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Abstract

CORRELATIONS OF DOPAMINE (D1, D2, D3) AND NMDA NR2A RECEPTOR SUBUNIT MRNA
QUANTITIES WITH MORRIS WATER MAZE WORKING MEMORY AND SPATIAL LEARNING IN RATS
Donna J. Burdett, MA
George Mason University, 2011
Thesis Director: Dr. Susan E. Bachus

Experimental manipulations have implicated dopamine and NMDA glutamate receptor
activation as playing integral roles in the learning and memory process, but no research appears
to have examined individual variability in the natural expression of dopamine and NMDA
glutamate receptor levels. In this study, the naturally occurring variability of dopamine (D1, D2,
D3) and glutamate NMDA NR2A receptor expression in the prefrontal cortex and nucleus
accumbens, measured by in situ hybridization, in relation to individual differences in
performance of spatial reference memory and spatial working memory tasks were examined.
Spatial reference memory testing was conducted in the Morris water maze (MWM), utilizing the
submersible Atlantis-style platform paradigm. Spatial working memory testing was conducted
utilizing the MWM moving platform task. Significant correlations between mRNA values and
behavioral values implicate the mRNA studies here in several aspects of learning. Dopamine D2
and D3, and NMDA NR2A in the nucleus accumbens is associated with memory consolidation in
spatial reference memory. Dopamine D1 in the nucleus accumbens core is involved in the

acquisition and maintenance of a new strategy, whereas, D1 in the nucleus accumbens shell is
involved in the consolidation process of spatial location in working memory task. The findings in
this study are consistent with the substantial research using experimental manipulations that
have identified dopamine and NMDA receptor activation as playing an integral role in the
learning and memory process. Individual differences in both spatial reference and spatial
working memory were correlated with individual differences in mRNA levels, suggesting that
individual differences in mRNA expression are a determinant of individual performance
differences in these aspects of behavior.

1. Introduction

Decades of research have identified some of the underlying components and neuronal
mechanisms involved in learning and memory. Converging evidence implicates dopamine and
NMDA glutamate receptor activation within the prefrontal cortex (PFC), striatum, limbic system
and midbrain as playing an integral role in the learning and memory process (Brozoski et al.,
1979; Goldman-Rakic, 1995; Kelly, Smith-Roe and Holahan, 1997; Watanabe, Kodama and
Hikosaka, 1997; Zahrt et al., 1997; Floresco and Phillips, 2001).
The PFC contains dopamine and glutamate terminals that converge onto individual
pyramidal cells and parvalbumin-containing interneurons (Goldman-Rakic, 1996; Lidow et al.,
1998; Smiley et al., 1994; Kruse et al., 2009). Quantitative analysis revealed that 100% of the
PFC neurons that expressed dopamine D1 receptors also expressed NR2A NMDA glutamate
receptor subunits, with 65% being parvalbumin-containing interneurons (Kruse et al., 2009).
The nucleus accumbens (Nac) receives glutamateric input from the PFC, amygdala,
hippocampus, mediodorsal thalamus and dopaminergic input from the VTA (Baldwin et al.,
2002; Goldman-Rakic, 1995). These fibers converge on the dendritic spines of medium spiny
neurons found within the Nac that project out to various motor systems (Kelly et al., 1997).
Together these components form a corticostriatal network of parts that differentially contribute
to the learning and memory process (Baldwin et al., 2000).
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Early studies provided evidence for the involvement of the PFC in working memory by
measuring the electrical activity in the PFC in monkeys while they performed a classical delayed
-response task (Fuster, 1973; Kubota and Niki, 1971). Distinct patterns of activity were observed
relative to the cue, delay, and response phases of the task. Activity levels remained active
during the delay period of the task until the initiation of a response was made. The sustained
activity during the delay period is considered to be the neuronal correlate of the mnemonic
processing component of working memory task.
Building upon these findings, researchers discovered that specific sets of neurons
repeatedly responded to the presentation of specific target locations (Funahashi, Bruce and
Goldman-Rakic, 1989). These same neurons did not become activated when another target
location was presented. Based upon these findings, researchers concluded that the PFC
contains “memory fields” similar to those found in the primary visual cortex in which different
neurons encode for specific target locations. A decrease in the level of activity below baseline
levels was detected in neurons opposite the memory field, suggesting the presence of
‘opponent’ memory fields.
D1 receptor expression is ten times greater than D2 receptors in the PFC (Lidow et al.,
1998; Missale et al., 1998; Oak et al., 2000). Pharmacological studies have identified the
dissociable effects of D1 and D2 receptor activation in the working memory process. D1
receptor activation selectively modulates the neuronal activity associated with the mnemonic
processing component of working memory task, without affecting the cue and response related
components (Sawaguchi and Goldman-Rakic, 1991; Williams and Goldman-Rakic, 1995).
Neurons within monkey PFC memory fields increased their activity in response to low doses of a
D1 antagonist, while higher doses completely disrupted neuronal activity. Neurons outside of
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the memory field showed no activation, suggesting that memory fields contain a high density of
D1 receptors. The resultant inverted “U” shaped dose-dependent response curve indicates that
an optimal level of D1receptor activation is critical to the proper function of the working
memory. Variant doses of a D2 antagonist had no effect on performance of the task.
D2 receptor activation selectively modulates the neuronal activity associated with the
response component of working memory task without affecting the cue and mnemonic
processing components (Wang et al., 2004). Response-related neurons showed a directional
preference for a presented target, indicating the presence of D2 receptors in memory fields.
Different subsets of response-related neurons selectively became active prior to the initiation of
the response, while other neurons selectively became active after the completion of the task.
The effects of D2 receptor activation are dose-dependent, as noted for D1 receptors. The
balance between D1 and D2 receptor activation within the PFC is essential to facilitate the
successful retention and manipulation of information necessary to select an appropriate
response.
Behavioral studies show a strong relationship between dopamine levels and
performance of a working memory task (Zahrt et al., 1997; Floresco and Phillips, 2001). Low
levels of dopamine impair performance of a working memory task. Increasing levels of
dopamine steadily improve performance, which ultimately plateaus. Continual increase in
dopamine beyond optimal levels results in a steady decline in performance of the working
memory task. When optimal levels of dopamine are restored, performance of the task returns
to near perfect. This clearly illustrates a dose-dependent inverted “U” response curve indicating
that an optimal level of dopamine is critical to the proper function of working memory.
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Research has also shown that NMDA glutamate receptors also play a significant role in
the learning process. Transgenic mice with enhanced hippocampal NMDA receptor subunits
showed superior ability in the performance of a Morris water maze spatial learning task
compared to their wild-type counterparts (Tsien,1996; Tang et al., 1999). Conversely, transgenic
mice deficient of hippocampal NMDA receptor units showed inferior ability in the performance
of a spatial learning task (Sakimura et al., 1995; Tsien, 2000).
Low doses of NMDA antagonist infused into the PFC had no effect. High doses of a
NMDA receptor antagonist prevented acquisition, but had no effect on the performance of the
lever pressing behavior in an appetitive instrumental learning task (Baldwin, Sadeghian and
Kelley, 2002; Tsukada et al.,2005).
Molecular and electrophysiological studies confirm that the close proximity of the D1
and NMDA receptors in rat PFC and hippocampus not only facilitates interaction between the
two receptors, but that D1 receptor activation mediates NMDA receptor activation (Kruse et al.,
2009; Sarantus, Matsokis and Angelatou, 2009). Evidence supporting these findings shows that
co-activation of dopamine D1 and glutamate NMDA receptors within the PFC of rats is necessary
for successful acquisition and performance of an appetitive instrumental task, but not necessary
once the task is learned (Baldwin, Sadeghian, and Kelly, 2002). Low doses of D1 and NMDA
antagonist separately infused into the PFC had no effect on learning and performance, but coinfusion of low doses of D1 and NMDA antagonists impaired the ability to acquire the correct
lever pressing response compared to controls. Reinfusion of D1and NMDA receptor
anatagonists on the final day of the trial produced no effect from the drug treatment indicating
that D1- NMDA receptor co-activation is not necessary once the task is learned. The D1- NMDA
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co-infusion had no effect on locomotive or feeding behaviors, providing further support that the
drug induced impairments are specific to learning.
D1 and NMDA receptor activation in the Nac also plays a significant role in the learning
and memory process. High doses of the D1 receptor antagonist infused into the nucleus
accumbens core(NacC) of rats prevented acquisition, but had no effect on the performance of
the lever pressing behavior in an appetitive instrumental learning task (Smith-Roe and Kelley,
2000). High doses of the NMDA receptor antagonist infused into the NacC of rats produced the
same effect in regards to acquisition, but reinfusion of the NMDA receptor antagonist on the
final day of the trial produced no effect indicating that NMDA receptor activation is not
necessary once the task is learned. High doses of the NMDA receptor antagonist infused into
the nucleus accumbens shell (NacS) produced measureable, yet insignificant impairment in
acquisition of the task (Kelley, Smith-Roe and Holahan, 1997).
Evidence supporting these findings shows that co-activation of D1 and NMDA receptors
within the NacC of rats is necessary for successful acquisition and performance of an appetitive
instrumental task (Smith-Roe and Kelley, 2000). Low doses of D1 and NMDA antagonist
separately infused into the NacC had no effect on learning and performance, but co-infusion of
D1 and NMDA antagonists impaired the ability to acquire the correct lever pressing response
compared to controls. The D1-NMDA co-infusion had no effect on locomotive or feeding
behaviors, providing further support that the drug induced impairments are specific to learning.
Decades of experimental manipulations have implicated dopamine and NMDA
glutamate receptor activation as playing integral roles in the learning and memory process, but
until recently, no research appears to have examined individual variability in the natural
5

