promote instrumental memory destabilisation in this double reactivation
experiment was not likely due to an inability to disrupt the contextual memory. Many studies
concerned with conditioned place preference (CPP) used systemic MK-801 injections with
the same dose as this study to impair context-reward memory (Alaghband & Marshall, 2013;
Sadler et al., 2007). Therefore, it was unlikely that the MK-801 did not work on the
contextual memory in this study. Nevertheless, the context memory may not have been
completely impaired by the first MK-801 treatment, so the second reactivation was still
dominated by the context memory.

Nosepokes were measured as a control parameter, yet some studies use nosepokes as a

measure to demonstrate that Pavlovian contextual associations remain intact (Exton-
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McGuinness et al., 2014; Exton-McGuinness et al., 2019). Given that there was no reduction
in nosepokes at the second reactivation session, this may indicate that the context memory
remained intact and was not impaired by MK-801 at the first reactivation session. However,
the sensitivity of nosepokes to context-reward memory may not be evident in our paradigm.
It has previously been shown that context extinction sessions reduce the strength of the
context-reward association and promote instrumental behaviour (Reed & Reilly, 1990).
Therefore, if the nosepokes were related to the context-reward memory, the context extinction
group in Experiment 1 should have shown a reduction of nosepokes when compared to other
groups, but we did not observe such a pattern of results. Therefore, nosepokes might not
reflect the strength of the context-reward memory.

There remains a speculative account of our data that fits within the trace dominance
hypothesis and is consistent with the apparent failure of MK-801 at the first reactivation
session to promote destabilisation at the second reactivation session. The original trace
dominance hypothesis assumed that memories either undergo destabilisation or extinction.
However, there is a minimum requirement of exposure to extinction which was required to
destabilise the context memory (Suzuki et al., 2004). The reactivation session changed the
value of the reward for lever pressing, but it may generate less prediction error for the
context-reward association than the extinction session (context-no reward). Therefore, a
strong context-reward memory may inhibit the competing instrumental memory from
undergoing destabilisation at the first reactivation, while not itself being destabilised.
Moreover, the context memory would neither be impaired by the MK-801 injection at the
first reactivation session, nor would it be extinguished substantially, leaving it able again to
be dominant at the second reactivation session. This might explain the lack of differences
observed in any condition in the present experiment.

Perhaps the most obvious explanation for the results of Experiment 2 is actually that trace

102



dominance theory does not apply in our setting of instrumental memory reconsolidation. The
traces in Eisenberg et al.’s (2003) experiment were the CS-US association and CS-no US
association, which were all based on the same CS. Conversely, in this study, the context-
reward association and the S-R association were based on different stimuli. Therefore, it
could be that the failure of reactivation was irrelevant to the contextual association; it may
just be an insufficient prediction error signal. However, it is worth noting that competing
responses exist in instrumental behaviour (Dickinson, 1985). Reed and Reilly (1990)
indicated that context extinction enhanced the instrumental response and that the context-
reward association showed a competitive response for lever response and interfered with the
instrumental behaviour (Reed & Reilly, 1990). Hence, it is possible that the VRS did not have
enough contingencies to change and generate enough prediction errors to trigger the
reconsolidation, so direct VRS reactivation for well-learned instrumental memory did not

work regardless of the number of reactivation sessions.

Facilitative effect in delayed reactivation

As it was shown that the delayed reactivation was likely to destabilise the instrumental
memory, we followed with an experiment to attempt to identify the possible mechanisms of
this facilitative effect. One of the possibilities of this effect was due to memory forgetting
during the gap day, the context memory being sufficiently weak and allowing instrumental
memory to undergo reconsolidation (see Chapter One for detail). In this study, we used
memantine to prevent contextual memory forgetting during the gap day; if this was
successful, the facilitative effect should be reversed, which would make the results more akin
to those seen in direct reactivation (i.e., no lever-pression impairment). However, the results
obtained opposed the stated hypothesis: the memantine group showed memory impairment,

but not the saline controls.

103



The first question asked is whether the memantine could prevent memory forgetting during
the gap day, since memantine was also known as a neurogenesis enhancer that enhanced
memory forgetting (Muller, Mutschler, & Riederer, 1995; Seif el Nasr, Peruche, Rossberg,
Mennel, & Krieglstein, 1990; Volbracht, van Beek, Zhu, Blomgren, & Leist, 2006;
Zajaczkowski, Frankiewicz, Parsons, & Danysz, 1997). For instance, mice receiving an
intraperitoneal injection of memantine showed a reduction in freezing time in several
contextual fear conditioning tests (Ishikawa, R., Fukushima, Frankland, & Kida, 2016).
However, the memantine effect was dose-dependent and the dose used here had been proved
to maintain the object recognition memory in Sachser et al.’s (2016) study: the neurogenesis
effect was only shown in the higher memantine dose and the mice received memantine
injections once a week for four weeks. Therefore, the memantine caused neurogenesis over a
long period and when higher doses were given. Therefore, the memantine used in this study
should prevent memory forgetting, rather than causing a memory forgetting by neurogenesis
effect.

In our hypothesis, the memory forgetting during the gap day reduced the strength of
contextual memory, and therefore facilitated instrumental memory reconsolidation. However,
this experiment showed that memantine — which preserves memory against loss — did not
diminish the effect, but rather maintained the facilitation effect; to identify this, we may need
to look into the mechanisms of long-term memory forgetting.

In the current view, two theories of long-term memory forgetting exist: 1) memory decays
over time (Ebbinghaus, 1885), or 2) memory is interfered with by other memories (Anderson,
Bjork, & Bjork, 1994). The decay-over-time hypothesis is mainly focused on maintaining
long-term potentiation (LTP) (Villarreal et al., 2002), as the function of memantine to prevent
memory loss is also suggested to be maintaining LTP during the gap days (Ishikawa et al.,

2016; Shinohara & Hata, 2014; Villarreal et al., 2002). However, if this is true, the question
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that remains is as follows: why does delayed reactivation impair the reconsolidation, rather
than create results akin to those achieved in direct reactivation? It may be argued that the
memantine treatment may prevent instrumental memory loss, rather than context memory;
however, this is highly unlikely to be the case, as there is no evidence that memantine can
selectively prevent forgetting of one memory, but not others. It is worth noting, though there
was no evidence that systematic injection of memantine may have greater effect on specific
brain regions, memantine may, but is unlikely to, have different effects in different brain
regions, such as the ventral hippocampus or nucleus accumbens core. This may affect
instrumental memory destabilisation (see chapter 3 and Ramon unpublished data). Therefore,
the argument may be that if the memantine prevents forgetting in both memories, the trace
dominant hypothesis may not apply to instrumental memory reconsolidation, so the strength
of the context memory is not relevant to instrumental memory reconsolidation. If the
memantine has a general anti-forgetting effect, the gap day can be treated as not existing, and
the results should be more like direct reactivation, rather than delayed reactivation. Therefore,
such an explanation is inconsistent with the observation that the direct reactivation condition
did not show any lever-pression impairment.

