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Abstract

Background—Memories associated with drugs of abuse, such as methamphetamine (METH),
increase relapse vulnerability to substance use disorder. There is a growing consensus that
memory is supported by structural and functional plasticity driven by F-actin polymerization in
postsynaptic dendritic spines at excitatory synapses. However, the mechanisms responsible for the
long-term maintenance of memories, after consolidation has occurred, are largely unknown.

Methods—Conditioned place preference (N=112) and context-induced reinstatement of self-
administration (N=19) were used to assess the role of F-actin polymerization and myosin I, a
molecular motor that drives memory-promoting dendritic spine actin polymerization, in the
maintenance of METH-associated memories and related structural plasticity.

Results—Memories formed through association with methamphetamine (METH), but not
associations with foot shock or food reward, were disrupted by a highly-specific actin cycling
inhibitor when infused into the amygdala during the post-consolidation maintenance phase. This
selective effect of depolymerization on METH-associated memory was immediate, persistent and
did not depend upon retrieval or strength of the association. Inhibition of non-muscle myosin 11
also resulted in a disruption of METH-associated memory.

Conclusions—Thus, drug-associated memories appear to be actively maintained by a unique
form of cycling F-actin driven by myosin I1. This finding provides a potential therapeutic
approach for the selective treatment of unwanted memories associated with psychiatric disorders
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that is both selective and does not rely on retrieval of the memory. The results further suggest that
memory maintenance depends upon the preservation of polymerized actin.
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A hallmark of memory is its longevity and relative stability (1, 2). However, rather than
being static after the traditional consolidation period, evidence now points to memories
being actively maintained (3-10). Our understanding of protein turnover rates has influenced
this notion (8, 11). While memories are encoded through functional and structural plasticity,
as well as through activation of the upstream epigenetic, transcriptional and signaling events
that support plasticity (12-14), the proteins that maintain these changes are themselves
transient. This would suggest that the brain and, by extension, long-term memories, are
surprisingly dynamic in storage. Additional evidence pointing to the active maintenance of
memories comes from the relative ease with which they can be manipulated after
consolidation, through extinction and reconsolidation (3, 5, 10). We and others suspect that
these phases of memory largely exist to enable the constant updating and integration of
memories (15-17), though they also present a potential therapeutic avenue for weakening
aberrant memories associated with psychiatric disorders, such as post-traumatic stress
disorder (PTSD) and substance use disorder (SUD) (6, 18-21).

There is a growing consensus that memory is supported by structural and functional
plasticity at excitatory synapses (22). Most excitatory synapses are located on dendritic
spines, which are small structures that protrude from dendrites and enable input-specific
biochemical and electrical isolation of synapses that facilitate signal integration and
information storage. Spines undergo volumetric and functional changes that are important
for long-term memory (23, 24). The actin filaments that comprise the cytoskeleton in
dendritic spines are surprisingly dynamic, capable of making rapid changes on the order of
seconds (25). Actin polymerization, the process of linking actin monomers (G-actin) into
complex, branched filaments (F-actin), is a critical regulator of dendritic spine synapse
structure and function (26, 27). Indeed, the plasticity that occurs during long-term
potentiation (LTP) is dependent upon actin polymerization (28-31). LTP stimulation initiates
a multitude of molecular processes that tightly control actin polymerization and the
structural enlargement of dendritic spines (32, 33). Importantly, memory formation fails
when learning-induced F-actin dynamics are disrupted. Further, current studies report that
depolymerizing agents are only effective around time of training, as F-actin rapidly
stabilizes after learning (30, 34-37).

