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Abstract

The context preexposure facilitation effect (CPFE) is a contextual fear conditioning paradigm in 

which learning about the context, acquiring the context-shock association, and retrieving/

expressing contextual fear are temporally dissociated. The current study investigated the 

involvement of NMDA receptors in contextual fear acquisition, retention, and expression across 

all phases of the CPFE in adolescent rats. In Experiment 1 systemic injections of 0.1 mg/kg 

MK-801, a non-competitive NMDA receptor antagonist, given before multiple context 

preexposure disrupted the acquisition of a context representation. In Experiment 2, pre-training 

MK-801 disrupted both immediate acquisition of contextual fear measured by postshock freezing, 

as well as retention test freezing 24 hours later. Experiment 3 showed that expression of 

contextual fear via a 24hr retention freezing test does not depend on NMDA receptors, indicating 

that MK-801 disrupts learning rather than performance of freezing behavior. In Experiment 4, 

consolidation of contextual information was partially disrupted by post-preexposure MK-801 

whereas consolidation of contextual fear was not disrupted by post-training MK-801. Finally, 

Experiment 5 employed a dose-response design and found that a pre-training dose of 0.1 mg/kg 

MK-801 disrupted both postshock and retention test freezing while lower pre-training doses of 

MK-801 (0.025 or 0.05 mg/kg) only disrupted retention freezing. This is the first study to 

distinguish the role of NMDA receptors in acquisition (post-shock freezing), retention, expression, 

and consolidation of context vs. context-shock learning using the CPFE paradigm in adolescent 

rats. The findings provide a foundation for similar developmental studies examining these effects 

from early ontogeny through adulthood.
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1. Introduction

Pavlovian fear conditioning, particularly contextual fear conditioning, has become a topic of 

immense interest in the neurobiology and ontogeny of learning [1–9]. During a standard 

contextual fear conditioning procedure, rats are placed into a chamber and given a delay 

period to explore the context before experiencing a brief foot-shock. The rats can then be 

probed for contextual fear learning in a postshock freezing test immediately after the shock 

or in a retention test after a delay period, displaying a species-typical freezing response after 

acquiring the context-shock association [10, 11]. Because learning of the context and the 

context-shock association occurs in the same session, it is difficult to distinguish the 

contributions of different processes and neural circuits to learning and memory. For 

example, contextual fear learning in this procedure can be supported by a dominant 

hippocampal system in which the features of a context are bound into a conjunctive 

representation, or by a system that does not depend on the hippocampus and selectively 

attends to individual features of the context [4, 12, 13]. A variant of contextual fear 

conditioning called the context preexposure facilitation effect (CPFE) cannot be learned 

based on individual features of the context [13]. The CPFE temporally separates learning 

about the context, acquiring the context-shock association, and expressing contextual fear 

into three distinct phases [12]. Our lab is using this paradigm to examine the ontogeny and 

neurobiology of contextual fear learning. We have shown that the CPFE emerges between 

postnatal day (PD) 17 and 24 in the rat [14], at which point it depends on hippocampal 

NMDA receptors and on conjunctive-rather than feature-based context representations in 

developing rats [15]. We have also shown that the CPFE engages plasticity and drives 

immediate early gene expression in the hippocampus, amygdala, and prefrontal cortex in 

adolescent rats [5, 6].

One question that has not yet been examined in developing rats is the role of NMDA 

receptors on the training day of the CPFE protocol. In adult rats, NMDA glutamate-type 

receptor plasticity in the hippocampus is only required during the acquisition of a context 

representation on the context preexposure day [16, 17]. We have found that systemic 

injections or intra-dorsal-hippocampal infusions of NMDA receptor antagonists also block 

acquisition of the context representation in juvenile rats [14, 18]. In adult rats, NMDA 

receptor plasticity in the basolateral amygdala is needed to acquire a context-shock 

representation on the training day of the CPFE [16].

The present study sought to examine the role of NMDA receptors across all phases of the 

CPFE in adolescent rats, particularly examining the role of NMDA receptors in the 

acquisition and retention of the context-shock association on the training day. We examined 

adolescent rats as a point of comparison with adult rats that could help guide future studies 

across earlier stages of ontogeny. One limitation of previous research about the role of 

NMDA receptors in the CPFE in both adult and developing animals is the lack of an 

immediate measure for the acquisition of contextual fear. The present study is the first to 

address this limitation by including postshock freezing tests as a measure of the immediate 

acquisition of contextual fear, allowing for better temporal characterization of the role of 

NMDA receptors in the acquisition and retention of the CPFE in developing animals. The 

first three experiments examined the role of NMDA receptors on the preexposure 
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(Experiment 1), training (Experiment 2A and 2B), and testing (Experiment 3) day of the 

CPFE. In addition, Experiment 4 examined the effects of NMDA receptor antagonism on the 

consolidation of contextual information and contextual fear, allowing us for the first time to 

separate acquisition vs. consolidation effects in the previous experiments. Finally, 

Experiment 5 employed a dose-response design and reexamined the effect of pre-training 

NMDA receptor antagonist injections on postshock and retention test freezing in adolescent 

rats.

2. Experiment 1

Our lab has previously demonstrated that both systemic injections and DHPC infusions of 

MK-801 before a single context preexposure procedure disrupts the CPFE by blocking the 

acquisition of a context representation in adolescent rats [14, 18]. The purpose of 

Experiment 1 was to extend these findings to the role of NMDA receptors in the acquisition 

of a context representation during a multiple context preexposure protocol, which acts to 

strengthen the acquired representation of the context [19]. Therefore, animals were given 

either Saline or the non-competitive NMDA receptor antagonist MK-801 prior to multiple 

context preexposure and retention test freezing after training was analyzed.

2.1. Methods

2.1.1 Subjects—Animal husbandry was as described in our previous reports [19]. Subjects 

for Experiment 1 were 48 Long Evans rats (24 females and 24 males), derived from 12 

litters bred at the Office of Laboratory Animal Medicine at the University of Delaware. 

Time-mated females were housed with breeder males overnight and were examined for an 

ejaculatory plug the following day and, if found, that day was designated as gestational day 

(GD) 0. Dams were housed in clear polypropylene cages measuring 45 cm × 24 cm × 21 cm 

with standard bedding and access to ad libitum water and rat chow. Animals were 

maintained on a 12:12 h light/dark cycle with lights on at 7:00 am. Date of birth was 

designated as postnatal day (PD) 0. Litters were culled on PD3 to eight pups (usually 4 

males and 4 females) and were paw-marked with subcutaneous injections of non-toxic black 

ink for later identification. Pups were weaned from their mother on PD21 and housed with 

same-sex litter mates in 45 cm × 24 cm × 17 cm cages. On PD29 animals were individually 

housed in small white polypropylene cages (24 cm × 18 cm × 13 cm) with ad libitum access 

to water and rat chow for the remainder of the experiment. All subjects were treated in 

accordance with a protocol approved by the Institutional Animal Care and Use Committee at 

the University of Delaware following guidelines established by the National Institute of 

Health.

2.1.2. Apparatus and stimuli—The apparatus and stimuli used have been previously 

described [20, 21]. Fear conditioning occurred in four Plexiglas chambers measuring 16.5 

cm × 12.1 cm × 21.6 cm which were arranged in a 2 × 2 formation on a Plexiglas stand 

within a fume hood to provide ambient light and background noise (Context A). Each 

chamber had a grid floor made of 9 stainless steel bars (11.5 cm from the top of the 

chamber), 0.5 cm in diameter and spaced 1.25 cm apart. The alternate context (Context B) 

consisted of a convex wire mesh insert that covered the back wall and floor of the chamber 

Heroux et al. Page 3

Behav Brain Res. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and a white paper sleeve that covered the outside walls of the chamber. The 2 second 1.5 

mA footshock unconditioned stimulus (US) was delivered using a shock scrambler (Med 

Associates, Georgia, VT ENV-414S) connected to the grid floor of the chamber. Videos of 

each session (preexposure, training, testing) were recorded using FreezeFrame 3.0 software 

(Actimetrics, Wilmette IL) with freezing defined as a bout of 0.75 s or longer without a 

change in video pixilation.