The alternative view that memory forgetting is due to retroactive interference of task or
material (Miiller & Pilzecker, 1900) may explain the unreliability of context extinction but is
not easily applied to the present experiment. Memantine has consistently been shown to
impair consolidation and reconsolidation (Alaghband & Marshall, 2013; Nandhra, Murphy, &
Sule, 2013; Tucci et al., 2014), and so if memory over the gap day is due to the acquisition
and consolidation of interfering information, memantine should impair, rather than preserve,
the memory in gap day. Some may argue that consolidation and reconsolidation are temporal-
dependent (Mactutus, Riccio, & Ferek, 1979; Thompson & Grossman, 1972); just as we

showed in Experiment 1, the memantine injection may miss that labile window. However,
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such an argument does not consider the data of saline control. If the memory had already
entered the persistent state, why did the saline injection disrupt the effect? Therefore,
adopting a memory interference framework is likewise unable to explain the pattern of data in
this experiment.

The other possibility of lever-pression impairment was due to state-dependent effects (Ceretta
et al., 2008; Flint et al., 2013). Because memantine and MK-801 were both NMDA receptor
antagonists, the result may be due to state dependency. Again, this is highly unlikely. As the
result was due to state-dependent retrieval effects, the memantine saline group which only
had one drug treatment should show poor performance, yet a contrasting result was yielded.
The memantine MK-801 group which had two drug treatments should have retention
performance but showed a reduction of active lever pressing. So, the drug group had a
completely different result to that predicted in the state-dependent retrieval. However, the
memantine injection may cause rats to have sensitivity to an MK-801 injection and shift the
behaviour toward instrumental in the reactivation session. It is worth noting that the rats in
experiment 2 also received an MK-801 injection on the gap day (followed by a reactivation
session) and did not show behavioural impairment in the test. This possibility may need
further research to explain.

Though it is hard to explain the data by memory forgetting views and state dependency
theory, the new view of reconsolidation may suggest a possible explanation for the data. The
new view of reconsolidation treats the reconsolidation process as a memory integration
process rather than reconsolidation (Gisquet-Verrier & Riccio, 2018; Lee, 2010; Lee,
Jonathan, Nader, & Schiller, 2017). In this view, the reactivated memory integrates new
information within hours. This is the malleable period for this memory, then the memory
returns to an inactive state. If the information presented at reactivation is the same as the

initial learning, this will enhance subsequent retention performance. If the information is
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inconsistent with the original memory, the memory is updated resulting in disrupted test
performance. If the context-food memory was destabilised during the gap day, which may be
due to inducing the prediction error with no training that day, the information in the cage was
different from the initial memory which was in the operant chamber. Thus, the context
memory would be disrupted by endogenous memory updating during the gap day, with the
effect that the instrumental memory is dominant at the reactivation session. If this is true,
then memantine treatment may have no effect on this process at all (but see below), or it
might impair the integrating context memory (or even produce additional memory updating),
leaving only the instrumental association as being retrievable in the reactivation session. This
would explain why the effect of MK-801 is seemingly more pronounced than in the absence
of any treatment on the gap day (comparing visually against the data in Experiment 1).

While there may be several explanations for why memantine on the gap day did not affect the
disruptive impact of MK-801, an important observation is that the saline controls did not
show amnesia.

One possibility is that the act of injecting the rats, which necessitates their handling, is likely
to form new independent memories. There are two major reasons why this handling/injection
memory might be preferentially destabilised at the reactivation session. First, it is the most
recent experience and so would benefit from recency effects (Delaney, Verkoeijen, & Spirgel,
2010). Second, the reactivation session is itself preceded by intraperitoneal injection (to
administer saline or MK-801), the procedure of which might destabilise the
handling/injection memory, and perhaps it is this memory that is impaired by MK-801. This
would explain why the instrumental memory remains intact. In this view, administration of
memantine would likely impair the acquisition/consolidation of the handling/injection
memory in the gap day, leaving the reactivation session to destabilise the instrumental

memory normally.
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The second possibility is that the stress caused by injection may influence the facilitation
effect. Stress can enhance consolidation through an elevation of glucocorticoid levels in the
basolateral amygdala (BLA) (Roozendaal, 2002). Such elevation can also impair retention
performance by blocking hippocampal-dependent influences on memory retrieval
(Roozendaal, 2002). Therefore, the injection on the gap day may block the retrieval from the
previous contextual memory so the gap day memory consolidation was enhanced. At the
reactivation session, the enhanced gap day memory may dominate the reactivation session
and prevent the reconsolidation of instrumental memory. Therefore, the instrumental memory
in the control group was intact during the test session.

Overall, such data could not confirm what the cause of the facilitation effect was. The
memantine group showed a clearer lever-pression impairment than the delayed reactivation
group, which may be due to memantine-induced amnesia on the gap day. Therefore, using a
non-amnesic agent to prevent memory loss may reveal the mechanism of the gap day. For the
saline control, the results may be due to the handling effect, or the stress caused by injection.
However, it is worth noting that those two hypotheses may simultaneously exist.
Consequently, a control measure for handling the gap day will be necessary for the next

study.
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Conclusion

This study confirmed the previous study’s results, which showed that delayed reactivation
was the best parameter to destabilise the well-learned instrumental memory with the VRS
protocol. However, the mechanism of the facilitative effect is still unclear and further
experimentation with different drugs to prevent memory loss or impair reconsolidation is
required to support the memantine results. A control with handling but no injection is needed
to prove the hypothesis of the saline groups. The double reactivation was not found to have
any effect on lever pressing, so whether the well-learned instrumental memory followed the
trace dominant theory was unclear. Further studies may also be required to assess the zif268
expression as a marker to identify whether destabilisation occurred after each reactivation, or

whether it was destabilised in the rats under different contexts.
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Chapter 3
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Introduction

Instrumental learning, which pairs a specific action with an outcome, was first studied by
Thorndike and Woodworth (1901). Further study indicated that instrumental learning is a dual
process: a manifested response that shifts from goal-directed Action-Outcome (A-O) to
habitual Stimuli-Response (S-R) association through training (Dickinson et al., 1995).
Reconsolidation, which was suggested as a memory-updating progress, was observed in both
Pavlovian appetitive and aversive memory (Reichelt & Lee, 2013a); this process includes
long-term memory that is destabilised into a labile stage by a reactivation session, before
being reconsolidated back to a persistent form (Lewis, 1979; Nader, 2003). The
destabilisation and reconsolidation are suggested to involve different neural circuits, as the
ventral tegmental area (VTA) which responds to prediction error signal was shown only to be
involved in destabilisation but not reconsolidation (Milton et al., 2013).