expression of dopamine and NMDA glutamate receptor levels (Smith et al., 2004; Smith et al.,
2005). The results of the Smith studies revealed significant correlations between rat brain
neurochemistry and performance of working memory and spatial reference memory tasks. The
purpose of the present study is to examine the naturally occurring variability in dopamine and
NMDA glutamate receptor expression in the PFC and Nac in relation to individual differences in
performance of a spatial reference memory and spatial working memory tasks.
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2. Methods

Subjects
Sixteen (8 eight-month old) and (8 eleven-month old) female Sprague-Dawley rats were
used in this study. Rats were individually housed and given access to food and water ad libitum
under a 12 hour light/dark cycle. All testing was conducted during the light phase of the cycle.

Apparatus
The Morris water maze (MWM) apparatus is a circular pool, 1.8 meters in diameter,
with black interior walls and floors, and a transparent, submersible platform. The pool is filled
with water and the water temperature regulated at 23°C ± 1°. White curtains surround the
pool, with black, distinctly shaped environmental cues hung at each of the four quadrants.

Behavioral Testing (conducted by Laura Smith)
Spatial reference memory testing was conducted in the Morris water maze (MWM),
utilizing the submersible Atlantis-style platform. The platform remained fixed in the North-West
quadrant throughout the testing period, except during probe trials. Testing consisted of three
60 second trials per day over eight days, with 45 seconds between trials. If the platform was not
located within the 60 second period, the rat was physically guided to the platform, allowed to
remain there for 15 seconds, then returned to her cage. If the platform was located during the
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trial, the rat was allowed to remain on the platform for 10 seconds before being returned to her
cage. Measurements of latency to locate the platform and thigmotaxicity were recorded. Probe
trials to test memory were performed every sixth trial. During probe trials the platform was
made unavailable, and the rat is allowed to swim for 60 seconds. Measurements of the number
of times the platform position was crossed and percentage of time spent in the correct quadrant
were recorded. Immediately following the probe trials, the submerged platform was raised with
the rat still in the pool to prevent extinction of the task.
Spatial working memory testing was conducted in the MWM, during which the platform
remained raised, but was moved to a different quadrant at the beginning of each testing day.
Testing consisted of four 60 second trials per day over four days, with 45 seconds between trials.
On day one the platform was placed in the North-East quadrant, moved to the South-West on
day two, the South-East on day three, and North-West on day four. If the platform was not
located within the 60 second period, the rat was physically guided to the platform, allowed to
remain there for 15 seconds, then returned to her cage. If the platform was located during the
trial, the rat was allowed to remain on the platform for 10 seconds before being returned to her
cage. Measurements of latency to locate the platform and thigmotaxicity were recorded.
Spatial working memory was assessed by performance on B trials, and (A- B) trials for each day.
Tissue Preparation
The rats were sacrificed by decapitation, brains were rapidly removed, and placed on
fresh frozen dry ice, and stored airtight at -80°C until cryostat sectioning. Coronal sections were
taken from the PFC and Nac at 16μm thickness, affixed to subbed slides, and returned to storage
at -80°C.
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In Situ Hybridization
In Situ hybridization and probe labeling were conducted following the method of Young
(1992). Oligonucleotides were radioactively-labeled using 35S and targeted against mRNAs for
dopamine (D1, D2, D3) and NMDA NR2A subunits. Prepared slides and 14C standards were
placed in cassettes with X-omat (Kodak, Rochester, NY, USA) film and exposed for two weeks.
Autoradiographic images of individual slides were digitized and converted to TIFF files using a
flatbed scanner. Samples were taken from PFC and nucleus accumbens and quantitative
analysis was performed using NIH Image (Rasband, NIH). Optical densities of the mRNA’s were
interpolated along the calibration curve established from the 14C standards.
Hypotheses
The purpose of the present study was to examine the naturally occurring variability in
dopamine and NMDA glutamate receptor expression in the PFC and Nac in relation to individual
differences in performance of spatial reference memory and spatial working memory tasks.
Specific Aims:
1. To confirm the involvement of dopamine and glutamate in spatial reference and
working memory learning processes. No published research appears to exist that directly
compares the naturally occurring rat brain neurochemistry to individual measurements of
spatial learning and memory. Significant correlations would add further support to the findings
of experimental manipulation studies that results are specific to learning and memory.
2. To determine whether these neurotransmitters are expressed differentially in
relation to individual differences in learning and memory abilities. Experimental studies
involving the manipulation of dopamine and NMDA receptor activity conclude that an optimal
9