2.1.3. Design and procedure—The CPFE procedure took place over the course of three 

days from PD31 to PD33 (± 1 day). Animals were assigned to either preexposure (Pre 

condition) or alternate preexposure (Alt Pre condition). Animals in the preexposure group 

were preexposed to the training context (Context A), and animals in the Alt Pre group were 

preexposed to the alternate context (Context B). Both preexposure groups underwent a 

multiple preexposure protocol described previously [19, 22]. Multiple preexposure consisted 

of one initial 5 minute exposure to the chamber followed by five 1 minute exposures with a 

1 minute interval between exposures. Animals were placed in transport boxes on a cart 

inside the training room during the 1 minute inter-trial interval. Animals were assigned to 

receive either 1 ml/kg 0.9% sterile saline (Saline condition) or 1 ml/kg of 0.1 mg/ml 

MK-801 solution (purchased from Tocris; MK-801 condition) prior to the preexposure 

session on the first day. All injections were given intraperitoneally in this and subsequent 

experiments. This MK-801 dose was chosen because of previous work in weanling rats on 

contextual fear learning of the CPFE in our laboratory [18]. Load order and composition was 

counterbalanced across the preexposure variable (Pre vs. Alt Pre), drug (Saline vs. 

MK-801), and sex (Male vs. Female) for all three days of the CPFE.

On the first day of the behavioral protocol, PD31 animals were weighed and wheeled on a 

cart into a separate room and received either an injection of 1 ml/kg 0.9% sterile saline or 1 

ml/kg of a 0.1 mg/ml MK-801 solution 30 minutes (± 5 minutes) before the preexposure 

session. The animals were wheeled back into the colony room until the preexposure session, 

and then placed in transport cages of clear Lexan (11 cm × 11 cm × 18 cm) covered on all 

sides with orange construction paper to obscure visual cues during transport. The rats were 

brought over and remained in a hallway adjacent to the testing room for <5 min while the 

fear chambers were cleaned with 5% ammonium hydroxide solution. The weighing, 

cleaning, and transport protocol was consistent across all experimental sessions and days. 

Pre animals were brought over and placed in Context A for the multiple preexposure, 

whereas animals in the Alt Pre group underwent multiple preexposure in the alternate 

context (Context B).

Twenty-four hours later, on the training day of the behavioral protocol, animals from all 

groups were trained with an immediate 1.5 mA 2-s footshock in Context A. Rats were 

carried into the testing room one at a time, placed in their respective training chamber, and 

received an immediate footshock. Animals were immediately removed from the chambers 

following the footshock, returned to their transport cages, and taken back to their 

homecages. Twenty-four hours later, all animals were tested in Context A for 5 minutes in 

the same chamber they had been trained in. Testing consisted of a 5 minute exposure to the 

chamber with no unconditioned stimulus presented.
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2.1.4. Data and statistical analysis—A human observer blind to the experimental 

groups verified the freezing threshold setting with FreezeView 3.0 (Actimetrics, Wilmette 

IL) by sorting the session and adjusting the threshold if necessary to ensure that small 

movements were not recorded as freezing. Freezing behavior was scored as the total percent 

time spent freezing (defined as the cessation of all movement except breathing) over a 5-min 

session for the testing session.

Once percent freezing was reliably determined, the data were imported into STATISTICA 

64 data analysis software, and freezing behavior was analyzed with a 2 (Preexposure group; 

Pre vs. Alt Pre) × 2 (Drug treatment; Saline vs. MK-801) × 2 (Sex; male vs. female) 

factorial ANOVA. Post-hoc contrasts were performed with Newman-Keuls tests. A rat was 

excluded from analysis as an outlier if in a given group it had a score ± 2 standard deviations 

from the group mean. Three rats were removed from analysis, one from each of the 

following groups: Pre-MK-801, Alt-Pre-Saline, and Alt-Pre-MK-801. Behavioral analysis 

was conducted on the remaining 45 animals distributed as follows: Pre-Saline (n= 11), Pre-

MK-801 (n= 11), Alt-Pre-Saline (n= 12), Alt-Pre-MK-801 (n= 11).

2.2. Results and discussion

The results of Experiment 1 appear in Fig. 1. ANOVA indicated no main effect or 

interaction of Sex (ps > .2) so the data were collapsed across this variable and analyzed via 2 

(Drug; Saline vs. MK-801) × 2 (Preexposure; Pre vs. Alt Pre) factorial ANOVA. Animals 

that received MK-801 before the multiple preexposure session displayed significantly less 

freezing than Saline control animals. A factorial ANOVA revealed a main effect of 

Preexposure [F(1,41) = 13.54, p < .001] and Drug [F(1,41) = 15.67, p < .001], and a 

significant Preexposure × Drug interaction [F(1,41) = 8.97, p < .001]. Newman-Keuls tests 

revealed that the Saline Pre group froze significantly higher than all three other groups (p < .

001) which did not differ in any other comparison (ps > .6). This experiment shows that 

acquisition of a context representation during the multiple context preexposure procedure in 

the CPFE is dependent on NMDA receptor functioning in adolescent rats. This confirms our 

previous findings which used a single context preexposure procedure [14, 18].

3. Experiment 2

The purpose of Experiment 2 was to examine the involvement of NMDA receptors in 

acquisition of fear on the training day of the CPFE in developing animals. Previous research 

using adult rats has shown that pre-training infusion of the competitive NMDA antagonist 

APV into the BLA on the training day of the CPFE disrupts the acquisition of the context-

shock association measured by a retention freezing test 24 hours later [17]. Experiment 2 

examined the disruptive effects of pretraining MK-801 administration by measuring freezing 

immediately after training using a postshock freezing test (Experiment 2A) or after a long-

term (24 hour) retention interval (Experiment 2B). This allows for more accurate temporal 

assessment of NMDA receptor involvement on the training day of the CPFE relative to 

studies that examine 24-hr retention without assessing post-shock freezing. We predicted 

that MK-801 would disrupt both acquisition and retention of context fear relative to saline 

control groups.
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4. Experiment 2A

4.1. Methods

4.1.1 Subjects—Subjects for Experiment 2A were 47 Long Evans rats (23 females and 24 

males), derived from 6 litters bred at the Office of Laboratory Animal Medicine at the 

University of Delaware. Rats were bred, culled, reared, etc. as described previously (See 

Section 2.1.1.). No more than 1 same-sex littermate was assigned to a given experimental 

condition.

4.1.2. Apparatus, design, and behavioral procedure—The apparatus, preexposure 

context (Context A and Context B), and training context were the same as in Experiment 1. 

Context preexposure (on PD31) and training (on PD32) followed similar procedures to 

Experiment 1, except that animals received a systemic injection of 0.1 mg/kg MK-801 or 

Saline prior to training (rather than prior to preexposure).

4.1.4. Data and statistical analysis—Data analysis and statistical tests were performed 

using the same programs and methods as Experiment 1. Freezing behavior was analyzed 

with a 2 (Preexposure group; Pre vs. Alt Pre) × 2 (Drug treatment; Saline vs. MK-801) × 2 

(Sex; male vs. female) factorial ANOVA. Post-hoc contrasts were performed with Newman-

Keuls tests. Four rats were removed from analysis after being identified as outliers, one from 

each of the following groups: Pre-Saline, Pre-MK-801, Alt-Pre-Saline, and Alt-Pre-

MK-801. Behavioral analysis was conducted on the remaining 43 animals distributed as 

follows: Pre-Saline (n=11), Pre-MK-801 (n=11), Alt-Pre-Saline (n=10), Alt-Pre-MK-801 

(n=11).