The reactivation session is normally an extinction session, but this reactivation method fails
when concerning habitual instrumental memory (Hernandez & Kelley, 2004; Lee & Everitt,
2008a; Lee & Everitt, 2008b; Lee & Everitt, 2008c; Milton et al., 2008). A new reactivation
method, which induces a contingency change, was shown to be successful at triggering A-O
memory reconsolidation (Exton-McGuinness & Lee, 2015), but such a method had a non-
consistent effect on the habitual S-R memory in the same setting (see Chapter One). By
introducing a control lever, the boundary of habitual memory reconsolidation was much
clearer, and delayed reactivation was found to be the most reliable reactivation method (see
Chapter Two).

There was no study about the neural circuit that may be involved in well-learned instrumental
memory destabilisation or reconsolidation. However, several studies had shown that
blocking nucleus accumbens (Nac) disrupts appetitive memory consolidation (Dalley et al.,

2005; Smith-Roe & Kelley, 2000). Further study showed Nac involvement in conditioned
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place preference (CPP) memory reconsolidation. For example, one study shows nucleus
accumbens shell (AcbSh) but not core blocked by baclofen disrupted the CCP memory
reconsolidation (Wang et al., 2020), but the other study showed infusion of glutamate
receptor interacting protein 1 inhibitor in Nac core but not shell disrupted CPP memory
reconsolidation (Liang et al., 2017). However, the involvement of Nac in memory
destabilisation was unclear. As a major output of VTA’s dopamine neurons (DA) which
responded to prediction error signals (Watabe-Uchida et al., 2017), Nac was likely to be
involved in instrumental memory destabilization. As the infusion of NMDA receptor
antagonist MK-801, AP-5 or dopamine receptor D1 receptor antagonist SCH-23390 in Nac
alone did not disrupt the instrumental memory reconsolidation, but did when co-infused with
AP-5/SCH23390 (Exton-McGuinness & Lee, 2015), the authors suggested that the infusion
which did not disrupt memory reconsolidation may however disrupt memory destabilisation,
and suggested Nac may be involved in instrumental memory destabilisation. As a follow-up
study, our recent result shows blocking Nac core but not shell with GABAa/B receptor agonist
baclofen/muscimol (B/M) impaired well-learned instrumental memory destabilisation
(Ramon, unpublished data). To further investigate which neural circuit may relate to memory
destabilisation, the ventral hippocampus (VHPC) which had glutamatergic projection to Nac
was chosen as the target.

Though the ventral hippocampus was not targeted by any memory reconsolidation studies,
vHPC may be involved in memory destabilisation. During the non-signalled overtraining
instrumental learning, only the vHPC CA3 — but not the CA1 - was activated; this may be due
to the CAl being more related to the incentive value, and that overtraining the S-R
association caused an insensitivity to the reward value (Faure et al., 2006). Furthermore, the
DA in substantial nigra-ventral tegmental area complex (SNc¢/VTA) and the vHPC were

active following overtime non-signalled training (Faure et al., 2006). The dopaminergic
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projection from VTA is found active in multiple reward-related behaviours and A8 and A10
groups suggest involvement in prediction error signalling (Glimcher, 2011; Reichelt et al.,
2013; Takahashi et al., 2009). One of the hypotheses in memory reconsolidation is that
prediction error is required to trigger memory destabilisation (Lee, 2009; Lee et al., 2017).
Therefore, the vHPC may be involved in instrumental memory destabilisation.

As the vHPC may be involved in habitual instrumental memory destabilisation, for this
experiment we infused the baclofen/muscimol (B/M) — a GABAA and GABAg receptor
agonist — immediately before the reactivation session. We hypothesised that the vHPC is
involved in habitual memory destabilisation; if this were true, should this prevent the
reactivation-dependent amnesia, the results would be identical to the direct reactivation group
in experiment 1 of Chapter Two, in which the MK-801 group did not show any difference in
active lever pressings when compared to the saline group. There was a chance that the B/M
infusion inactivated the vHPC which impaired the restabilisation/reconsolidation process
(Wells et al., 2011) since destabilisation and restabilisation had a double-dissociation
requirement (Milton et al., 2013). If this is true, the B/M infusion should impair the lever

pressing regardless of the MK-801 treatment.
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Method

Subjects

The subjects were 27 male experimental-naive Lister-Hooded rats from Charles River,
weighing 200-350g at the beginning of the experiment. The rats were housed four per cage in
a room with a constant 21°C temperature and a 12-hour light/dark cycle (lights on at 07:00).
Each rat was provided with 20g of rat chow per day upon acclimation in the holding room
(48-72 hours). Water was available ad libitum throughout except during behavioural sessions.
All procedures followed the United Kingdom Animals (Scientific Procedures) Act 1986,

Amendment Regulations 2012, and the act under project licence PPL P3B19B9D2.

Behavioural Apparatus

Training sessions, the context extinction session, and the memory retrieval session took place
in eight operant boxes, each of which is in a sound-attenuating chamber (MedAssociates,
VT). All boxes were the same size: 25 x 32 x 25.5cm. The boxes consisted of two Perspex
walls (a door and a rear wall), a Perspex ceiling, two steel walls (the right featured a food
magazine and two levers, the left featured a light), as well as a grid floor with 19 stainless
steel rods (4.8mm diameter, positioned 1.6cm centre to centre). Each food magazine had an

infrared detector to measure nosepokes. All rats received the same training.

Surgery

All surgeries were performed aseptically in consonance with the LASA guiding principles for
aseptic surgery (LASA, 2017). Rats were anaesthetised using isoflurane (5% for induction, 2-
3% for maintenance), and were administered peri-operative buprenorphine. Post-surgery, rats
were housed individually with Puracel bedding overnight, before being rehoused with their
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cage mates the next morning. The rats’ diet was also supplemented with the non-steroidal
anti-inflammatory Carprofen for two days postoperatively. A minimum of five days of
recovery was allowed before experimental procedures began.

All rats were implanted with chronic indwelling stainless-steel cannulae (12.5mm, 22 gauge,
Coopers Needleworks, UK). Bilateral cannulae were located at the ventral hippocampus. The
coordinates for cannula implantation were anteroposterior (-5.3 mm and mediolateral
+4.5mm [relative to bregma]) and dorsoventral (-4.0 mm [relative to the skull; final
coordination is -6.0mm]). A recovery period of seven days was imposed before the

commencement of behavioural training and testing.