The invasive, drug-associated memories associated with SUD, including associations
formed with the widely abused psychostimulant methamphetamine (METH), elicit a
motivational state capable of triggering relapse. This occurs through activation of several
brain regions, including the brain's emotional memory center, the amygdala (38-43). These
long-lasting and extinction-resistant memaories can trigger a motivation for the drug even
after prolonged drug free periods produced by seemingly successful rehabilitation. Thus, a
therapeutic challenge presented by SUD is to disrupt drug-associated memories after they
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have formed. We and others have taken the approach of post-consolidation manipulations
focused on the time of retrieval (e.g. blockade of reconsolidation and accelerated extinction)
(44-48). In the current study we hypothesized that the actin cytoskeleton supporting
structural plasticity may be a target for manipulating the strength of METH-dependent
associations after the typical consolidation period. While very little is known about spine
plasticity associated with drug-related memories, there is a precedent for drugs of abuse
altering F-actin dynamics in the brain. Withdrawal from the psychostimulant cocaine and
development of aversive associations with morphine withdrawal both involve actin
polymerization (49-51). These suggest that F-actin cycling may mediate unique aspects of
memories formed through associations with drugs of abuse.

Conditioned place preference (CPP) and context-induced reinstatement of self-
administration, animal models of contextual reward associations and drug seeking, utilize a
circuit that includes the basolateral amygdala complex (BLC; lateral and basolateral)
(52-58). Here we investigated the post-consolidation contribution of F-actin dynamics to
METH-associated memory and structural plasticity within the BLC through direct disruption
of actin polymerization and upstream inhibition of myosin I, a molecular motor that drives
memory-promoting dendritic spine actin polymerization (30). We originally hypothesized
that interfering with F-actin dynamics in the post-consolidation period would affect the rate
at which METH-associated memory extinguished. However, we were surprised to find that
actin depolymerization produced an immediate and highly specific loss of METH-associated
memory that was independent of retrieval in both rats and mice, indicating a disruption of
memory in the maintenance phase. These post-consolidation disruptions to cycling F-actin
were ineffective at interfering with the maintenance of other types of associations and
reversed dendritic spine density increases produced by METH-associated memory
formation. Thus, this unique feature of cycling F-actin renders METH-associated memories
susceptible to post-consolidation manipulations and suggests that a general requirement for
memory maintenance may be the preservation of polymerization actin.

METHODS AND MATERIALS

Animals

Surgery

Adult male Sprague-Dawley rats (300-350g; Charles River) and Thy1l-GFP(m) mice
(10wks) were housed under a 12:12 light/dark cycle, with food and water ad libitum. All
procedures were performed in accordance with the Scripps Research IACUC. Animals were
handled for 3-5 days before behavioral conditioning.

Rats and mice were implanted with 26G bilateral stainless steel guide cannulae directed at
the BLC and rats were implanted with chronic indwelling jugular catheters for intravenous
METH self-administration (for additional details and drug infusion rates, see Supplementary
Information).
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Drugs

Methamphetamine hydrochloride (Sigma-Aldrich) was delivered IP at the appropriate dose
(rats: 1.0mg/kg, mice: 2.0mg/kg). Latrunculin A (Calbiochem), an actin depolymerizing
agent, was infused at a concentration of 25ng/ul in 2% DMSO. Both enantiomers of Blebb
(- =active Blebb, + =inactive control; Calbiochem), a myaosin Il inhibitor, were infused at a
concentration of 90ng/ul in 10% DMSO.

Behavioral Procedures

Conditioned Place Preference—Animals were trained using an unbiased procedure in
an apparatus with three chambers (Med Associates), that differed in terms of visual, tactile
and olfactory cues. During the pretest, rats were given free access to the apparatus for 15min
and the time spent in each chamber was recorded. During training, METH-was given prior
to placement in the CS+ chamber for 30min (counterbalanced between chambers within
groups). On alternating days, rats were injected with an equivalent volume of 0.9% saline
and confined to the opposite chamber (CS-). This was repeated three times for a total of 6
days, with starting treatment (METH vs saline) also counterbalanced within groups. Testing
began 48-72hrs after the final training session, with free access to the apparatus for 15min.
For additional details regarding modifications for CPP with food reward and in mice, see
Supplementary Information.

Auditory Fear Conditioning—~Fear conditioning was performed in rats as previously
described (37). See Supplementary Information for additional details.

