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ABSTRACT
KATI L. HEALEY: The Role of NDMA Receptors in the Dorsal Hippocampus in
Cocaine-Paired Contextual Memory Reconsolidation

(Under the direction of Kathryn Reissner and Rita A. Fuchs-Lokensgard)

Relapse to drug-seeking behaviors is thought to enduring in addiction because of
the resilient association between the rewarding properties of the drug and the context in
which the drug is used. Exposure to a cocaine-paired context increases the probability of
relapse in humans and leads to cocaine-seeking behavior in rats. The theory of memory
reconsolidation postulates that memory traces, when recalled, become labile and need to
be re-stabilized into long-term memory. This process is referred to as memory
reconsolidation. If memory restabilization is disrupted, the memory can be weakened.
Previous research indicates that the dorsal hippocampus (DH) is integral for the
reconsolidation of context-drug associated memories. The DH is abundant in N-methyl-
D-aspartate (NMDA) receptors that are important for learning and memory and may play
a role in cocaine-related contextual memory reconsolidation. To test this hypothesis, rats
were trained to self-administer cocaine in a distinct environmental context followed by
extinction training in a different context. Rats were then re-exposed to the cocaine-paired
context to reactivate the cocaine-paired contextual memory and received intra-DH
administration of the NMDA receptor antagonist, D-APV, or vehicle, immediately after
this session. After two additional days of extinction training, 72 hours after intracranial

manipulation, reinstatement of cocaine-seeking behaviors was assessed in the previously



cocaine-paired context. APV administered into the DH inhibited subsequent cocaine-
seeking behavior in a memory reactivation-dependent manner. These findings indicate
that NMDA receptor stimulation in the DH is integral for the reconsolidation of

associative memories that are required for context-induced cocaine-seeking behavior.
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CHAPTER 1: INTRODUCTION

Context-induced reinstatement of drug seeking

Drug addiction is a disorder that is chronic and characterized by high rates of relapse.
Exposure to environmental stimuli that have previously been paired with a drug of abuse can
lead to drug craving (Foltin & Haney, 2000) and relapse (Everitt, Dickinson, & Robbins,
2001), indicating the importance of contextual drug cues. Because substance abuse disorders
are a growing problem, it is important to investigate new treatment options that disrupt the
cue-drug associations that lead to craving and subsequent relapse. It is theorized that, when a
memory is retrieved, it becomes labile and must be re-stabilized to return to long-term
memory. This process is referred to as memory reconsolidation (Nader, Schafe, & LeDoux,
2000a; Tronson & Taylor, 2007). If an associative memory is not reconsolidated properly,
the associations can weaken. Recent research indicates that reactivated memories undergo
processes that result in their reconsolidation into long-term memory that are distinctly
different from those involved in initial memory consolidation (Lee & Hynds, 2012; Tronson
& Taylor, 2007). Thus, understanding the unique mechanisms of drug memory
reconsolidation could lead to methods for disrupting maladaptive associations between
contextual cues and drugs of abuse (Milton & Everitt, 2010), and this could be a powerful
treatment tool for addiction.

Our laboratory has studied the mechanisms of instrumental drug memory

reconsolidation using an ABA design. In the ABA model, animals are placed in a distinct



context (A) to be trained to self-administer drug rewards over multiple sessions. After
context-response-drug associations are established, the animals are placed in another,
distinctly different context (B) where drug is not available and the instrumental behavior
learned in context A extinguishes. To assess whether the drug-associated environment
acquired motivational effects, the animals are returned to context A where context-induced
goal-seeking behavior is assessed in the absence of drug reinforcement during a
reinstatement test. Our modified version of this ABA model to study drug memory
reconsolidation includes a brief re-exposure to the drug-paired context prior to the test of
reinstatement. This brief session is designed to trigger the retrieval and reconsolidation of
context-drug memories and creates an opportunity for experimental manipulation of memory
reconsolidation.

Using the ABA model, our laboratory has shown that interference with protein
synthesis, post-translational modifications, or neuronal excitability in specific brain regions
after a brief re-exposure to the drug-paired environment subsequently attenuates
reinstatement of cocaine-context induced drug-seeking behaviors relative to vehicle (Fuchs et
al. 2009; Ramirez et al., 2009, Wells et al., 2012, 2014; Arguello et al., 2014). Importantly,
the same manipulations failed to alter drug seeking behaviors in animals that had not been re-
exposed to the drug-paired environment demonstrating that the effects were dependent on
memory retrieval. Such, memory reactivation-dependent impairments in cocaine-seeking
behavior likely reflect impairment in cocaine memory reconsolidation. This indicates that the
ABA model provides a reliable model to study the underpinnings of drug-memory

reconsolidation.