Behavioural Procedure

Training

The rats were trained for ten sessions. In each session, two levers were presented in the box.
One lever was the active lever, while the other one was the inactive lever. The active lever
(left or right) was assigned pseudo-randomly and counterbalanced across groups. Once
assigned, the active lever did not change place during the ten-day training period. The
training session started with an illumination of the house light and the presentation of levers.
When the active lever was depressed, a 45mg sucrose pellet was delivered to the food
magazine (FR1 schedule). The lever did not retract and no stimulus was paired with the
reward. No programmed consequences occurred if the inactive lever was depressed. The
training session lasted for 30 minutes or when 60 sucrose pellets were obtained - whichever

occurred first. Only one training session was given to each rat per day for a total of ten days.
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Infusion

Before the reactivation session (see figure 1), infusions were performed using a syringe pump
and 5 pl Hamilton syringes, connected to injectors (28 gauge, projecting 2mm beyond the
guide cannulae) by polyethylene tubing. Infusions of the baclofen /muscimol (0.1 mM
muscimol/1.0 mM baclofen, GABAa/B receptor agonists, Sigma-Aldrich, dose based on a
previous goal-tracking memory study (Reichelt et al., 2013) or sterile PBS vehicle (0.5
ul/side, 0.25 pl/min) were begun 30 seconds following the insertion of the injectors and were
performed over two minutes. One minute of waiting time was imposed from the end of the

infusion to the removal of injectors to allow diffusion of the solution away from the infusion

site.
Training » Reactivation y=————————————  Test
10 Days 24 hours
48 hours

B/M Mk-801

Figure 1. Schematic diagram of the experimental protocol.

Reactivation

The animals stayed in the cage for a 48-hour interval between training and reactivation. The
reactivation session commenced immediately following the completion of the infusion. The
reactivation session was similar to the training session, except the reinforcement schedule
was shifted to the VRS protocol (between one and nine presses for one pellet; mean = five
presses). The session lasted for 20 minutes, or when 20 sucrose pellets were obtained —
whichever occurred first. Half the animals received the systemic Non-competitive NMDA
receptor antagonist MK-801 (0.1 mg/kg, AbCam, UK) injection immediately following the

reactivation sessions; the remained animals received a saline injection (0.1ml/kg).
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Post-reactivation Testing

Behavioural groups were placed into the chamber 24 hours following the reactivation for a
30-minute session. The levers were extended and the house lights were illuminated during the
session. However, no sucrose pellet was delivered when the lever was pressed. No limitation

was imposed upon the lever pressing; CO; was used to cull the rats following the experiment.

Cresyl violet staining and verification of the cannulae placements

Rats’ brains were carefully removed after CO; procedure and stored in 4% paraformaldehyde
(PFA) solution overnight at 4°C. The brains were cut into 40 um slices at -20°C. The slide-
mounted brain sections were put into 95% ethanol for 15 minutes, then switched to 70%
ethanol for 1 minute, and then into two distilled water tanks for 2 minutes and 1 minute. The
slices were stained in 0.1% cresyl violet (Sigma) solution for 3-10 minutes, and rinsed in a
third distilled water tank for 1 minute. Then the brain slice was decolorised in 50% ethanol
for 1 minute, 70% ethanol for 2 minutes, 95% ethanol for 2 minutes, and finally in 100%
ethanol for 1 minute. The slices were left in xylene until mounted with DePeX mounting
medium in a fume hood. Brain slices were observed using an Olympus BX50 light
microscope attached to a Leica DFC425 camera. The cannulae placements were marked in

figure 2.
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Figure 2. Schematic of the brain. Black crosses indicate the location of injector tips.
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Statistical Analysis

Data were presented as mean + S.E.M. for the number of lever presses at each training
session, retrieval session, and test session. All data were checked for consistency, and any
data lying more than two standard deviations from the mean were treated as outliers and
excluded. All analysis was conducted using the IBM SPSS statistic 25 program. The training
data were analysed by repeated measures ANOVA to access whether the tasks were learned
and whether all experimental groups (B/M-MK-801 n =7, B/M-saline n= 5, PBS-MK-801
n=8, PBS-saline n = 7) performed similarly; the lever, training days, lever, B/M treatment,
and MK-801 treatment were used as factors. Reactivation data and test data were analysed
using a three-way ANOVA, with lever (active vs. inactive), b/w treatment (B/M or PBS), and
drug treatment (MK-801 vs. saline) used as factors. The reactivation and the test session’s
data were further analysed within each infusion group, using lever and MK-801 treatment as

factors in a two-way ANOVA.

119



Results

To investigate the potential role of VHPC in well-learned instrumental memory

reconsolidation, we infused B/M in vHPC before reactivation. The result was as follows:

(figure 3).
A 140 -
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Figure 3. A. B/M group did not have a lever press difference in the test, but the PBS group did (B/M-MK-801 n
=7, B/M-saline n= 5, PBS-MK-801 n=8, PBS-saline n = 7). B. There was no difference in nosepokes.

All groups exhibited a similar performance in the training session. The ANOVA revealed
there was no significant interaction between lever x training x infusion treatment x MK-801

treatment (F (3.4,65.1) =1.38, p=0.256). As a planned comparison, no lever x MK-801 treatment
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X training interaction was found within the B/M group (F (25, 229) =0.47, p=0.678), but there
was a significant difference found in the PBS group (F (.0, 30.0) =3.20, p=0.037). Further
analysis showed the MK-801 treatment offered no effect upon active lever pressing in the
PBS group (F (28,28.0)=2.41, p=0.092) (see Fig. 3a). The number of nosepokes did not differ
in training (training x infusion treatment x MK-801 treatment, F 4.4,78.6)=1.53, p=0.198) and
no difference was found in the planned comparison (B/M, F 33,203)=0.71, p=0.567; PBS, F
3.5,31.5=1.13, p=0.357) (see Fig. 3b).