level of these neurotransmitters is necessary for the successful acquisition and performance of
memory tasks. No published research enumerates the actual optimal levels of receptor activity.
The quantification of naturally occurring receptor levels in relation to measures of learning and
memory would provide insight into the range of optimal levels.
My hypothesis is that rats with higher dopamine and NMDA mRNA expression will be
associated with better learning and memory ability as measured by performance of spatial
reference and working memory tasks.
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3. Data Analysis

Atlantis-Style Platform
Spatial reference memory abilities were examined using the Atlantis-style platform
paradigm. Repeated measures analysis of variances (ANOVAs) were used to analyze behavioral
measures previously outlined. Analyses were performed across days and trials, as well as
between age groups. Since half of the C trials were probe trials, C trials were analyzed
separately from A and B trials. Post hoc analyses were performed as appropriate when results
were found to be significant (p < .05).
Moving Platform
Spatial working memory abilities were examined using the Moving platform paradigm.
Repeated measures analysis of variances (ANOVAs) were used to analyze behavioral measures
previously outlined. Analyses were performed separately for all trials (A, B, C and D), with
special interest on B trials. B trials were considered separately from all other trials, since B trials
are the best indicator of working memory ability (Frick, et al., 1995). The difference between
the latency for the A and B trials (A-B) was calculated as a supplemental indicator of working
memory ability. Since performance during A trials represents the time to find the new location
of the platform at the beginning of each day, any decrease in latency from A to B trials within a
single day can be attributed to working memory. Post hoc analyses were performed as
appropriate when results were found to be significant (p < .05).
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mRNAs and Behavior
Pearson’s correlations were performed to investigate the relationships between mRNAs
quantities, and the relationships between behavioral learning variables within individuals and
mRNA quantities. Post hoc analyses were performed as appropriate when results were found to
be significant (p < .05).
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4. Results

Behavioral Analyses
Atlantis-style Platform
For A trials, results of a repeated measures ANOVA showed significant differences in
latency scores across days, F(6,84) =6.18, p = .00. Results of a paired sample t-test showed a
significant decrease in latency scores between Day 2 (M = 52.69, SE = 3.46) and Day 8 (M =
30.07, SE = 5.16), t = 3.93, p < .01, (Figure 1A). Subjects were able to locate the platform faster
on the last day when compared to the second day, indicating positive learning of the task.
Further analysis showed that the averaged latency score for the averaged Days 2-4 (M = 52.39,
SE = 2.22) was higher when compared to the averaged latency score for Days 5-8 (M=33.75, SE =
3.14), showing that subjects located the platform significantly faster on Days 5-8, t= 7.88, p <
.01, (Figure 1B).
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Figure 1A. Averaged latency scores for Atlantis A trials.
Figure 1B. Average latency scores for Atlantis A trials for days 2-4 and 5-8.

These findings held true for the percent of time spent in the correct quadrant. Results
of a repeated measures ANOVA showed significant differences in the percent of time spent in
the correct quadrant across A trials, F(6,84) =2.49, p = .03. There was a significant increase in the
amount of time spent in the correct quadrant between Day 2 (M = 28.79, SE = 1.86) and Day 7
(M =44.25, SE = 4.15), t = 3.51, p = .00. Subjects spent more time in the correct quadrant on Day
7 compared to Day 2, indicating positive learning of the task (Figure2A). Further analysis
showed that the averaged percent of time spent in the correct quadrant for Days 2-4 (M =
30.83, SE = 1.68) was significantly lower compared to averaged time for Days 5-8 (M = 39.08, SE
=2.62), t = -2.70, p = .02 (Figure 2B).
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Figure 2A. Averaged percent of time spent in the correct quadrant for Atlantis A trials.
Figure 2B. Averaged percent of time spent in the correct quadrant days 2-4 and 5-8.

For probe trials, results of a repeated measures ANOVA showed significant differences
in the percent of time spent in the correct quadrant across trials, F(3,42) = 4.03, p = .01. Results of
a paired samples t-test showed significant increases in the percent of time spent in the correct
quadrant between probe trial 1 and probe trial 4 (M = 8.99, SE = 2.93), t = 3.10, p < .01, and
probe trial 2 and probe trial 4 (M = 8.78, SE = 3.39), t = 2.59, p < .05 (Figure 3A). Results of a
repeated measures ANOVA showed significant differences in the number of platform crossings
between probe trials, F(3,42) = 4.35, p = .01. Significant increases occurred in the number of
platform crossings between probe trial 1 and probe trial 4 (M = 2.00, SE = 0.56), t = 3.55, p < .01,
and probe trial 2 and probe trial 4 (M = 1.88, SE = 0.56), t = 3.34, p < .01 (Figure 3B). Increases in
the amount of time spent in the correct quadrant and number of platform crossings between
the first and last probe trial indicate positive learning of the task.
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Figure 3A. Averaged percent of time spent in the correct quadrant for Atlantis Platform probe trials.
Figure 3B. Averaged number of platform crossing for Atlantis Platform probe trials.