4.2. Results and discussion

The results of Experiment 2A appear in Fig. 2. ANOVA indicated no main effect or 

interaction of Sex (ps > .2) so the data were collapsed across this variable and analyzed via 2 

(Drug; Saline vs. MK-801) × 2 (Preexposure; Pre vs. Alt Pre) factorial ANOVA. Animals in 

the Pre-Saline group froze more on the retention day than any other group (Pre-MK-801, Alt 

Pre-Saline, and Alt Pre-MK-801). A factorial ANOVA revealed a main effect of 

Preexposure [F(1,39) = 28.97, p < .001] and Drug [F(1, 39) = 11.02, p < .005], and a 

significant Preexposure × Drug interaction [F(1,39) = 11.73, p < .005]. A Newman-Keuls 

post hoc test revealed that the Saline Pre group froze significantly more than all three other 

groups (p < .001) which did not differ (ps > .15).

This experiment shows that NMDA receptor antagonism on the training day disrupts 

freezing behavior on the retention day of the CPFE. Freezing behavior in the Alt Pre control 

group did not differ across drug, and there was no difference between animals in the Pre-

MK-801 group and both non-associative, alternate-preexposure controls. It is unclear 

whether MK-801 disrupts the acquisition of the context-shock association as there was no 

group that was tested immediately after the shock. Accordingly, Experiment 2B reexamined 

the effect of pre-training MK-801 by assessing contextual fear expression directly after the 

training experience during a postshock freezing test.
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4. Experiment 2B

5.1. Methods

5.1.1. Subjects—Subjects for Experiment 2B were 50 Long Evans rats (25 females and 25 

males), derived from 11 litters bred at the Office of Laboratory Animal Medicine at the 

University of Delaware. Rats were bred, culled, reared, etc. as described previously (See 

Section 2.1.1.). No more than 1 same-sex littermate was assigned to a given experimental 

condition.

5.1.2. Apparatus, design, and behavioral procedure—The apparatus, preexposure 

context (Context A and Context B), and training context were the same as in Experiment 

2A. Context preexposure (on PD31) and training (on PD32) followed similar procedures to 

Experiment 2A, except that instead of being taken out after the immediate shock on the 

training day, animals received a 3 minute postshock freezing test that consisted of no 

additional presentations of the unconditioned stimuli. The animals were not brought back 

twenty-four hours later for retention testing as in Experiment 1.

5.1.3. Data and statistical analysis—Data analysis and statistical tests were performed 

using the same programs and methods as previous experiments. Freezing behavior was 

analyzed with a 2 (Preexposure group; Pre vs. Alt Pre) × 2 (Drug treatment; Saline vs. 

MK-801) × 2 (Sex; male vs. female) factorial ANOVA. Two rats were removed from 

analysis due to corrupt data videos rendering them unable to be scored, one from each of the 

following groups: Pre-MK-801 and Alt Pre-MK-801. Scores of 5 rats were removed from 

analysis as outliers, one from each of the following groups: Pre-Saline, Pre-MK-801, Alt 

Pre-MK-801, and two animals were removed from the Alt Pre-Saline group. Behavioral 

analysis was conducted on the remaining 43 animals distributed as follows: Pre-Saline 

(n=11), Pre-MK-801 (n=9), Alt-Pre-Saline (n=11), Alt-Pre-MK-801 (n=12).

5.2. Results and discussion

5.2.1. Behavioral measures—The results of Experiment 2B appear in Fig. 3. Similar to 

the Experiment 2A, ANOVA results indicated no main effect or interaction of Sex (ps > .

15), thus the data are collapsed across this variable and analyzed via 2 (Drug; Saline vs. 

MK-801) × 2 (Preexposure; Pre vs. Alt Pre) ANOVA. The pattern of results was very 

similar to the previous experiment with the Pre-Saline group demonstrating greater amounts 

of postshock freezing than the other three groups. ANOVA revealed main effects of 

Preexposure [F(1,39) = 19.78, p < .001] and Drug [F(1, 39) = 9.74, p < .005], and a 

significant Preexposure × Drug interaction [F(1,39) = 5.20, p < .05]. Post hoc tests revealed 

that the Saline Pre group froze significantly more than all three other groups (p < .001) 

which did not differ among themselves (ps > .30).

This experiment shows that MK-801 induced NMDA receptor antagonism on the training 

day of the CPFE disrupts freezing behavior on the training day measured by a postshock 

freezing test. This effect was not attributable to the US alone as the non-associative Alt-Pre 

controls did not freeze at comparable levels to the Pre-Saline group in response to an 

immediate shock (p > .57). Although animals that received MK-801 displayed a significant 
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disruption of postshock freezing, it is unclear whether or not this disruption reflects learning 

or a drug performance effect. This possibility was assessed in the next experiment.

6. Experiment 3

Previous research using adult rats has shown that DHPC and BLA NMDA receptors are not 

required for the expression of contextual fear in the CPFE using adult rats [17]. The purpose 

of Experiment 3 was to extend this finding in adolescent rats and to examine any drug 

“performance” effects of systemically administered MK-801. If the expression of contextual 

fear during a retention freezing test in the CPFE is not dependent on NMDA receptors, then 

injecting animals with MK-801 before a retention test provides an opportunity to examine 

possible drug effects such as increased locomotor activity or state dependency (failure to 

retrieve fear caused by a change in drug state). As such, Experiment 3 utilized pre-retention 

systemic injections of 0.1 mg/kg or Saline to examine the involvement of NMDA receptors 

in the expression of contextual fear acquired during the CPFE protocol. There was no 

significant difference between animals given MK-801 or Saline before the retention freezing 

test.

6.1. Methods

6.1.1 Subjects—Subjects for Experiment 3 were 24 Long Evans rats (11 females and 13 

males), derived from 6 litters bred at the Office of Laboratory Animal Medicine at the 

University of Delaware. Rats were bred, culled, reared, etc. as described previously (See 

Section 2.1.1.). No more than 1 same-sex littermate was assigned to a given experimental 

condition.

6.1.2. Apparatus, design and behavioral procedure—The apparatus, preexposure 

context (Context A and Context B), and training context were the same as in Experiment 1 

and 2A. Context preexposure (on PD31) and training (on PD32) followed similar procedures 

to Experiment 1 and 2A, except that animals received a pre-test (retention test) systemic 

injection of 0.1 mg/kg MK-801 or Saline prior to the retention test (instead of before 

preexposure or training). In addition, no Alt-Pre groups were included in this study.

6.1.3. Data and statistical analysis—Data analysis and statistical tests were performed 

using the same programs and methods as previous. Freezing behavior was analyzed with a 2 

(Drug treatment; Saline vs. MK-801) × 2 (Sex; male vs. female) factorial ANOVA. Two 

outlier scores were removed from analysis, one each from the Saline and MK-801 groups. 

Behavioral analysis was conducted on the remaining 22 animals distributed as follows: 

Saline (n=11), MK-801 (n=11).

6.2. Results and discussion

The results of Experiment 3 appear in Fig. 4. Similar to the previous experiments, ANOVA 

indicated no main effect or interaction of Sex (ps > .07), thus the data are collapsed across 

this variable and analyzed via two-tailed independent-samples t-test (MK-801 vs. Saline). 

The t-test revealed no significant difference between animals given MK-801 or Saline 

before the retention freezing test [t(20) = .11, p > .90]. This finding not only replicates the 
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previous findings in adult rats that NMDA receptors are not required for the retention day of 

the CPFE, but it also suggests that freezing deficits seen after MK-801 administration reflect 

learning and not a performance effect.

7. Experiment 4

One possible explanation for the disruption of retention freezing observed by MK-801 

administration before multiple context preexposure or training could potentially be an effect 

on the consolidation of contextual information and contextual fear. Experiment 2B showed 

that pre-training MK-801 disrupts the acquisition of a context-shock association measured 

by a postshock freezing test, but this doesn’t control for any possible consolidation effects 

that would reflect persisting effects of pre-training drug administration into the period 

following the training episode. Experiment 4 examined the effects of post-preexposure and 

post-training injections of MK-801 on the consolidation of contextual information and 

contextual fear to determine whether post-training drug effects are sufficient to account for 

the effects of pretraining drug injections reported in Experiments 1 and 2.

7.1. Methods

7.1.1. Subjects—Subjects for Experiment 4 were 72 Long Evans rats (40 females and 32 

males), derived from 13 litters bred at the Office of Laboratory Animal Medicine at the 

University of Delaware. Rats were bred, culled, reared, assigned to groups, etc. as described 

previously (See Section 2.1.1.).