The MK-801 group after B/M infusion finished the session with higher lever pressings than
the saline group. No behavioural difference was found in the groups with PBS infusion. All
animals acquired all rewards during the reactivation sessions. In reactivation, neither had any
effect on lever presses in the reactivation (lever x infusion treatment x MK-801 treatment, F
a, 200 =2.27, p=0.148; active lever, infusion treatment x MK-801 treatment, F (1, 20) =2.34,
p=0.142; inactive lever, infusion treatment x MK-801 treatment, F 1,20y =0.003, p=0.954). As
a planned comparison, the MK-801 group exhibited significantly higher lever pressings than
the saline group within the B/M group. The MK-801 treatment also affected the active lever
(lever x MK-801 treatment, F (1, 10)=6.09, p=0.033; MK-801 treatment on the active lever, F
1,100=6.09, p=0.033). There was no difference in lever pressings in the PBS group (lever x
MK-801 treatment, F (1, 10)=0.16, p=0.701; MK-801 treatment on the active lever, F (1,10
=0.11, p=0.748) (see Fig. 3a). No significant effect was found in nosepokes in the
reactivation session (infusion treatment x MK-801 treatment, F (1,20)=0.04 p=0.841; B/M, F
a,10=1.43, p=0.260; PBS, F (1,10)=1.78, p=0.212) (see Fig. 3b). Following the B/M infusion,
although the MK-801 group had higher active lever pressings, all rats finished the session
before the time expired; they received the same amount of reinforcement. Therefore, this
difference was due to chance and unlikely to affect the results of the test.

A significant difference in lever pressing was seen in the test. There was an overall effect on
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the lever pressing (lever x infusion treatment x MK-801 treatment, F (1, 20)=6.65, p=0.018).
Infusion treatment and MK-801 treatment had a significant interaction on active lever
pressing (infusion treatment x MK-801 treatment, F (1,20) =7.24, p=0.014), but not on inactive
lever pressing (infusion treatment x MK-801 treatment, F (1, 20) =0.02, p=0.904). However,
neither infusion nor MK-801 treatment showed any simple main effect on active lever
pressing (infusion treatment, F (1, 20) =2.34, p=0.142; MK-801 treatment, F (1, 20) =0.34,
p=0.566).

Planned comparisons based on the infusion group were subsequently conducted. The ANOVA
revealed that the MK-801 group had no significant lever-pression differences when compared
to the saline group in the B/M group, and the MK-801 treatment had no effect on active lever
pressings (lever x MK-801 treatment, F (1,10)=1.32, p=0.277; MK-801 treatment on the active
lever, F (1,10)=2.58, p=0.139). The PBS group showed significantly reduced lever pressings
after the MK-801 treatment, and the MK-801 treatment on the boundary of a simple effect for
active lever pressing (lever x MK-801 treatment, F (1, 10)=6.31, p=0.031; MK-801 treatment
on the active lever, F (1,100=4.72, p=0.055) (see Fig. 3a). As a control parameter, the nosepoke
data revealed no significant difference in each group (infusion treatment x MK-801 treatment,
F (1,20)=0.68 p=0.419; B/M, F (1, 10)=0.07, p=0.802; PBS, F (1, 10)=1.72, p=0.219) (see Fig.
3b).

The data showed that lever-pression ability was only impaired in the PBS group. The MK-
801-induced impairment was found in the PBS group but not in the B/M group. This may
indicate that the B/M infusion prevents the impairment which suggests that the vHPC may be

involved in the memory destabilisation process.
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Discussion

The present data indicated that an infusion of B/M prevented MK-801-induced lever-pression
impairment in the MK-801 group. Therefore, the inactivation of the vHPC was found to
reverse the lever-pression behaviour in the MK-801 group which may be due to the

inactivation of vVHPC impairing the instrumental memory destabilisation.

Behavioural impairment was reactivation-dependent.

The first research question asks whether the impairment of active lever pressing was
reactivation-dependent. Although we did not include the non-reactivation group, the non-
reactivation controls in the previous chapter (Chapter Two, Experiment 1) were utilised as a
control for the current experiment. It is common for destabilisation studies not to include
non-reactivation controls; they tend to use groups that have failed to trigger the
reconsolidation as controls (Debiec et al., 2002; Lee et al., 2004; Reichelt et al., 2013; Wells
et al., 2011). In this study, the B/M groups that did not show any sign of impairment could be
the control groups for the PBS groups, which showed lever-pression impairment. Hence, the
impairment of active lever pressing in the PBS-MK-801 group was reactivation-dependent.
Another perspective of the results may be whether the difference in active lever pressing in
the reactivation session would affect the test result. This counter-argument is offered since the
B/M-MK-801 group exhibited higher active lever pressing and all subjects completed the
reactivation session before the allotted time elapsed. Therefore, it was not the saline group
that gave up on the lever pressing: it was that the session ended before the time expired; this
also meant that all subjects received the same number of reinforcements. Consequently, this
difference was unlikely to be caused by any behavioural differences during the test.

As the lever-pression difference was reactivation dependent, the most reasonable explanation

for the B/M groups’ result was that the inactivation of the vHPC resulted in the impairment of
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destabilisation of the well-learned instrumental memory. The reconsolidation process
includes the memory being destabilised into a labile stage, before being reconsolidated to
persist in the brain (Lewis, 1979; Nader, 2003). The B/M-MK-801 group, which showed little
evidence of impairment, suggested that the reconsolidation was not triggered; this was likely
to be due to the impairment of destabilisation. If the destabilisation was impaired, the
memory would not be destabilised; this means the memory would be intact, which should
have a similar lever pressing to the PBS-saline group. As no statistical difference was found
between the groups, the inactivation of vHPC was likely to be the cause of the destabilisation
impairment during the reactivation. On the other hand, if the reconsolidation is impaired, this
will cause amnesia, as seen in the PBS-MK-801 group, in which the active lever pressing was
impaired. As this finding was not observed in the B/M-saline group, the inactivation of the
vHPC was unlikely to be the cause of the reconsolidation impairment. Therefore, this showed

that the vHPC function may be destabilisation related.

Potential role of vHPC in instrumental memory destabilisation

There were several ways to explain the potential role played by vHPC in instrumental
memory reconsolidation. One of these possibilities is based on the prediction error
hypothesis. Several studies suggest that in triggering the reconsolidation, the reactivation
parameter should be different from the training parameter (Exton-McGuinness et al., 2015;
Gisquet-Verrier et al., 2015; Lee 2009; Reichelt & Lee, 2013a; Waelti, Dickinson, & Schultz,
2001). In further studies, the no-reward extinction session which is normally used as a
reactivation parameter was shown to be unable to destabilise well-learned instrumental
memory (Flavell & Lee, 2013; Hernandez & Kelley, 2004; Mierzejewski et al., 2009). This
may be due to insufficient prediction error signalling because no reward was given during the

session. With a change of reward contingency, a variant ratio protocol but not a fixed ratio
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with a similar number of total rewards was shown to successfully trigger the destabilisation
of the well-learned instrumental memory (Exton-McGuinness et al., 2014). This was
explained as a Temporal Difference (TD) error signal which sees the prediction error as the
prediction of the possibility of future reward rather than the total number of accumulated
rewards (Glimcher, 2011; Sutton & Barto, 2018). It is suggested that this prediction error
signal is related to dopamine neurons in VTA and in SNc¢ (Glimcher, 2011). The impairment
of destabilisation may relate to the prediction error signal.