Context-Induced Reinstatement of METH Seeking—The behavioral protocol was
performed in rats as previously described and consisted of four phases: (1) training with
food pellets to establish lever pressing, (2) METH self-administration in Context A, (3)
extinction of lever pressing in Context B and (4) reinstatement in Context A in the absence
of METH reward (58, 59). For additional details, see Supplementary Information.

Spine Density Analysis

To determine spine density, 10 dendrite sections per animal, ranging from 20-45um in
length and less than 1um in width, were selected for analysis from the BLC of Thy1-
GFP(m) mice following METH or Saline CPP training and intra-BLC vehicle or LatA
infusion. For additional details, see Supplementary Information.

Statistical Analysis

One-way analysis of variance and repeated measures ANOVAs were used to analyze all
data, with Fisher's PLSD post hoc tests performed when appropriate.

RESULTS

Maintenance of METH-associated memory is supported in the amygdala by a dynamic
actin cytoskeleton

For CPP, animals were trained to associate the rewarding effects of METH with the multi-
modal environmental context in which it was administered. Two days after training that
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produced a lasting memory for the METH-paired context (CS+), rats were given a single
intra-BL.C infusion of LatA, a highly-specific inhibitor of cycling, but not stable, actin (60).
Fifteen minutes after infusion, METH-associated memory was assessed in the absence of the
unconditioned stimulus (US), METH reinforcement (Fig. 1A). While vehicle-treated
controls displayed a robust METH-associated memory, preferring the CS+ over a saline-
paired context (CS-), LatA-treated animals displayed an immediate memory disruption (Fig.
1B). Suspecting that this effect may have been due to a rapid acceleration of extinction by
LatA during the 15 minute period of the first test, we examined the Test 1 place preference
in five minute blocks. Vehicle-treated animals displayed a place preference throughout the
entire test period. However, LatA-treated animals never showed a CS+ preference (Fig. 1C;
0-5min: Vehicle-F (1 y=13.03, P<0.005, LatA-F (1 g)=0.06, P>0.05; 6-10min: Vehicle-
F(1,9=13.58, P<0.005, LatA-F(1 8)=1.28, P>0.05; 11-15min: Vehicle-F(lyg):10.29, P<0.05,
LatA: F1,8)=0.74, P>0.05). Importantly, the LatA-induced disruption of METH-associated
memory persisted through subsequent daily tests, despite LatA only being delivered prior to
Test 1 (Fig. 1B and S1; Treatment x Test: F(5 17y=2.7, P<0.05; Vehicle: F (5 9)=6.90,
P<0.0001; LatA: F(58)=0.44, P> 0.05). This complete lack of METH-associated memory
expression throughout the first test period argues against a LatA-induced acceleration of
extinction, as does the necessity of actin polymerization for new learning.

LatA prevents the incorporation of G-actin monomers into dynamic F-actin filaments (60).
This suggests that consolidated METH-associated memories may be supported by a
constitutively active state of cycling actin, rather than being triggered by the act of memory
retrieval. To test this, we gave animals intra-BLC infusions of LatA in the home cage and
waited 24 hrs before performing an expression test (Fig. 2A). Indeed, in the same way that a
15 min pre-test infusion did (Fig. 1), home cage LatA treatment disrupted METH-associated
memory 24 hrs later (Fig. 2B; Vehicle: F(; 5=13.47; P<0.05; LatA: F(1 7)=0.31, P>0.05),
indicating that LatA's efficacy does not rely on coincident retrieval of the memory. Rather, it
targets maintenance of the memory.