The neural circuitry of drug-memory reconsolidation

The neural circuitry of drug-memory reconsolidation is poorly understood, with most
studies thus far indicating involvement of two brain regions, the basolateral amygdala (BLA)
and DH, in this phenomenon. The BLA is integral for the reconsolidation of cue-induced
(Lee et al., 2006a; Sanchez, Quinn, Torregrossa, & Taylor, 2010) and context-induced
(Lasseter, et al., 2011; Wells et al.,, 2011) cocaine-associated memories. However, the
involvement of the dorsal hippocampus (DH) in memory reconsolidation is less well
understood. Although the DH has been found to be involved in memory reconsolidation, it
may not be the location that these memories are actually stored (Ramirez et al., 2009).
Instead, these memories are likely stored in the BLA (Fuchs et al., 2009; Wells et al., 2011).
In support of this idea, Ramirez et al. (2009) has shown that neuronal inactivation of the DH
using a sodium channel blocker disrupted, but inhibition of anisomycin (ANI)-sensitive
processes (i.e., protein synthesis and/or post-translational modification) within the DH did
not disrupt, cocaine-paired context memory reconsolidation (Ramirez et al., 2009). Given
that memory reconsolidation requires de novo protein synthesis, these findings suggest the
DH is not the site of storage for reconsolidated memories. However, the DH appears to be
integral to the restabilization of memory traces via interaction with the BLA (Wells et al.,
2011). Consistent with this, functional disconnection of the DH and BLA immediately after
cocaine-paired context memory reactivation disrupted subsequent cocaine-seeking behavior
(Wells et al., 2011). Overall, these findings indicate that the DH plays a critical, albeit poorly

understood, role in the reconsolidation of a destabilized memory trace.



N-methyl-d-aspartate receptors and memory processes

N-methyl-d-aspartate (NMDA) receptors play a central role in learning and memory
processes in the brain (Collingridge, 1987). The NMDA receptor is a ligand- and voltage-
gated ion channel (Johnson & Ascher, 1987;Mayer, Westbrook & Guthrie, 1984) composed
of four subunits; two GIuN1 subunits and one or two GIuN2 subunits GIUN2A-D (Furukawa
et al., 2005). The DH is very rich in NMDA receptors (Olverman, Jones and Wakins, 1984),
specifically those that contain the GIuN2 subunits GIuUN2A or GIuN2B (Monyer et al., 1994).

A number of studies have implicated NMDA receptors in Pavlovian memory
reconsolidation in various brain regions (Alaghband et al., 2014; Liddie & lItzhak, 2014; Chia
& Otto, 2013; Alaghband et al., 2013; Wu et al., 2011) and in instrumental memory
reconsolidation, such as food-reward memory (Garcia-Delatorre et al., 2014; Lee and Everitt,
2008), odor-reward memory (Rorras-Garcia et al., 2005), and drug-reward memory (Tedesco
et al., 2014; Milton et al., 2008; Sadler et al., 2007).

The role of NMDARs in the DH in Pavlovian memory reconsolidation is well
documented. A study by Lee et al. (2012) showed that NMDA receptor antagonism using
(2R)-amino-5-phoshonovaleric acid (APV), in the DH disrupted Pavlovian fear memory
reconsolidation. In this study, APV was injected into the DH of rats prior to re-exposure to a
previously shock-paired context. Twenty-four hours after memory reactivation, freezing
behavior was assessed in the shock-associated context. Animals that had been treated with
APV exhibited reduced freezing response to the context compared to control groups,
including those that received APV without fear memory reactivation. This is strong evidence

for NMDA receptor involvement in aversive memory reconsolidation in the DH; however,



the role of NMDA receptors in appetitive instrumental memory reconsolidation in the DH
has not been assessed.

Further support for the role of NMDA receptors in memory reconsolidation comes
from studies that provide evidence that downstream elements of NDMA receptor-mediated
signaling pathways are involved in context-drug memory reconsolidation in the DH.
Specifically, recent studies implicated the role of the IkB kinase (IKK) pathway in aversive
memory reconsolidation (Lee & Hynd, 2013; Boccia et al., 2007). Consistent with this, IKK
inhibition in the DH disrupted a fear memory reconsolidation (Lee & Hynd, 2013) and IKK
or nuclear factor kB (a downstream effector of IKK) inhibition disrupted the reconsolidation
of an inhibitory avoidance task (Boccia et al., 2007). Furthermore, systemic NMDA receptor
antagonism, systemic NMDA receptor subunit GIUN2B inhibition, and systemic inhibition of
downstream signaling pathways of the NMDA receptor neuronal nitric oxide synthase
(nNOS) and mitogen-activating extracellular kinase attenuated cocaine-associated CPP
memory (Liddie and Itzhak, 2014). These findings point to the possibility that DH NMDA
receptors and their downstream targets may be involved in appetitive instrumental memory

reconsolidation as well.

Hypotheses and predictions

The experiments in this master’s thesis examined the involvement of NMDA
receptors in the DH in cocaine-memory reactivation. To this end, NMDA receptor antagonist
was administered into the DH following cocaine-memory reactivation or no memory
reactivation, and the effects of this manipulation were assessed on subsequent cocaine-paired

context-induced reinstatement of cocaine seeking behavior. We predicted that NMDA



antagonism in the DH would impair subsequent cocaine-seeking behavior in a memory
reactivation-dependent manner. The effects of NMDA antagonism in an anatomical control
region, the somatosensory cortex (SSTR), were also assessed to examine whether the effects
of the NMDA antagonist were due to diffusion away from the DH in the most likely, dorsal
direction. We predicted that if NMDA receptor stimulation in the DH is necessary for the
reconsolidation of context-response-cocaine memories then NMDA antagonism following
cocaine memory reactivation (thus destabilization) would impair subsequent cocaine-paired
context-induced reinstatement of cocaine seeking behavior, consistent with impairment in the
memory trace. Conversely, we predicted that the same manipulation would be without effect
in the absence of memory reactivation or if the NMDA antagonist was infused into the

SSTR.