Moving Platform
For A trials, results of a repeated measures ANOVA showed a trend for differences in
latency scores across days, F(3,42) =2.20, p = .10. Further analysis using a paired samples t test
showed a significant decrease in time to find the new location of the platform between Day 1
(M = 41.32, SE = 4.90) and Day 4 (M = 24.22, SE = 4.55), t = 2.45, p = .03. Subjects were able to
locate the new location of the platform faster on the last day of the trial when compared to the
first, indicating positive learning of the task.
Repeated measures ANOVAs were conducted to examine the search strategy during A
trials. Results showed significant differences in the percent of time spent searching in the
previous days quadrant across trials, F(3,45) = 9.42, p = .00. Results of a paired samples t-test
show significant decreases in time spent in the previous days quadrant between trial Day 1 (M
=3 7.08, SE =2.94) and Day 4 (M =22.62, SE =3.61), t = 3.39, p = .00, indicating positive learning
of the task. The amount of time spent searching in the previous days quadrant significantly
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decreased between day 2 and day 3, (M = 12.47, SE = 3.25),t =3.84, p = .00. Results of a
repeated measures ANOVA showed significant differences in the percent of time spent
searching in the correct quadrant across trials, F(3,45) = 2.82, p = .05. Although not significant,
beginning on day 3, more time was spent in the correct quadrant of the new platform location,
than in the previous day’s platform location. A trend was found between time spent in the
correct quadrant and time spent in the previous days quadrant for Day 4, t = 1.82, p = .09. The
shift from searching in the previous day’s quadrant to searching in the correct day’s quadrant on

Time Spent in Quadrant (%)

day 3 demonstrates learning of the Moving Platform task (Figure 4).
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Trial Day
Figure 4. Time spent in previous day’s quadrant vs. new correct platform quadrant for Moving Platform A
trials.

For B trials, results of a repeated measures ANOVA showed no significant differences in
latency scores across days, F(3,45) =.33, p = .81.
For A minus B latency difference scores, results of a repeated measures ANOVA showed
no significant differences in latency scores across days, F(3,45) =1.41, p = .25. Results of a paired
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samples t test revealed a significant decrease in latency from A to B trial on Day 1 (M = 17.95, SE
= 4.63), t = 3.88, p = .00.
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Figure 5. Average Latency Trial A, Trial B and (A-B) difference for Moving Platform

mRNA’s
Pearson correlations were performed to examine the relationships between D1, D2, D3
and NR2A mRNAs within individual subjects. r values for significant results are shown in Table 1.

Table1. Pearson correlation r values between D1, D2, D3 and NR2A mRNA values within individual rats.

D1
PFC
D1 PFC
D1 Nac
D1 Nas
D2 PFC
D2 Na
D3 Na
D3 OFT
NR2A PFC
NR2A Na

D1
Nac

D1
Nas

D2
PFC

.780**

-.668**
-.534*

D2
Na

D3
Na

D3
OFT
.437 †
.740**
.797**
-.455 †

NR2A
PFC

NR2A
Na

-.565 †
- .487 †
.537 †

-.336 †

.522*
-.507 †
.655*

** p < .01, * p < .05, † p < .10, †* p <.10 one-tailed
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One-way ANOVAs conducted to examine whether mRNA levels differ between age
groups, showed that the younger group (M = .03426, SE= .00127) had significantly higher D2
mRNA in the Nac than the older group (M = .03067, SE = .00091), F(1, 14) = 5.28, p < .05. No

D2 mRNA Values

significant differences between age groups were found for any other mRNA locations (Figure 6).

0.04000
0.03500
0.03000
0.02500

Young

Old
Age

Figure 6. Differences in D2 mRNA values between young and old subjects.

mRNAs and Behavior
Pearson correlation coefficients were performed to examine the relationships between
mRNA levels and behavioral performances. These correlations are shown in Table 2 and 3.
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Atlantis-style Platform

Table 2. Pearson correlation r values between mRNA values and behavioral performance for Atlantis
Platform.
D1
PFC

D1
Nac

D1
Nas

D2
PFC

D2
Na

D3
Na

Probe 1 Correct Quadrant

- .515*

Probe 2 Correct Quadrant

- .504*

A Trials Platform Latency
Avg Days 2-4
A Trials Correct Quadrant
Avg Days 2-4

D3
OFT

NR2A
PFC

- .474†
.546*

NR2A
Na

- .461†
- .479†

** p < .01, * p < .05, † p < .10

D2 in Nucleus Accumbens (D2 Nac)
For A trials, a significant positive correlation was found between D2 Nac mRNA levels
and the average percent of time spent in the correct quadrant for the averaged days 2-4, r =
.546, p < .05. Analysis using a one-way ANOVA showed that subjects with higher D2 Nac spent
significantly more time in the correct quadrant for the averaged days 2-4 than those with lower
D2 Nac ,F(1,14 ) = 6.28, p = .03. There was also a negative trend between D2 Nac mRNA levels and
the average latency during A trials for the averaged days 2-4, r = - .474, p = .06. Further analysis
showed a trend whereby subjects with higher D2 NA mRNA had lower latency scores than those
with lower D2 Nac mRNA levels for the averaged days 2-4 during A trials, F(1,14)= 3.47, p = .08).
Individuals with higher D2 receptor expression in the nucleus accumbens spent more time in the
correct quadrant and located the platform faster during the early stage of the trial period.
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D3 in Nucleus Accumbens (D3 Nac)
A negative trend was found between D3 Nac mRNA levels and the average percent of
time spent in the correct quadrant during A trials for the averaged days 2-4, r = -.479, p = .06.
Lower D3 Nac was associated with a higher percent of time spent in the correct quadrant during
Days 2-4 of the overall trial period. For probe trials, significant negative correlations were found
between D3 Nac and the percent of time spent in the correct quadrant during Probe trial 1,
r= -.515, p <.05 and Probe trial 2, r = -.504, p < .05. Lower D3 mRNA levels in the nucleus
accumbens is associated with more time spent in the correct quadrant during early probe trials.