Unlike the impact of actin depolymerization on a METH-associated contextual memory,
another BLC-dependent memory, auditory fear (35, 61), is known to become insensitive to
blockade of polymerization within minutes of learning (30, 37), such that pre-test BLC
blockade has no effect on the memory (34, 37). To further investigate the specificity of this
effect on METH-associated memory, we explored the possibility that appetitive memories,
in general, are susceptible to actin depolymerization days after training (Fig. 3A). METH
CPP requires just three CS+ pairings to establish a clear place preference (Fig. 1B and 2B).
However, we found this was an insufficient number of pairings to produce CPP for
sweetened food as the reward (Vehicle: CS—331.4+27.1, CS+ 343.6+26.6, F(1,6=0.06,
P>0.05; LatA: CS— 301.4+44.9, CS+ 343.4+28.1 F(; 4)=0.51, P>0.05). Therefore, animals
were given seven CS+ pairings. Interestingly, unlike an identical memory in which METH
was the US, pre-test LatA failed to disrupt the food reward association (Fig. 3B; Vehicle:
F(1,6)=62.15, P<0.0005; LatA: F(; 4)=8.68, P<0.05), indicating that a prolonged period of
cycling actin is not a general feature of appetitive memories.

Another potential explanation for the selective disruption of METH-associated memory is
one of memory strength. That is, perhaps unlike fear and food reward memories, the METH-
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associated memory is weak enough to render it susceptible to disruption by LatA. The
failure of three CS+ pairings to produce an association with food reward argues against this.
However, to further explore this possibility, we examined LatA's effects on two different,
strong METH-associated memories. In the first experiment, animals were given seven,
rather than three, CS+ pairings (Fig. 4A). This resulted in a METH-associated memory in
vehicle-treated animals of approximately twice the strength of that produced by three CS+
pairings (Fig. 4B and Fig. 2B). Despite this increase in memory strength, post-consolidation
LatA completely abolished the place preference (Fig. 4B; Vehicle: F(1 10)=16.17, P<0.005;
LatA: F(1,8=0.28, P>0.05).

Continuing to explore the question of memory strength, as well as the type of memory and
translational potential, we next assessed the ability of LatA to disrupt the maintenance of
context-induced reinstatement of METH seeking, an animal model of drug seeking/relapse
that relies on instrumental learning of a contextual memory (44, 57) (Fig. 4C). Rats were
trained instrumentally to lever press for METH in a specific context (Context A), producing
a robust association between the context and METH over the course of 14 daily, two hour
training sessions (Fig. 4D). Rats were then moved to Context B where METH was withheld
to extinguish the instrumental response, isolating the impact of context on METH seeking
during the subsequent reinstatement sessions in Context A (Fig. 4C). After reaching
extinction criterion (Fig. 4D; Phase (training, extinction) x Lever F(; 17)=0.03; Training
Phase: Active — F(1,17) 0.02; Inactive — F(1 17)=0.01; Extinction Phase: Active — F(; 17)=0.20;
Inactive — F(1,17)=0.0004; P>0.05 for all comparisons), rats were returned to Context A and
reinstatement was assessed by the number of active lever presses in the absence of METH
reinforcement. Exposure to the METH-paired context 12 days after the final METH self-
administration session reinstated drug seeking in controls, but not in animals that received
intra-BLC LatA infusions (Fig. 4E). As with the METH CPP Pavlovian association, the
impact of blocking actin polymerization persisted into a subsequent, LatA-free test of this
instrumental memory, without affecting inactive lever pressing (Fig. 4E; Treatment x Test:
F(3,16)=5.09, P<0.005; Reinstatement 1: Active — F(; 16)=7.92, P<0.05; Inactive —
F(1,16)=2.72, P>0.05; Reinstatement 2: Active — F(1 15)=4.98, P<0.05; Inactive —
F(1,16):0-87: P>0.05).

Given that intra-BLC actin cycling blockade does not affect the expression of fear or food
reward memories, it is unlikely that LatA infusions damage the BLC. To confirm this, we
tested the ability of animals that have undergone LatA-induced disruption of METH-
associated memory to subsequently learn a BLC-dependent association (62, 63). Two weeks
after LatA infusion and testing for METH-associated memory (Fig. 4A-B), the same animals
were trained for auditory fear conditioning and tested the following day in the absence of
LatA (Fig. 5A). Importantly, animals that displayed a previous LatA-induced disruption of
METH-associated memory expressed an auditory fear memory equal in strength to
previously vehicle-treated controls (Fig. 5B; F(1 18)=0.03; P>0.05).