CHAPTER 2: METHODS AND MATERIALS

Subjects

Male Sprague-Dawley rats (Harlan: 200-250 grams) were single-housed in a vivarium
under reversed 12-hr light/dark cycle (lights off at 7pm). Rats were habituated to the
vivarium for 5 days. Rats were fed ad libitum, kept under temperature controlled conditions
(68-70°), and had unlimited access to water throughout the experiment. After the habituation
period, rats were placed on a diet of 20g of rat chow per day for the remainder of the study.
The housing and treatment of animals followed the “Guide for the Care and Use of
Laboratory Rats” (Institute of Laboratory Animal Resources on Life Sciences, National
Research Council, 1996) and were approved by the University of North Carolina Institutional

Animal Care and Use Committee.

Food Training

Rats were first trained to lever press under an FR1 schedule of food reinforcement (45
mg pellets; Purina, Richmond, IN) to expedite the subsequent acquisition of cocaine self-
administration. Twenty-four hours prior to food training, the rats were food restricted (89).
Operant chambers (26 x 27 x27 cm high; Coulbourn Instruments, Allentown, PA) were
equipped with two retractable levers and a food pellet dispenser. During the food training
session, each lever press on the right lever (active lever) resulted in the delivery of one grain-

based food pellet into the food hopper. Lever presses on the left lever (inactive) had no



programmed consequences. Food training sessions were at least 16 hours overnight, until rats

met a criterion of 100 presses on the active lever per session.

Surgery

Prior to surgery, rats were anesthetized with ketamine hydrochloride and xylazine
(66.6 mg/kg and 1.33 mg/kg, intraperitoneal, i.p, respectively). Chronic indwelling catheters
were made in house and implanted into the right jugular vein for the administration of
intravenous (V) cocaine, as described previously (Fuchs et al., 2006). The catheter ran
subcutaneously and exited the back between the shoulder blades where it was capped by
sealed Tygon tubing and a protective screw cap (PlasticsOne). After catheter surgery, the rats
were placed into a stereotaxic instrument (Stoelting, Wood Dale, IL) and 26-gauge stainless
steel guide cannulae (Plastics One) were aimed bilaterally at the DH (angled by 15° laterally;
-3.4 mm AP, £3.1 mm ML, -2.15 mm DV, relative to bregma) or the anatomical control
region, the trunk region of the somatosensory cortex (SSTR; angles by 15° laterally; -3.4
mm AP, £3.1 mm ML, -0.8 mm DV, relative to bregma). Guide cannulae were sealed with
screw caps (PlasticsOne) to prevent occlusion and infection.

Rats were given at least 5 days of post-operative recovery before the start of the
experiment. Catheters were flushed daily during recovery with an antibiotic solution of
cefazolin (0.1 mL, 10.0 mg/mL cefazolin; Schein Pharmaceuticals) dissolved in heparinized
saline (70 U/mL; Baxter Health Care Corp.) followed by heparinized saline (0.1 mL; 70
U/mL) to extend catheter patency and prevent infection. During self-administration training,
catheters were flushed before the session with heparinized saline (0.1 mL; 10U/mL) and after

the session with the cefezolin solution (0.1 mL; 10.0 mg/mL) followed by 0.1 mL of



heparinized saline (70 U/mL). Tests of catheter patency was performed periodically with
propofol (1 mg/0.1 mL, i.v.), a short acting barbiturate that causes a rapid loss of muscle tone

when administered intravenously.

Cocaine self-administration

Cocaine self-administration training was conducted in standard operant-conditioning
chambers (Med Associates Inc.) set up to form two distinct contexts. Context A contained a
continuous red house light on the wall across from the levers, intermittent pure tone (80 dB,
1kHZ; 2s on, 2s off), pine scent, a wire mesh floor (26 cm x 27 cm), and a stimulus light
above the inactive lever (5s on). Context B contained an intermittent white stimulus light
above the inactive lever (2s on, 4s off), a continuous pure tone (75 dB, 2.5 kHz, vanilla scent,
a bar floor, a slanted ceramic tile wall (19 cm x 27 cm). These stimuli were not presented
during food training.

Rats were randomly assigned to a context and allowed to lever press for cocaine
reinforcement. Active lever presses resulted in cocaine infusions (cocaine hydrochloride;
0.15 mg/0.05 mL per infusion, i.v.; NIDA) under a fixed ratio 1 (FR1) reinforcement
schedule with a 20s time out after each infusion. Inactive lever presses had no programmed
consequences but they were recorded to provide an index of inadvertent. Rats were trained to
self-administer cocaine in the cocaine-paired context until they reached the acquisition
criterion (a total of 10 days with greater than 10 infusions per session). Assignment to
treatment groups was balanced based on average active lever responding and cocaine intake

during the last three days of training.



Extinction training

Rats received seven daily 2-h extinction training sessions in a distinctly different
context than the self-administration training context. During the extinction sessions, active
and inactive lever presses were recorded but did not have any programmed consequences.
After the fourth extinction session, rats were adapted to the intracranial microinfusion
procedure. To do so, stainless steel injection cannulae were inserted into the guide cannulae.
The injection cannulae extended 1mm below the tip of the guide cannulae. The rats were held

by the experimenter for 4 minutes; however, no fluid was infused.