NR2A in Nucleus Accumbens (NR2A Nac)
A negative trend was found between NR2A Nac levels and latency to reach the platform
during A trials for the averaged days 2-4, r = - .461, p = .07. Higher NR2A mRNA levels in the
nucleus accumbens were associated with faster times to locate the platform.
Moving Platform
Correlations between moving platform behavioral variables and mRNA levels are shown
in Table 3.

Table 3. Pearson correlation r values between mRNA values and behavioral performance for Moving
Platform.
D1
PFC
Avg A Trial Latency
Avg (A-B) Difference
Day 1 Correct Quadrant
Day 3 A Trial Latency
Day 3(A-B) Difference
** p < .01, * p < .05

D1
NacC

D1
NacS

- .527*

- .525*

- .440†

-.657**

. 494*
- .611**
- .695**

- .621**
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D2
PFC

D2
Nac

D3
Nac

D3
OFT

NR2A
PFC

NR2A
Nac

Significant negative correlations were found between D1 NacS and D1 NacC mRNA
levels and the average A trial latency score, r = - .525, p < .05, r = - 527, p < .05, respectively.
Higher D1 mRNA receptor expression in the nucleus accumbens shell and core is associated with
less time to locate the new location of the platform at the beginning of each trial day. Results of
a repeated measures ANOVA showed a significant main effect for D1 NacC mRNA levels across
days, F(1,14) = 6.76, p = .02. Subjects with higher D1 NacC had significantly lower A trial latency
scores than those with lower D1 NacC mRNA levels, t = 2.60, p = .02. A significant negative
correlation was found between D1 NacC and the A trial latency scores on Day 3, r = -.611, p =
.01. Further analysis using an independent samples t-test showed that subjects with higher D1
NacC had significantly lower latency scores (M = 20.00, SE = 4.60), than those with lower D1
NacC levels (M = 44.64, SE = 7.75), for A trials on day 3, t = - 2.88, p = .01. No significant effect
was found for D1 NacS mRNA levels.
D1 NacC was significantly correlated with time spent in the correct quadrant for day 1
A trials, r = .494, p< .05, and a trend for day 2, r = .416, p = .10. Results of a repeated measures
ANOVA showed a significant main effect for D1 NacC mRNA levels, F(1,14) = 4.39, p = .05. An
independent t-test showed that subjects with higher D1 NacC spent significantly more time
searching in the correct quadrant (M = 30.37, SE = 1.33), than subjects with lower D1 NacC
(M = 25.65, SE = 1.90), t = 2.10, p < .05.
For B trials, results of a repeated measures ANOVA showed a trend for an interaction
between high vs. low D1 NacS mRNA levels and early (averaged Days 1 and 2) late (averaged
Days 3 and 4) stages of the task, F(1,14) = 3.46, p = .08. Subjects with lower D1 NacS took less
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time to reach the platform than those with higher D1 NacS during the late stage of the task,

B Trial Latency (secs)

t = 2.22, p = .04(Figure 7B).
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Figure 7A. Averaged latency for Moving Platform B trials for groups above or below the mean for D1 NacS
Figure 7B. Averaged latency for Moving Platform B trials for groups above or below the mean for D1 NacS
for days 1-2 vs. 3-4

A significant negative correlation was found between D1 NacS and the average latency
difference scores from A to B trials (A-B), r = -.657, p < .01. There also was a negative trend
between D1 NacC and the average (A-B) latency score, r = -.440, p =.09. Results of a repeated
measures ANOVA showed a significant main effect for D1 NacC mRNA levels, F(1,14) = 9.02, p =
.01. Subjects with lower D1 NacC mRNA receptor expression showed improved latency to locate
the platform from A to B trials, a supplemental indicator of working memory.

A significant negative correlation was found between D1 NacC and D1 NacS mRNA levels
and the latency difference score from A to B trials (A-B) on day 3, r = -.695, p < .01, r = -.621, p <
.01. Individuals with lower D1 NacC and NacS mRNA receptor expression showed improved

23

latency to locate the platform from A to B trials, a supplemental indicator of working memory.
Further analysis using separate independent samples t-test showed that subjects with lower D1
NacC mRNA levels had significantly higher latency difference scores from A to B trials on day 3
scores than those with higher D1 NacC levels (M = -20.08, SE = 9.28), t = - 2.17, p < .05. Also,
subjects with lower D1 NacS mRNA levels had significantly higher latency difference scores from
A to B trials on day 3 than those with higher D1 NacS levels (M = -32.25, SE = 11.92), t = - 2.71, p
< .01.
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5. Discussion