Excitatory synapse number increases in the BLC with amphetamine CPP (64). Therefore,
given F-actin's critical role in the formation and stabilization of dendritic spines and the
importance of structural plasticity to memory, we hypothesized that METH CPP training
would produce a similar increase and that LatA's effect on METH-associated memory
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maintenance may stem from a structural disruption within the BLC. To assess this, we
investigated changes in dendritic spine density using Thy1-GFP(m) mice that express eGFP
in forebrain pyramidal neurons (65). Fortuitously, we observed exquisite labeling within the
BLC (Fig. 6A). Similar to the effect of LatA in rats (Fig. 1B, 2D, 4B and 4E), pre-test LatA
disrupted the maintenance of METH-associated memory (Fig. 6B-C; Sal CPP+Veh:
F(1,6)=2.03, P>0.05; Sal CPP+LatA: F(; )=1.15, P>0.05; METH CPP+Vehicle: F(1)=7.47,
P<0.05; METH CPP+LatA: F(; 6)=0.001, P>0.05). We next analyzed BLC spine density and
all dendrites selected for analysis were comparable in width across groups (Fig. S2;
F(3,16=0.23, P>0.05). Spine density in METH-trained animals increased with CPP training
(P<0.0005). Further, pre-test LatA infusion delivered two days after training reduced spine
density in METH-paired animals, with no effect on spines under control conditions (Fig.
6D-E; F(3,24y=8.89, P<0.0005; Sal CPP+Veh vs METH CPP+Veh P<0.0005, Sal CPP+LatA
vs METH CPP+Veh P<0.0005, METH CPP+LatA vs METH CPP+Veh P<0.005). A
correlation trend between strength of METH-associated memory expression and spine
density was observed in vehicle animals, but not in those treated with LatA or saline-trained
controls (Fig. 6F).

Nonmuscle myosin Il, a trigger of plasticity-inducing F-actin polymerization in dendritic
spines, is required for the maintenance of METH-associated memory

While LatA is a well-studied, highly specific inhibitor of cycling actin (60), our results up to
this point have relied upon a single pharmacologic tool. Therefore, to further confirm that
maintenance of METH-associated memory is an actin-dependent mechanism, we turned to
nonmuscle myosin Il, a highly specific molecular motor we have previously demonstrated to
be a driver of plasticity and memory-promoting spine actin polymerization (30). Similar to
the effect of LatA, intra-BLC infusion of Blebbistatin (Blebb), a specific inhibitor of
nonmuscle myosin Il motor activity (66), prior to a retrieval test (Fig. 7A) produced an
immediate and persistent disruption of METH-associated memory (Fig. 7B; Treatment x
Test 1-2: F(2,17)=4.22, P<0.05; Veh: F(2,8=21.81; P<0.0005; Blebb: F(2,9=0.54; P>0.05).

DISCUSSION

In this study, we demonstrate that METH-associated memory can be disrupted through
direct actin depolymerization or myosin Il inhibition days to weeks after consolidation, in
the absence of retrieval. This rapid and persistent disruption of a memory by targeting
cycling F-actin after consolidation was unexpected. We and others have previously
demonstrated that learning triggers a brief window of F-actin dynamics, such that
depolymerization at the time of training prevents the consolidation of hippocampus- and
amygdala-dependent fear memories (30, 34-37). However, this window of actin cycling
closes quickly (30, 37), stabilizing the long-term memory. As a result, intra-BLC blockade
of F-actin cycling prior to testing fails to disrupt the expression of an auditory fear memory
or a food reward place preference (Fig. 3B) (34, 37). On the contrary, METH-associated
memory is susceptible to immediate and lasting disruption days after training, regardless of
memory strength. Further, the disruption 24 hours after home cage delivery of LatA
indicates that LatA's efficacy does not rely on coincident retrieval of the memory and cannot
be attributed to an effect on reconsolidation or a suppression of memory expression induced
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by residual presence of the compound. It is also worth noting that LatA's inability to disrupt
a consolidated food reward memory indicates that the disruption of a METH-associated
memory cannot be attributed to a reduced motivation for reward. Taken together, the
findings indicate that the actin cytoskeleton supporting a METH-associated memory is
perpetually dynamic, rendering it uniquely susceptible to depolymerization during the
maintenance phase. This finding adds to a very small literature on memory maintenance
mechanisms (8, 9, 67-69) and is, to our knowledge the first evidence that memories formed
through distinct associations can be actively maintained via different molecular substrates.
But perhaps most importantly, these results suggest that the actin cytoskeleton may be a
target for the selective disruption of consolidated, maladaptive memories, such as those
associated with SUD.