7.1.2. Apparatus, design, and behavioral procedure—The apparatus and contexts 

used were the same as previous experiments. The behavioral protocol consisted of context 

preexposure (PD31), training (PD32), and testing (PD33). Unlike the previous experiments, 

Experiment 4 utilized post-preexposure and post-training drug injections to separate drug 

effects on acquisition vs. consolidation of the respective learning events. The preexposure 

day consisted of multiple preexposure in Context A (Pre condition) or Context B (Alt Pre 

condition) with some animals receiving an i.p. injection of either 1 ml/kg of 0.9% sterile 

saline or 0.1 mg/kg MK-801 immediately upon returning to the colony room after multiple 

context exposure (Post-Pre condition). The purpose of the timing of this injection was to 

target the consolidation of the contextual information the animal learned about during 

multiple preexposure. The training day consisted of animals being placed into Context A 

and receiving an immediate footshock followed by a 1 minute postshock freezing test with 

no additional presentations of the US. A group of animals received either Saline or 0.1 

mg/kg MK-801 upon returning to the colony room after training (Post-Train condition). The 

purpose of the timing of this injection was to target the consolidation of the context-shock 

association acquired during the training session. The animals were brought back twenty-four 

hours later for retention testing as in Experiment 1 and 3. To simplify the experimental 

design, a number of Alt-Pre animals were selected from each group and pooled to form a 

final group (Group Pooled-Alt-Pre). This was justified because freezing was uniformly low 

regardless of experimental condition in the Alt-Pre groups (confirmed by a preliminary 

ANOVA [F(1,13) = .058, p > .81]). Creating a Pooled-Alt-Pre group thereby reduced animal 

use and made the design more manageable.

Heroux et al. Page 9

Behav Brain Res. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7.1.3. Data and statistical analysis—Data analysis and statistical tests were performed 

using the same programs and methods as in previous experiments. Postshock freezing 

behavior was analyzed with a 2 (Sex; male vs. female) × 2 (Drug; Saline vs. MK-801) 

factorial ANOVA. Two outlying scores were removed from analysis, one each from the 

following two groups: Pooled-Alt-Pre-Saline and Saline-Post-Pre. Behavioral analysis was 

conducted on the remaining 38 animals distributed as follows: Saline-Post-Pre (n=15), 

MK-801-Post-Pre (n=16), and Pooled-Alt-Pre (n=7). The Pooled-Alt-Pre group was derived 

by combining the following groups: Alt-Pre-Saline-Post-Pre (n=4), Alt-Pre-MK-801-Post-

Pre (n=3).

Retention test freezing behavior was also analyzed with a 2 (Sex; male vs. female) × 2 

(Consolidation Target; Post-Pre vs. Post-Train) × 2 (Drug; Saline vs. MK-801) factorial 

ANOVA. Data from 6 rats were removed as outliers, one from each of the following groups: 

Saline-Post-Pre, Saline-Post-Train, MK-801-Post-Train, Pooled-Alt-Pre, and two rats were 

removed from MK-801-Post-Pre. Behavioral analysis was conducted on the remaining 66 

animals distributed as follows: Saline-Post-Pre (n=15), MK-801-Post-Pre (n=14), Saline-

Post-Train (n=11), MK-801-Post-Train (n=11), and Pooled-Alt-Pre (n=15). The Pooled-Alt-

Pre group was derived from combining the following groups: Alt-Pre-Saline-Post-Pre (n=4), 

Alt-Pre-MK-801-Post-Pre (n=4), Alt-Pre-Saline-Post-Train (n=4), Alt-Pre-MK-801-Post-

Train (n=3).

7.2. Results and discussion

The results of the postshock freezing test in Experiment 4 appear in Fig. 5A. ANOVA 

indicated no main effect or interaction of Sex (ps > .5) for either the postshock freezing or 

retention tests, so all of the data were collapsed across this variable. Postshock freezing was 

analyzed with a one-way ANOVA (Drug; Saline, MK-801, Pooled Alt Pre), which revealed 

a main effect of Drug [F(2,43) = 31.16, p < .001]. Post hoc tests showed that animals that 

received post-preexposure injections of Saline froze significantly higher than animals that 

received post-preexposure injections of 0.1 mg/kg MK-801 (p < .001). Both Saline and 

MK-801 animals froze significantly more than the Pooled-Alt-Pre group (p < .001), 

indicating that context consolidation was only partially disrupted in the MK-801-Post-Pre 

group, as measured by postshock freezing.

The results of the retention freezing test in Experiment 4 appear in Fig. 5B. Retention test 

freezing was analyzed via a 2 (Drug, MK-801 vs. Saline) × 2 (Consolidation Target, Post-

Pre, Post-Train) factorial ANOVA. ANOVA revealed no significant main effect of Drug 

[F(1,47) = 1.68, p > .2] and Consolidation Target [F(1,47) = 3.17, p > .08] or interaction 

between the two [F(1,47) = .87, p > .35]. To compare all four groups against the Pooled-Alt-

Pre control group, a one-way ANOVA on the 5 groups was performed, followed by a 

Dunnett’s test that contrasted the 4 Pre groups with the Alt-Pre group. This ANOVA 

revealed a main effect of Treatment Group [F(4,61) = 6.28, p < .001] . The Dunnett’s test 

revealed that all groups except for the MK-801-Post-Pre group froze significantly more than 

the Pooled-Alt-Pre behavioral control group (p < .01).

This experiment demonstrates that the consolidation of contextual information on the 

preexposure day is partially NMDA receptor dependent. In contrast, consolidation of the 
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context-shock association on the training day of the CPFE does not depend on NMDA 

receptors. Therefore, in the previous experiments, giving animals MK-801 injections prior to 

training suggests disruption of the acquisition but not consolidation of the context-shock 

association in the CPFE.

8. Experiment 5

Experiment 2A and 2B separately demonstrated that the acquisition of contextual fear 

measured by a postshock freezing test or retention test is NMDA receptor dependent, 

supported by the finding that pre-training MK-801 administration disrupts both postshock 

and retention test freezing. Experiment 5 not only reexamined this effect by combining 

postshock and retention freezing tests within the same CPFE experimental design, but also 

employed a dose-response design to explore any differential involvement of NMDA 

receptors in postshock and retention freezing and also to examine any possible nonspecific 

drug effects occurring at high doses.

8.1. Methods

8.1.1 Subjects—Subjects for Experiment 5 were 63 Long Evans rats (28 females and 31 

males), derived from 10 litters bred at the Office of Laboratory Animal Medicine at the 

University of Delaware. Rats were bred, culled, reared, etc. as described previously (See 

Section 2.1.1.). No more than 1 same-sex littermate was assigned to a given experimental 

condition.

8.1.2. Apparatus, design and behavioral procedure—The apparatus and contexts 

used were the same as previous experiments. The behavioral protocol consisted of 

preexposure, training, and testing and was similar to Experiment 1 with the exception of the 

addition of a 1 minute postshock freezing test that occurred directly after the immediate 

shock on the training day. Context preexposure (PD31) consisted of multiple exposure to 

either Context A (Pre condition) or Context B (Alt-Pre condition). Thirty minutes prior to 

training on the second day (PD32), animals were given an i.p. injections of 1 ml/kg of 0 

(0.9% sterile saline), 0.025, 0.05, or 0.1 mg/kg MK-801. The animals were brought back 

twenty-four hours later for a retention test (PD33) that consisted of a 5 minute exposure to 

the training context with no presentations of the unconditioned stimulus (described 

previously in Experiment 1). As in the previous experiment, a number of Alt-Pre animals 

were randomly assigned from each drug condition and combined to form a final group 

(Group Pooled-Alt-Pre) in order to streamline the design and analysis of this experiment.