However, there was little evidence of neuroanatomy between VTA and vHPC. The dorsal
hippocampus/BLA-vHPC-Nac circuit is the suggested response for contextual and spatial
information processing, whereas the A8 and A10 DA in VTA which is the suggested response
for prediction error signal is projected to vmPFC and Nac (Cooper et al., 2017; Glimcher,
2011). However, some instrumental behavioural studies show that vHPC may directly or
indirectly affect the VTA-vmPFC/Nac circuit. First, vHPC and VTA are active in extensive
instrumental training, and both are involved in habit formation (Faure et al., 2006). In
instrumental extinction learning, the vHPC-IL circuit was required for the renewal of heroin-
seeking (Wang et al., 2018). Asymmetric lesion of vHPC and mPFC or vHPC and BLA
impairs the renewal of conditioned freezing (Orsini et al., 2011). Further evidence shows
those aversive and appetitive behaviours are also modulated by the vHPC-Nac circuit
(Pascoli et al., 2014; Vezina et al., 1989). Together, this may suggest the VHPC is required for
a prediction error signal circuit and may be able to indirectly affect the circuit by modulating
mPFC and Nac.

There is an alternative explanation for the B/M group result: vHPC inactivation may negate
the facilitation effect and shift the behaviour toward direct reactivation. In chapter 2, there is
the hypothesis that any protocol during the gap day will disrupt the facilitation effect.

However, the B/M infusion was 30 minutes before reactivation which is the same as the MK-
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801 injection in the delayed reaction group in Chapter 2, so it is unlikely that this will disrupt
the facilitation effect. Furthermore, the direct reactivation group had lower active lever
pressing than the delayed reactivation group in the test in Chapter 2. If the PBS group can be
thought of as a delayed reactivation group, such a difference in active lever pressing was not

found in this study. Therefore, vHPC inactivation is unlikely to affect the facilitation effect.
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Conclusion

This may be the first study to show the vHPC to be involved in memory reconsolidation. The
vHPC suggests the new role, which is a response to instrumental memory destabilisation
apart from the integration of contextual and spatial information. This may be due to vVHPC
indirectly modulating VTA-Nac circuit. But further studies are needed to confirm whether

this hypothesis is true or whether vHPC is required for other memory reconsolidation.
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General Discussion
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Memory can be destabilised, updated, and reconsolidated back to a stable state. In this study,
we noted the well-learned instrumental memory can be destabilised in both one-lever and
two-lever models by several different procedures. These results supported the prediction error
hypothesis (Exton-McGuinness & Lee, 2015; Exton-McGuinness et al., 2015; Lee, 2009) and
showed the VR20 procedure (12-28 lever presses for a sucrose pellet) is not the only
procedure that can destabilise well-learned instrumental memory (Exton-McGuinness et al.,
2014), whereas the normal extinction session cannot destabilise such memory (Flavell & Lee,
2013; Hernandez & Kelley, 2004; Mierzejewski et al., 2009). Through our experiments, we
found the VRS procedure (1-9 lever presses for a sucrose pellet) with delayed reactivation
which takes a gap day after training is the most reliable method to destabilise the well-learned
instrumental memory. This presumes that the gap day facilitates instrumental memory
destabilization. We also found several different procedures, like inserting a reactivation
session or context extinction session or even handling and giving a saline injection on the gap
day may disrupt the facilitation effect, but a memantine injection preserves the effect.
Overall, the mechanism of this facilitation effect is still unclear and needs further study. We
also investigated the neural circuits that may be involved in well-learned memory
reconsolidation. Our results suggest the ventral hippocampus (VHPC) may be involved in
instrumental memory destabilization. Our immunohistochemistry data may suggest the
prelimbic (PL) and infralimbic (IL) may be involved in instrumental memory reconsolidation,
but this experiment is low on statistical power, so the results need further experiments to

support them.
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The two-lever model is the most suitable for the study of well-

learned instrumental memory

In this study, we used two models: the one-lever model, and the two-lever model, to study
well-learned instrumental memory reconsolidation. The one lever model was used in the
Exton-McGuinness et al (2014) studies and was shown to be capable of destabilising the
well-learned instrumental memory. Cheng et al.’s (2022) study showed that context extinction
can destabilise a well-learned instrumental memory, but direct reactivation cannot; chapter 1
experiment 2 showed that delayed reactivation can destabilise a well-learned instrumental
memory, but context extinction cannot, and experiment 3 showed that direct reactivation can
destabilise a well learned instrumental memory but delayed reactivation cannot. The same
procedure does not have a consistent result for destabilizing instrumental memory in the one-
lever model. Thus, the one-lever model may be not suitable for the VRS procedure in further

well-learned instrumental memory reconsolidation studies.

For the two-lever model, the VRS delayed reactivation procedure produced a very consistent
result. In chapter 2 experiment 1, only the delayed reactivation group destabilised the
instrumental memory. In experiment 3, the memantine group, which also followed the
procedure of delayed reactivation, destabilised the instrumental memory and in chapter 3, the
PBS infusion group, which also used delayed reactivation, destabilized the instrumental
memory. Those results show that delayed reactivation can consistently destabilise
instrumental memory whereas other procedures such as double reactivation, direct

reactivation, and context extinction cannot.
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It is worth noting that with the PBS injection during the gap day the animals did not show
signs of instrumental memory destabilization (chapter 2 experiment 3), and this may be
explained by the disruption of the delayed reactivation procedure rather than the inconsistent
result of delayed reactivation. First, the memantine group also undertook delayed reactivation
in the same experiment to destabilise the instrumental memory and the PBS infusion before
the reactivation did not prevent instrumental memory destabilization (chapter 3). So, it is
more likely that the time point of the PBS injection disturbs the memory destabilization rather
than the PBS injection itself disturbing the memory destabilization. Hence this memantine
experiment (chapter 2 experiment 3) is more likely to be interpreted as the memantine
preserving the gap day facilitation effect but handling may disrupt it rather than the delayed

reactivation having inconsistent results.

Overall, the two-lever model is appropriate for further studies of well-learned instrumental

memory reconsolidation and boundary conditions using a VRS reactivation after a delay (gap

day).