The role of F-actin in the maintenance of memory

Over the past decade, a handful of studies have begun to delve into memory storage
mechanisms and there is mounting evidence that memory traces must be actively
maintained, even when not in use. For instance, in an elegant series of experiments, Tsien
and colleagues demonstrate the necessity of the NR1 subunit of the NMDA receptor for
remote fear memory storage (8). In addition, we have previously shown that ongoing DNA
methylation is required in the cortex to maintain a remote fear memory (Miller et al., 2010).
While the downstream consequences of active DNA methylation have not yet been
identified in memory maintenance, we hypothesize that this lasting epigenetic modification
enables transcription of the synaptic proteins supporting structural and functional plasticity.
A number of other studies have demonstrated that infusion of a peptide suspected of
disrupting the activity of the constitutively active protein kinase, PKMC, disrupts the
maintenance of various forms of consolidated associative memory (70). The specificity of
the reagent used to disrupt memory maintenance in the majority of those studies, ZIP, has
recently been called into question (68, 69). However, while the target responsible for ZIP's
efficacy is likely not limited to PKMC, memory maintenance studies performed to date
collectively indicate that memory traces must be actively maintained. Our current study adds
to this growing literature, though the results presented here suggest that the molecular
mechanisms maintaining previously consolidated memories can vary with the nature of the
association. In the current case, the particular US (e.g. drug vs food reward or foot shock)
appears to confer different F-actin states to the memory trace. To our knowledge, this is the
first evidence that memories formed through distinct associations can be actively maintained
via different molecular substrates.

In addition, the universal, but time-limited efficacy of actin depolymerizing agents on
various associative memories at the time of learning would seem to suggest that a general
feature of successful memory storage is stabilization of the actin cytoskeleton. Interestingly,
both METH-associated memory and fear memory are known to be long-lasting and
extinction-resistant. Yet, as demonstrated here, they are supported by different states of F-
actin, cylcing versus stable. Therefore, an extension of the current results is the inference
that a general feature of memory maintenance may not be a stabilized actin cytoskeleton, but
rather, a reliance on the simple preservation of F-actin that was polymerized at the time of
memory formation.
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Selective disruption of drug-associated memory in the maintenance phase

Myosin Il as

Presently, it is clear that memories are formed and supported through changes in the strength
of neural connections. However, because memory maintenance mechanisms are so poorly
understood, it has been unclear if they are generalized across all forms of memory, or if
certain types of memories are maintained through unique mechanisms. This latter possibility
is exciting, as it has the potential to provide a means for selective targeting of specific
memories, while leaving others intact. Indeed, our data support the latter possibility, perhaps
uncovering a strategy to selectively target a class of memories that are associated with
psychiatric disorders. Selective disruption of unwanted memories is an emerging approach
to the treatment of a variety of psychiatric disorders (19-21). Individuals suffering from
SUD or PTSD, for example, seek treatment long after the consolidation window for these
unwanted associations has closed. Given the presumed challenge of targeting a specific
memory trace during the maintenance phase, we and others have explored alternative
strategies. These approaches are primarily focused on accelerating extinction or disrupting
reconsolidation of the memory (19, 20, 45-48, 58). Indeed, recent studies have made the
promising demonstration that the interactions between extinction and reconsolidation can be
exploited to weaken underlying associations in both rodent models and patients (17, 45, 71).
A potential limitation of these strategies is the requirement of memory retrieval and, in the
case of reconsolidation manipulations, the risk of simultaneously disrupting other memaories
inadvertently retrieved during treatment. Further, the brain is strikingly adept at associating
seemingly disparate details. In the case of METH abuse, individuals report craving elicited
not only by METH paraphernalia (e.g. pipe, torch lighter), but also by the sight of cigarettes,
money and gum (72). For these reasons, it may prove difficult to target every drug
association and only drug associations in the clinic through reconsolidation and extinction
manipulations. Discovery of the unique biology governing the actin cytoskeleton's
maintenance of METH-associated memory may enable one to circumvent these challenges.