8.1.4. Data and statistical analysis—Data analysis and statistical tests were performed 

using the same programs and methods as in previous experiments. Separate analyses were 

performed on Postshock and Retention test freezing. Postshock and retention test freezing 

behavior was analyzed with a repeated measures ANOVA with Drug (0, 0.025, 0.05, 0.1, 

Pooled Alt Pre) × Phase (postshock, retention) × Sex (male, female). Scores from four rats 

were removed from the postshock and retention freezing analysis after being identified as 

outliers, one from each of the following groups: MK-801-0.025, MK-801-.05, MK-801-.01, 

and 0 (Saline) group. Behavioral analysis was conducted on the remaining 59 animals 

distributed as follows: 0 (n=11), MK-801-0.025 (n=10), MK-801-0.05 (n=11), MK-801-0.1 
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(n=12), and Pooled-Alt-Pre (n=15). The Pooled-Alt-Pre group was derived from combining 

the following groups: Alt-Pre-0 (n=4), Alt-Pre-MK-801-0.025 (n=4), Alt-Pre-MK-801-0.05 

(n=3), Alt-Pre-MK-801-0.1 (n=4).

8.2. Results and discussion

The results of the postshock and retention freezing tests in Experiment 5 appear in Fig. 6A 

and 6B, respectively. Similar to the previous experiments, ANOVA results indicated no 

main effect or interaction of Sex (ps > .25), so all of the data were collapsed across this 

variable and analyzed via Drug (0, 0.025, 0.05, .1, Pooled Alt Pre) × Phase (postshock, 

retention) mixed ANOVA. This revealed a significant main effect of Drug [F(4,54) = 19.64, 

p < .001] and phase [F(1,54) = 4.26, p < .05] along with a significant Drug × Phase 

interaction [F(4,54) = 9.54, p < .001]. A Newman-Keuls post hoc test of the Drug x Phase 

interaction revealed that lower doses of MK-801 (0.025mg/kg, 0.05 mg/kg) only disrupted 

retention test freezing but only the 0.025mg/kg group differed significantly from saline 

controls in a postshock freezing test (ps < .001), freezing significantly higher (p<.05). 

Animals receiving higher doses of MK-801 (0.1 mg/kg) did not significantly differ from 

non-associative pooled alternate context preexposure control animals in the both postshock 

and retention freezing tests (ps < .005).

This experiment demonstrates that only the 0.1 mg/kg MK-801 disrupts the acquisition of 

the context-shock association as measured by a postshock freezing test, but 0.025 or 0.05 

mg/kg MK-801 is sufficient to disrupt retention test freezing. These findings suggest a 

possible differential involvement of NMDA receptors in the immediate acquisition versus 

the long-term retention of contextual fear within the CPFE paradigm.

9. General Discussion

The current experiments investigated the involvement of NMDA-type glutamate receptors in 

contextual fear learning and expression across all phases of the CPFE in adolescent rats. 

Experiment 1 found that systemic injections of MK-801 (0.1mg/kg) given before multiple 

context preexposure disrupted fear conditioning, confirming our previous reports using a 

single context preexposure [18]. In Experiment 2, training day MK-801 injections disrupted 

both immediate acquisition (post-shock freezing) and 24-hour retention of contextual fear. 

Experiment 3 showed that MK-801 administered before a 24hr retention test did not disrupt 

expression of contextual fear, ruling out “performance” effects of the drug. Experiment 4 

found that the consolidation of context learning was partially disrupted whereas 

consolidation of contextual fear was not disrupted by post-training MK-801 administration. 

Finally, in Experiment 5, higher doses of MK-801 (0.1 mg/kg) disrupted both postshock and 

retention freezing while lower doses of MK-801 (0.025 or 0.05 mg/kg) only disrupt 

retention test freezing. Taken together, these results indicate that the acquisition of both 

contextual information and contextual fear during the CPFE is NMDA receptor dependent in 

adolescent rats.

Experiment 1 found that systemic injections of MK-801 before multiple context preexposure 

disrupts the acquisition of a representation of the context, measured by retention freezing 

test 24 hours after immediate shock training. This confirms our previous studies using a 

Heroux et al. Page 12

Behav Brain Res. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



single context preexposure that is preceded by MK-801 administered systemically [18] or 

via microinfusions into DHPC [14]. This is also consistent with previous research in adult 

rats involving both the CPFE [17] and lesion and microinfusion studies in standard 

contextual fear conditioning [2, 7, 23–26]. In addition to NMDA receptor involvement on 

the preexposure day of the CPFE, infusing GABA agonist mucimol into the DHPC prior to 

any phase of the CPFE disrupts contextual fear learning and expression [16]. As a whole, 

our results indicate that strengthening context learning via the multiple-context-preexposure 

protocol does not attenuate the role of NMDA receptors in the acquisition of the context 

representation of the explored environment on the preexposure day of the CPFE.

The results of Experiment 2 indicate that pre-training administration of MK-801 disrupts 

both immediate postshock and 24hr retention freezing tests in PD31 rats. To our knowledge, 

this is the first study to examine the role of NMDA receptors on the training day of the 

CPFE in developing rats. The use of systemic injections in the present study do not speak to 

which brain regions are mediating this effect. In adult rats, intra-basolateral amygdala 

(BLA) infusions of competitive NMDA receptor antagonist D-AP5 on the training day of 

the CPFE disrupted subsequent 24hr retention test freezing [17]. In contrast, training-day 

dorsal hippocampal infusions of D-AP5 had no effect [17]. These findings suggest that 

NMDA receptors play a role in plasticity in the amygdala for associating the aversive shock 

stimulus with the retrieved context representation acquired on the previous day. Although 

the CPFE literature is sparse, several studies in adult rats indicate NMDA receptors in the 

amygdala are required for standard contextual fear conditioning [27–30]. A study by Maren 

et al. [27] demonstrated that intra-amygdaloid infusions of the competitive NMDA receptor 

antagonist AP5 disrupts both immediate acquisition and subsequent retention of contextual 

fear. In summary, our results indicate that NMDA receptors are involved in the acquisition 

of the context-shock association in the CPFE in adolescent rats. While our results do not 

explicitly address localization, it is very likely that NMDA receptor functioning in the 

basolateral amygdala mediates contextual fear learning and other brain regions such as the 

hippocampus or mPFC may also be needed to mediate the long-term retention of contextual 

fear.

The results of Experiment 5 indicate that lower doses of pre-training MK-801 (0.025 and 

0.05 mg/kg) had no effect on postshock freezing but disrupted retention test freezing at 

similar levels as a higher dose (0.1 mg/kg). It is interesting to examine this differential dose-

response effect in the context of previous intracranial-drug infusion and lesion studies 

concerning the involvement of DHPC and BLA NMDA receptors in standard contextual 

fear learning. There are several studies that show systemic, intracerebroventricular (i.c.v), or 

DHPC infusions of APV do not disrupt the immediate acquisition and expression of 

contextual fear measured by a postshock freezing test, but instead disrupt subsequent 24 

hour retention test freezing [23–26, 31, 32]. Lesion studies also indicate that DHPC lesions 

do not disrupt post-shock freezing (contextual fear learning) but generally do impair long-

term retention of contextual fear [2, 7, 28]. In contrast, comparable doses of APV infused 

directly into the basolateral amygdala before standard contextual fear conditioning disrupt 

both immediate postshock and 24hr retention test freezing [27]. Pre-training amygdala 

lesions also disrupt both the immediate acquisition and the long-term retention of contextual 
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fear [2, 31]. In the context of these studies, it is conceivable that our dose response findings 

may be due to lower doses of MK-801 not being sufficient to disrupt NMDA receptor 

functioning in the amygdala but are sufficient to disrupt hippocampal functioning and thus 

disrupt retention test freezing but not postshock freezing. As noted previously, intra-dorsal-

hippocampal infusions of D-AP5 during the training day of the CPFE have no effect on 

retention test freezing in adult rats [17]. However, an important difference between previous 

studies using the CPFE and our study is the use of an immediate postshock freezing test 

ranging from 1–3 minutes. It is possible that this time after the shock is enough to re-engage 

hippocampal NMDA receptor plasticity that is otherwise not engaged in an immediate shock 

protocol [33]. If so, then the differential sensitivity of hippocampal NMDA receptors to dose 

of MK-801 might account for the impairment of retention at lower doses in the present 

study. In addition to possible differential involvement of the hippocampus and amygdala, it 

is possible that NMDA receptor antagonism disrupts mPFC plasticity occurring during the 

CPFE. Our lab has previously reported an increase in the immediate early-growth response 

gene 1 (Egr-1) in the mPFC in PD31 rats after context-shock association training in the 

CPFE [5, 6]. It is possible that there may be differential contributions of NMDA receptors in 

the BLA, DHPC, and mPFC in postshock and retention test freezing within the CPFE. This 

is a fruitful direction for further research.