Experiment la. Effects of NMDA antagonism in the DH following cocaine memory
reactivation

Experiment 1a examined whether intra-DH administration of the NMDA receptor antagonist,
APV, following cocaine memory reactivation would impair context-response-cocaine
memory reconsolidation. On the day after extinction training, animals were placed in the
previously cocaine-paired context for a 15 minute memory reactivation session to initiate
destabilization and memory reconsolidation (Fuchs et al. 2009). During the session, the
levers were extended and responses were recorded; however, lever presses had no

programmed consequences.

Intracranial microinfusion and additional extinction training
Rats received bilateral microinfusions of either the NMDA receptor antagonist, APV
(2.5ug/0.5uL per hemisphere), or vehicle (VEH; phosphate-buffered saline;

0.5uL/hemisphere) into the DH or SSTR. This dose of APV was selected because it had been

10



shown to disrupts the expression of drug context-induced reinstatement of cocaine-seeking
behavior after infusion into the DH (Xie et al., 2013). Following the infusion, rats received
additional daily 2-h extinction training sessions in the extinction context until they reached
the extinction criterion (a minimum of two consecutive days with < 25 active lever responses

per session).

Test of drug context-induced cocaine-seeking behavior

Twenty-four hours after the extinction criterion was reached, rats received a 1-h test
session. During the test session, lever responses were assessed in the previously cocaine-
paired context without cocaine reinforcement. Active and inactive levers were recorded but
had no programmed consequences. Reinstatement was defined as a significant increase in
active lever responding in the cocaine-paired context on the test day relative to responding

during the first hour of the last extinction session in the extinction context.

Experiment 1b. Effects of NMDA antagonism in the DH following cocaine memory
reactivation

Experiment 1b explored whether the effects of intra-DH NMDAR antagonism were
memory reactivation dependent, as memory reconsolidation is theorized to be dependent on
memory destabilization (Lewis, 1979; Nader et al., 2000b). Experimental procedures were
identical to those in Experiment 1a except that instead of placing animals into their cocaine-
paired context for memory reactivation, animals were placed in a novel-unpaired context
(context C) that distinctly differed from contexts A and B. Context C contained a continuous

white house light on the wall opposite the active lever, continuous white stimulus lights

11



above both the active and inactive levers, a continuous complex tone (80) d B; alternating
between 1, 1.5 and 2.5 kHz at 1 s intervals), citrus-scented air freshener strip (4.5 x 2 cm,

Locasmarts LLC., Ormond Beach, FL), and a ceramic tile floor (26 cm x 27 cm).

Experiment 1c. Effects of NMDA antagonism in the SSTR following cocaine memory
reactivation

Experiment 1c investigated whether the effects of NMDAR antagonism observed in
Experiment 1a were dependent on the DH. Experimental procedures were identical to those
in Experiment 1a except that the guide cannulae were directed at the SSTR. The SSTR is the
brain region most likely to receive off target effects of APV, due to possible diffusion of the

drug from the DH dorsally, along the cannula shaft.

Experiment 2. Effects of NMDA antagonism in the DH on locomotor activity

Intracranial manipulations can have an effect on instrumental cocaine-seeking due to
a general effect on motor activity. To assess this, animals were microinjected with either
VEH or APV into the DH. Seventy-two hours later (to match the treatment to testing interval
in Experiment 1), the rats were placed in a novel Plexiglas chamber (42 x 20 x20 cm high)
where locomotor activity was assessed for 2h. Locomotor activity was evaluated by a
computerized activity system (San Diego Instruments, San Diego, CA) monitoring
photobeam break, as described previously (Fuchs et al., 2007). Five animals received both
APV and VEH treatment in a counter balanced design, with at least 3 days between
locomotor test and the second microinjection. 9 additional animals only received one test of

locomotion.

12



Data analysis

Two-way analyses of variance (ANOVA) were conducted to assess possible pre-
existing group differences in cocaine intake as well as active and inactive lever responding
during cocaine self-administration training. T-tests were conducted to examine possible pre-
existing group effects in active and inactive lever responding during the 15-minute memory
reactivation/no-reactivation session. Mixed-factorial ANOVAs were conducted to examine
the effects of post-reactivation manipulations on (a) active and (b) inactive lever responses
on the test day in the cocaine-paired context and during the last extinction session in the
extinction context and on (c) locomotor activity counts across time. In these ANOVAs,
treatment (VEH/APV) was included as a between subjects factor; context (cocaine-paired,
extinction) and time (20-minute intervals) were included as a within-subjects factors when
appropriate. Significant main and interaction effects were further analyzed using Tukey’s

test. Alpha was set at 0.05.

13



CHAPTER 3: RESULTS
Histology
Schematics illustrating cannula placements are included in Fig. 1. The target brain
regions were defined as the dorsal hippocampus (DH) and the somatosensory cortex trunk
region (SSTR). Only data from rats with the correct placements were included in the
statistical analyses. The resulting Ns per group for vehicle (VEH) and drug-treated (APV)
groups were as follows, experiment 1a and 2 — VEH (n = 7), APV (n = 10), experiment 1b —

VEH (n =10), APV (n = 10), and experiment 1c — VEH (n = 4) and APV (n = 3).