The purpose of this study is to examine the naturally occurring variability in dopamine
and NMDA glutamate receptor expression in the PFC and nucleus accumbens in relation to
individual differences in performance of a spatial reference memory and spatial working
memory tasks. Significant correlations between mRNA values and behavioral values implicate
the mRNA studied here in several aspects of learning.
Individuals with higher D2 receptor expression in the nucleus accumbens consistently
spent more time in the correct quadrant and located the platform faster during A trials of the
Atlantis-style Platform task. D2 Nac mRNA was only significantly correlated with behavior
performance on Days 2-4, thus associating D2 Nac receptors with faster learning in the spatial
reference memory process. These findings support one theory that suggests that nucleus
accumbens D2 receptors are involved in memory consolidation and act indirectly as a modulator
of memory storage in other brain regions (Setlow and McGaugh, 1998). Infusion of the D2
antagonist sulpiride into the nucleus accumbens immediately after training in a spatial water
maze memory task, impaired memory retention, whereas, infusion 2 hours after training
showed no impairment, supporting the involvement of D2 Nac receptors in memory
consolidation. Control groups receiving saline infusions did not differ in behavioral performance
of the task. Drug manipulation and lesions studies targeting the nucleus accumbens add further
support to the hypothesis that memory storage for spatial memory involves in other brain
regions. D2 antagonist infusions and lesions to the nucleus accumbens prior to training
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prevented the acquisition of spatial memory tasks (Arnett, McGregor & Robbbins, 1989; Ploeger
et al., 1994). D2 agonists administered post-training enhanced retention in water maze and
radial arm tasks (Packard & McGaugh, 1994). In contrast, D2 antagonists administered posttraining impaired acquisition (Ploeger et al., 1994). The correlation with early learning, but not
later memory for platform location, support D2 involvement in the memory consolidation
process acting as a modulator for memory storage elsewhere in the brain.
The only age-related differences in mRNAs were found in D2 mRNA values in the
nucleus accumbens. Younger rats had significantly higher D2 Nac levels compared to older rats.
Interestingly, this difference did not extend to behavioral performance for either the Atlantis or
Moving Platform tasks. One possible explanation for lack of an age difference in behavioral
performance is that the age difference between the groups was only three months. An
ontological study conducted by Srivastava et al. (1992) investigated the postnatal development
of D2 receptor expression in Sprague-Dawley rats from day 1 to 1 year of age. Specifically, in the
nucleus accumbens, the D2 receptor is apparent on day 1, gradually increases, reaching
maximum levels on day 28. After day 28, receptor expression sharply declines until 6 months of
age, then steadily continues to decrease between 6 months and one year (Srivastava, 1992) The
ages of the animals in this study (8 and 11 months), places them in the period where receptor
expression is still decreasing at a steady rate, which explains the differences found between the
groups; however, their ages place them in the same classification as being adult rats, where
differences in learning ability would not be expected. Age-related impairment in spatial learning
for the hidden-platform version (Atlantis), but not the cued version of the task, was found
between (4-6 month) and (25-27month) Long-Evans rats. Younger rats exhibited significantly
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superior performance during probe trials when compared to older rats (Gallagher, Burwell &
Burchinal, 1993).
In contrast to D2, individual rats with lower D3 mRNA levels in the nucleus accumbens
was associated with more time spent in the correct quadrant during early probe trials 1 and 2 of
the Atlantis-style Platform task. There also was a similar trend for the percent of time spent in
the correct quadrant during early A trials, thus associating D3 receptors in the nucleus
accumbens with faster learning in the spatial memory process. The significant negative
correlation between D2 Nac and D3 Nac establishes a relationship whereby higher D2 Nac
expression is associated with lower D3 Nac expression. A similar relationship was found for the
correlations between D2 Nac and D3 Nac mRNAs and behavioral performance measures during
the early learning stage.
Substantial research indicates that memory consolidation is the result of the interaction
between D2 and D3 receptors (Laszy, Laszlovsky & Gyertyan, 2005; Sigala, Missale & Spano,
1997; Xing et al., 2010; Xing, Meng & Wei, 2010). Genetically manipulated mice lacking the D3
receptor exhibited normal learning abilities when compared to their wild-type counterparts in a
MWM spatial task (Xing et al., 2010). Aged D3 knockout mice exhibiting age-related memory
impairment, performed better than their wild-type counterparts in a MWM spatial task,
suggesting that antagonism of the D3 receptor improves age-related declines in memory (Xing,
Meng & Wei, 2010).
Pharmacological experiments have shown that D3 antagonists had no effect on the
behavioral performance of the unimpaired group in a step down passive avoidance and water
labyrinth test (Laszy, Laszlovsky & Gyertyan, 2005;Sigala, Missale & Spano, 1997). D3
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antagonism reversed behavioral deficits in the drug-induced memory impairment group for both
tasks. Additionally, behavioral performance of the group that received co-administration of the
D2 agonist and D3 antagonist was significantly better than the group that received the D2
agonist alone, concluding that D3 antagonism potentiates the effects of the D2 agonist (Sigala,
Missale & Spano, 1997).
The relationship with lower D3 Nac in early behavioral performance may be related to
the relationship between D2 and D3 in memory consolidation. Perhaps, D2 Nac and D3 Nac
receptors are only involved in memory consolidation and no longer necessary for memory recall.
Alternatively perhaps D3 Nac receptors differentially interact with the other brain regions
involved in memory retrieval.
The negative trend between NR2A Nac and latency to reach the platform during A trials
for the averaged days 2-4, establishes a relationship whereby higher NR2A receptor expression
is associated with early learning processes. Antagonism of NMDA receptors in the nucleus
accumbens core disrupts acquisition of an appetitive instrumental learning task (Smith-Roe and
Kelley, 2000). Reinfusion of the NMDA receptor antagonist on the final day of the trial produced
no effect on performance indicating that NMDA receptor activation is not necessary once the
task is learned. High doses of the NMDA receptor antagonist infused into the nucleus
accumbens shell produced measureable, yet insignificant impairment in acquisition of an
appetitive instrumental learning task the task (Kelley, Smith-Roe and Holahan, 1997).
When behavioral performance was examined for the Moving Platform task, higher D1
mRNA in the nucleus accumbens core and shell was found to be associated with less time to
locate the platform during A trials. This suggests that D1 receptors in the nucleus accumbens
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shell and core positively contribute to acquisition of the working memory task. For B trials,
lower D1 mRNA in the nucleus accumbens shell was associated with less time to reach the
platform. This suggests that lower D1 mRNA in the nucleus accumbens shell is associated with
working memory, since B trials are the best indicator of working memory ability (Frick, 1995).
Additionally, lower D1 mRNA in the nucleus accumbens shell and core was found to be
associated with improved latency to locate the platform from A to B trials, a supplemental
indicator of working memory. The finding that only D1 Nac in the shell was found to be involved
with performance on B trials suggests that D1 in the shell and core play different roles in the
working memory process.
In an effort to tease out the different roles that D1 in the core and shell play, the search
strategy during A trials was examined. For A trials on days 1 and 2, more time was spent in the
quadrant where the platform was located on the previous day, than in the new correct platform
location. Beginning on day 3, more time was spent in the quadrant of the new platform
location, than in the previous day’s platform location, indicating learning of the Moving Platform
task.
Although more time was spent searching in the previous day’s quadrant for days 1 and
2, higher D1 NacC was found to be associated with time spent searching in the new correct
platform location. Subjects with higher D1 NacC mRNA spent consistently spent more time
searching in the correct quadrant, than those with lower D1 NacC mRNA levels.
When latency measurements for day 3 were examined separately, the dichotomy
between the core and shell was revealed. For A trials, higher D1 NacC was significantly
correlated with less time to reach the platform. Additionally, subjects with higher D1 NacC had
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significantly lower latency scores than those with lower D1 NacC levels on A trials on day 3.
These findings suggest that high D1 NacC is associated with implementing a new strategy to
successfully acquire the new platform location at the beginning of each trial day.
For B trials on day 3, lower D1 NacS was significantly correlated with less time to reach
the platform. Subjects with lower D1 NacS mRNA had significantly lower latency scores than
those with higher D1 NacS mRNA levels on day 3. During the late stage of the trial period,
subjects with lower D1 NacS mRNA took less time to reach the platform than those with higher
D1 NacS mRNA. These findings, together with performance on A trials, associate D1 receptors in
NacS with the acquisition/learning and maintenance of the platform location from A to B trials in
this working memory task.
The findings in the study reported here are consistent with those reported in the studies
that use pharmaceutical manipulations involving D1 in the nucleus accumbens core and shell.
Substantial research suggests that the core and shell in the nucleus accumbens differentially
contribute to the learning and memory process (Floresco et al.; 2006; Nelson et al., 2010).
Nelson (2010) examined the effect of lesions targeting the core and shell in the nucleus
accumbens on object recognition and an object location tasks after 24 hour delay. Controls and
animals with shell lesions showed a preference for the novel object. In contrast, animals with
core lesions showed a preference for the familiar object over the novel object, suggesting that
the core is involved in the process of memory consolidation or long term memory retrieval
process. In the object location task, controls and animals with core-lesions easily located the
new object location, whereas, those with shell lesions exhibited impaired ability in performance
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of the object location task. These finding suggest that the shell is involved in the consolidation
process of spatial location.
Floresco (2006) adds further support that the nucleus accumbens core is involved in
acquisition of a maze-based set shifting task. Animals with lesions to the core had to learn to
disregard a previously learned strategy and implement a new search strategy to receive a
reward. In core-lesioned animals, the ability to implement the new search strategy was severely
disrupted, implicating that the core is involved in the acquisition and maintenance of a new
strategy.
Additional evidence shows that D1 receptors within the core and shell have dissociable
roles in aversive memory using a one-trial inhibitory avoidance task. Antagonism of D1
receptors in the nucleus accumbens core immediately after training impaired latency in the
step-down task 24 hours later. Antagonism of the D1 receptors in the shell had no effect on
performance of the task. These findings further implicate D1 receptors in the shell in learning
and D1 receptors in the core in memory consolidation (Manago, et al., 2008).
This is the first study to examine the relationship between naturally occurring variability
in dopamine and NMDA receptor expression in relation to individual differences in behavioral
performance. The findings in this study are consistent with the substantial research using
experimental manipulations that have identified dopamine and NMDA receptor activation as
playing an integral role in the learning and memory process. Individual differences in both
spatial reference and spatial working memory were correlated with individual differences in
mRNA levels, suggesting that individual differences in mRNA expression are a determinant of
individual performance differences in these aspects of behavior.
31