Previous research in adult rats has shown that DHPC and BLA NMDA receptors are not 

required for the expression of contextual fear in the CPFE [17]. Experiment 3 extended this 

finding using adolescent animals by showing that pre-retention MK-801 injections have no 

effect on subsequent contextual fear expression. It is therefore unlikely that the disruption of 

freezing caused by MK-801 in Experiment 2A, 2B, and 5 is due to drug-induced long term 

hyperactivity [34, 35], or state dependency effects related to changes in drug state across 

training and testing phases. State dependency is unlikely because animals in the MK-801 

group expressed contextual fear while under the influence of MK-801 when prior training 

occurred off of the drug. Previous research in our lab using comparable doses of MK-801 

given systemically during a T-maze task has also shown that MK-801 effects are not due to 

state dependency [36]. Although it is conceivable that deficits caused by MK-801 could 

reflect a difference in shock sensitivity, the shock intensity used in the present study was 

above the threshold for this effect [35] and we observed no drug related differences in 

shock-elicited behavior during training. In summary, the results of Experiment 3 suggest 

that freezing deficits caused by MK-801 reflect learning rather than nonspecific performance 

effects of the drug.

The disruptive effects of MK-801 on the acquisition of the context representation (Exp. 1) 

and the context-shock association (Exps. 2A, 2B, 5) could possibly be accounted for by drug 

effects that continued after the learning experience to influence consolidation rather than 

learning. Experiment 4 showed that MK-801 administration prior to context preexposure or 

training cannot be fully accounted for by an effect on consolidation processes. This is 

consistent with negative effects of intra-hippocampal APV administration after preexposure 

or training during the CPFE in adult rats [37]. We observed no effect of post-training 

MK-801 and an intermediate effect of post-preexposure MK-801, depending on whether 

post-shock freezing or 24-hour retention was the dependent measure. It is possible that 
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consolidation of contextual information was only partially disrupted by NMDA receptor 

antagonism because of the time-course of drug action. Although the injection of MK-801 

occurred immediately (<5min) after the preexposure day session, the drug may have only 

started to take effect about 40 minutes after the first preexposure trial so consolidation 

processes likely already started. Additional research examining time-course effects of 

NMDA receptor antagonism on consolidation is needed to fully address this possibility. 

Interestingly, unlike these findings in the CPFE, previous studies have highlighted a role of 

DHPC and BLA NMDA receptor involvement in consolidation of standard contextual fear 

conditioning [38–40]. It is conceivable that differences between the two behavioral 

paradigms (CPFE vs. standard contextual fear), age, or drug parameters could account for 

differences between the present findings and other findings in the literature.

In summary, our findings show that NMDA receptors are involved in the acquisition of 

contextual information during context preexposure and of the context-shock association 

during the training day of the CPFE in developing rats. The disruptive effects of MK-801 on 

contextual fear learning on the training day reflect effects on the acquisition rather than 

consolidation of fear learning whereas the effects of MK-801 on the preexposure day may 

reflect disruption of both acquisition and consolidation of contextual learning. MK-801 

effects are unlikely to reflect performance effects such as drug-induced changes in activity 

or shock sensitivity. Future experiments utilizing localized intracranial drug administration 

are needed to address the relative contributions of mPFC, DHPC, and BLA NMDA 

receptors in the acquisition and retention of the CPFE in developing rats.

Acknowledgments

This study was supported by the University of Delaware and NIH grant 1-R01-HD075066-01A1 to MES and JBR.

References

1. Fanselow MS, Poulos AM. The neuroscience of mammalian associative learning. Annual Review of 
Psychology. 2005; 56:207–234. http://doi.org/10.1146/annurev.psych.56.091103.070213. 

2. Kim JJ, Rison RA, Fanselow MS. Effects of amygdala, hippocampus, and periaqueductal gray 
lesions on short- and long-term contextual fear. Behavioral Neuroscience. 1993; 107(6):1093–1098. 
http://doi.org/10.1037/0735-7044.107.6.1093. [PubMed: 8136063] 

3. Pugh CR, Rudy JW. A developmental analysis of contextual fear conditioning. Developmental 
Psychobiology. 1996; 29(2):87–100. http://doi.org/10.1002/
(SICI)1098-2302(199603)29:2<87::AID-DEV1>3.0.CO;2-H. [PubMed: 8919089] 

4. Rudy JW, O’Reilly RC. Conjunctive representations, the hippocampus, and contextual fear 
conditioning. Cognitive, Affective & Behavioral Neuroscience. 2001; 1(1):66–82. http://doi.org/
10.3758/CABN.1.1.66. 

5. Asok A, Schreiber WB, Jablonski SA, Rosen JB, Stanton ME. Neurobiology of Learning and 
Memory Egr-1 increases in the prefrontal cortex following training in the context preexposure 
facilitation effect (CPFE) paradigm. Neurobiology of Learning and Memory. 2013; 106:145–153. 
http://doi.org/10.1016/j.nlm.2013.08.006. [PubMed: 23973447] 

6. Schreiber WB, Asok a, Jablonski Sa, Rosen JB, Stanton ME. Egr-1 mRNA expression patterns in 
the prefrontal cortex, hippocampus, and amygdala during variants of contextual fear conditioning in 
adolescent rats. Brain Research. 2014; 1576:63–72. http://doi.org/10.1016/j.brainres.2014.06.007. 
[PubMed: 24976583] 

7. Wiltgen BJ, Sanders MJ, Anagnostaras SG, Sage JR, Fanselow MS. Context fear learning in the 
absence of the hippocampus. The Journal of Neuroscience :The Official Journal of the Society for 

Heroux et al. Page 15

Behav Brain Res. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://doi.org/10.1146/annurev.psych.56.091103.070213
http://doi.org/10.1037/0735-7044.107.6.1093
http://doi.org/10.1002/(SICI)1098-2302(199603)29:2<87::AID-DEV1>3.0.CO;2-H
http://doi.org/10.1002/(SICI)1098-2302(199603)29:2<87::AID-DEV1>3.0.CO;2-H
http://doi.org/10.3758/CABN.1.1.66
http://doi.org/10.3758/CABN.1.1.66
http://doi.org/10.1016/j.nlm.2013.08.006
http://doi.org/10.1016/j.brainres.2014.06.007


Neuroscience. 2006; 26(20):5484–5491. http://doi.org/10.1523/JNEUROSCI.2685-05.2006. 
[PubMed: 16707800] 

8. Zelikowsky M, Bissiere S, Hast TA, Bennett RZ, Abdipranoto A, Vissel B, Fanselow MS. 
Prefrontal microcircuit underlies contextual learning after hippocampal loss. Proceedings of the 
National Academy of Sciences of the United States of America. 2013; 110(24):9938–43. http://
doi.org/10.1073/pnas.1301691110/-/DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.
1301691110. [PubMed: 23676273] 

9. Zelikowsky M, Hersman S, Chawla MK, Barnes CA, Fanselow MS. Neuronal Ensembles in 
Amygdala, Hippocampus, and Prefrontal Cortex Track Differential Components of Contextual Fear. 
Journal of Neuroscience. 2014; 34(25):8462–8466. http://doi.org/10.1523/JNEUROSCI.
3624-13.2014. [PubMed: 24948801] 

10. Fanselow MS. Conditional and unconditional components of post shock freezing. Pavlov J Biol 
Sci. 1980; 15:177–182. [PubMed: 7208128] 

11. Fanselow MS. Factors governing one-trial contextual conditioning. Animal Learning & Behavior. 
1990; 18(3):264–270. http://doi.org/10.3758/BF03205285. 