a means of targeting F-actin cycling

The concept that myosin 11 can drive a perpetual form of F-actin dynamics in neurons is well
established, as its canonical function is to drive retrograde actin flow in growth cones of
developing neurons (73). Within growth cones, myosin |1 drives the turnover of large F-
actin bundles by imparting a shearing force on them, resulting in the formation of small
actin structures that then passively depolymerize. This process replenishes the pool of free
G-actin monomers used to polymerize F-actin at the tip of the growth cone. If myosin |1
function is lost, the flow of actin stops, and the growth cone collapses. In recent studies, we
have demonstrated that synaptic myosin Il imparts a similar mechanical force that drives
spine F-actin polymerization. This reorganizes the cytoskeleton to support the stable
expression of LTP, as well as hippocampus and amygdala-dependent memory (30, 37). One
candidate mechanism through which F-actin dynamics and myosin Il processes may
uniquely regulate METH associations is withdrawal-induced dopamine or BDNF. Both are
released in the BLC following cocaine self-administration (74, 75) and are capable of
regulating functional and structural plasticity (76-78). Thus, it is possible that the actin
cytoskeleton supporting METH-associated memory initially stabilizes, but is later
reactivated upon forced abstinence from METH at the completion of training. This could
lead to dopamine or BDNF release in the amygdala and a reactivation of actin cycling,
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rendering the trace susceptible to disruption through depolymerization. While many future
studies will be required, the current data indicate that myosin Il is indeed regulating a unique

an

d complex system of F-actin dynamics in the amygdala after consolidation of a METH-

associated memory. In addition, our finding that actin depolymerization via LatA led to a

de

crease in spine density in the amygdala of METH-trained animals indicates a potential

role for myosin Il and actin-mediated dendritic spine growth and maintenance as a candidate
for supporting the memory trace.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
METH-associated memory is disrupted by actin depolymerization two days after

consolidation. (A) Schematic of experimental design for testing METH-associated memory.
(B) Intra-BLC blockade of F-actin cycling by LatA prior to Test 1 (T1) produces a persistent
disruption of METH-associated memory (Vehicle n=10, LatA n=9). (C) Intra-BLC LatA
disrupts METH-associated memory throughout the first preference test, shown in five
minute blocks. Error bars represent SEM.
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Figure 2.
Disruption of METH-associated memory does not require coincident retrieval. (A)

Schematic of experimental design for testing METH-associated memory 24 hours after LatA
infusion. (B) Intra-BLC LatA disrupts METH-associated memory 24 hrs after infusion
(Vehicle n=6, LatA n=8). Error bars represent SEM.
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Figure 3.
Disruption of memory maintenance by F-actin depolymerization is specific to METH

associations. (A) Schematic of experimental design for test of food reward memory. (B)
Intra-BLC LatA has no effect on a place preference memory for food reward (Vehicle n=7,
LatA n=5). Error bars represent SEM.
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Figure 4.
Disruption of METH-associated memory by F-actin depolymerization does not depend on