References

32

References

Arnett, L.E., McGregor, A., and Robbins, T.W. (1989). The effects of ibotenic acid lesions of the
nucleus accumbens on spatial learning and extinction in the rat. Behavioural Brain
Research, 31, 231-242.
Baldwin, A.E., Holahan, M.R., Sadeghian, K., Kelley, A.E. (2000). N-methyl-D-asparate receptordependent plasticity within a distributed corticostriatal network mediates appetitive
instrumental learning. Behavioral Neuroscience,114(1):84-98.
Baldwin, AE, Sadeghian, K., Kelley, AE (2002). Appetitive instrumental learning requires
coincident activation of NMDA and dopamine D1 receptors within the medial prefrontal
cortex. The Journal of Neuroscience, 22(3):1063-1071.
Brozoski et al., Brozoski, T.J., Brown, R.M., Rosvold, H.E. Goldman-rakic, P.S. (1979).
Cognitive deficit caused by regional depletion of dopamine in prefrontal cortex of
rhesus monkey. Science.205: 929-932.
Deutch, A.Y., (1992). The regulation of subcortical dopamine systems by the prefrontal cortex:
interactions of central dopamine systems and the pathogenesis of schizophrenia.
Floresco, S.B., Phillips, A.G. (2001). Delay-dependent modulation of memory retrieval by infusion
of a D1 antagonist into the rat medial prefrontal cortex. Behavioral
Neuroscience,115(4).934-939.
Floresco, et al., (2006). Dissociable roles for the nucleus accumbens core and shell in regulating
set shifting. The Journal of Neuroscience, 26(9):2449-2457.
Funahashi, S., Bruce CJ, Goldman-Rakic PS. (1989). Mnemonic coding of visual space in the
monkey’s dorsolateral prefrontal cortex. Journal of Neurophysiology, 61(2):331-349.
Fuster, J.M. (1973). Unit activity in prefrontal cortex during delay-response: neuronal correlates
of transient memory, Journal of Neurophysiology, 36:61-78.
Gallagher, M., Burwell, R., Burchinal, M. (1993). Severity of spatial learning impairement in
aging: Development of a learning index for performance in the Morris water maze.
Behavioral Neuroscience, 107(4):618-626.

33

Goldman-Rakic, P.S. (1995). Cellular basis of working memory, Neuron, 14:477-485.

Goldman-Rakic, P.S. (1996). Regional and cellular fractionation of working memory. Proc
National Academy of Science, U.S.A., 93(24):13473-80.
Jaskiw, G.E., Weinberger, D.R., Crawley, J.N. (1991) Microinjection of apomorphine into the
prefrontal cortex of the rat reduces dopamine metabolite concentrations in
microdialysate from the caudate nucleus. Biological Psychiatry, 29:703-706.
Kelly, AE, Smith-Roe, S., Holahan, M. (1997). Response-reinforcement learning is dependent on
N-methyl-D-aspartate receptor activation in the nucleus accumbens core,
Proc.Natl.Acad. Sci. USA , 94:12174-12179.
Kruse, M.S., Premont, J., Krebs, M.O., Jay, T.M. (2009). Interaction of dopamine D1 with NMDA
NR1 receptors in rat prefrontal cortex. European Neuropsychopharmacology, 19:296304.
Kubota K., Niki H., (1971). Prefrontal cortical unit activity and delayed alternation performance
in monkeys. Journal of Neurophysiology, 34:337-347.
Laszy, J., Laszlovszky, I., Gyertyan, I. (2004). Dopamine D3 receptor antagonists improve the
learning performance in memory-impaired rats. Psychopharmacology, 179:567-575.
Lidow, M.S., Wang, F., Cao, Y., Goldman-Rakic, P.S. (1998).Layer V neurons bear the majority of
mRNAs encoding the five distinct dopamine receptor subtypes in the primate prefrontal
cortex. Synapse, 28:10-20.
Manago, et al., (2008). Role of dopamine receptors subtypes, D1-like and D2-like within the
nucleus accumbens subregions, core and shell, on memory consolidation in the one-trial
inhibitory avoidance task. Learning and Memory, 16:46-52.
Missale, C., Nash, S.R., Robinson, S.W., Jaber, M., Caron, M.G.(1998). Dopamine receptors: from
structure to function. Physiological Review, 78:189-225.
Nelson et al., (2010). Dissociable roles of dopamine with the core and medial shell of the nucleus
accumbens in memory for objects and place. Behavioral Neuroscience, 124(6):789-799.
Oak, J.N., Oldenhof, Van Tol, H.H.M.(2000). The dopamine D4 receptor: one decade of research.
European Journal of Pharmacology, 405(1-3):303-327.
Packard, M.G., and McGaugh, J.L., (1994). Quinpirole and d-amphetamine administration
posttraining enchances memory on spatial and cued discriminations in a water maze.
Psychobiology, 22:54-60.