12. Rudy JW, Huff NC, Matus-Amat P. Understanding contextual fear conditioning: Insights from a 
two-process model. Neuroscience and Biobehavioral Reviews. 2004; 28(7):675–685. http://
doi.org/10.1016/j.neubiorev.2004.09.004. [PubMed: 15555677] 

13. Rudy JW. Context representations, context functions, and the parahippocampal-hippocampal 
system. Learning & Memory (Cold Spring Harbor, NY). 2009; 16(10):573–585. http://doi.org/
10.1101/lm.1494409. 

14. Schiffino FL, Murawski NJ, Rosen JB, Stanton ME. Ontogeny and neural substrates of the context 
preexposure facilitation effect. Neurobiology of Learning and Memory. 2011; 95(2):190–198. 
http://doi.org/10.1016/j.nlm.2010.11.011. [PubMed: 21129493] 

15. Jablonski SA, Schiffino FL, Stanton ME. Role of age, post-training consolidation, and conjunctive 
associations in the ontogeny of the context preexposure facilitation effect. Developmental 
Psychobiology. 2012; 54(7):714–722. http://doi.org/10.1002/dev.20621. [PubMed: 22127879] 

16. Matus-Amat P, Higgins EA, Barrientos RM, Rudy JW. The role of the dorsal hippocampus in the 
acquisition and retrieval of context memory representations. The Journal of Neuroscience : The 
Official Journal of the Society for Neuroscience. 2004; 24(10):2431–2439. http://doi.org/10.1523/
JNEUROSCI.1598-03.2004. [PubMed: 15014118] 

17. Matus-Amat P, Higgins EA, Sprunger D, Wright-Hardesty K, Rudy JW. The role of dorsal 
hippocampus and basolateral amygdala NMDA receptors in the acquisition and retrieval of context 
and contextual fear memories. Behavioral Neuroscience. 2007; 121(4):721–731. http://doi.org/
10.1037/0735-7044.121.4.721. [PubMed: 17663597] 

18. Burman, Ma; Murawski, NJ.; Schiffino, FL.; Rosen, JB.; Stanton, ME. Factors governing single-
trial contextual fear conditioning in the weanling rat. Behavioral Neuroscience. 2009; 123(5):
1148–1152. http://doi.org/10.1037/a0016733. [PubMed: 19824781] 

19. Dokovna LB, Jablonski SA, Stanton ME. Neonatal alcohol exposure impairs contextual fear 
conditioning in juvenile rats by disrupting cholinergic function. Behavioural Brain Research. 
2013; 248:114–120. http://doi.org/10.1016/j.bbr.2013.03.043. [PubMed: 23578760] 

20. Murawski NJ, Stanton ME. Variants of contextual fear conditioning are differentially impaired in 
the juvenile rat by binge ethanol exposure on postnatal days 4–9. Behavioural Brain Research. 
2010; 212(2):133–142. http://doi.org/10.1016/j.bbr.2010.04.003. [PubMed: 20385174] 

21. Murawski NJ, Stanton ME. Effects of Dose and Period of Neonatal Alcohol Exposure on the 
Context Preexposure Facilitation Effect. Alcoholism: Clinical and Experimental Research. 2011; 
35(6):1160–1170. http://doi.org/10.1111/j.1530-0277.2011.01449.x. 

22. Robinson-Drummer PA, Stanton ME. Using the context preexposure facilitation effect to study 
long-term context memory in preweanling, juvenile, adolescent, and adult rats. Physiology & 
Behavior. 2015; 148:22–28. http://doi.org/10.1016/j.physbeh.2014.12.033. [PubMed: 25542890] 

23. Kim JJ, DeCola JP, Landeira-Fernandez J, Fanselow MS. N-methyl-D-aspartate receptor 
antagonist APV blocks acquisition but not expression of fear conditioning. Behavioral 
Neuroscience. 1991; 105(1):126–133. http://doi.org/10.1037/0735-7044.105.1.126. [PubMed: 
1673846] 

Heroux et al. Page 16

Behav Brain Res. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://doi.org/10.1523/JNEUROSCI.2685-05.2006
http://doi.org/10.1073/pnas.1301691110/-/DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.1301691110
http://doi.org/10.1073/pnas.1301691110/-/DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.1301691110
http://doi.org/10.1073/pnas.1301691110/-/DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.1301691110
http://doi.org/10.1523/JNEUROSCI.3624-13.2014
http://doi.org/10.1523/JNEUROSCI.3624-13.2014
http://doi.org/10.3758/BF03205285
http://doi.org/10.1016/j.neubiorev.2004.09.004
http://doi.org/10.1016/j.neubiorev.2004.09.004
http://doi.org/10.1101/lm.1494409
http://doi.org/10.1101/lm.1494409
http://doi.org/10.1016/j.nlm.2010.11.011
http://doi.org/10.1002/dev.20621
http://doi.org/10.1523/JNEUROSCI.1598-03.2004
http://doi.org/10.1523/JNEUROSCI.1598-03.2004
http://doi.org/10.1037/0735-7044.121.4.721
http://doi.org/10.1037/0735-7044.121.4.721
http://doi.org/10.1037/a0016733
http://doi.org/10.1016/j.bbr.2013.03.043
http://doi.org/10.1016/j.bbr.2010.04.003
http://doi.org/10.1111/j.1530-0277.2011.01449.x
http://doi.org/10.1016/j.physbeh.2014.12.033
http://doi.org/10.1037/0735-7044.105.1.126


24. Kim JJ, Fanselow MS, DeCola JP, Landeira-Fernandez J. Selective impairment of long-term but 
not short-term conditional fear by the N-methyl-D-aspartate antagonist APV. Behavioral 
Neuroscience. 1992; 106(4):591–596. http://doi.org/10.1037/0735-7044.106.4.591. [PubMed: 
1354443] 

25. Sanders MJ, Fanselow MS. Pre-training prevents context fear conditioning deficits produced by 
hippocampal NMDA receptor blockade. Neurobiology of Learning and Memory. 2003; 80(2):
123–129. http://doi.org/10.1016/S1074-7427(03)00040-6. [PubMed: 12932427] 

26. Tayler KK, Lowry E, Tanaka K, Levy B, Reijmers L, Mayford M, Wiltgen BJ. Characterization of 
NMDAR-Independent Learning in the Hippocampus. Frontiers in Behavioral Neuroscience. 2011; 
5(May):28. http://doi.org/10.3389/fnbeh.2011.00028. [PubMed: 21629769] 

27. Maren S, Aharonov G, Stote DL, Fanselow MS. N-methyl-D-aspartate receptors in the basolateral 
amygdala are required for both acquisition and expression of conditional fear in rats. Behavioral 
Neuroscience. 1996; 110(6):1365–1374. http://doi.org/10.1037/0735-7044.110.6.1365. [PubMed: 
8986338] 

28. Maren S, Aharonov G, Fanselow MS. Neurotoxic lesions of the dorsal hippocampus and Pavlovian 
fear conditioning in rats. Behavioural Brain Research. 1997; 88(2):261–274. http://doi.org/
10.1016/S0166-4328(97)00088-0. [PubMed: 9404635] 

29. Rodrigues SM, Schafe GE, LeDoux JE. Intra-amygdala blockade of the NR2B subunit of the 
NMDA receptor disrupts the acquisition but not the expression of fear conditioning. The Journal 
of Neuroscience : The Official Journal of the Society for Neuroscience. 2001; 21(17):6889–6896. 
http://doi.org/21/17/6889. [PubMed: 11517276] 

30. Malkani S, Rosen JB. N-Methyl-D-aspartate receptor antagonism blocks contextual fear 
conditioning and differentially regulates early growth response-1 messenger RNA expression in 
the amygdala: Implications for a functional amygdaloid circuit of fear. Neuroscience. 2001; 
102(4):853–861. http://doi.org/10.1016/S0306-4522(00)00531-5. [PubMed: 11182248] 

31. Goosens KA, Maren S. Contextual and auditory fear conditioning are mediated by the lateral, 
basal, and central amygdaloid nuclei in rats. Learning & Memory (Cold Spring Harbor, NY). 
2001; 8(3):148–55. http://doi.org/10.1101/lm.37601. 