A gap day between training and reactivation influences

instrumental memory destabilization

The reason that delayed reactivation can destabilise the well-learned instrumental memory is
assumed to be the delay (gap day) facilitating the instrumental memory destabilization. Thus,
the likely explanation is that the gap day facilitates instrumental memory destabilization. The
exact mechanism for this effect is still unknown, but we can rule out several possibilities
through our results. However, this effect seems easy to disrupt; the procedures carried out on

gap day, even just handling and the giving of a saline injection (chapter 2 experiment 3), can
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disrupt the effect and be unable to trigger the instrumental memory destabilisation. But a
memantine injection during the gap day did not prevent the destabilisation; rather it preserves
or facilitates the destabilization (chapter 2 experiment 3). This may suggest handling and/or
injection of the animal during the gap day prevents the instrumental memory destabilisation,
but the memantine injection interferes with the effect of handling and/or injection or
facilitates the instrumental memory destabilisation. Furthermore, as memantine is an NMDA
receptor antagonist, this may suggest NMDA receptor activation is important for instrumental
memory destabilisation not only during the reactivation session but also during the interval
before the reactivation session.

In our null hypothesis that context extinction can destabilise the instrumental memory
because the context extinction session weakens the context-reward memory which may
compete with instrumental memory. This hypothesis is rejected by the double reactivation
experiment (chapter 2 experiment 2); that there was no sign of instrumental memory
destabilization may suggest the direct reactivation of VRS was unable to destabilise the
competitive memory or that there was no competitive memory for the instrumental memory.
In either case, we can exclude the trace dominance hypothesis in the well-learned
instrumental memory reconsolidation.

Overall, our results may rule out the trace dominance hypothesis and suggest the ongoing
activity in the gap day may interfere with destabilisation, but the mechanism for this effect
remains unclear and the involvement of NMDA may need further studies to investigate. The
further experiment probably should first rule out the possibility of the memantine having a
co-effect with MK-801. This may be done by using a non-NMDA receptor antagonist
amnesic agent, like anisomycin or midazolam, before reactivation. To investigate the
mechanism, as the results suggest the NMDA receptor activity is important, it may be worth

infusing the memantine into specific brain regions, like vmPFC, vHPC, Nac, and VTA. This

132



may be able to facilitate the mapping of the neural circuit involved and deduce the
mechanism of this facilitation effect.

Either this effect was unique to instrumental memory, or a generalisation effect applying to
all memories was unknown. The application of the drug-seeking study showed the delayed
reactivation VRS procedure was able to reactivate the memory (Exton-McGuinness et al.,
2019), but there was no result regarding whether a direct reactivation VRS was able to

reactivate this memory.

Analysis of neural circuit’s base on instrumental memory

reconsolidation

In the general introduction, we introduced several brain regions that may be involved in the
well-learned instrumental memory reconsolidation. Combining the results from chapter 1
experiment 1 and chapter 3, several brain regions may be involved in instrumental memory
destabilization and reconsolidation. The only reliable result within those is that the vHPC is
likely to be involved in the instrumental memory destabilization. This is in contrast to our
forecast, as the common role of vHPC is suggested as the integration of contextual and spatial
information from the dorsal hippocampus (dHPC) and basal lateral amygdala (BLA) (French
et al., 2003; French & Totterdell, 2003; Oleskevich et al., 1989).

For the destabilization of appetitive memory, it is suggested that the ventral tegmental area
(VTA) and nucleus accumbens (Nac) are involved in this (Exton-McGuinness & Lee, 2015;
Reichelt et al., 2013). The dopaminergic projection from VTA to Nac is important for the
prediction error signal (Watabe-Uchida et al., 2017), and this prediction error is suggested in
different studies to be required to trigger memory destabilization (Exton-McGuinness et al.,

2015; Exton-McGuinness et al., 2014; Reichelt et al., 2013). In instrumental memory, the Nac
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core but not the shell was suggested to be required for destabilization (Ramon, unpublished
date). As the vHPC and Nac core may be involved in the instrumental memory stabilisation,
it may suggest that the vHPC and Nac core are in a neural circuit required for instrumental
memory destabilization. The vHPC has a glutamatergic projection to Nac, but the current
result does not suggest any direct projection between VTA and vHPC (Cooper et al., 2017;
Watabe-Uchida et al., 2017). However, some pieces of evidence show that both VTA and
vHPC project to the ventral mediate prefrontal cortex (mvPFC) (Cooper et al., 2017; Watabe-
Uchida et al., 2017). vimPFC is suggested as important for instrumental learning (Kalivas &
Volkow, 2005; McLaughlin & See, 2003; Peters et al., 2009) and the VTA-vmPFC-Nac
circuit is important for prediction error signalling (Watabe-Uchida et al., 2017). So, the
involvement of vHPC on instrumental memory destabilization may be direct or indirect (like

via vimPFC) modulate Nac, (figure 1).

<>
g

Figure 1. The neural circuit may be involved in well-learned instrumental memory reconsolidation.

For immunohistochemistry data, the expression of zif268 is highly overlapped between the
context extinction group and the direct reactivation group, but due to the inconsistent results
of direct reactivation and context extinction in the one-lever model, we cannot have a reliable

explanation for this data. But taking into account the previous discussion, ongoing neural
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activity during the gap day may be important for instrumental memory reconsolidation and
reactivation sessions on the gap day may disrupt the effect. The result of the non-reactivation
group can be seen as perfused at a similar time as the memantine injection may suggest some
brain regions play a role in the facilitation effect. As the striatum is the only region to have no
difference in zif268 expression among the three groups, it may be involved in this facilitation
effect. It is not surprising if the striatum is involved in such an effect, as elucidated in the
general discussion, both the dorsal striatum and Nac are found important in different
instrumental learning studies. Furthermore, the Nac core is also required for instrumental
memory destabilization (Ramon, unpublished data), so the immunohistochemistry data may
support those findings. But it is worth noting that these immunohistochemistry data have low
statistical power and further studies are required to confirm the hypothesis.