Behavioral history

There were no pre-existing differences between the groups that subsequently received
APV or VEH into the DH or SSTR in cocaine intake, active lever responding or inactive
lever responding during cocaine self-administration training (day 8-10), active lever
responding during extinction training (day 5-7), or extinction latency (see results for each
experiment below and descriptive statistics in Table 1). Active lever responding during
reactivation did not correlate with active lever responding during reinstatement for groups
that received VEH (r=-0.19, p=0.41) or APV (r= 0.34, p=0.15) after the memory reactivation

session, suggesting that it did not result in behavioral extinction.

14



NMDAR antagonism in the DH following cocaine memory reactivation blocks subsequent
drug context-induced cocaine-seeking behavior

There was no pre-existing difference between the subsequent APV- and VEH-treated
groups in active or inactive lever responding during cocaine self-administration training (day
X treatment interaction, F(9,1355=0.58-0.89, p=0.54-0.89; treatment main effect, F,15=0.15-
2.75, p=0.12-0.70; day main effect, F(9,135=1.58-1.64, p=0.11-0.15). Cocaine intake
gradually increased across time (day main effect, F9.135=5.41, p<0.001), but there was no
difference between the groups in cocaine intake (day x treatment interaction or main effect of
treatment (F(1-9,15-1355=0.19-1.57, p=0.13-0.89; Fig. 2C). Responding gradually declined when
reinforcement was removed during extinction training (day main effects, F(6,90)=7.46-
11.041, p<0.05, Tukey’s test, Day 1> Day 2-7, p<0.05), but there was no pre-existing
difference between the groups in active or inactive lever responding during extinction
training (treatment by day interaction, F,00=0.183-1.825, p=0.103-0.981; treatment main
effects, F1,15= 1.11-4.16, p=0.06-0.31; Fig. 2A-B). Finally, there was no pre-existing
difference between VEH/APV-treated groups in active lever responding during the 15-min
cocaine memory reactivation session (t15=-0.182, p=0.86; Fig. 2B).

APV administration into the DH following the cocaine-memory reactivation session
altered subsequent drug context-dependent cocaine-seeking behavior (ANOVA context x
treatment interaction, F(1,15=16.73, p<0.001; treatment main effect, F(1,15=4.09, p=0.06;
context main effect, F(1,15=39.18, p<0.001; Fig. 2D). The group that received VEH injection
into the DH following cocaine memory reactivation showed enhanced active lever
responding in the cocaine-paired context compared to responding in the extinction context

(Tukey’s test, p<0.05). The APV-treated group responded less than the VEH-treated group in

15



the cocaine-paired context (Tukey’s test, p<0.05), but not in the extinction context.
Furthermore, the APV-treated group failed to show increased active lever responding in the
cocaine-paired context relative to the extinction context (Tukey’s test, p>0.05). There was
not difference between the groups in inactive lever responding in either context (all treatment

and context main effects and interaction, F(,15=2.55-3.84, p=0.07-0.13; Fig. 2E).

NMDAR antagonism in the DH in the absence of cocaine memory reactivation fails to
alter subsequent drug context-induced cocaine-seeking behavior

As in Experiment 1a, active and inactive lever responding was stabile during cocaine
self-administration training (day main effect, F(19,235=0.87-1.44, p=0.18-0.56), while active
and inactive lever responding decreased when drug reinforcement was removed during
extinction training (active lever main effect of day: F,00)=5.64-8.42, p<0.01-0.001, Tukey’s
test, Extinction Day 1> Day2-7, p<0.05; Fig. 3B). Importantly, there was no pre-existing
difference between the treatment groups that later received APV or VEH in active lever
responding during cocaine self-administration training or extinction training (day x treatment
interaction, F-9,90-1355=1.00-1.16, p=0.334-1.00; treatment main effect, F1,15=0.006-0.39,
p=0.54-0.94). Similarly there was no difference between the groups in cocaine intake (day x
treatment interaction and main effect of treatment, F1-9,15.135=0.59-0.98, p=0.20-0.46).
Lastly, there was no difference in responding between the groups during the 15-minute
reactivation session (tqs=-1.37, p=0.19).

Unlike in Experiment 1a, APV administration into the DH following exposure to a
novel, unpaired context failed to alter subsequent cocaine seeking in a context-dependent

manner (Fig. 3D). Active lever responding in both groups increased in the cocaine-paired

16



context at test relative to responding in the extinction context (ANOVA context main effect
F,15=17.23, p<0.001; Fig. 3D). However, the groups did not differ in active lever
responding in either context (treatment x context interaction, F1,15=0.70, p=0.416; treatment
main effect, F(1,15=1.47, p=0.161). Inactive lever increased upon exposure to the cocaine-
paired context relative to the extinction context ( context main effect, F(,15=7.03, p<0.02),
but the groups did not differ in inactive lever responding in either context (treatment x

context interaction and treatment main effect, (F(,15=0.71-1.47, p=0.24-0.71; Fig. 3E).