32. Chan D, Baker KD, Richardson R. Relearning a context-shock association after forgetting is an 
NMDAr-independent process. Physiology & Behavior. 2015; 148:29–35. http://doi.org/10.1016/
j.physbeh.2014.11.004. [PubMed: 25446198] 

33. Lee JLC, Milton aL, Everitt BJ. Reconsolidation and Extinction of Conditioned Fear: Inhibition 
and Potentiation. Journal of Neuroscience. 2006; 26(39):10051–10056. http://doi.org/10.1523/
JNEUROSCI.2466-06.2006. [PubMed: 17005868] 

34. Eyjolfsson EM, Brenner E, Kondziella D, Sonnewald U. Repeated injection of MK801: An animal 
model of schizophrenia? Neurochemistry International. 2006; 48(6–7):541–546. http://doi.org/
10.1016/j.neuint.2005.11.019. [PubMed: 16517016] 

35. Van der Staay FJ, Rutten K, Erb C, Blokland A. Effects of the cognition impairer MK-801 on 
learning and memory in mice and rats. Behavioural Brain Research. 2011; 220(1):215–229. http://
doi.org/10.1016/j.bbr.2011.01.052. [PubMed: 21310186] 

36. Chadman KK, Watson DJ, Stanton ME. NMDA receptor antagonism impairs reversal learning in 
developing rats. Behavioral Neuroscience. 2006; 120(5):1071–1083. http://doi.org/
10.1037/0735-7044.120.5.1071. [PubMed: 17014258] 

37. Chang SD, Liang KC. Roles of hippocampal GABAA and muscarinic receptors in consolidation of 
context memory and context-shock association in contextual fear conditioning: A double 
dissociation study. Neurobiology of Learning and Memory. 2012; 98(1):17–24. http://doi.org/
10.1016/j.nlm.2012.04.004. [PubMed: 22543193] 

38. Brabant C, Charlier Y, Tirelli E. The histamine H3-receptor inverse agonist Pitolisant improves 
fear memory in mice. Behavioural Brain Research. 2013; 243(1):199–204. http://doi.org/10.1016/
j.bbr.2012.12.063. [PubMed: 23327739] 

39. De Oliveira Coelho CA, Ferreira TL, Soares JCK, Oliveira MGM. Hippocampal NMDA receptor 
blockade impairs CREB phosphorylation in amygdala after contextual fear conditioning. 
Hippocampus. 2013; 23(7):545–551. http://doi.org/10.1002/hipo.22118. [PubMed: 23460450] 

Heroux et al. Page 17

Behav Brain Res. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://doi.org/10.1037/0735-7044.106.4.591
http://doi.org/10.1016/S1074-7427(03)00040-6
http://doi.org/10.3389/fnbeh.2011.00028
http://doi.org/10.1037/0735-7044.110.6.1365
http://doi.org/10.1016/S0166-4328(97)00088-0
http://doi.org/10.1016/S0166-4328(97)00088-0
http://doi.org/21/17/6889
http://doi.org/10.1016/S0306-4522(00)00531-5
http://doi.org/10.1101/lm.37601
http://doi.org/10.1016/j.physbeh.2014.11.004
http://doi.org/10.1016/j.physbeh.2014.11.004
http://doi.org/10.1523/JNEUROSCI.2466-06.2006
http://doi.org/10.1523/JNEUROSCI.2466-06.2006
http://doi.org/10.1016/j.neuint.2005.11.019
http://doi.org/10.1016/j.neuint.2005.11.019
http://doi.org/10.1016/j.bbr.2011.01.052
http://doi.org/10.1016/j.bbr.2011.01.052
http://doi.org/10.1037/0735-7044.120.5.1071
http://doi.org/10.1037/0735-7044.120.5.1071
http://doi.org/10.1016/j.nlm.2012.04.004
http://doi.org/10.1016/j.nlm.2012.04.004
http://doi.org/10.1016/j.bbr.2012.12.063
http://doi.org/10.1016/j.bbr.2012.12.063
http://doi.org/10.1002/hipo.22118


40. Schmidt SD, Myskiw JC, Furini CRG, Schmidt BE, Cavalcante LE, Izquierdo I. PACAP 
modulates the consolidation and extinction of the contextual fear conditioning through NMDA 
receptors. Neurobiology of Learning and Memory. 2015; 118:120–124. http://doi.org/10.1016/
j.nlm.2014.11.014. [PubMed: 25490058] 

Heroux et al. Page 18

Behav Brain Res. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://doi.org/10.1016/j.nlm.2014.11.014
http://doi.org/10.1016/j.nlm.2014.11.014


Highlights

• In adolescent rats, the context preexposure facilitation effect depends on NMDA 

receptor activation on either the preexposure or training day but not the testing 

day.

• These effects appear during fear acquisition (post-shock freezing) and 24-hour 

retention.

• NMDA receptor activation following preexposure or training has little or no 

effect on the CPFE in adolescent rats.

• Acquisition (post-shock freezing) vs. 24-hour retention show different dose-

response functions. Lower doses of NMDA antagonists disrupt 24-hour 

retention but not post-shock freezing.
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Figure 1. 
Mean percent freezing (± SEM) in Experiment 1 depicted for Pre (black bars) and Alt Pre 

(white bars) groups across drug treatment conditions when the drug is administered prior to 

multiple context preexposure. The CPFE was observed in a 24 hour retention test for the 

Saline control group but not when MK-801 was injected prior to context preexposure 

(***p<.001).
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Figure 2. 
Mean percent freezing (± SEM) in Experiment 2A depicted for Pre (black bars) and Alt Pre 

(white bars) groups across drug treatment conditions when the drug is administered prior to 

immediate shock training. Administration of 0.1 mg/kg MK-801 prior to training disrupted 

retention test freezing 24 hours later (***p<.001).
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Figure 3. 
Mean percent freezing (± SEM) in Experiment 2B depicted for Pre (black bars) and Alt Pre 

(white bars) groups across drug treatment conditions when the drug is administered prior to 

immediate shock training. Administration of 0.1 mg/kg MK-801 prior to training disrupted 

the CPFE in a 3 min postshock freezing test immediately after the shock (***p<.001).
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Figure 4. 
Mean percent freezing (± SEM) in Experiment 3 depicted for animals given Saline (black 

bar) or 0.1 mg/kg MK-801 (striped bar) when the drug is administered prior to a 24hr 

retention freezing test. MK-801 did not disrupt expression of contextual fear relative to 

Saline controls. (p>.90).
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Figure 5. 
Mean percent freezing (± SEM) during a 1 minute postshock and a 24 hour retention 

freezing test in Experiment 4 depicted for animals given Saline (black bars) or 0.1 mg/kg 

MK-801 (white bars) immediately after context preexposure (Panel A) or training (Panel B). 

The consolidation of contextual information was disrupted by post-preexposure MK-801 

measured in a subsequent postshock freezing test after training (Panel A; **p<.05) but not in 

a retention test 24 hours later (Panel A; p=.06). Post-training injections of MK-801 had no 

effect on retention test freezing relative to Saline and non-associative control animals (Panel 

B; ***p<.001). Alternate context preexposed animals were pooled across all other 

experimental conditions.
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Figure 6. 
Mean percent freezing (± SEM) in Experiment 5 depicted for drug conditions when the drug 

is administered prior to immediate shock training followed by a 1 minute postshock freezing 

test (Panel A) and a retention freezing test 24 hours later (Panel B). Higher doses of MK-801 

(0.1 mg/kg) disrupt both postshock and retention test freezing (***p<.001) while lower 

doses of MK-801 (0.025 or 0.05 mg/kg) only disrupt retention freezing. (**p<.05). Alternate 

context preexposed animals were pooled across all drug conditions.
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