There is a need to study the neural circuits that may be involved in instrumental memory
destabilization and reconsolidation. First, we have a hypothesis about whether the vHPC may
directly or indirectly modulate Nac for instrumental memory destabilization. This may be
examined by using the asymmetric lesion of vHPC and Nac versus the lateral lesion. Apart
from the lesion, optogenetic tools may be a good way to further investigate the involvement
of vHPC. As the neural circuits can be specifically turned on and off in response to the colour
of the light (Adamantidis et al., 2011; Duebel et al., 2015; Stuber et al., 2012; Wang et al.,
2014), the animal may maintain normal brain function during the training and test, but the
target brain region can be turned off during the reactivation. This may be further confirmation
of the target brain region involved in destabilization and/or reconsolidation. Furthermore,
since the optogenetic tools can direct control of a specific subset of neurons (like D1- or D2-
like dopaminergic neurons) (Duebel et al., 2015; Tsai et al., 2009), we can use this to figure
out the role of the striatum in the reactivation. Since we do not spot any zif268 expression

difference between the test groups and non-reactivation control (chapter 1 experiment 1), but
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the Nac shell is shown to be required for instrumental memory destabilization, so there may
be a change of activated cell type in the striatum during the reactivation session. Though our
immunohistochemistry result has low statistical power, it suggests the vmPFC may be
involved in instrumental memory reconsolidation. It is also suggested that the vmPFC may be
involved in destabilization, so the vmPFC is a valuable target. It is worth noting that just as
the IL and PL are suggested as having different functions in other instrumental learning
studies (see general introduction), they may also have different roles in destabilization and
reconsolidation. In simple terms, the PL is mainly projected to the Nac core and IL mainly
projects to the Nac shell (Bouton et al., 2021; Cooper et al., 2017; Sesack & Grace, 2010). As
the Nac core was shown to be required for destabilization but the shell was not (Ramon,
unpublished data), PL may be more involved in destabilization and IL may be more involved
in reconsolidation.

For further immunohistochemistry experiments, the delayed reactivation group in the two-
lever model may be used as the test group and the direct reactivation group and non-
reactivation group may be used as negative controls. The target proteins may use both zif268
and c-fos, as the single protein expression may not reflect the neural activity, but co-
activation of zif268 and c- is more likely to indicate neural activity. As our experiments
suggest both VHPC and Nac core are likely to be involved in instrumental memory
destabilization, those two regions may be used as a positive control factor for the experiment.
As suggested above, the VTA, vmPFC, and dorsal hippocampus may be good targets for

further studies.
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The reactivation session may be a boundary condition for

instrumental memory reconsolidation

The boundary conditions of memory reconsolidation are normally considered as memory age
and memory strength (Lee, 2009). The older memory or stronger memory is harder to
destabilise (see the general introduction for detail). This is also observed in instrumental
memory reconsolidation. In the one-lever model, the weak 2-days-trained instrumental
memory can be destabilized by direct VRS reactivation (Exton-McGuinness & Lee, 2015)
and the well-trained (10 days) instrumental memory cannot consistently destabilised by the
VRS procedure (Cheng et al., 2022). By increasing the reactivation session strength, i.e.
increasing the exposure length for context fear memory (Suzuki et al., 2004), and increasing
the contingency change (to VR20) for well-learned instrument memory (Exton-McGuinness
et al., 2014), the memory is not subject to destabilisation. For well-trained instrumental
memory, this may be due to its generating a large prediction error signal (compare FR20 to
VR20), see the general introduction for detail, (Exton-McGuinness et al., 2014), or the lower
reward per unit time diminished the context-reward association, thus favouring the
destabilisation of the instrumental memory (compare VR20 to VRS, (Cheng et al., 2022).

As a larger contingency change can destabilise a well-learned instrumental memory and a
mild contingency with the same condition cannot, the reactivation session length/strength
may be also a boundary condition for memory reconsolidation (see the general introduction
for detail). In the conditioned reinforcement experiment by increasing the lever presses in the
reactivation session, the conditioned reinforcement memory will be triggered from memory
reconsolidation, then to an intermediate state, which shows no sign of memory
reconsolidation or generation of extinction memory, and will finally generate the extinction

memory (CS-no reward) (Flavell & Lee, 2013). There is no result to show whether this can
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be applied to instrumental memory reconsolidation, but the same lever pressings in the
extinction reactivation session that would destabilise the conditioned reinforcement memory
(10 presses) or generate the extinction memory (50 presses) do not destabilise or generate
extinction memory for the five-day trained instrumental memory (Flavell & Lee, 2013). This
may be due to a minimum number of exposures required to destabilise the memory (Reichelt
& Lee, 2013b; Suzuki et al., 2004). Hence, a certain number of lever-pressings associated
with rewards may be required to destabilise the instrumental memory. So, the VRS with a
lower number of lever presses (around 100) can destabilise weak-learned instrumental
memory (two-day training) (Exton-McGuinness & Lee, 2015), whereas the well-learned
instrumental memory (ten-day training) needs a higher number of lever presses (around 300)
to destabilise (Exton-McGuinness et al., 2014). However, in the two-lever model, the MK-
801 group with VR20 had a similar number of active lever presses (around 350 active lever
presses, 20 inactive lever presses) but did not show signs of instrumental memory
destabilization and did not show the sensitivity of devaluation as in the one-lever model
(Cheng, unpublished data). One of the possibilities of this result is that inactive lever presses
reducing the possibility of reward delivery make VR20 more prone to promote an extinction
session. Nor can the direct reactivation of VRS destabilise the well-learned instrumental
memory in the two-lever model, but by inserting a gap day, VRS can consistently destabilise
the well-learned instrumental memory (chapter 2 experiment 1). As the inactive lever presses
in the two-lever model can be seen as additional lever presses in the reactivation session, the
VR20 cannot destabilise the instrumental memory, possibly due to its shift to the intermediate
state, whereas the delayed VRS reactivation is shifted to a suitable state which is able to

trigger the instrumental memory destabilization (figure 2).
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delayed reactivation —® delayed reactivation

in one-lever in two-lever

Figure 2. The hypothesis of boundary conditions may be in the one-lever and two-lever models.

If this hypothesis is correct and the gap day is facilitating the instrumental memory
destabilisation, there may be a contingency change between the VRS and VR20 that can
direct destabilise the well-learned instrumental memory. Thus, further studies may begin with
a direct VR10 reactivation in a two-lever model to determine whether this can destabilise the
instrumental memory. But worth noting, our VRS procedure is semi-random, the lever presses
per reward are randomly chosen from 1 to 9 but not 20% per lever press. This means the rat
will get a reward with a maximum of 9 lever presses. Otherwise, with the 20% possibility,
some rats may press the lever too many times before getting the first reward, which would

make the procedure more like an extinction session.
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Conclusion

In this study, we found out that delayed VRS reactivation where the VRS reactivation session
takes place 48 hours after training can consistently destabilise the well-learned instrumental
memory. This may be a model for further research for well-learned instrumental memory
reconsolidation. The 48-hour interval may facilitate instrumental memory destabilization.
This is unlikely to be due to competitive memory interference and likely to be due to ongoing
neuronal plasticity, especially inversely related to NMDA receptor activity. We do not have a
clear account of the process and mechanism underpinning this facilitation effect, but we
found this effect can be disrupted by handling and injection of PBS during the interval.
Furthermore, we found the destabilization of well-learned instrumental memory is likely to
be required for ventral hippocampus activity. This could be a positive control for further

immunohistochemistry studies or a target for neuroanatomy study.
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