NMDAR antagonism in the SSTR following cocaine memory reactivation fails to alter
subsequent drug context-induced cocaine-seeking behavior

As in Experiments 1a and 1b, there was no pre-existing difference between the groups
that later received APV or VEH into the SSTR in active or inactive lever responding during
cocaine self-administration training (day x treatment, F45) =1.21-1.79, p=0.10-0.31;
treatment main effect F(1,5=0.20-1.15, p=0.33-0.68; day main effect, F(9,45=0.98-0.46,
p=0.47-0.90; Fig. 4B). Similarly, there was no difference between the groups in cocaine
intake (treatment x day interaction and main effects, F(1-95.45=0.09-1.57, p=0.16-.77; Fig.
4C). Active lever responding declined when drug reinforcement was removed (day main
effect, F,30=3.29, p<0.02; Fig. 4B); however, there was no difference between the groups in
active lever responding during extinction training (treatment x day interaction and treatment
main effect, F(1.6,5-30=0.96-2.27, p=0.19-0.47; Fig. 4B). Furthermore, inactive lever
responding did not change and there was no pre-existing group difference in inactive lever

responding during extinction training (treatment x day interaction and main effects, Fo1-65-
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30)=0,19-1.76, p=0.14-0.68, Fig. 4B). There was no difference in responding during the 15
minute reactivation session between VEH/APV-treated animals (t=2.03, p=0.10).

Unlike in Experiment 1a, APV administration into the SSTR following re-exposure to
the cocaine-paired context failed to alter subsequent context-dependent cocaine seeking at
test (Fig. 4D). Exposure to the cocaine-paired context failed to increase active or inactive
lever responding in either group relative to responding in the extinction context (context
main effect (F(1,5=2.04-3.79, p=0.11-0.21; Fig. 4D-E). Furthermore, there was no difference
between the groups in responding on the active or inactive lever in either context (treatment
X context interaction, F(1,5=0.44-5.04, p=0.08-0.54; treatment main effects, F5=0.02-0.98,

p=0.77-0.89; Fig. 4D-E).

NMDA antagonism did not have a protracted effect on motor activity

General motor activity was assessed 72 hours after infusion with either VEH or APV
into the DH of a subset of rats (VEH, n =9, APV, n = 10). Locomotor activity decreased as
the animals habituated to the chamber (time main effect, Fs,85=80.41, p<0.001, Tukey’s test
Interval 1>Interval 2-6; Fig. 5C). However, there was no difference in locomotor activity
between the treatment groups (treatment x time interaction, Fg5=1.17, p=0.33; treatment

main effect, F(1,17=0.21, p=0.65).
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CHAPTER 4: DISCUSSION

Results from this study indicate that NMDA receptor antagonism in the DH following
contextual cocaine-memory reactivation attenuates subsequent cocaine-seeking behavior
compared to VEH. This is consistent with the established importance of the DH in memory
reconsolidation, and expands on the current literature by demonstrating that the NMDA
receptor in the DH is an integral component of the signaling mechanisms of memory
reconsolidation in a memory reactivation dependent manner.

An important aspect of these findings is that NMDA receptor-dependent
reconsolidation in the DH is memory reactivation-dependent. Specifically, APV infusion
immediately after re-exposure to the cocaine-paired context resulted in impaired
reinstatement behavior, consistent with a weakened context-response-cocaine memory trace.
In contrast, APV infusion immediately after exposure to a novel, unpaired context failed to
alter reinstatement behavior in the cocaine-paired context. This indicates that
pharmacological antagonism of NMDA receptors during memory reconsolidation does not
cause a general amnesic effect. Instead, it only affects the reactivated target memory, the
cocaine-paired contextual memory trace. Notably, the present study utilized a single dose of
the NMDA antagonist. Linear dose-effect curves and the absence of off-target effects cannot
be ruled out. Thus, it will important to examine the effects of a range of APV doses and those
of multiple NMDAR antagonist with differing off-target effects to more fully understand the

role of NMDAR in cocaine memory reconsolidation.
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In the anatomical control experiment, APV was infused into the SSTR directly after
re-exposure to the cocaine-paired context. This manipulation failed to attenuate subsequent
cocaine-seeking behavior, suggesting that impairment in cocaine seeking in the group that
received APV into the DH following cocaine memory reactivation was not due to APV
diffusion dorsally. However, the sample sizes were small in the anatomical control
experiment, which limits confidence in these findings. Furthermore, reinstatement
responding was overall very low (i.e., below the extinction criterion) and may have precluded
the observation of attenuation in reinstatement due to a floor effect. Weak responding was in
part due to a bacterial infection that affected the colony. Overtly sick animals were
eliminated from the study, but the abnormally low reinstatement responding suggests that
some of the remaining animals were also sick.

The disruption in operant drug-reward memory reconsolidation shown in this study
expands upon previous literature indicating that NMDA receptors are an important
component of signaling pathways responsible for Pavlovian fear and drug-reward memory
reconsolidation (Garcia-Delatorre et al., 2014; Liddie & Izthak, 2014; Alaghband et al.,
2011; Wu et al., 2011; Milton, 2008). Further, these results establish that NMDA receptor
activation within the DH specifically is important for operant drug-reward memory
reconsolidation, corroborating results from previous studies on Pavlovian fear and drug-
reward memory reconsolidation (Lee & Hynd, 2012).