memory strength or type of learning. (A) Schematic of experimental design for LatA-
induced disruption of METH-associated memory following a strong Pavlovian training
protocol. (B) Intra-BLC LatA disrupts METH-associated memory following strong training
(Vehicle n=11, LatA n=9). (C) Schematic of experimental design for context induced
reinstatement of instrumental METH seeking. (D) Association between active lever with
METH reinforcement in Context A and subsequent extinction of active lever pressing in
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Context B. (E) Intra-BLC LatA treatment prior to Reinstatement test 1 (R1) produces a
persistent disruption of context-induced METH seeking (Vehicle n=9, LatA n=10). Error
bars represent SEM.
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Figure 5.
Disruption of METH-associated memory by F-actin depolymerization does not influence

future learning. (A) Schematic of experimental design for auditory fear conditioning
following training and subsequent disruption of METH-associated memory (see Figure 4A-
B). (B) Previous disruption of METH-associated memory by intra-BLC LatA has no effect
on subsequent auditory fear learning (see Fig. 4 legend for n's). Error bars represent SEM.

Biol Psychiatry. Author manuscript; available in PMC 2015 January 15.

2 ——

FC
Test



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

1duosnue Joyiny vd-HIN

Total Time Spent (sec) in
each Compartment

1 :
1 1 1 1 { 1
140 -
120
100 -

80 -

60

40 -

20 -

o — — —

SalCPP  SalCPP
+ Vehicle + LatA

D E -
Saline CPP  Salkine CPP METH CPP METH CPP 19 4
+ Vehicle + LatA + Vehicle + LatA

Saline CPP + Vehicle

_ 80

x70

=60 N

(4] 50 2.

2 o™

- |

o | R=-0561

a 30 | p>o.0s

O 20 -
08 12 16 2 24

Spine Density
80 METH CPP + Vehicle

¥ 70 . 4

0 >

© 60 1 s

32 50 4

a 40 l o

Q. 39 | R=0ss

O o0 L2008 —
08 12 16 2 24

Spine Density
Figure 6.

1.1 4
- 1
F

18
17
16
15
14

Spines/ 1pm

13 4

g0, SalineCPP + LatA

& JR=.038
020 o

08 12 16 2 24
Spine Density

METH CPP + Vehicle

- 80 (Single Outlier Removed)

",70 s

O 60 ‘ ®

§ 50 N

g Ik 0.951 .

o =0

O lpcoms
08 12 16 2 24

Spine Density

Page 21

LatA
B salorMETH 28
1d cPp 2d \ id
PreT Training Test Collect
c Tissue
: u Black 200 - * 8%
2:3 ] White e ! 8Cse
60 160
140

=

each Compartment
o388888

Total Time Spent (sec) in

— g —

METH CPP METH CPP
+ Vehicle + LatA

wh*  mSal CPP+Vehicle
Sal CPP+LatA
8 METH CPP+Vaehicle
#METH CPP+LatA

go . METHCPP + LatA

70 .
»

Q60 L8
2

7

a 40 4 .
Q. 30 | R=0077 *
o p> 005 ;
08 12 16 2 24
Spine Density

The spine density increase associated with METH CPP is reversed with memory disruption
by F-actin depolymerization. (A) Representative image of eGFP expression in the BLC of
Thyl-GFP(m) mice. (B) Schematic of experimental design. (C) Intra-BLC LatA disrupts
METH-associated memory in Thy1-GFP(m) mice (right panel), but has no effect on
behavior in mice trained with saline on both sides of the CPP apparatus (left panel) (n=7 per
group). (D) Representative images of BLC dendritic spines from Thy1l-GFP(m) mice after
CPP training with saline or METH, followed by intra-BLC vehicle or LatA treatment. (E)
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METH-associated memory was accompanied by an increase in BLC spine density that was
reversed by F-actin depolymerization. (F) Effect of intra-BLC LatA on correlations between
memory performance and spine density. Error bars represent SEM.
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Intra-BLC inhibition of nonmuscle myosin 11, a polymerizer of dendritic spine F-actin,
disrupts METH-associated memory. (A) Schematic of experimental design. (B) Intra-BLC
Blebb disrupts METH-associated memory (Vehicle n=9, Blebb n=10). Error bars represent
SEM.
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