34

Ploeger et al., (1994). Spatial localization in the Morris water maze in rats: Acquisition is affected
by intra-accumbens injections of the dopaminergic anatagonist haloperidol. Behavioral
Neuroscience, 108:927-934.
Riedel, G., Platt, B., Micheau, J. (2003). Glutamate receptor function in learning and memory.
Behavioral Brain Research, 140:1-47
Sakimura, K. et al, (1995). Reduced hippocampal LTP and spatial learning in mice lacking NMDA
receptor έ1 subunit. Nature, 373:151-155.
Sarantis, K., Matsokis, N., Angelatou, F. (2009). Synergistic interactions of dopamine D1 and
glutamate NMDA receptors in rat hippocampus and prefrontal cortex involvement of
ERK1/2 signaling. Neuroscience, 163(4):1135-45.
Sawaguchi T., Goldman-Rakic, P.S. (1991) D1 dopamine receptors in prefrontal cortex:
involvement in working memory. Science, 251 (4996): 947-50.
Setlow, B. and McGaugh, J., (1998). Sulpiride infused into the nucleus accumbens posttraining
impairs memory of a spatial water maze training. Behavioral Neuroscience, 112(3): 603610.
Sigala, S., Missale, C., Spano, P. (1997). Opposite effects of dopamine D2 and D3 receptors on
learning and memory in rat. European Journal of Pharmacology, 336:107-112.
Smiley JF, Levey AI, Ciliax BJ and Goldman-Rakic, PS. (1994). D1 dopamine receptor
immunoreactivity in human and monkey cerebral cortex:Predominant and extrasynaptic
localization in dendritic spines. Proc. Natl. Acad. Sci. 91:5720-5724.
Smith, L.N., Bachus, S.E., Chrosniak, L.D., Wanschura, P.B., Flinn, J.M. Correlations of N-methylD-aspartate (NMDA) NR2A receptor subunit and cyclic-AMP response element-binding
protein 2 (CREB2) mRNA quantities with Morris water maze learning indices in rats.
Presentation No. 329.4. 2004 Neuroscience Meeting Planner. San Diego, CA: Society for
Neuroscience, 2004. Online.
Smith, L.N., Bachus, S.E., Wanschura, P.B., Chrosniak, L.D., Magnusson, K.R., Flinn, J.M.
Relationship between early postnatal experience, learning, and NMDA NR2A and NR2B
receptor subunit mRNA quantities in rats. Presentation No. 196.13. 2005 Neuroscience
Meeting Planner. Washington, DC: Society of Neuroscience, 2005. Online.
Smith-Roe, SL., Kelley, AE (2000). Coincident activation of NMDA and dopamine D1 receptors
within the nucleus accumbens core is required for appetitive instrumental learning. The
Journal of Neuroscience, 20(20):7737-7742.
Srivastava, L.K., Morency, M.A., Mishra, R.K. (1992). Ontogeny of dopamine D2 receptor mRNA
in rat brain. European Journal of Pharmacology, 225:143-150.

35

Tang YP, Shimizu E, Dube GR, Rampon C, Kerchner GA, Zhou M, Liu GS, Tsien JZ. (1999).Genetic
enhancement of learning and memory in mice. Nature, 401:63-69.
Tsien (1996). The essential role of hippocampal CA1 NMDA receptor-dependent synaptic
plasticity in spatial memory. Cell, 87:1327-1338.
Tsukada, H., Nishiyama S., Fukumoto D., Sato K., Kakiuchi T., Domino E. (2005). Chronic NMDA
antagonism impairs working memory, decreases extracellular dopamine, and increases
D1 receptor binding in prefrontal cortex of conscious monkeys.
Neuropsychopharmacology, 30:1861-1869.
Wang, M., Vijayraghavan S., Goldman-Rakic, P.S. (2004). Selective D2 receptor actions on the
functional circuitry of working memory. Science, 303 (5659):853-856.
Watanabe, M., Kodama, T., Hikosaka, K. (1997). Increase of extracellular dopamine in primate
prefrontal cortex during a working memory task. Journal of Neurophysiology, 78:27952798.
Williams, G.V., Goldman-Rakic, P.S. (1995). Modulation of memory fields by dopamine D1
receptors in prefrontal cortex. Nature, 376(6541):572-575.
Xing, B. et al., (2010). Dopamine D1 but not D3 receptor is critical for spatial learning and related
signaling in the hippocampus. Neuroscience, 169(4):1511-9.
Xing, B., Meng, X., Wei, S., Li, S. (2010). Influence of dopamine D3 knockout on age-related
decline of spatial memory. Neurocience Letters, 483(3):149-153.
Young, W.S. (1992). In situ hybridization with oligodeoxyribonucleotide probes. In: Wilkinson,
D.G. (Ed.), In situ hybridization: A practical approach. Oxford University Press, New York,
pp. 33-44.
Zahrt, J., Taylor, J.R., Mathew, R.G., Arnsten, F.T. (1997). Supranormal stimulation of D1
dopamine receptors in the rodent prefrontal cortex impairs spatial working memory
performance. The Journal of Neuroscience, 17(21):8528-8535.

36

Curriculum Vitae

Donna J. Burdett received her Associate of Science in General Studies with a
specialization in Psychology from Northern Virginia Community College in 2000. She received
her Bachelor of Science in 2004 from George Mason University.

37