The results of this study provide evidence for the involvement of NMDA receptors in
memory reconsolidation without the confounding contribution of retrieval or destabilization
processes because APV was administered directly after memory reactivation session when

memory reconsolidation is postulated to occur (Tronson and Taylor, 2006). Conversely, in
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past memory reactivation studies, manipulations were administered prior to the memory
reactivation session (Lee & Hynd, 2013; Hellemans, Everitt & Lee, 2006; Lee, Milton &
Everitt, 2006). While in those studies it is unclear whether the manipulation affected memory
retrieval, destabilization, or reconsolidation, the effects were ascribed to impairment in
memory reconsolidation. For example, it has been shown that pharmacological NMDAR
blockade in the DH has to be applied prior to (but not after) retrieval in order to disrupt fear
memories (Lee & Hynd, 2013). Similarly, NMDAR antagonism in the nucleus accumbens
has to be induced before memory retrieval (but not after) in order to block subsequent
morphine conditioned place preference (Wu et al., 2012). These results are not consistent
with an NMDA antagonist-induced impairment in memory reconsolidation per se. Thus, it
appears that the contribution of NMDA receptors to memory reconsolidation depends on
memory type and brain region.

Future studies will need to assess the possible contributions of NMDA receptors in
the DH to memory retrieval or destabilization. Some evidence has suggested that these
contributions are NMDA receptor subunit specific at least in the BLA. Consistent with this, a
recent study has shown that selective antagonism of GIUN2A- and GIuN2B- containing
NMDA receptors disrupts memory reconsolidation and memory destabilization, respectively
(Milton et al., 2013). Administration of a GIuN2A-preferring NMDA antagonist prior to
auditory fear cue re-exposure attenuated auditory fear memory 24 hours later without having
an acute effect on auditory freezing behavior during the memory reactivation session.
Conversely, intra-BLA injection of GluN2B-preferring antagonist prior to memory
reactivation failed to have an acute effect on retrieval or on subsequent responding 24 hours

later. However, remarkably, GIuN2B antagonism administered prior to memory reactivation
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prevented anisomycin-induced impairment in memory reconsolidation. These findings
suggested that GIUN2B subunit containing NMDA receptors play a role in the destabilization
of fear memories in the BLA during after memory retrieval. Similar differences in the
contribution of GIUN2A- and GIuN2B —containing NMDA receptors in the DH may also be
present, but this remains an empirical question given that the DH is distinctly different in
many respects from the BLA (Ramirez et al., 2009).

The present study leads to questions about downstream mechanisms by which DH
NMDA receptors regulate contextual memory reconsolidation. A potential downstream target
of NMDA receptors in the hippocampus is the IkB kinase (IKK-NF-«kB) pathway, one of two
major kinase cascades associated with the NMDA receptor, the other being the MEK-ERK
cascade. There is evidence that receptors containing GIuN2A-containing NMDARs and
GIluN2B-containing NMDARs have different downstream signaling mechanisms (Chen et
al., 2007) and this leads to the possibility of specific NMDA receptor subtypes having
distinct contributions to memory reconsolidation. A recent study by Lee & Hynd (2013)
found that the IKK pathway but not the MEK-ERK pathway was involved in the
reconsolidation of a conditioned fear memory in the DH. The contribution of the IKK
pathway in the DH extends to other forms of aversive memory reconsolidation, as another
study has demonstrated that IKK and nuclear factor-kB inhibition in the DH similarly
disrupted the reconsolidation of inhibitory avoidance memory (Boccia et al., 2007).
However, it remains to be investigated whether appetitive memory reconsolidation in the DH
is mediated by the IKK pathway.

Previous research in this lab has implicated MEK-ERK pathway in the BLA in the

reconsolidation of instrumental cocaine-context memories (Wells et al, 2011), and systemic
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studies have also implicated ERK in memory reconsolidation of both Pavlovian CPP memory
(Liddie & ltzhak, 2014; Valjent et al., 2006) and hippocampal recognition memory (Kelly,
Laroceh & Davis, 2003). GIuN2B subunit containing NMDA receptors are linked to the
MEK-ERK pathway (Krapivinsky et al., 2003), and systemic GIuN2B subunit antagonism
disrupted cocaine CPP memory reconsolidation (Liddie & Itzhak, 2014). However, the
contribution of the MEK-ERK pathway to memory reconsolidation may be limited to the
BLA, as intra-hippocampal MEK inhibitor UO126 did not attenuate fear response in a fear
conditioning memory reconsolidation experiment (Lee & Hynds, 2013). Thus, future studies
will need to determine whether the MEK/ERK signaling pathway in the DH plays a role in
appetitive instrumental contextual memory reconsolidation.

In conclusion, NMDA receptors in the DH are integral for the reconsolidation of
cocaine-paired contextual memories after these are destabilized upon retrieval. The cellular
mechanism involved in this phenomenon will be an area of future research. These studies, as
well as those that explore the potential contribution of the DH to memory retrieval and
destabilization, may generate information that is relevant for the therapeutic management of

maladaptive memories that promote drug relapse.
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Table 1. Cocaine intake (mean mg/kg per session £ SEM), active lever responses (mean = SEM), and extinction latency (mean
number of days needed to reach the extinction criterion £ SEM). Active lever responses are reported for cocaine self-
administration training (mean of last 3 days of training), extinction training (the first and last day of training), and for the 15-
minute memory reactivation session. The extinction criterion was <25 active lever responses on two consecutive extinction
training
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Memory Reactivation = No Memory Reactivation = Memory Reactivation
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@® 0.5 mg/ml APV

Locomotor

@® Cannual Placement

Figure 1. Schematics depicting cannula placement into the dorsal hippocampus (DH) and
somatosensory cortex trunk region (SSTR). A. Cannula placements for Experiment 1a-c. The
symbols denote the most ventral point of the injection cannulae tracks for rats that received
bilateral microinfusions of vehicle (VEH; open circles) or (2R)-amino-5-phoshonovaleric
acid (APV; closed circles). B. Cannula placements for Experiment 2. The symbols denote the
most ventral portion of the cannulae tracts for rats that received bilateral microinfusions of
VEH or APV. Numbers indicate the distance from bregma in mm, as specified in the rat
brain atlas of Paxinos and Watson (1997).
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Figure 2. NMDA receptor antagonism following memory retrieval of a context-drug
associative memory alters subsequent cocaine seeking behaviors. A. Schematic depicting
timeline for experiment 1a. Abbreviations: self-administration training (SA), extinction
training (Ext), preciously cocaine-paired context (COC CTX). B. Mean (+ SEM) lever
responses (active and inactive) over SA, Ext and reactivation sessions. C. Mean (x SEM)
cocaine (mg) intake across sessions. D. Mean (£ SEM) active lever responses during SA
(mean of last 3 sessions of training) and during tests of cocaine seeking behavior in the
extinction context (last day before test in the cocaine-paired context) and test of cocaine
seeking in the cocaine context (COC-paired). E. Mean (x SEM) inactive lever presses.
Asterisks represent significant difference relative to responding in the extinction context
(ANOVA context simple main effect, p < 0.05). Dagger represents significant difference
relative to VEH treatment (ANOVA treatment simple main effect, p < 0.05). Pound sign

26



represents significant difference relative to all other time intervals (ANOVA time simple
main effects, p < 0.05).

27



Ext
7d 15 min o d* > 2 hr
A
B
2 2001 D 100
o -5 VEH Active VEH
% 150 -& APV Active BA APV
S =A~ VEH Inactive B0
Z', -4~ APV Inactive
2 1004
O ("]
g :
o 5043 TR . @ 601 l
% p : o —L
1 e g o *
-g 0 'A S WO A - = a . E
< 12345678910 1234567 1 2 o] l
k { | { H & =
Self-Administration  Extinction Novel Ctx 32
15 min
20
¢ 197 -©- VEH e
od-E, =i
8 -- APV SA COC Ctx
? Test Context 1hr
- 6+ E
2
(1]
] * $ 201
o °
2- 2 T
C L] L] L] L] LJ L) LJ L} L] LJ
12 3 4 5 6 7 8 9 10 SA EXT COC Ctx
Sessions Test Context 1hr

Figure 3. NMDA receptor antagonism in the DH is dependent on the memory retrieval of the
cocaine-context associated memory. A. Schematic depicting timeline for experiment 1a.
Abbreviations: self-administration training (SA), extinction training (Ext), preciously
cocaine-paired context (COC CTX). B. Mean (= SEM) lever responses (active and inactive)
over SA, Ext and reactivation sessions C. Mean (x SEM) cocaine (mg) intake across session.
D. Mean (£ SEM) active lever responses during SA (mean of last 3 sessions of training) and
during tests of cocaine seeking behavior in the extinction context (last day before test in the
cocaine-paired context) and test of cocaine seeking in the cocaine context (COC-paired). E.
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Mean (x SEM) inactive lever presses. Asterisks represent significant difference relative to
responding in the extinction context (ANOVA context simple main effect, p < 0.05).
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Figure 4. NMDA receptor antagonism in the SSTR directly after cocaine-context associated memory retrieval
did not alter subsequent cocaine seeking behaviors. A. Schematic depicting timeline for experiment 1a.
Abbreviations: self-administration training (SA), extinction training (Ext), preciously cocaine-paired context
(COC CTX). B. Mean (+ SEM) lever responses (active and inactive) over SA, Ext and reactivation sessions C.
Mean (+ SEM) cocaine (mg) intake across session. D. Mean (£ SEM) active lever responses during SA (mean
of last 3 sessions of training) and during tests of cocaine seeking behavior in the extinction context (last day
before test in the cocaine-paired context) and test of cocaine seeking in the cocaine context (COC-paired). E.
Mean (= SEM) inactive lever presses. Asterisks represent significant difference relative to responding in the
extinction context (ANOVA context simple main effect, p < 0.05).
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Figure 5. NMDA receptor blockade in the dorsal hippocampus does not alter general motor activity relative to
control animals. A. Schematic depicting Experiment 2. 5 Animals received intra-DH infusions of VEH and
APV in a counterbalanced order. An additional 9 animals received either VEH or APV, and only one test of
locomotion. Animals were injected with either VEH or APV and returned to their home cage for 72 hours and
then given a test of locomotion. There was no significant difference in the groups on locomotor activity
determined by photo beam breaks (Nven=9, Napv=10). There was a significant main effect by time
(F(1,17)=471.94, p<0.0001, Tukey’s test Interval 1>Interval 2-6), the first 20-minute interval was greater than
intervals 2-6. Dagger represents significant difference relative to all other time intervals (ANOVA time simple
main effects, p < 0.05).
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